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Foreword  

The present report describes progress within the second year of the EC-project “Humic 
Substances in Performance Assessment of Nuclear Waste Disposal: Actinide and Iodine 
Migration in the Far-Field”. Without being a formal requirement of the Commission or co-
funding bodies, this report documents results in great technical detail. It is an open report and 
thus makes the detailed 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 23 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 23). Integration of this activity extends the scope of the 
project to a new potential source of humic substances in clay.  

Results of the first project year have already been published in a comparable Technical Progress 
Report*. For the final year, a comparable report is foreseen.  

 
 
 
 
 
 
 
 
*: Buckau, G. (Editor) “Humic Substances in Performance Assessment of Nuclear Waste Disposal: Actinide and 

Iodine Migration in the Far-Field (First Technical Progress Report)”, Report FZKA 6800, Forschungszentrum 
Karlsruhe, Karlsruhe, 2003.  
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INTRODUCTION  

The present project is one in a series of research activities supported by the European Com-
mission on the role of humic substances for the long-term safety of nuclear waste disposal. 
These activities started in the mid eighties within the MIRAGE project (MIgration of RAdio-
nuclides in the GEosphere) with the most recent project being “Effects of humic substances on 
the migration of radionuclides: Complexation and transport of actinides (HUMICS)” (FI4W-
CT96-0028). The HUMICS project was conducted within the fourths framework of the 
European Commissions research program. It started January 1997 and had a duration of three 
years. The results of the HUMICS project can be found in three open technical progress 
reports and a final report [1-4]. In analogy with the HUMICS project, the present project 
makes use of annual technical progress reports where individual results are published as papers 
in the form of annexes. By this approach, results rapidly become available to interested parties 
in a compact form before their publication in various scientific journals and conference 
proceedings. Furthermore, some of the more preliminary and/or detailed results are not likely 
to appear in scientific journals and proceedings.  

The present project is conducted within the fifths framework of the European Commissions 
research program. It started November 2001 and has a duration of three years. The first Tech-
nical Progress Report has already been published (Buckau Ed. 2002). That report covers the 
first project year, i.e. November 2001 to October 2002. The present Second Technical Progress 
Report covers the second project year, i.e. November 2002 to October 2003.  

The project is divided into eight different work packages. These are (i) “Critical assessment of 
experimental methods”, (ii) “Generation and characterization of humic substances”, (iii) 
“Radionuclide humate interaction data by designed system investigations”, (iv) “Characteri-
zation of radionuclide humate complexes”, (v) “Natural chemical analogue studies”, (vi) 
“Radionuclide transport experiments”, (vii) “Model development”, and (viii) “Performance 
assessment”.  

Division of work into specified work packages sometimes is not straightforward. This is also 
reflected in the structure of the report. The executive summary report follows the project work 
package structure. The annexes focus on scientific results without reference to specific work 
packages. Following this approach, the reader can get an overview over the overall progress by 
the executive summary report. Detailed information on scientific results and the respective 
originators is found in the annexes. It should also be noted that some results presented in the 
executive summary report originate from presentations and communication within the project 
without being presented as an annex paper. Further information on such results can be 
obtained through the editor.  

The overall approach of the project is to provide process understanding resting on a solid 
scientific ground, rationalizing the developed state of knowledge in the form of models, and 
visualization of the impact of humic colloid mediated actinide and iodine transport via 
migration cases. Application of the knowledge developed within the project to specific radio-
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active waste disposal strategies is the task of responsible national organizations and not within 
the scope of this project. The basis for application to specific disposal strategies is the models 
including the required background information being provided, amongst others through the 
technical progress reports.  

The present project builds on the long foregoing development of experience and scientific 
basis. It distinguishes itself from previous activities by, amongst others, inclusion of iodine 
next to the highly radiotoxic and long-lived actinides. As the key role of kinetics became 
obvious, the past project experienced a strong shift in work deviating from initial intentions. 
This is also reflected in the present project where the main objective is clarification of inter-
action and transport processes, especially the question behind the wide range of dissociation 
kinetics observed. Another topic of key concern is the origin, stability and mobility of humic 
substances in natural and disposal amended far-field environments.  

Access to and continuous development of advanced analytical methods is a key element in 
providing for the continued progress. One example is x-ray spectroscopy becoming a key 
element in determining the coordination of humate bound actinide ions. Clarification of the 
relation between the mass and size distribution is the key in a change in the overall under-
standing of humic substances. For this purpose, development and application of advanced 
mass spectroscopy techniques was the basis. It furthermore contributes by detailed information 
about processes and for the characterization of humic substances and their complexes. The 
time resolved laser fluorescence spectroscopy continues to be a corner stone in providing 
detailed process information.  

With respect to radionuclide humic acid interaction, the main objective is to develop a ther-
modynamic approach reflecting the different experimental observations, contrary to the pre-
sent situation where different “models” are argued for in the scientific community. Existing 
models reflect some aspects of available experimental data but fail to enclose other aspects and 
experimental observations. The project has made great steps forward in this direction. If this 
endeavor will be completely finished succeed within the third and final project year remains 
open.  

1. OBJECTIVES 

Nuclear energy is an important element in the energy supply in Europe. Continued use of 
nuclear energy contributes to a stable socio-economic development and contributes to the 
overall European strategic objective of lowering dependency on energy import. A key objec-
tive of the Commissions support for research in this field is providing for continued accep-
tance of nuclear energy by demonstrating that residues can be managed appropriately, 
including providing trust in the capability of safe disposal. The present project contributes to 
this overall objective by establishing a trustworthy scientific basis for predicting the impact of 
humic substances on the mobility of long-lived actinide ions and iodine in case of release from 
a repository in a distant future.  
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The direct objective of the project is to develop tools for quantification, or justification for 
exclusion of humic colloid mediated radionuclide migration in performance assessment (PA). 
It falls within the overall objective of decreasing uncertainty in long-term safety assessment of 
nuclear waste disposal. For this purpose, the necessary data and adequate process under-
standing for the radionuclide humic colloid interaction and mobility of humic colloids in 
natural aquatic systems is developed. The impact of humic colloid mediated radionuclide 
migration on PA of nuclear waste disposal is visualised by predictive modelling on real site 
migration cases. The project focuses on radionuclides relevant for the long-term safety of 
radioactive waste disposal, i.e. the actinides and iodine.  

 
2. PARTNERS AND PROJECT STRUCTURE 

The project has 9 partners from 6 European countries (Table 1). In addition, a Marie-Curie 
fellowship is providing for a temporary contributor, reporting through the present project. The 
project structure is based on eight work packages (Table 2). Six of these work packages are of 
experimental character. Work package No. 7 is model development where knowledge is 
rationalized for application to various systems and conditions. Work package No. 8 is aiming 
at visualizing the impact of humic colloid mediated actinide and iodine transport under three 
different specified conditions, defined as three different migration cases. There is no work 
package specifically dealing with the origin of humic substances. Analysis of natural aquifer 
systems and the conversion of clay organic matter show that this is an issue that still needs 
considerable attention. This issue is dealt with within work package No. 8.  

Table 1: Project partner  

Partner No.   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 à l'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 contributor:  
 

 Francis Claret, FZK/INE through EC Marie-Curie Fellowship (MCFI-2001-01983) 
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3. OBJECTIVES OF AND PROGRESS WITHIN INDIVIDUAL WORK PACKAGES 

The progress within the individual work packages is discussed below. Frequent overlap of 
activities between individual work packages is mirrored by the numerous cross-references 
between the different work packages.  

Table 2: Project structure  

Work  Title  Lead contractor  
package   (Partner No. (cf. Table 1))  

1  Critical assessment of  7  
 experimental methods   

2  Generation and characterization  2  
 of humic material   

3  Radionuclide humate interaction data  4  
 by designed system investigations   

4  Characterization of radionuclide  1  
 humate complexes   

5  Natural chemical analogue studies  1  

6  Radionuclide transport experiments  2  

7  Model development  6  

8  Application to Performance Assessment  6  

 
 

 

3.1 WP 1 (Critical assessment of experimental methods) 

<Objectives>  

The objectives of this work package are to provide understanding for processes involved in 
application of different experimental methods used for obtaining radionuclide humate inter-
action data. By this exercise, radionuclide humate interaction data are given a broad basis 
providing trust in their correctness. The knowledge generated provides the basis for judging 
upon the reliability of published data, thus allowing extension of the database without sepa-
rate experimental investigations. In addition, identification of different processes, frequently 
understood as artifacts, can contribute to the understanding of processes involved, otherwise 
potentially ignored. One such example was recognition of kinetics as a key issue from differ-
ences in results from different experimental approaches and systems.  
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<Results>  
 
Experimental methods used for complexation studies may be divided into three different types 
with different advantages and limitations:  

-Separation of different species by size, charge, ..... . Examples are dialysis, ultrafiltration, 
(ultra-)centrifugation, size exclusion chromatography and electrophoresis. Examples of 
potential problems arising are shift in equilibrium, insufficient species separation and loss 
of species.  

-Indirect speciation via additional complexing agents, ion exchange or ion selective elec-
trodes. Examples of potential experimental problems are complexity of data analysis 
relying on additional input data, generation of additional unintended species and proc-
esses that may influence equilibrium.  

-Direct speciation via spectroscopy has a limited sensitivity range. In the case of fluorescence 
spectroscopy, the behavior of excited states may deviate from that of the ground state and 
photodynamic processes need to be well understood.  

In order to have a common basis for the intercomparison of different experimental methods, 
one batch of Aldrich humic acid was generated and used. Purification and the thorough 
characterization are documented well in order to establish a good basis for intercomparison 
within the exercise as well as comparison with well documented published data. Ash content 
is determined to be 1.8 % by weight, showing the successful purification. A broad range of 
additional characteristic data underlines the successful purification (cf. WP2).  

Six experimental methods have been tested for their applicability. These methods are (i) 
dialysis, (ii) electrophoresis, (iii) ultrafiltration, (iv) acid-base titration, (v) ion exchange and  
(vi) GPC/HPLC. Advantages and disadvantages are identified based on the experimental 
results. The outcome of the work reflects the original objectives, namely to provide the basis 
for judging published data obtained by different methods. Results of individual methods may 
be summarized as follows:  

Dialysis: Imperfect separation if large pore membranes are used. Slow equilibration. Loss of 
substances because of sorption on large surfaces involved will affect results only if uncom-
plexed metal ions are sorbed. Trustworthy humate complexation data can be obtained when 
experimental setup and conditions are well chosen.  

Electrophoresis: Sorption losses on the cell may affect the results. In the radiotracer arrange-
ment, negative effect of isotope exchange on the electrophoretic mobility measured can also 
influence the results, particularly at high humate ligand loadings. In other cases the method is 
functioning well.  

Ultrafiltration: In the ideal case, an ultrafilter is used where the non-complexed metal ion 
shows no retention and no sorption, whereas the humate complex is fully retained. Ultrafilters 
are usually characterized by a nominal cut-off referring to full retention (> 95 %) of globular 
proteins of a given mass. Below that mass(size) retention decreases over a wide range with 
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decreasing mass(size). Humate complexes can be expected over the mass range of humic acid, 
reaching down to few hundreds of molecular mass (known from application of recently 
developed mass spectroscopy methods). The effective size of the metal ion humate com-
plexes, however, is not known. Direct correlation to nominal cut-off is not possible due to 
different size to mass ratio compared to the ultrafilter reference substances (globular proteins). 
Thus, selection of a filter ensuring complete retention is not possible. This problem may be 
visualized by the 86 % retention of the europium oxalate complex on an ultrafilter with a 
nominal cut-off of 500 (Dalton globular proteins). A carboxylic acid calibration substance for 
FFF and HPLC with the molecular mass of 370 is basically fully retained on a 1000 Dalton 
ultrafilter.  

Furthermore, the effective size of hydrated metal ions is not well understood. Retention of 
non-complexed metal ions is observed with various ultrafilters, where sorption on the mem-
brane including the pore surfaces may further contribute to difficulties in obtaining repro-
ducible and interpretable results. In addition, along with progression of ultrafiltration, the 
concentration of partially retained species is increasing. The permeation of partially retained 
species depends on their concentration. Consequently, prediction of the permeation behavior 
is difficult where significant volumes of the original solution are passed through the filter.  

In summary, it is not possible to find an ultrafilter resulting in quantitative retention of the 
humate complex and quantitative permeation of the non-complexed metal ions. Sorption of 
the non-complexed metal ion may be significant. Build-up of concentrations in the retentate 
may further contribute to difficulties in analysis of the system behavior. Consequently, 
ultrafiltration based humate complexation data need to be interpreted with caution.  

Acid-base titration: High humic acid and metal ion concentrations are needed to obtain 
measurable effects on titration data. Slow titration is required in order to ensure equilibrium. 
Evaluation of data is not straightforward. In summary, the applicability of results obtained by 
this method may be limited, particularly for environmentally relevant metal and humate 
concentrations.  

Ion exchange: Evaluation of data has to take into account non-linear interaction isotherm of 
non-complexed ions with cation exchanger. If this is done, trustworthy results are obtained. 
With respect to making use of published data, it should be ensured that the isotherm used as 
input data for the distribution between non-complexed metal ions and the cation exchanger is 
adequately investigated.  

GPC/HPLC: Problems arise with respect to sorption and ion exclusion of species. The use of 
high concentrations of potentially complexing buffers and high concentrations of humic acid 
adds to uncertainty. The method is usable only in a narrow range of experimental conditions.  

<Summary of WP 1>  

The investigations have provided the information aimed for in order to judge upon different 
experimental methods. Different experimental methods are useful for different system  
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windows. Furthermore, some experimental artifacts are inherent to certain methods. This 
provides the basis for critical evaluation of published data and design of future experiments. 

3.2 WP 2 (Generation and characterization of humic material) 

<Objectives>  

The objectives of this work package are to ensure availability of appropriately purified and 
well characterized natural humic and fulvic acids and generate humic material with specified 
properties for certain purposes. The latter includes humic acid where specified functional 
groups are blocked, synthetic humic substances with designed properties and silica wafer 
coated with covalently bound humic acid. One reference batch of Aldrich humic acid was 
purified within the humate complexation intercomparison exercise (WP1).  

<Results>  

Humic and fulvic acids from the Gorleben groundwater Gohy-573 has been used within the 
EC activities in this field since the start of the MIRAGE project (MIgration of RAdionuclides 
in the GEosphere). A large number of complexation data has been generated over the past 
many years. The original material has been used up and new batches have been prepared and 
characterized. These two new well characterized batches will enable continuation of genera-
tion of complexation data with humic and fulvic acids from this particular source.  

Lrge amounts of humic and fulvic acids have been prepared from 6 m
3 

of this Gorleben 
groundwater. The material is characterized by a variety of methods, such as elemental 
composition, including inorganic impurities, spectroscopic properties (UV/Vis and IR), func-
tional group content (potentiometric pH titration and XPS), size distribution (AF

4
), and mass 

distribution (TOF-SIMS and ESI-MS). The mass distribution of the humic acid has its number 
average molecular mass in the range 500-600 mass units, with tailing up to around 3000 mass 
units. The corresponding numbers for the fulvic acid are 400-500 and 2000. The proton 
exchange behavior has been thoroughly characterized. These results verify the typical 
behavior of the two new humic and fulvic acid batches.  

XPS has been applied to the new Gohy-573 humic and fulvic acid batches as an additional 
characterization method, with synthetic humic acid for reference. As expected, the humic acid 
is shown to be more aromatic than the fulvic acid. Nitrogen is only found in one form that 
may be amide or amine. Around 10 % of sulfur is found as sulfonic acids, the rest in thio-
phenes associated with aromatic rings. Oxygen is identified as C=O and C-O with the higher 
contribution in fulvic acid as expected from the elemental composition. Inorganic contami-
nants are not found in the humic acid, whereas the chloride ion, and Cr, Mn and Fe oxides are 
found in the fulvic acid.  

The characterization shows that the isolation and purification was successful. Selected prop-
erties are compared to data from the previous EC reference humic and fulvic acids from this 
groundwater in order to provide for comparison, especially in view of future complexation 
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studies and the relation to results from the past almost 15 years of studies on the previous 
batches. The material is distributed to interested parties upon expression of interest with brief 
description of work to be performed.  

Synthetic humic acids with a variety of designed properties have already been generated. 
Examples of past investigations where the added value of using such substances become clear 
are complexation studies with and without blocking of phenolic groups, and redox studies 
with various designed and natural humic acids. The results from metal ion complexation 
studies with and without blocking of phenolic groups show that the complex formation is not 
influenced by phenolic groups with respect to complex coordination (structural parameters,  
i.e. coordination numbers and bond lengths) and stability constants, however, the effective 
humate ligand concentration decreases for humic acid with blocked phenolic groups. Studies 
on the redox capacity show that in addition to straightforward comparison of the amount of 
redox sensitive groups, additional processes are involved. Present work with the synthetic 
humic substances with designed properties has provided further insight in, especially the 
redox function of humic acids. The capability of humic acid to reduce uranium(VI) to 
uranium(IV) has been spectroscopically verified for pH 9.  

A new approach for “grafting” of humic acid on silica wafer surfaces has been developed and 
tested. IR and TOF-SIMS are used for characterization of individual process steps. The results 
show that the approach appears successful. After the final process step, a comparably 
homogeneous coating is found with a mass spectrum in agreement with humic acid. Results 
from AFM verify the findings. Final studies are still required in order to insure that the mate-
rial fulfills all requirements for planned further studies on the metal ion interaction and char-
acterization of the complexes. Additional humic acid coated silica wafers have been generated 
by different other approaches. These humic coated wafers are also characterized in order to 
provide a broader basis of such material and draw conclusions on process optimization. The 
material will be used for complexation studies during the final project year.  

An overall important progress is made with respect to the discussion concerning the mass 
distribution of humic and fulvic acids with far to high numbers presented in the past. Verifi-
cation that humic acid on humic wafers shows the same mass distribution as humic acid in 
solution (by ESI-MS) or deposited on carriers (TOF-SIMS). This shows that humic acid 
deposited or bound on the humic wafers are representative for the starting material. More 
important, given that the humic wafers show the same results as the other analytical 
approaches, there can be no doubt that these numbers are correct.  

<Summary of WP 2>  

Different humic material has been generated for a broad variety of purposes. The use of this 
material in below work packages is an essential part in progress of the project. Application of 
advanced analytical techniques on this variety of humic material (further discussed below>) 
also provides a main advancement in the overall understanding of humic and fulvic acids. 
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3.3 WP 3 (Radionuclide humate interaction data by designed system investigations)  

<Objectives>  

The objectives of this work package are to provide data required for predictive radionuclide 
transport modeling. For the latter, simplifications or in some cases restriction to kinetic 
parameters may be used. Without fundamental data on individual processes, however, trust in 
application of such data to transport modeling is missing.  

<Results>  

A considerable contribution to this work package is given by the work done on critical 
assessment of experimental methods (cf. WP 1).  

The impact of humic substances on the geochemical behavior of plutonium is related to both 
the interaction of different species of different oxidation states as well as the influence on the 
plutonium redox state. According to pH/Eh conditions of the Gorleben groundwater Gohy532, 
the non-humate complexed plutonium ion is expected to be in the trivalent state. Addition of 
plutonium at different starting oxidation states results in the same end-state. The importance 
of humic substances for the redox process is seen by the rapid reduction of Pu(VI) to Pu(V) in 
the original groundwater compared to the much slower reduction in groundwater where the 
humic substances have been removed by ultrafiltration. The distribution between Pu(IV) and 
Pu(III) is dependent on pH and the redox potential. A complication in interpretation of the 
species distribution is the indication for coexistence of Pu(IV) humate complex and polymeric 
Pu(IV) hydroxide. The latter is identified in the groundwater samples by both XPS (satellite 
bands) and EXAFS (Pu-Pu bond distance). A further complication is the distinction between 
the impacts of physico-chemical conditions on the equilibrium distribution versus redox 
kinetics. A great deal of further studies will be required in order to provide a tool for reliable 
prediction of the chemical state of plutonium in reducing far-field relevant groundwater.  

The complexation of the hexavalent uranyl ion with humic acid has been studied. By the use 
of a humic acid ligand concentration prediction, discussed under work package 7, solubility 
enhancement over hydroxide solid phase can be rationalized by one single interaction 
constant. The stepwise complexation constants from different routes to the formation of the 
ternary hydroxo complex indicate complexation enhancement relative to expectations by 
comparison with other simple complexes. A suggestion is made with respect to the possibility 
for hydrogen bonding with the abundant neighboring oxygen functionalities. Measurements in 
undersaturation, however, may be desired in order to exclude the possible formation of 
polynuclear complexes. A final conclusion cannot be drawn until complementary complexa-
tion data become available, including comparison with other ternary complexes.  

Humic and fulvic acid from instant release under near-field cement dissolution relevant 
conditions is isolated and characterized. Furthermore, the Cm(III) complexation behavior is 
studied. Characterization and complexation studies show that humic and fulvic acids from 
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clay organic matter of terrestrial origin have the typical properties as found with other 
frequently studied humic substances. Contrary to this, fulvic acid from clay organic matter of 
marine origin shows a deviating behavior. Further studies will show whether this deviating 
behavior reflects different complexation properties depending on the functional group back-
bone environment or if such differences are reflected in a different photodynamic behav-
ior.The highlight of these findings is that the clay organic matter conserves fundamental 
properties of the co-sedimented organic matter over millions of years and that such differ-
ences are reflected in the photodynamic/complexation behavior.  

Great progress has been achieved in bringing complexation data on the humate interaction of 
tetravalent actinide ions together with basic input data on hydrolysis and carbonate com-
plexation. Testing calculations with observed experimental data show that the impact of 
humate complexation at different pH and carbonate concentrations can be predicted with 
acceptable agreement for Pu(IV) and Np(IV). Problems are still there for U(IV). The overall 
approach and the apparent success in predicting the impact of humic substances on the species 
distribution of tetravalent actinide ions is a great step forward towards inclusion of the humate 
complexes in geochemical modeling. In order to test the plausibility of the data used and in 
order to provide insight in individual processes involved, individual interaction constants for 
the hydrolyzed tetravalent actinide ions with humic acid will be deduced and compared with 
expectation values.  

<Summary of WP 3>  

The generation of complexation data in the pH neutral range, relevant for natural groundwater 
conditions, is making great progress. More emphasis on comparison of stepwise constants 
from existing studies may help in providing confidence in the findings. The question of slow 
kinetics, as the main impact on the transport behavior, still needs additional attention. 

 
3.4 WP 4 (Characterization of radionuclide humate complexes) 

<Objectives>  

The objectives of this work package are to ensure appropriate interpretation of the radio-
nuclide humate interaction process and thus provide the basis for the required process under-
standing. A key element in this work is development and use of frontier analytical techniques. 
This is a key issue for providing trust in the capability to conduct predictive modeling of 
humic colloid mediated radionuclide transport, and thus for providing trust in the overall out-
come of the project.  

<Results>  

Studies have been conducted on the size distribution (by AF
4
) and mass distribution (by TOF-

SIMS) of humic acid with and without complexation with europium. These studies are essen-
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tial with respect to basic humate complexation process understanding, but especially with 
respect to the potential for complexation mediated humic-humic association. Interpretation of 
the AF

4 
data is difficult because it cannot be ensured that calibration standards used reflect the 

mass to size ratio of humic and fulvic acids. A set of carboxylic/polycarboxylic acids shows 
an acceptable agreement in size to mass ratio with fulvic acid. This, however, refers to the 
average value between the calibration standards and the presumable mixture of molecules 
making up the fulvic acid. The spread in size to mass ratio in the calibration standards used 
clearly indicate that a unique value also cannot be expected for all individual entities of the 
fulvic acid.  

For humic acid, the size distribution shows enhanced values evaluated with the same set of 
standards as the fulvic acids. Questions arising are to which extent the elevated values for 
humic acid reflects different properties of the humic acid entities or protonation induced asso-
ciation. Association of organic molecules might not lead to an increase in size comparable to 
the increase in mass. Alignment of organic molecules and associated dehydration in the 
contact surface, especially via hydrogen bonds, may lead to a marginal increase in size rela-
tive to the increase in mass. Investigations by TOF-SIMS on europium humate complexes did 
not show a significant increase in the mass distribution. The original mass distribution spectra 
were found with small modulations in the mass range between 150 and 350 in comparison to 
the humic acid without europium. Given the importance of the underlying question, further 
investigations are considered.  

Synchrotron radiation based techniques have been used extensively in past years in order to 
provide metal ion humate complex coordination parameters. Such investigations are per-
formed at very high substrate concentrations. The question arises to which extent data 
obtained under such conditions are relevant for the much more dilute conditions found in 
nature and used with other experimental techniques. Europium humate complexation behavior 
was compared from moderate to very high humic acid concentrations (2 g/L). No difference 
in saturation values was found for different humic acid concentrations. The results indicate 
that self-association of humic acid is not important for the effective humate ligand con-
centration and that results from synchrotron radiation spectroscopy obtained at high humic 
acid concentrations are applicable also in much lower concentration ranges. It furthermore 
supports model development according to which association is driven by charge neutralization 
and balancing of surface charge density versus relatively weak associative forces (cf. below, 
WP 7).  

<Summary of WP 4>  

Characterization of humic and fulvic acid complexes is making great progress, especially in 
conjunction with improving basic understanding of the humic and fulvic acids themselves. 
Nevertheless, there is a fundamental lack in understanding of a large number of individual 
properties and thus interpretation is still frequently contradicting. There is still a long way to 
go until all the characteristic properties can be adequately understood and be brought together 
to one consistent picture. The overall status is that humic and fulvic acids, despite their com-
positional range show a surprisingly narrow range in overall properties. This basic approach, 
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however, understanding this class of substances based on the comparably narrow range of 
properties and characteristics is progressing well.  

 
3.5 WP 5 (Natural chemical analogue studies) 

<Objectives>  

The objectives of this work package were originally tailored towards generation of kinetic 
data for different metal ion inventories. The key question originated from the observation, that 
radionuclides added under laboratory conditions show a number of kinetic dissociation 
modes. The inventory of natural trace metal ions shows basically only two dissociation 
modes, namely one portion of the inventory with a comparably slow dissociation kinetics 
(slower than but in the magnitude of the bulk laboratory system kinetics) and one part of the 
inventory dissociating so slow that it so far has not been possible to quantify this kinetics. The 
key question arising from comparison of the outcome of these individual studies is to which 
extent actinide ions in long contact with a natural system will mimic the behavior of the 
natural inventory of natural actinide ions, including natural chemical analogues, or if the 
description of their behavior can be extrapolated from laboratory system studies. In the case 
of kinetics so slow that it cannot be reliably quantified, humic colloid mediated actinide 
transport will need to be treated as an ideal tracer in transport predictions.  

<Results>  

In the beginning of the project it was concluded, that dissociation data for radionuclides and 
trace metal ions are to a high degree available. The problem still pending is the reason for the 
differences observed between the different modes and inventories. This issue is presently 
tackled on a more fundamental level, by advanced characterization of humate complexes and 
fundamental development of the humate interaction process. For this reason, the emphasis of 
this work package has changed towards demonstration of the fundamental kinetic concept on 
large natural systems by analysis of anthropogenic contaminants in the Irish Sea.  

The chemical behavior of americium and plutonium is studied on samples from the bank of 
Esk Esturia, West Cumbria, UK National Grid Reference SD113964. The anthropogenic 
inventory originates mainly from releases around 30 years ago. Adaptation of the K1-D  
model has continued for the description of kinetically governed processes describing the 
movement of anthropogenic actinide contaminants from the Sellafield plant to sea shore 
sediments of the Irish Sea. Humic matter as kinetically determined sinks and sources is of 
special interest and relevance for the project. The extension of the code and successful adap-
tation to such a large natural system provides confidence in this tool for the overall purpose of 
the project and the visualization of the impact of humic substances on large natural scales 
through work package 8.  
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<Summary of WP 5>  
 
The applicability of the basic kinetic concept is demonstrated on natural anthropogenic 
systems. This is a key step towards trust in the capability to make predictive modeling on a 
real system scale over long time spans.  

 
3.6 WP 6 (Radionuclide transport experiments) 

<Objectives>  

The objectives of this work package are to provide transport data for radionuclides and contri-
bute to development of process understanding by investigations with and interpretation of 
these more complex natural systems. Batch and column experiments are used and results are 
interpreted in the light of development of general fundamental process understanding. The 
also provide in-put for visualization of humic colloid mediated transport via migration cases 
(WP 8).  

<Results>  

The influence of humic substances on the sorption of Np(V) was investigated for granite and 
its individual mineral components. The distribution of humic acid was also identified by the 
use of 

14
C labeled synthetic humic acid. This approach has previously been successfully 

applied for U(VI). A slight decrease in the sorption of Np(V) is found with addition of humic 
acid. Through investigations with individual mineral components it was shown that Biotite 
seems to be the dominating mineral in this system. The basic approach of determining system 
components that govern the species distribution and transport behavior is a key element in 
providing for trustworthy model predictions.  

Preliminary results on column experiments with plutonium with the Gorleben groundwater 
Gohy-532 had previously been obtained. Work on characterization of plutonium in this 
groundwater (cf. WP 3), shows that plutonium is present in the reduced state. If the tri- or 
tetravalent oxidation state is predominant could not be unambiguously determined by the 
characterization studies. Comparison with the transport behavior of tri- and tetravalent acti-
nide ions revealed that plutonium shows a behavior between them. The working hypothesis is 
that both the reduced forms of plutonium are present, the ratio depending on the physico-
chemical conditions. Furthermore, the generation of polynuclear species may be important 
resulting in deviation from the results of other both tri- and tetravalent actinide ions. Further 
work will be required in order to provide the necessary knowledge and process understanding 
for predictive transport modeling. This includes general progress in the field of tetravalent 
actinide chemistry, mostly beyond the reach of the present project.  

Transport studies have been performed within the context of the uranium mining and milling 
rock pile migration case. Sorption/desorption studies were performed by batch and column 
experiments. Synthetic rock pile water was used reflecting the composition of analyzed rock-
pile water. Slow kinetics was found with about two weeks required in order to obtain steady-
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state conditions. The added 
233

U was determined by liquid scintillation counting whereas the 
total uranium in solution, including dissolution of exchangeable sedimentary uranium (domi-
nated by 

238
U), was determined by ICP-MS. The combination of these two analytical results 

shows that the slow kinetics is related to the uranium exchange between the added uranium 
and the natural inventory in the sediment. The impact of humic substances is moderate and 
direct evidence of a solubility enhancement is statistically uncertain. Separate desorption 
experiments under variation of physico-chemical conditions show that the desorption can be 
described by a comparable kinetics. Humic acid shows no significant impact on desorption 
rates.  

The uranium distribution data with the synthetic rock pile water is interpreted by a linear 
sorption isotherm where the results show acceptable consistency for different volume to mass 
ratios during experiments. Analysis of the sediment sorption kinetics revealed that the system 
can be described by two processes, one which can be treated as equilibrium for the experi-
mental conditions/time scales, and one where the kinetics of exchange with the uranium sedi-
ment inventory needs to be regarded also for field calculations. Data for the kinetics of uranyl 
humate interaction is already available from other sources/experiments. There is a large num-
ber of different uranyl species in solution (several carbonate and hydroxocarbonate species). It 
was not possible to relate the sediment sorption data to specific species in solution. The data 
deduced for the transport calculations thus are specific for this system composition and cannot 
be used for other conditions. The column experiments performed demonstrated kinetic 
character of uranium desorption from the rock pile material and only a moderate influence on 
uranium release of humic acid presence in the leachate. The obtained results provide the 
required basis for predictive transport calculations within WP 8, to be conducted during the 
final project year.  

<Summary of WP 6>  

The applicability of the basic kinetic concept is demonstrated on natural anthropogenic 
systems. This is an important step towards trust in the capability to make predictive modeling 
on a real system scale over long time spans.  

 
3.7 WP 7 (Model development) 

<Objectives>  

The objectives of this work package are to integrate progress in fundamental process under-
standing into a consistent description. The conceptual consistency is followed by mathemati-
cal description for handling and required simplifications.  

<Results>  

Further development has been achieved concerning a long ongoing discussion on the physico-
chemical basis for the observed properties of the humate interaction. The key question is 
related to the successful application of complexation models where the effective humate 
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ligand concentration is a measured quantity. The effective humate ligand concentration is 
decreasing with increasing protonation and, to a lesser extent, with increasing ionic strength. 
The problem is that this measured quantity so far could not be brought in relation with the 
protonation of individual functional groups and thus empirical measured quantities are used. 
Furthermore, the empirical data are only accessible in the non-hydrolyzing range of inter-
acting metal ions. In the hydrolyzing range the concentration of complexing metal ions cannot 
easily be varied in order to directly measure this quantity. The approach presented is based on 
the effective humate ligand concentration as the number concentration of entities in solution 
carrying reactive ionized groups. So far the approach is based on complexation data with tri- 
and hexavalent actinide ions showing comparable complexation strength and overall behavior.  

Comparison of protonation and effective humate ligand concentration data in the non-hydro-
lyzing range of metal ions shows, that the effective ligand concentration decreases with one 
unit for the protonation of approximately 3.5 functional groups. Extrapolation of this ration to 
higher pH shows that the effective humate ligand concentration reaches its maximum slightly 
above pH 10. At this point the effective humate ligand concentration corresponds to an aver-
age molecular mass of about 550. This value corresponds well with the average mass of 
humic acid molecules as determined by TOF-SIMS. At this average mass, the proton 
exchanging group content is about 3.5. This leads to an overall consistent description of the 
humic acid ligand function. At high pH the effective humate ligand concentration is given by 
the number concentration of molecules. Protonation of the same number of functional groups 
as found per average molecule leads to the decrease in the effective humate ligand concentra-
tion by one unit. Analysis of the metal ion complexation data reveals that the effective humate 
ligand concentration decreases by one unit per metal ion complex. This is reflected in the 
metal ion complexation mediated humic entity association. A considerable problem with the 
approach is that comparable humate ligand concentrations are not obtained for metal ions with 
weaker interaction strength. For such ions lower humate concentrations are reported. The 
reason for this deviation is still subject to discussion.  

The question of association of humic acid molecules as a consequence of protonation and 
metal ion complexation is dealt with by a modeling approach. Modeling was done of the 
expected behavior of organic molecules with weak associative forces and with varying 
anionic charge (reflecting protonation). It is shown that the organic molecules with a certain 
charge do not associate. With progressive protonation, the organic molecules begin to gene-
rate associates (dimers, trimers, ..). The balance between the attractive forces and the surface 
charge density of the molecules/associates governs the size of the associates. As the charge 
becomes negligible, the organic material generates a separate phase or flocculates. This 
reflects the observed behavior of humic acid where larger entities are generated upon proto-
nation, finally leading to flocculation in the acidic range. The approach also provides an 
important visualization of the approach described above.  

The humate interaction of tetravalent actinide ions has been brought into a consistent descrip-
tion with a separate database containing the required relevant data. The approach is an  
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important basis for treatment of the tetravalent actinide ions in humate systems. It furthermore 
provides the basis for analysis of individual processes that can be tested for plausibility and 
consistency. Consequently this approach provides not only data for the humate interaction of 
tetravalent actinides, but also a basis for ongoing development of process understanding via 
plausibility criteria.  

<Summary of WP 7>  

Modeling is progressing well by rationalization of process understanding and testing of 
different approaches for comparison will observations.  The convergence in overall process 
understanding finds it way into mathematical descriptions.  

 
3.8 WP 8 (PA) 

<Objectives>  

The objectives of this work package are to provide data describing the origin, stability and 
mobility of humic matter in natural aquifer systems and to visualize the impact of humic 
colloid mediated radionuclide transport for selected relevant cases. With respect to the origin 
of humic substances, not only natural sources are quantified, but also additional sources are 
dealt with originating from changes introduced via geochemical reactions of engineered struc-
tures and waste forms in a repository.  

<Results>  

Three migration cases are applied for visualization of the impact of humic colloid mediated 
actinide transport. One of these migration cases is the far-field of the Gorleben aquifer 
system. Over the past decades, the Gorleben aquifer system has been extensively studied by a 
large number of methods within the German program for disposal of high-level waste. The 
Gorleben migration case was formulated within the past EC-HUMICS project and preliminary 
calculations on the humic colloid mediated actinide transport were conducted. Some open 
questions, however, remained with respect to the degree/velocity of vertical groundwater 
exchange. Furthermore, despite the findings concerning ideal tracer behavior of humic 
substances in deep groundwater, additional sources could not be excluded and the mobility of 
aquatic humic substances in the upper part of the aquifer remained an open issue. The hydro-
logical situation in the southeast part of the aquifer system has been investigated by a combi-
nation of chemical data, isotope-geochemical/hydrological data and historical data with 
respect to changes in the land-use. Furthermore, the mobility of fulvic acids has been quanti-
fied via a combination of isotope-geochemical methods, and carbon and sulfur near edge 
synchrotron radiation spectroscopy.  

The uranium mining and milling rock pile migration case has been well documented in the 
first Technical Progress Report (see below, dissemination of results). The surface near sandy 
aquifer case (Dukovany) is documented in an working document. The same is true for the 
Gorleben migration case. The reason for retaining the Gorleben migration case from publica-
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tion was especially the high vertical groundwater transport/exchange velocity assumed. In the 
first Technical Progress Report a contribution was given supporting this high groundwater 
mobility in this aquifer system. In the present reporting period, work has continued to provide 
the basis for a well justified Gorleben migration case. Carbon and sulfur near edged synchro-
tron radiation spectroscopy shows that the properties of the fulvic acids partly reflect the geo-
chemical conditions of the various groundwater strata and the origin (recharge or in-situ 
generation). Evaluation of the carbon backbone, however, reveals that fulvic acid found in 
deep saline brines have an age that by 

14
C cannot be distinguished from that of recharge 

groundwater. This supports the original assumption concerning a rapid vertical groundwater 
mobility/exchange. Consequently the Gorleben migration case is due for publication via the 
second Technical Progress Report.  

A key question for the potential impact of humic substances on the radionuclide transport in 
clay media is the potential additional source via clay organic matter. In the first Technical 
Progress Report it was shown that high concentrations of humic and fulvic acid alike material 
is generated under extended time periods under alkaline conditions expected for cement 
dissolution in the near-field. During the present reporting period it is shown that also the 
initial release under alkaline conditions contains humic and fulvic acids. The properties of 
these humic and fulvic acids reflect the origin of the clay organic matter, i.e. marine or 
terrestrial as shown by biomarkers. In the past, questions have been raised to which extent 
these humic and fulvic acid alike substances have the same properties as commonly known 
ones, especially to which extent they complex and transport radionuclides. As discussed under 
WP 3, the complexation behavior and characteristic properties leads into more fundamental 
understanding of observations with respect to differences in origin and properties of this 
material depending on their origin.  

<Summary of WP 8>  

A great number of investigations have shown that the origin and mobility of humic substances 
in the concerned systems is well understood. The migration cases have been well defined and 
documented. The implementation of the state-of-the-art by these migration cases will provide 
for visualization of the impact of humic colloid mediated radionuclide transport. 
 

4. OVERALL SUMMARY 

The project is progressing well over the broad spectrum of investigations encompassed. In 
addition, incorporation of reporting from a Marie Curie mobility grant and inclusion of a new 
partner has widened the scope of the investigations. Progress is made in the basic under-
standing of the material dealt with. The different types of material generated provide the basis 
for investigations on systems with different and partly designed properties. Complexation 
studies, complex characterization, radionuclide transport experiments and analysis of anthro-
pogenic contaminants all move in one common direction of system and process understand-
ing. Thereby, the basis is provided for implementation of predictive modeling and determina-
tion of the relevance under different conditions.  
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Abstract 

The Gorleben aquifer system overlaying a salt dome has been under investigation for the 
potential to host a repository for nuclear waste in Germany for more than two decades. 
Groundwater in the aquifer shows a wide span of compositions, especially with respect to salt 
content and concentration of dissolved organic matter (DOC) with up to around 200 mgC/L. 
DOC originates from recharge, showing large variations depending on land-use and condi-
tions (forest, agriculture, wet-land, …). An additional source of DOC is microbiologically 
mediated turn-over of lignite intercalations in sandy Miocene sediments (“in-situ genera-
tion”). The DOC consists mainly of humic and fulvic acids that are of concern for potentially 
enhanced transport of radionuclides in the groundwater region. A key issue in this respect is 
the mobility of these complexing dissolved organic acids. For this reason, a combination of 
isotope data and carbon as well as sulfur X-Ray absorption near edge structure (XANES) 
spectroscopy data is used in order to determine the mobility of fulvic acids. It is shown, that 
fulvic acid from the recharge zone is mobile over the entire depth, including into the salt 
dome influenced brines. Fulvic acid originating from in-situ generation is less hydrophilic 
than that originating from recharge and thus do not reach the brines but flocculate at the high 
ionic strength. The content of different carbon entities/functional groups correlates with the 
origin of fulvic acid. Contrary to this, the fulvic acid associated sulfur oxidation state also 
appears to be influenced by geochemical conditions/reactions. The invariance in the back-
bone structures of fulvic acid against high residence times and variations in geochemical 
conditions is in agreement with their high stability and mobility as also found in previous 
studies. The high mobility of fulvic acid over the broad range of chemical groundwater con-
ditions and residence times verifies the potential for dissolved humic substances to result in 
radionuclide transport enhancement. 
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Introduction

The fate origin and mobility of aquatic fulvic acids in the Gorleben aquifer (Lower Saxony) is
studied. The Gorleben aquifer extends down to 280 m below ground surface and is situated in
the rock covering and surrounding a Permian salt dome. The salt content varies from fresh
recharge water to saturated brines close to the salt dome. One specific feature of this aquifer is
the large variety of DOC concentrations from <1 to >100 mgC/L. High DOC concentrations
(>> 1 mgC/L) in deep groundwater in this part of the aquifer system result from micro-
biological turnover of surface near peat or Miocene brown coal (sedimentary organic carbon;
SOC) in deep sandy sediments. The microbiological turnover of carbon sources is driven by
reduction of sulfate originating from salt dome dissolution. Several papers dealt with the fate
of aquatic humic substances in this complex aquifer system (Artinger et al., 2000; Artinger et
al., 1999; Buckau et al., 2000a; Buckau et al., 2000b; Buckau et al., 2000c, Buckau et al.
2003). Humic acid is mainly found between around 50 and 200 m depth. It originates from in-
.situ generation at these depths. A shown in the present paper, fulvic acid from in-situ genera-
tion does not move into the salt brines, because they are more hydrophobic than those origi-
nating from recharge. The same is expected for the rather hydrophobic humic acids.  Only
minor concentrations of humic acid is found in recharge groundwater. This is presumably the
result of high dilution in the rather rapid groundwater exchange in the upper about 50 m
recharge/fresh water zone. Contrary to humic acid, fulvic acid is found over the entire depth
of the aquifer system. Elevated concentrations are found both from in-situ generation and
from recharge from present and previous wet-land/marsh west and south of the salt dome,
respectively (Buckau et al. 2000a, Buckau et al. 2003). In the part of the aquifer system
investigated in the present study, fulvic acid in groundwater with enhanced DOC concentra-
tions are less dominated by the in-situ origin than is the case for humic acid. Therefore,
delineation of fulvic acid with different origin is very promising and thus is subject to the pre-
sent study.

Fulvic acids from the Gorleben aquifer system are investigated. Groundwater origin and char-
acteristics as well as characteristics of fulvic acids isolated from the respective groundwater is
described in detail in (Artinger et al., 2000). Previous attempts to correlate different properties
of fulvic acid with the origin did not lead to firm conclusions (Artinger et al., 2000). The two
main problems are that, characteristic properties may vary reflecting the physico-chemical
environment and that an unambiguous indicator is required for determining the respective
contributions from different sources/origin. Compared to previous studies, the new approach
in this paper is to analyze the recharge contribution via 14C content of fulvic acid. Different
characteristic properties may be invariant with changes in physico-chemical conditions, and
other one not. For this reason, ten fulvic acids isolated from different parts of the Gorleben
aquifer are characterized by X-Ray absorption near edge structure (XANES) spectroscopy at
the Carbon and Sulfur K-edge. Structural information is deduced from the XANES spectra.
Variation in characteristic properties deduced by XANES is also interpreted in view of the
varying contributions from the two principle origins, namely recharge and in-situ generation.
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The present paper is a short description of main results. Detailed description of experimental
procedures and data evaluation is given in Schäfer et al. 2004.

Figure 1: Gorleben sampling site with positions and grouping of investigated groundwaters.

Origin and characteristics of the fulvic acids

In Fig. 1, the Gorleben site and sampling positions for selected groundwaters is shown. Key
data and description of the Gorleben aquifer system can be found in (Artinger et al., 2000).
The groundwater samples are divided into five different classes, reflecting especially the
chemical composition and differences in humic and fulvic acid concentrations. These differ-
ent groundwater classes have the following characteristics: (i) Recharge: young groundwaters
at depths down to about 25 meters situated in fluviatile quartz sands low in organic content,
deposited during the most recent Weichsel/Visconsin ice age. These groundwaters have sig-
nificant concentrations of tritium from nuclear atmospheric testing. The fulvic acid concen-
trations are low, with variations reflecting different land-use. (ii) Transition groundwaters:
comparable to the recharge ones, however, with negligible tritium concentrations. (iii)
Enhanced DOC groundwaters: high Dissolved Organic Carbon concentrations, including high
fulvic acid concentrations. These elevated concentrations are the result from microbiologi-
cally mediated conversion of brown coal particles in these Saale, Elster and Präelster sedi-
ments driven by reduction of sulfate from dissolution of the underlying salt dome (Buckau et
al., 2000c). (iv) Channel brines: the high salt content reflects the vicinity to the salt dome. The
fulvic acid concentrations in these brines are comparable to those of the recharge and transi-
tion waters. (v) Up-lift-mixing (Marsh): west of the salt dome, high DOC and consequently
fulvic acid concentrations are found. These high concentrations originate from the same
microbiologically mediated process as found in Enhanced DOC waters. The sulfate is
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assumed to originate from the neighboring “Siemen” salt dome and the organic matter being
converted is relatively young peat.

Figure 2: Co-generation of DIC of biogenic origin and fulvic acid.

Generation of fulvic acid

The generation process for the fulvic acid (and DOC) is demonstrated in Fig. 2 (cf. also
Buckau et al. 2003). Fulvic acids show 13C concentrations around –27 ‰ relative PDB (Kim
et al., 1995). This shows that they originate from C-3 cycle plant material and do not
exchange significantly with DIC (dissolved inorganic carbon). The concentration of DIC of
biogenic origin is calculated via the 13C value with –27 ‰ rel. V-PDB for the DIC of biogenic
origin and zero for sedimentary carbonate dissolution (Buckau et al. 2003). The 14C concen-
trations of DIC of biogenic origin and fulvic acid correlate with each other due to their com-
mon origin (microbiological turn-over of organic material of C-3 plant origin) where the
absolute values reflect the 14C concentrations in the different sources. Present recharge is
affected by elevated 14C concentrations from nuclear atmospheric testing. Recharge prior to
this testing has lower 14C concentrations. The organic material in old sediments (for example
brown coal sand) is basically 14C free. Deviations are expected where the isotopic composi-
tion of the DIC is amended via, for example carbonate precipitation and methane generation.
In the former case the 14C concentration of DIC is decreased. In the latter case the calculated
14C concentration is too high due to incorrect 13C value used in calculation of the DIC of bio-
genic origin. In addition, deviations due to dissolution of carbonate with unknown 13C content
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cannot be fully excluded. Examples may be salt dome carbonate dissolution or existence of
non-marine sedimentary carbonates.

Fig. 2 verifies the common origin of DIC of biogenic origin and fulvic acid. Few samples
with elevated numbers for the calculated 14C concentration of DIC of biogenic origin coincide
with methane in the groundwater (cf. (Buckau et al., 2000c). Few ones with particularly
low14C concentration of DIC of biogenic origin presumably reflect carbonate precipitation,
especially in brines. The generation process is independent of the type and origin of the
groundwater and source material. In average, a 14C activity ratio of 0.8 is calculated for the
DIC (biogenic origin) and fulvic acid. Microbiologically mediated processes show high iso-
topic selectivity with preference for the most common isotopes.  The lower 14C concentration
in DIC of biogenic origin, relatively to fulvic acid, may reflect such an isotope preference for
the lighter carbon in the generation of biogenic DIC.

Figure 3: Impact of fall-out tritium on 14C content of fulvic acid. Deviations for the two
samples Gohy- 181- and –611 are also found for DIC of biogenic origin (Buckau et al.

2000b).

Source term for recharge fulvic acid

Evaluation of the 14C concentration of DIC of biogenic origin for the purpose of groundwater
dating revealed a value of 54 ± 2 pmc (percent modern carbon, 100 pmc = 0.23 Bq/gC) prior
to nuclear atmospheric testing (Buckau et al., 2000b). The impact of nuclear atmospheric
testing on the 14C content was deduced from correlation with tritium from the same source.
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Application of the same approach to 14C of the corresponding fulvic acids is shown in Fig. 3.
The groundwaters show a correlation between the 14C enhancement and tritium from nuclear
atmospheric testing as DIC of biogenic origin. Two groundwaters show strong deviation as
also found for DIC of biogenic origin (Buckau et al., 2000b). The starting value for fulvic
acid recharge prior to nuclear atmospheric testing is evaluated to be 55 ± 6 pmc (cf. 54 ± 2 for
DICbiogenic). This value is used in order to quantify the amount of fulvic acid in deep ground-
waters originating from recharge under conditions prior to nuclear atmospheric testing.

Origin of fulvic acid in different groundwater

In Fig. 4, the concentrations of fulvic acid in the different groundwaters are shown as a func-
tion of sampling depth. The total fulvic acid concentrations show large variations with
strongly elevated values in the depth range where in-situ generation takes place via micro-
biologically mediated turn-over of brown coal sand intercalations. The fulvic acid concentra-
tions originating from recharge are in the same low range for most of the groundwaters.
Exceptions are Gohy-612 and –2211 where tritium is found also at considerable depth. In the
surface near up-lift mixing groundwater Gohy-341, high fulvic acid concentrations are found,
all with recharge 14C concentrations. Of great interest is that the fulvic acid concentrations in
the brines are comparable with those of recharge groundwaters.

Groundwater from the enhanced DOC depth range will exchange with both recharge and
brines. In the recharge groundwaters dilution takes place by the relatively fast groundwater
transport (recharge and discharge). This will mask the inflow of elevated fulvic acid concen-
trations in this region. The age of the brines is difficult to determine. The fulvic acid concen-
trations and their fulvic acid 14C content indicate that the brines are young compared to the 14C
half-life (T1/2 ≈ 5730 years). Higher age partly indicated from 14C of the DIC (Buckau et al.,
2000b) is probably overestimated due to carbonate precipitation (cf. above discussion, Fig. 2).
Exchange with the brines should result in inflow not only of recharge fulvic acid but also
inflow of “old” 14C-free ones from in-situ generation in overlaying groundwater. The latter is
not the case and thus the fulvic acids from in-situ generation (from brown coal) can be
expected to be less hydrophilic and precipitate at high ionic strength.

The overall picture from Fig. 4 is, that one may expect considerable exchange of groundwater
over the entire depth for time-scales short compared to 14C decay. This is also supported by
the identification of tritium down to a depth of 125 m and the mainly exponential mixing of
salt over the entire depth (Buckau et al., 2000a). Fulvic acid from recharge is transported
through the various groundwaters and is found in the deep brines. In the intermediate depths,
considerable amounts of fulvic acid are generated from old carbon deposits. This fulvic acid
is precipitated at high ionic strength of the brines. A considerable contribution of “young” 14C
containing fulvic acid from wet-land/marsh is not found in the present groundwaters. In order
to verify this overall picture, selected fulvic acid samples are analyzed by carbon and sulfur
XANES.
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Figure 4: Concentrations of fulvic acid as a function of groundwater sampling depth. Total
fulvic acid concentrations are shown together with fulvic acid originating from recharge (via
14C).

C and S XANES of the fulvic acids

The general properties of the fulvic acids deduced from carbon and sulfur XANES are corre-
lated with the fraction of fulvic acid originating from recharge (Fig. 5). Enhanced DOC fulvic
acid Gohy-412(FA) is excluded because of results strongly deviating from the other ones,
possibly due to contamination (the carbon content is significantly lower than in the other
samples and a considerable contribution of inorganic substances, showing that purification
was not very successful (Kim et al., 1995). Another possibility is that this fulvic acid origi-
nates from previous wet-land recharge (Buckau et al., 2003).

As a general trend, the carboxyl group content is increasing with the fraction of recharge
fulvic acid. A corresponding decrease is seen in the C=C/aromatic content and the content of
phenolic groups. The content of aliphatic groups does not change significantly with the frac-
tion of recharge fulvic acid. Despite the uncertainty of data and the correlations shown in Fig.
5, the composition of in-situ generated fulvic acid can be estimated. Extrapolation to zero
contribution of recharge fulvic acid leads to relative peak areas for different carbon enti-
ties/functionalities as follows: carboxylic groups 0.35±0.02; C=C/aromatic groups 0.19±0.02;
phenolic groups 0.18±0.01, and aliphatic groups 0.08±0.02. This would lead to a rest of about
0.2 consisting from carbonyl groups, difficult to quantify.
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Figure 5: Peak fractions of different carbon functionalities and oxidized form of sulfur from
carbon and sulfur XANES against fraction of recharge fulvic acid from 14C content.

Sulfur functional groups in the oxidized form (S+5/S+6) show almost the double peak area for
recharge fulvic acid compared to in-situ generated. The brine fulvic acid has a value in
between, but more towards the in-situ generated one and less than expected from simple
mixing. Deviation from direct correlation with the respective fractions of different origin
leads to the conclusion, that the redox distribution of the sulfur inventory reflects also geo-
chemical conditions and processes.

Attempts to correlate the relative peak areas for different carbon functionalities with physico-
chemical conditions are not successful. Therefore, the overall result is that the content of these
carbon functionalities appear to reflect the respective contribution of recharge and enhanced
DOC fulvic acids. The successful correlation between functionalities and the mixing between
recharge and in-situ generation also verifies the high mobility of fulvic acid following rela-
tively rapid groundwater exchange over the entire depth of the aquifer system with strong
local variations. This is directly seen for the high contribution of recharge fulvic acid in the
groundwater Gohy-2211 at 83-85 meters depth, verified both by the 14C content and the car-
bon functionality distribution by carbon XANES. Not only is fall-out tritium found in this
groundwater, but this groundwater also contains a surprisingly high content of recharge fulvic
acid. As already discussed above, the same is found for Gohy-612, whereas other enhanced
DOC groundwaters show no enhanced recharge fulvic acid content and no significant tritium
concentrations.
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Summary
Through a combination of thorough hydrogeological and geochemical understanding it is pos-
sible to identify the origin and mobility of fulvic acid in the Gorleben aquifer system. In anal-
ogy with previously published approach to groundwater 14C dating, a relatively low 14C con-
centration is found for recharge fulvic acid originating from conditions prior to nuclear
atmospheric testing. By this approach a consistent picture is obtained for the fulvic acid
generation process irrespective of the source. Furthermore, a consistent picture is obtained for
the results obtained with respect to the groundwater exchange and the fulvic acid stability and
mobility. A relatively rapid vertical groundwater exchange is identified with unhindered
transport of recharge fulvic acid. Carbon and sulfur XANES provide a broad spectrum of
structural information. This information is comparable to that obtained by for example 13C-
NMR, however, very small samples are required. A large number of structural enti-
ties/functionalities are shown to correlate with the origin of fulvic acid and thus remain
unchanged with groundwater residence and change in physico-chemical conditions. Other
functionalities (benzo-quinone and redox state of sulfur functional groups) appear to, at least
partly, reflect the physico-chemical environment.
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Abstract 
 
A radionuclide migration path is defined in the Gorleben aquifer system for demonstration 
and visualization of humic colloid mediated radionuclide migration. The scenario is release of 
radionuclides at the top of the salt dome, within the so-called ring-wall (at about 250 meters 
depth). The contaminated brine raises to 200 m depth by thermal motion. The migration case 
consists of vertical groundwater movement from this depth to the freshwater region at about 
50 meters depth. The transport time for the vertical groundwater movement is set to 1,000 
years. The document contains the definition of this migration path with respect to the 
hydrological and geochemical conditions as well as the rationale. 
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1. Introduction 
 
For the safety assessment of a nuclear waste repository, consequences of the release of long-
lived radionuclides to the surrounding/overlaying aquatic system, i.e. the far-field, needs to be 
investigated. Humic colloids are considered one of the most important vehicles for mobilizing 
multivalent radionuclides in aquatic systems. For the purpose of applying most recent 
advances in predictive modeling of the impact of humic colloid mediated radionuclide 
transport, a migration case is defined for the Gorleben aquifer system. An area is selected on 
top of the Gorleben salt-dome within the so called “ring-wall”. For this purpose, information 
is used with respect to the hydrological situation and the origin, stability and mobility of 
humic colloids. Various source documents and the geochemical Gorleben data-base have been 
used (see references).  
 
2. Scope 
 
The scope of the document is to define a migration path in the Gorleben aquifer system for 
evaluation of the influence of humic substances on the migration of radionuclides relevant for 
long-term safety of radioactive waste disposal. The selected migration path is considered 
probable and relevant for the possible migration of radionuclides from the top of the Gorleben 
salt-dome to the upper fresh-water aquifer. Selection of this migration path, however, does not 
reflect the probability of radionuclide release from the host formation, i.e. the salt dome, to 
different parts of the surrounding aquifer system. Thus, this document and the associated 
forthcoming evaluation of radionuclide migration along the selected flow-path is not a safety 
assessment for the Gorleben salt-dome as a possible candidate for a high-level waste 
repository. 
 
3. The Gorleben site 
 
The Gorleben salt dome is situated in the north German plain (Lower Saxony) and extends 
from south-west to north-east (Fig. 1). The salt dome reaches up to less than 50 meters below 
ground with some parts of its so-called “ring-wall“, whereas its center plateau is at approxi-
mately 250 meters depth. Due to erosion during the Elster glaciation, part of the cap-rock has 
been removed, resulting in a channel filled with glacial sand deposits. Consequently this 
“Gorleben channel“ has a relative high groundwater permeability. Due to direct contact with 
the rock salt it contains salt brines. Above and around the salt dome various layers of 
sedimentary rock have been deposited. The sediments contain local Miocene brown coal and 
Pleistocene peat deposits. Above the salt dome these layers are disturbed due to up-lift and by 
glacial events, some layers are missing and others are reworked and intermixed. More 
detailed information on the Gorleben salt dome and the surrounding aquifer system can be 
found in (BGR 1991). The hydrological situation above the salt dome is not understood in 
detail (BfS 1990). One may expect recharge water to enter from the south-east and run across 
towards north-west. Small amounts of 3H is found in groundwater samples down to a depth of 
about 140 m (Suckow 1993, Kim et al. 1995, and Buckau et al. 2000b) High concentrations of 
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14C are found in deep groundwater in the area south-west of the salt-dome with overlaying 
waters with a lower 14C concentration. These high 14C groundwaters are expected to reflect 
wet-land recharge taking place until about 250 years ago (Buckau et al. 2003). The ring-wall 
may to some extent hinder groundwater from entering larger depth. However, it is interrupted 
over large distance towards the south-eastern side of the salt dome. Unperturbed sediment 
layers of low groundwater permeability may also retard exchange of groundwater from 
different depth. In the “Gorleben Channel“ a complex poorly understood brine flow-system is 
found.  
 
4. The Migration Case area 
 
4.1 Location 
 
An area above the center plateau of the Gorleben salt dome is selected, within the so called 
“ring-wall“ on the border to and west of the “Gorleben channel“ (Fig. 1). The investigated 
area extends over approximately 1.5 x 2 km with a large number of drillholes and correspond-
ing groundwater sampling locations in the center of the investigation area (Fig. 2). At the 
most dense cluster of drillholes, five wells are within 50 meters surface distance. 
 
 

 
 
Fig. 1: The Gorleben site and the location of the Migration Case (modified from Buckau et al. 2000a). 

 

4.2 Sediment permeability distribution 
 
The vertical permeability distribution of drill cores from the investigation area are 
summarized in Fig. 3 (data from BGR 1995). At a very narrow scale layers of different 
permeability show some consistency. The six drill cores from the central area which are at a 
maximum distance of about 50 meters are comparable. However, moving only some 50 
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meters to the south (Gohy-2226), to the north (Gohy-2225) or to the north-east (Gohy-2224) 
the vertical permeability distribution is distinctly different. Over the investigation area, i.e. a 
maximum distance of approximately 2 km, the permeability distribution varies considerably 
in the upper 100 meters. The same is true for depths below 150 meters. Within the depth 
range of approximately 100 - 150 meters, in general, low permeabilities are found. However, 
also here the vertical distribution of low permeability sediments varies and several sediments 
also show permeabilities >10-6 m/s. Such a permeability distribution within sediments is not 
expected to provide for an effective barrier against vertical groundwater flow. As seen below, 
this is verified from data on groundwater composition, tritium distribution and 14C age.  
 
 

 
 
Fig. 2: Location of drill-holes and wells in the region of the Migration Case (from Buckau et al. 2000a). 

 

4.3 Hydrological situation 
 
The hydrological situation is investigated with emphasis to the vertical groundwater 
exchange. Based on the distribution of chloride and tritium and 14C age, the extensive vertical 
groundwater exchange is shown. The velocity of groundwater exchange is estimated from 14C 
age and the tritium concentration distribution in combination with groundwater chloride 
concentrations. 
 
<Chloride distribution> 
In Fig. 4, the chloride concentration is shown for different groundwater sampling depth. It has 
two extremes, namely saturated brines below some 230 meters; and low salinity from 
recharge down to some 50 meters depth. Between these two extremes, for one group of 
groundwaters, the logarithm of the chloride concentration shows approximately a linear 
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increase with decreasing depth. This is typical for exponential vertical dispersive mixing, i.e. 
no effective separation in different groundwater layers. Another group of groundwaters show 
a chloride to depth signature above this exponential mixing line. The high chloride to depth 
signature appears to be the result of influx of salinated groundwater from dissolution of the 
salt dome, including brines originating from the Gorleben channel. These results show that no 
effective barriers exist separating groundwater into different groundwater layers. 
 

 

 
Fig. 3: Permeability distribution of sediments in the region of the Migration Case (from Buckau et al. 2000a). 

 
The regional distribution of groundwaters with high and low chloride to depth signatures at 
depths between 50 and 150 meters is shown in Fig. 5. In this depth range, low chloride to 
depth signatures reaching down to high depth are found especially close to the ring-wall. The 
high chloride to depth signatures at low depth are found especially over the central area from 
above the Gorleben channel and towards the west but also for Gohy-1281 in the north. This 
indicates a flow of groundwater where relatively fresh water is sinking especially at the sides 
of the ring-wall. Contrary to this, in the center of the area, high chloride to depth signatures 
are found. This appears to be the result of inflow of highly saline water from the Gorleben 
channel and/or vertical uplift of salt water. Another alternative would be diffusion of salt 
under relatively stagnant conditions. This, however, appears unlikely in this area with highly 
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reworked sediments and especially the low groundwater ages of Gohy-851 and -2211 with 
their high chloride to depth signatures. 
 

 
 
Fig. 4: Chloride concentration at different depths of groundwaters of the Migration Case (from Buckau et al. 

2000a). 

 
 

 
 
Fig. 5: Regional distribution of chloride concentration signatures between 50 and 150 m depth (from Buckau 

et al. 2000a). 

Below 230 meters depth, vertical groundwater exchange cannot be identified by the chloride 
concentration as only saturated brines are found. In the upper 50 meters basically constant 
chloride concentrations are found reflecting groundwater recharge conditions. Slightly below 
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50 meters depth groundwaters with high chloride to depth signatures are found. One extreme 
example is Gohy-851 at 57 meters depth with approximately one and a half orders of magni-
tude higher chloride concentration than the recharge groundwaters, including Gohy-62 and 
Gohy-1211 at 55 and 50 meters depth, respectively. Gohy-851 appears to be situated under a 
sediment of low permeability (Fig. 3) and depending on the flow direction upwards mixing 
may occur at different places. Considering, however, that no significantly enhanced chloride 
concentrations are found in the upper 50 meters one may assume that the groundwater 
movement in these upper 50 meters is such that groundwater components introduced from 
below are rapidly diluted and dispersed.  
 
<Tritium Distribution> 
Tritium is mainly found in the upper 50 meters of the groundwater. In analogy with the 
chloride depth-concentration profile, however, a vertical exponential mixing of tritium can be 
followed down to a depth of about 140 meters (Fig. 6). This shows that vertical exponential 
mixing also occurs in the upper part of the groundwater, including the fresh water region 
where the constant chloride concentration reflects recharge conditions. It furthermore shows 
that the vertical groundwater mixing occurs relatively rapid (cf. also below).  
 

 
 
Fig. 6: Tritium concentration with depth for groundwaters in the region of the Migration Case and recharge 

groundwaters from the area south of the salt dome. 

 
<14C age distribution> 
Down to a depth of about 140 meters, no significant decay of 14C of dissolved inorganic 
carbon (DIC) can be detected (Buckau et al. 2000b). 14C age of DIC in the brines is hampered 
by not fully understood chemical reactions and thus dating is not reliable (Buckau et al. 
2003). 14C dating of fulvic acid reveals that the fulvic acid from recharge is found in the 
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saturated brines with 14C concentrations not affected by decay (Schäfer et al., Annex 1). This 
supports the rapid vertical groundwater exchange/intermixing as discussed above.  
 
In summary, sediments in the migration case area do not have sufficiently large and 
homogeneous regions of low permeability to prevent rapid vertical groundwater exchange. 
The chloride concentration distribution shows that groundwaters also are subject to vertical 
exponential exchange as well as up-lift in the central part of the study area. 40 years after 
atmospheric nuclear testing culminated, exponential mixing of tritium can be traced down to 
about 140 meters depth. The same exponential mixing ratio is found for chloride down to the 
vicinity of the salt dome. Superimposed over this exponential mixing for the lowest chloride 
concentration to depth ratios, also up-lift of salinated groundwater occurs in the central part of 
the area. Thus, the overall vertical groundwater transport towards the freshwater horizon is 
not known.  
 
4.4 Humic colloid generation and distribution 
 
In the Gorleben aquifer system, abundant in-situ generation of dissolved organic carbon 
(DOC) results in highly elevated humic colloid concentrations. This process is related to the 
microbiologically mediated mineralization of sedimentary organic carbon (SOC) with sulfate 
as a dominating oxidizing agent (Buckau 2000c). One part of SOC is oxidized to dissolve 
inorganic carbon (DIC) and another part is released as DOC. In Fig. 7, the DOC 
concentrations in groundwaters from the present investigation area are shown against the 
sampling depth. Down to 27 meters, DOC concentrations of 1 mgC/L or less are found and at 
50 meters 2 mgC/L. These values reflect typical DOC concentrations in young Gorleben 
recharge groundwaters (Artinger et al. 2000). Below 50 meters down to about 200 meters 
strongly enhanced DOC concentrations are found resulting from in-situ generation of DOC 
via mineralization of SOC. In the brines below 200 meters moderate to low DOC 
concentrations are found. In these brines and in recharge groundwaters DOC is dominated by 
fulvic acid. In contrary to this, in enhanced DOC groundwaters DOC is dominated by humic 
acid (Artinger et al. 2000). 
 
The humic and fulvic acids generated in the enhanced DOC depth range are not found in the 
saturated brines. The reason is that they are less hydrophilic than the recharge fulvic acids 
(Schäfer at al., Annex 1). This shows that humic colloid mediated radionuclide transport in 
the saturated brines will only be effected by fulvic acid. Once entering into groundwater of 
lower salt content, the high concentrations of humic and fulvic acid from the in-situ 
generation is also participating in the radionuclide transport. 
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Fig. 7: DOC (dissolved organic carbon) concentration at different depths of groundwaters of the Migration 
Case (from Buckau et al. 2000c). The shaded line shows the values to be used for initial actinide 
transport calculations. 

 
In Fig. 3, DOC concentration ranges at different groundwater sampling locations are shown. 
In the area where several sampling positions are within some 50 meters surface distance 
(magnified in Fig. 2) DOC values are available for three samples (Gohy-2210, -2221, and -
2223), and some 100 meters further north Gohy-2225. All these samples from approximately 
200 meters depth originate from one water bearing layer. Although the distance between the 
sampling locations is very low the DOC concentrations vary between < 5 mgC/L in Gohy-
2211 and -2223, and 12 and 7.9 mgC/L in Gohy-2221 and -2225, respectively. This shows 
that the humic colloid generation has a very strong local variation and through dilution and 
dispersion, decreases rapidly away from the source of generation.  
 
In summary, enhanced concentrations of DOC, and thus humic colloids, are found at depths 
below 50 m. These enhanced DOC concentrations are the result of microbiologically 
mediated mineralization of SOC. There are strong local variations in the magnitude of this 
process. In the salt saturated brines only fulvic acid from recharge is found. 
 
5. Scenario 
 
Brines containing dissolved actinide ions are released at the top of the salt dome, i.e. at the 
bottom of the aquifer system in the case study area (at approximately 240 m depth). This 
actinide contaminated brine is expected to have a higher temperature than the groundwater. 
Therefore, the contaminated brine will move upwards. Due to equilibration of temperature 
and differences in density, this upwards movement is set to cease at 200 m depth. This is the 
starting point for the migration case path. Once the groundwater has reached the fresh water 
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region (upper 50 m), the water may be attractive for extraction and usage by future 
generations. This defines the end point of the migration case path.  
 
6. Definition of the Migration Case 
 
<Migration path> 
The migration path is defined by vertical groundwater movement within the case study area. 
In the central part of the case study area there is a groundwater up-lift movement. Therefore, 
the simplest approach is an upward piston flow. However, two major problems occur, namely 
(i) the actual main groundwater flow direction is not well known; and (ii) considerable 
groundwater mixing occurs. Therefore, the piston flow approach is not necessarily correct. 
For the purpose of simplicity, however, a vertical uplift piston flow is used. A further 
consequence of such a simplification is that dispersion due to exponential mixing between 
different parts of the groundwater body is not accounted for. In addition to this, the probably 
high horizontal groundwater flow velocity in fresh water region, and as a consequence high 
degree of dilution, is not accounted for. 
 
<Source term> 
The concentrations of actinide ions are estimated over their solubility in the humic colloid 
containing brines at 200 m depth. The scope of the present exercise is not to achieve dose 
rates to recipients but to evaluate the transport of actinide ions relative to a starting value. 
Therefore, the actinide concentrations in the source term are not a critical parameter for this 
purpose.  
 
<Groundwater transport time> 
Based on the exponential mixing of fall-out tritium that can be traced down to a depth of 
about 140 m, no significant 14C decay in dissolved inorganic carbon at this depth and no 
significant 14C decay of recharge fulvic acid in the saturated brinaes at 250 m depth, a 
groundwater transport time along the migration path of 1,000 years is chosen.  
 
7. Geochemical conditions along the migration path 
 
A multitude of geochemical condition may be found along the migration path. For the 
purpose of geochemical modeling of the actinide ions, the basic parameters are humic colloid 
concentration, pH and redox-potential. The distribution of humic colloid concentrations is 
discussed above (cf. Fig. 7).  
 
<pH and Eh> 
In Figs. 8 and 9, distributions of pH and redoxpotential with depth are shown. pH follows a 
relatively stable trend with basically linear increase in values from around 6.5 at 200 m depth 
to about 8 around 50 m depth. In Fig. 9, the mean values of the redoxpotential are shown. The 
original Eh values show considerable scatter.  Examples are Gohy-572, 573 and 2227, with 
40±22, -6±39 and –24±82, respectively. Beyond such scatter in data, however, Gohy-753, -
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943, -1272 and –2225, at depth between 159 and 204 m, show very negative Eh values 
relative to the depth compared to the other groundwaters (Fig. 9). The reasons for these low 
Eh values are not yet understood. For the purpose of actinide transport calculations, pH and 
Eh values for different depth are chosen as indicated by shaded lines in Figs. 8 and 9. 
 
<Chemical composition> 
Depending on the scope of transport calculations and inclusion of different chemical 
reactions, the concentrations of different potential ligands will be evaluated from the data 
base, as requested. 
 

 
 
Fig. 8: Distribution of pH values in groundwater of the migration case study area. The shaded line shows the 
values to be used for initial actinide transport calculations. 

 
 
9. The Migration Case 
 
The migration case is defined as follows: 
 
- The migration path is 150 m long with 1,000 years transport time for the groundwater in 

piston-flow. It starts at 200 m depth and stops at 50 m depth. 
 
- Along the path, pH and Eh are as shown in Figs. 8 and 9.  
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- The humic colloid concentration is shown in Fig. 7.  It is 10 mgC/L at the starting point; 
increases linearly with flow distance to 30 mgC/L at 40 m flow distance; remains 30 
mgC/L for the next 70 m flow distance; decreases linearly to 10 mgC/L at the end of the 
flow-path.  

 
- The concentrations of potential ligands will be deduced from the data base upon request.  
 
 

 
 
Fig. 9: Distribution of Eh values in groundwater of the migration case study area. The shaded line shows the 

values to be used for initial actinide transport calculations. 
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Approach for Physico-Chemical Interpretation of An(III) and An(VI) Humate
Complexation.

G. Buckau
Institut für Nukleare Entsorgung, Rorschungszentrum Karlsruhe, P.O. Box 3640, 76021 Karlsruhe, Germany

Abstract

The humic acid complexation of trivalent and hexavalent actinide ions (Am(III), Cm(III) and
U(VI)) is discussed. The complexation reaction is written with in the frequently argued for
simple way with the complexation constant as the complex concentration divided by the
product of the free metal ion and the free humate ligand concentrations. The concentrations of
free and complexed metal ions is trivial, the problem in interpretation of the reaction is the
nature of the humic acid ligand and description of this concentration. Analysis shows that the
humate ligand concentration can be described by the number concentration of reactive
(ionized) humic acid molecules. This concentration is given by the total number concentration
of humic acid molecules, reduced by one unit for protonation of the average number of proton
exchanging groups per average molecule and furthermore reduced by one unit per complex
formed. This implies that individual molecules are inactivated for complexation by protona-
tion of its proton exchanging groups. Furthermore, a reactive/ionized humic acid molecule
becomes inactivated by the complexation with one metal ion. The study provides a physico-
chemical explanation for the frequently used simple approach with the metal ion humic acid
complexation described by an experimentally determined effective humate ligand concentra-
tion (or also binding or complexation capacity) and one associated stability constant. It thus
provides the justification for application of this frequently used simple approach.
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1. Introduction

As well recognized, humic and fulvic acids are not substances with molecules of a sole com-
position and molecular mass but a mixture of molecules with a distribution of mass and func-
tionalities. Nevertheless, the metal ion complexation of humic and fulvic acids shows a sur-
prisingly consistent and systematic behavior. This shows that the functional behavior towards
metal ion complexation of these substances is relatively well defined and falls in a narrow
range. For strongly complexing metal ions, the complexation may be described as follows.

- If a humic acid is titrated with the metal ion, progressive complexation occurs. Approach-
ing a certain complex concentration/amount, the complex formation approaches a plateau
value. The complexation may be described by a simple interaction isotherm with one
interaction constant and one ligand saturation value. The observation can be summarized
as a relatively simple complexation behavior with a surprisingly narrow distribution in
the complexation properties.

- As the plateau value is approached, humic acid flocculates whereas fulvic acid shows
strong increase in light scattering.  This behavior is directly comparable with protonation.
In both cases the complex shows less hydrophilic properties and can be isolated by sorp-
tion of the XAD-8 resin (used as standard isolation method). Sorption on other surfaces is
also observed. The observation shows that the hydrophilic character and the charge repul-
sion of humic and fulvic acids is diminished with protonation as well as with complexa-
tion.

- With increasing protonation or ionic strength, the plateau value is decreasing. The prob-
lem encountered, is that the plateau value corresponding to the total humate ligand
concentration does not correlate with the total concentration of proton exchanging groups
in a simple fashion. Similarly, the decrease in the plateau value does not strictly follow
the decrease in the degree of ionization of humic and fulvic acid proton exchanging func-
tional groups.

This last observation is not surprising. Strictly speaking the straightforward use of the degree
of ionization for proton exchanging functional groups is only allowed where this corresponds
to one complex per ionized functional group and one functional group per reactive
entity/molecule.  In the case of humic and fulvic acids, there are more than one functional
groups per molecule/reactive entity. Combination of the observation that the complexation
follows a simple 1:1 interaction isotherm and the systematic decrease in the concentration of
reactive entities/molecules with protonation (and to a lesser extent ionic strength) shows that
the key questions are:

(i) how does the number concentration of reactive entities/molecules decrease with the
progress in protonation, and

(ii) what is the concentration of reactive entities at a given progress of protonation (including
full ionization).
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These questions are the basis for the present paper where the interaction of one humic acid
(Gohy-573(HA)) in one ionic medium (0.1 M NaClO4) with the trivalent Am3+ and Cm3+

actinide ions, and the hexavalent uranyl ion (UO2
2+).The latter has a comparable charge in the

equatorial plane as the homogeneous charge of the Am3+ and Cm3+ ions and very comparable
complexation behavior is observed.

The paper does not go into questions related to the potential for a weaker type of interaction
after flocculation of humic acid, nor the potential for a stronger interaction at very low metal
ion concentrations. It also does not make strong reference to the observed comparably slow
kinetics of the metal ion complexation, especially rearrangements shifting the inventory of
complexed metal ions to a slower dissociation mode, and the reason for the comparably slow
dissociation with at least two kinetic components. The fundamental, and surprisingly simple
and systematic complexation properties deduced, however, opens up for further discussion
and specifically tailored investigations.

The main aim of the paper is to show that very complicated approaches frequently proposed,
published and used are mainly based on false interpretation of the ligand function (specifically
using the concentration of ionized groups instead of the concentration of reactive enti-
ties/molecules). In some descriptions reference is made to a polyelectrolyte character, hardly
to be expected for average humic and fulvic acid molecules with around 3.5 proton exchang-
ing groups (see below). Other approaches make use of a sequence of complexation constants,
more recent models with such sequences over molecular mass distributions. This feeds a view
of humic and fulvic acids as being an excessively complicated system or even beyond the
reach of a systematic description. The key point about this paper is a different and very
straightforward simple interpretation of existing published data. Most of the observations
discussed are common knowledge in the concerned community. Consequently, there is a
deliberate very restricted use of references. The present paper also reflects a progressive
understanding of the mass distribution of humic and fulvic acids applying modern mass spec-
troscopic techniques in recent years, changing the entire understanding of humic and fulvic
acid systems and functions. Last but not least, the present paper is the outcome of discussion
with a large number of colleagues in the field. This is reflected in the acknowledgements.

2. Elemental composition and oxygen functional group content

Below a brief discussion of elemental composition and functional group content is given. The
discussion is focused on numbers and properties important for the purpose of this document.
For more detailed information on distribution of the elemental compositions, including
hetero-atoms and different origins, as well as different functional groups, the literature needs
to be consulted. The elemental composition of humic substances varies within limits. An
overall elemental composition is well described by CO0.5H, omitting minor contributions of
sulfur and nitrogen. Interesting enough, this overall formula is also obtained by removing one
half water molecule per carbon in carbohydrates. The carbon has a formal oxidation state of
around zero.

33



Examples of the content of the most abundant oxygen containing proton exchanging groups is
given in Table 1 (Kim et al. 1990, Schmeide et al. 1998). The amounts of proton exchanging
functional groups obtained by different operational methods cannot be allocated to specific
groups per se. Nevertheless, certain types of functional groups are frequently reported by the
use of these operational methods. The Gohy-573(HA) at the bottom of this table is the one for
which complexation data are discussed in this paper. The numbers should be compared also to
the “total proton exchange capacity” by potentiometric pH titration of 6.40 meq/g for Gohy-
573(HA) (cf. Fig. 1). The latter refers to the assumption that no further deprotonation occurs
for increasing pH beyond about 10.25. There is an excellent agreement between the Ba
exchange capacity at high pH and the total proton exchange capacity by potentiometric pH
titration. The latter number is only about 3 % lower than the former one. This is in the order
of experimental uncertainty. The numbers show that the total proton exchange capacity can be
correctly evaluated whereas allocation of parts of this inventory to different types of groups is
questionable.

Table 1: Proton exchange capacities by different operational methods with groups frequently reported
to be associated with these methods: “total” (Ba exchange capacity under alkaline conditions), and
“carboxylic group content” by “Ca-Acetate” (Ca exchange capacity in acetate buffer medium), “radio-
metric” (attachment of 14C labeled methyl groups via diazomethane), and “potentiometric pH titration”
(potentiometric pH titration where the proton exchanging groups are quantified as those protonated at
and below titration curve turning point slightly below pH of 8).

Humic Acid Ba-Exchange Ca-Exchange Radiometric Pot. pH Titration

(“Total”) (“Carboxylic”) (“Carboxylic”) (“Carboxylic”)

Aldrich(HA)1)

meq/g 7.12 4.41 3.9 5.06
% of “total” (100) 62 55 71

Aldrich(HA)2)

meq/g 7.06 4.80 - 5.43
% of “total” (100) 68 - 77

Gohy-573(HA)2)

meq/g 6.61 4.75 - 5.38
% of “total” (100) 72 81

Average (%): 67 ± 5 55 76 ± 5

1) Schmeide et al. 1998;  2) Kim et al. 1990

The total exchange capacity for two batches of Aldrich humic acid (Aldrich(HA)) independ-
ently purified by two different groups are basically indistinguishable. The total proton
exchange capacity is about 7 % higher than for the Gohy-573(HA). This shows that careful
handling of humic acid leads to high reproducibility for the functional group content and that
there are differences between humic acids from different sources. More important is that the
presumably contents of carboxylic groups deduced from different operational methods deviate
from each other. This is obvious from Fig. 1, showing that one cannot identify a sharp
distinction between different proton exchanging groups along with progressive protonation.
This should be kept in mind where the proton exchange behavior is represented by a distinct
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number of “acidic groups” from fitting the curve in Fig. 1. It is especially surprising, when
pKa values are allocated to a limited number of “proton exchanging groups” including in the
lower pH range. Potentiometric titration does not allow going much further into the acidic
range due to lowering of the electrode response to proton ion concentration/activity and thus
the protonation endpoint cannot be determined.

Fig. 1: Potentiometric pH titration of the humic acid Gohy-573(HA).

3. Mass distribution

The mass distribution of Aldrich humic acid and humic and fulvic acids from the groundwater
Gohy-573 are shown in Table 2. The concentration of molecules in solution if no association
occurs is given by the number average distribution maximum (Mn). It should be noticed that
meanwhile the mass distribution as given in Table 2 represent numbers that are slowly
becoming generally accepted. This is important because of the previous perception of humic
and fulvic acid molecules as having much higher mass distribution numbers from misinter-
pretation of size measurements by gel permeation/size exclusion chromatography and field
flow fractionation methods (Wolf et al. 2001). An important number for the metal ion
complexation that can be deduced is the average number of proton exchanging functional
groups per average molecule. For Gohy-573(HA), with 6.61 meq/g of proton exchanging
functional groups (cf. Table 1) and an number average molecular mass of 521 (cf. Table 2),
the average number of proton exchanging functional groups per average molecule becomes
3.44.
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Table 2: Calculated distribution parameters of the distributions Mconc versus mass (for details, see Wolf
et al., Annex 8).

Humic substance Mass range Mn Mw Mw/Mn

! (Da) (Da) (Da) !

Gohy-573 FA   150 – 3000 [5000] 428 [428] 609 [613] 1.42 [143]

Gohy-573 HA 150 – 3000 [5000] 521 [523] 752 [759] 1.44 [1.45]

Aldrich HA 150 – 3000 [5000] 445 [446] 626 [627] 1.40 [1.41]

Under the assumption, that the proton exchanging functional group content is equally distrib-
uted with mass for molecules of different mass, about one proton exchanging group per mole-
cule is found at the lower end of the mass distribution. At the upper end of the mass distribu-
tion, the corresponding number is less than 20. Because the O/C ratio is decreasing with
increasing molecular mass, the number of proton exchanging functional groups on the
molecules with higher mass may be expected to be lower (Plancque et al. 2001). Given the
relatively narrow mass distribution and the above discussed uncertainty in the allocation of
different nature of the of the proton exchanging groups, the most important number to carry
over for the further discussion, however, is the around 3.4 proton exchanging groups per
average molecule.

4. Binding capacity, effective humate ligand concentration (EHLC)

The plateau/saturation value for complexation is frequently called the binding capacity or
complexation capacity. It represents the effective humate ligand concentration (EHLC) under
given physico-chemical conditions. As already mentioned above, application of this EHLC
results in a simple and consistent description of the complexation reaction. In this section the
relation between the EHLC and the nature of humic and fulvic acid is discussed.

4.1 Impact of pH and ionic strength

As already mentioned in the introduction, titration of humic or fulvic acid with a complexing
metal ion results in a progressive increase in the amount of metal humate complex until a
plateau value is reached. Approaching this plateau/saturation value, flocculation of humic acid
takes place. One example is shown in Fig. 2, where the dissolved and flocculated Am(III)
humic acid complex is shown together as AmHA (Kim et al. 1989). In Fig. 3, these plateau/
saturation values are shown for the UO2

2+ and Am3+ complexation with Gohy-573(HA) as a
function of pH in 0.1 M NaClO4 (the same ionic medium as used for potentiometric pH titra-
tion in Fig. 1) (Higgo et al. 1993, Czerwinski et al. 1996, and Montavon et al. 2000). The
plateau/saturation value decreases with increasing protonation of the humic acid. At pH 3 this
value is only about 11 % of what is found at pH 6. At higher pH values the Am3+ ion shows
hydrolysis and thus direct evaluation is not possible. The data for the uranyl ion are directly
measured at pH 4. At higher pH values hydrolysis occurs. Data above pH 4 are deduced from
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interaction data below the saturation value making use of an invariable interaction constant
and accounting for the impact of hydrolysis. The straight line in the figure may not be under-
stood as a functional relation, especially as the plateau/saturation value then would fall below
zero around pH 2.6. It may, however, be used for description of the data in the concerned pH
range (cf. below).

Fig. 2: Titration of the humic acid Gohy-573(HA) with the Am3+ ion at pH 6.0 in 0.1 M NaClO4. The
humate ligand saturation is given by AmHA approaching a constant value with a corresponding increase
in the non-complexed Am3+ ion with an increase in the total Am(III) concentration. The approaching the
humate ligand saturation is preceded by the flocculation of AmHA (decrease in HAsolution).

In Fig. 3, also the impact of the ionic strength on the plateau/saturation value is shown for a
pH value of 6.0. For comparison with the impact of pH, a logarithmic scale is used (upper
scale of Fig. 3). The principle impact of the ionic strength is the same as for pH, however, the
magnitude of the impact is lower. This shows that the accessibility of humic acid i.e. the con-
centration of reactive entities decreases not only with increasing protonation but also with
increasing cation concentration of the ionic medium. These results lead to the question how
the protonation correlates with the effective humic acid ligand concentration (the plateau/
saturation value).

4.2 Relation between EHLC and pH

The relation between the EHLC and the protonation function of the humic acid Gohy-
573(HA) with Am3+ and UO2

2+ in 0.1 M NaClO4 is shown in Fig. 4. Without the intention of
allocating functional relationships between pH and EHLC as well as the concentration of
ionized groups, the respective data are rationalized/represented by straight lines. The surpris-
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ing finding is a ratio between the concentration of ionized groups and EHLC of 3.41
(eq./mol). This should be compared with the number of 3.44 proton exchanging functional
group per average molecule (cf. above). The outcome is that the EHLC decreases by one
unit/molecule for the protonation of the same amount of proton exchanging groups as found
per average molecule. As a consequence, the EHLC can be written as:

EHLC= PEC/n x a (1)

where PEC is the total proton exchange capacity, n is the average number of proton exchang-
ing groups per molecule and a is the degree of ionization.

Fig. 3: Effective humate ligand concentration (EHLC) of the uranyl (UO2
2+) and Am3+ ions with the

humic acid Gohy-573(HA) as a function of pH (in 0.1 M NaClO4) (lower scale), and as a function of ionic
strength (at pH = 6.0) (upper scale). The EHLC values are given by the total amount of Am humic acid
complex at humate ligand saturation (cf. Fig. 2) under these different physico-chemical conditions.

Consistent evaluation of experimental data is obtained for a free humate ligand concentration
as follows (cf. also eq. (4):

[HA]free = EHLC - MHA (2)
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Combination of eqs. (1) and (2) leads to:

[HA]free = PEC/n x a - MHA (3)

This implies that for each complex formed, the number of reactive molecules decreases by
one unit. If, however, there are three molecules each with an interaction probability of 2/3,
formation of a complex with one molecule would leave two molecules with each 2/3 metal
ion interaction/complex formation probability. Consequently the free humic acid ligand
concentration after three protonations and one metal ion complexation would be 4/3 and not 1
as experimentally found and also correctly postulated from the first approach with non-
random protonation. In the non-random protonation case the three protonations would lead to
the decrease in one ligand unit and the metal ion complexation with one of the remaining
molecules with each three ionized groups would lead to the decrease in the free humic acid
concentration by another ligand unit. This is in agreement with eq. (3) reflecting experimental
findings.

Fig. 4: Variation with pH of experimental data and representation of these data by linear regression for
the concentration of ionized groups and EHLC for the UO2

2+ and Am3+ ions with the humic acid Gohy-
573(HA) in 0.1 M NaClO4. The ratio between the slopes of linear regression is 3.41 (eq./mol).

A final conclusion on the possibility to use a refined random protonation approach or requires
further data evaluation. The simple approach of preferred consecutive protonation following
the initial one (by random) is very tempting, reflects experimental findings and would be
supported by neighboring impacts from the first protonation changing the overall functional
groups behavior of the residual ionized ones, making them more prone to protonation. A
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direct evidence for such an approach, however, is still pending. Furthermore, the impact of
variation of ionic strength is still not well understood.

4.3 Extrapolation to full ionization

In the range of metal ion hydrolysis, the ligand saturation plateau values cannot be directly
measured. Therefore, numbers for the EHLC of Am3+ beyond pH 6 needs to be indirectly
deduced. In Fig. 5, the relationship between the EHLC and the protonation behavior is
extrapolated to full ionization, i.e. to a pH of 10.25. For this extrapolation the constant ratio
between EHLC and the protonation of 3.41 eq./mol is used (cf. Fig. 4). This extrapolation is
not based on direct experimental evidence, but leads to a fully consistent description of the
system and the complexation process. The reason is that the EHLC at full ionization becomes
1.88 mmol/g humic acid. The inverse value of this number is 533 g/mol humic acid. This
basically identical with the number averaged molecular mass of individual molecules. This
means that the EHLC at full ionization is simply the number concentration of humic acid
molecules. Starting from this point, the process of protonation and complexation is then
described by eq. (3), namely the decrease in humic acid ligand concentration by one unit
(inactivation of one molecule) for consecutive protonation of its ionized groups, followed by
the decrease by one ligand unit per complex formation (inactivation of one molecule as a
consequence of one complex formation). In this discussion, the weaker impact of ionic
strength is omitted.

Fig. 5: Extrapolation of the concentration of ionized groups and EHLC for the UO2
2+ and Am3+ ions for

pH between 6 and 10.25 by a constant ratio of 3.41 eq./mol (cf. Fig. 4). The maximum value for EHLC
of 1.88 mmol/g HA is achieved at pH 10.25. This corresponds to a molecular weight of the humate
ligand of 533 g/mol (inverse value of EHLCmax) and is basically identical with the number averaged mass
distribution value from mass spectroscopy by TOF-SIMS (cf. Table 2).
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Fig. 6: Cm3+ and Am3+ complexation with different forms of humic acid from the Gorleben groundwater
Gohy-573. Data on a straight line with unity slope represent one single complexation constant

4.4 Interaction constant

The interaction process is described by:

ß = [MHA] / (Mfree  x  [HA]free) (4)

with [HA]free given by eqs. (2) or (3).

Eq. (4) can be rearranged making use of the degree of saturation (X) as [MHA]/EHLC.
Plotting log(X/(1-X)) against log([Mfree]) results in a straight line with unity slope for one
specific interaction constant (Buckau et al. 1992). In Fig. 6, this is done for a large number of
complexation data for the Am3+ and the analogous Cm3+ ion with various forms of Gohy-573
humic acid. The ionic strength varies from 0.001 to 5 mol/L (NaClO4) at a constant pH of 6.0.
The EHLC is experimentally determined for each condition and system. The data fall on one
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single straight line with the slope of unity. The same is found for variation of pH using the
experimentally determined EHLC in eq. (2). This shows that the interaction process for an
individual complex formation is basically invariant with respect to the ionic strength and pH.
Furthermore, the complex formation strength is invariant with respect to the degree of humic
acid ligand saturation (X) for values between about 0.01 and basically full saturation ([MHA]
-> EHLC) (right hand scale in Fig. 6). This is also reflected in the invariant shape of absorp-
tion spectra of the comlexed Am3+ ion in the upper approximately 90 % of ligand saturation
(Kim et al. 1989).

5. Summary, conclusions and outlook

The metal ion complexation of humic and fulvic acid is discussed. The paper restricts itself to
the strongly complexing trivalent Am and Cm actinide ions and equally strongly complexing
hexavalent uranyl ion (UO2

2+). The reason for selecting these two ions is that a large number
of complexation data are available based on especially spectroscopic investigations with one
and the same batch of a well characterized humic acid. It is shown that, contrary to frequently
published “models” relying on a large number of fitting parameters, the complexation can be
described by an effective humate ligand concentration varying with pH and ionic strength and
one single complexation constant. This is not a new concept, but has been used by some
groups for a long time. The trust in this simple approach, however, has been hampered by the
lack in understanding of the experimentally determined effective humate ligand concentration.

The present paper shows that the variation in the ligand behavior of humic acid can be easily
related to the proton exchange behavior and the molecular mass distribution. This provides
trust in the simple approach and also verifies the very narrow distribution in complexation
functional properties of humic and fulvic acids.
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Abstract
The mobility of plutonium was studied by column experiments with the groundwater Gohy-
532 and a pleistocene sand, both from the Gorleben aquifer system. Near-natural conditions
(Ar + 1% CO2) were used for all experiments, including three months conditioning of the
groundwater with the sand prior to experiments. Pu(VI) is rapidly reduced to Pu(V), followed
by another fast reduction to Pu(IV). Contrary to this, the subsequent reduction of the
tetravalent plutonium to Pu(III) is comparably slow. The different tri- and tetravalent actinide
ions are found to distribute over a size spectrum comparable to that of groundwater humic
colloids. This shows the predominance of humic colloid mediated transport. The redox state
of plutonium in the investigated groundwater system can be both tri- and tetravalent, with the
distribution being sensitive to small changes in the redox conditions. Whether the tri- or
tetravalent oxidation state is predominant in the experiments could not be unambiguously
determined. The reason is the lack in precision and/or sensitivity of different speciation
methods applied and partly contradicting results. Comparison of results from column
experiments with different tri- and tetravalent actinide ions shows a close resemblance in the
plutonium behavior with that of other tetravalent actinide ions. In general, the recovery of
plutonium (relative plutonium concentration in the column outlet) is lower than that of the
trivalent americium. There are significant differences in chemical behavior between different
actinide ions of the same oxidation state, including the potential for generation of polynuclear
species/eigencolloids. Therefore, the findings are not sufficient for unambiguous
determination of the plutonium oxidation state but further development and application of
analytical methods/approaches is necessary.
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Introduction

Over the last few decades, field studies and laboratory experiments proved the colloid-borne
actinide migration in the subsurface aquatic environment. The assessment of the actinide
migration from a nuclear waste repository to the biosphere, this requires adequate
understanding of  reactions involved.

Besides the solubility limits of ionic or complexed species and the occurence of eigencolloids
especially of the tetravalent metal cations, humic colloids can play an important role in the
interaction processes of metal ions in natural aquatic systems, additionally to inorganic
colloids existent in natural waters (Buckau et al., 2000). It was found that the concentration of
tri- and tetravalent trace metal ions is directly related to the content of humic substances (Kim
et al., 1987) in natural waters. However, the molecular structure, the number of available
complexing sites, the stereochemistry of humic substances and interactions with other
naturally occuring substances like minerals and secondary phases are up to now not
completely concieved. 

A crucial factor determining the metal ion humic colloid interaction and the migration
behaviour is the redox sensitivity of some metal ions. That redox processes play an important
role in the migration behaviour was shown for the humic colloid-borne migration of
neptunium (Artinger et al., 2000; Kim et al., 1995). The same is expected for the
redoxsensitive plutonium which can occur in four oxidation states from trivalent to hexavalent
(Pu(III-VI)). Several authors report on the reduction of Pu(VI/V) to Pu(IV) in the presence of
separated, purified humic acids (Bondietti et al., 1976; Nash et al., 1981; Choppin, 1991;
Jianxin et al. 1993; André et al. 2000). Although an oxidation of Pu(III) in natural waters
under aerobic conditions is reported (Cleveland, 1979). The role of Pu(III) as a relevant
oxidation state in natural systems under anaerobic conditions is not clear yet. The so far
conducted migration experiments (Kim et al., 1995) are impaired by the lack of reliable redox
speciation.

Several authors report that the migration of trivalent actinide ions in humic rich groundwater
is dominated by the interaction with humic colloids (Artinger et al. 1998; Schüßler et al.
2000; Artinger et al., 2002). Also for tetravalent trace metal ions (Zr, Hf, Th) a solubility
enhancement by humic colloids can be shown (Artinger et al., 2003). For trivalent cations also
a considerable amount of kinetic data is available (Artinger et al. 1998; Schüßler et al. 2000;
Artinger et al., 2002) showing different binding modes, mainly in slow equilibrium with each
other, but also aggregation processes must be regarded for multivalent cations (Artinger et al.,
2002; Artinger et al., 2003). But, unless the transferability of kinetic constants may not
offhand be applicable directly in the predictive modelling of natural systems (Artinger et al.,
2003)., in any case information on the principle reaction schemes can be deduced from such
laboratory experiments.
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Experimental
Radioisotopes

The plutonium isotopes 238Pu and 242Pu were used in the experiments. A stock solution of
242Pu was purified via anion exchange (BIO RAD AG 1-X8) in the nitrate system, afterwards
fumed with perchloric acid and stored in 1 M perchloric acid. Solutions with a single
oxidation state (content > 90 %) were obtained electrolytically (Cohen, 1961) The Pu-content
and isotope ratio of the stock solutions were checked with α-spectroscopy to a 99.4 wt% Pu-
242, beside small amounts of Pu-238, -239, -240 and -241. Liquid scintillation counting
(LSC) is used for determination of the total plutonium concentration of the solutions.
Absorption spectroscopy, capillary electrophoresis and liquid-liquid-extraction were used to
verify the oxidation state of the solutions added to the groundwater or humic acid solutions.

A stock solution of 238Pu was fumed with perchloric acid and afterwards brought to 1 M
perchloric acid solution. Solutions containing PuO2

2+ (content > 90 %) were obtained in the
same way described for 242Pu.

Migration experiments 

The mobility of plutonium was studied by column experiments on natural systems under near-
natural conditions. A pleistocene sand from the Gorleben region conditioned with Gorleben
groundwater (GoHy-532) was used in columns with a diameter of 10 cm and a length of 50
cm. Chemical and physico-chemical parameters of the system are given in Table 1. More
detailed information on the origin and sampling of the system compounds is given in (Buckau
et al., 2000). Informations on similar experiments with trivalent actinides can be found in
(Artinger et al. 1998; Schüßler et al. 2000). 

Table 1: Chemical and physico-chemical data for the column experiments

GoHy-532
original After conditioning

Sampling depth (m) 65-68
pH 8.9 6.8-7.2
Eh (mV) -160 -30 - + 70
Conductivity (mS/cm) 0.95
Na (mmol/L) 9.5 (3) 5.7
Ca (mmol/L) 0.047 (0.026) 0.054
Cl-(mmol/L) 3.7 (3.87) 3.65
HCO3

-(mmol/L) 5.5 (3) 3.3
DOC (mg C/L) 30 27

Sand Pleistocene quartz sand
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The experiments were carried out under an atmosphere of Ar/1% CO2 in a glove box. From a
reservoir the groundwater was pumped over the sandfilled column (ID = 50 mm, L = 250
mm). To reach equilibrium conditions between groundwater and sediment and a stable
microstructure with constant porosity a conditioning of the system for several months prior to
the experiments was necessary, therefore the groundwater was pumped in a circular flow over
the columns. During this conditioning time a sorption of humic colloids onto the sand was
shown to be insignificant (Artinger et al. 1998). Radionuclides can be injected in a pulse as
well as continuously onto the column. The eluate was fractionated in an automated sampling
device. These fractions were investigated with LSC, CE and ultrafiltration.

For each of the three column experiments (No. 1-3, see Table 2 below) discussed below, an
aliquot of an acidic plutonium stock solution, containing Pu(VI) (exp. 1 and 2) or Pu(IV)
(exp. 3) respectively, was added to a 250 ml fraction of the groundwater. After adjustment of
the pH and a varying contact time (29 d, 5 d and 18 h) a volume of about 160 ml is added
continuously onto the column with a fast flow rate. Afterwards the system was changed again
to groundwater without the plutonium spike and the elution of plutonium was observed with a
slower flowrate of the groundwater (experiments No. 1-2). By this method the migration time
for the plutonium species was varied in one experiment from 1 h to about 100 h. In
experiment 3 the flowrate was not varied throughout the experiment so only a migration time
of 5.5 h was investigated. All experiment conditions are summarised together with other
plutonium experiments from literature in Table 2.

Speciation with absorption spectroscopy

A CARY-5E spectrometer (Varian) was used for the spectroscopic speciations together with
quartz cuvettes (1 cm pathlength) from Hellma. The wavelength range between 400 and 870
nm was examined to cover the most intense peaks of the different oxidation states of
plutonium (Cohen, 1961 b). As the molar absorption coefficients of the oxidation states
Pu(III-V) are not very high, this method was limited to higher plutonium concentrations (>
10-5 M). For Pu(VI) a detection limit one order of magnitude higher can be obtained. Even for
these higher concentrations absorption spectroscopy is affected, at unfavourable concentration
ratios of the different oxidation states and in coloured or turbid samples. 

Capillary electrophoresis

Also capillary electrophoresis coupled to ICP/MS (CE-ICP/MS) was used to determine the
plutonium oxidation state distribution in samples with a total Pu concentration down to10-6 M.
The CE system used throughout this work was a home made set-up with a fused silica
capillary (ID 50 µm). An Elan 5000 (Perkin Elmer) adapted to a glove box was used for the
measurements of alpha emitting radionuclides. A complete set-up of the CE equipment and its
characteristics is found in (Kuczewski et al., 2003). By using a separation buffer system of 1
M acetic acid all four oxidation states of plutonium were separated with no significant
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disturbances on the oxidation state distribution during the separation time of 12 minutes
(Kuczewski et al., 2003). Usually 50µl aliquots of the Pu groundwater samples were diluted
with 450 µl 1M acetic acid and were directly injected into the capillary for analysis. From the
electropherograms the oxidation state distribution was obtained by evaluation of the peak
areas. For samples at neutral pH values a quantification of all oxidation states was difficult. In
these electropherograms the background increased, due to the presence of Pu-colloids,
inorganic and organic, which were not solubilised by the acetic acid and showed enhanced
interaction with the capillary wall. In this cases the background intensities were added on the
Pu(IV) intensities, without distinguishing between ionic species and colloid species.
Furthermore, a washing step after each separation gave the part of plutonium that was
adsorbed on the capillary wall which was also counted for as Pu(IV) species.

Liquid-liquid-extraction

For the very low concentrations used in some of the experiments liquid-liquid-extraction was
performed for redox speciation. As extracting agents 2-Thenoyltrifluoroacetone (TTA), 4-
Benzoyl-3-methyl-1-phenyl-2-pyrazolin-5-one (PMBP) in toluene, and Phosphoric acid bis-
(2-ethyl-hexyl) ester (HDEHP) in xylole were taken according to (Nitsche et al. 1988; Nitsche
et al. 1994). Due to the reductive conditions in the groundwater and a very fast reduction of
Pu(VI), only the tri-, tetra-, and pentavalent oxidation states have to be considered. With TTA
and PMBP at pH 0 the Pu(IV) state is extracted into the organic phase, Pu (III), (V) and
polymers remain in the aquatic phase. By adding Cr2O7

2- to the solution, the Pu(III) is
oxidised to Pu(IV) and therefore together with the initial Pu(IV) extracted into the organic
phase, Pu(V) and polymers remain in the aqueous phase. Extraction of a Cr2O7

2- oxidised
solution with HDEHP at pH 0 leaves only the polymeric species in the aqueous phase.

Ultrafiltration 

For the ultrafiltration experiments, the MicroSepTM centrifugal concentrators (PallGelman
Laboratory) were used (1 kD, 3 kD, 10 kD, 30 kD, 50 kD, 100 kD, 300 kD, 1000 kD). With a
1 kD (resp. 10 kD) membrane the humic bound plutonium species were retained by the
filtration membrane, whereas the free cations passed through.

XANES/EXAFS-investigations

The measurements of Pu in GoHy-532 samples by XANES/EXAFS are described in detail in
(Dardenne et al. 2004) and (Marquardt et al. 2004), respectively. The XANES/EXAFS-
spectra of solutions containing 1*10-4 M plutonium were measured directly in PE vials. 
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Table 2: Column experiments in the Gorleben system (anaerob) with Pu-238,242. Experiments 4-7 are from (Kim et al. 1995); some of the experimental
parameters are not explicitly given.

Exp.No. injection
mode Contact time Migration

time Rf
Recovery

% GoHy
DOC
mg
C/L

[Pu]
mol/L

Added Pu
oxidation
state to
GoHy

Pu oxidation
state

introduced
onto column

(ratio)

Speciation
method Ref

1 Cont. 29 d (+1.5 d) 1 – 109 h 0.98 54.6-9.7 532 30 1.8*10-9 VI IV/III UF This
work

2 Cont. 5 d (+5 h) 1 – 109 h 0.96 34.5-3.2 532 30 1.2*10-9 VI IV/III (40:60) TTA, UF This
work 

3 Cont. 18 h (+5.5 h) 5.5 h n.d.* 3.2 532 30 9.5*10-6 IV/(III) IV (III < 2 %) CE This
work

4 pulse ≈ 28 d (?) 9 h 0.96 52.5 2227 80 8.4*10-8 VI or III IV (?) UF (?)
Kim
et al.
1995

5 pulse ≈ 28 d (?) 9 h 0.97 63.7 2227 80 8.4*10-8 VI or III IV (?) UF (?) „

6 Cont. 4 a 9 h 1.01 40.2 2227 80 1.3*10-7 VI or III IV (?) UF (?) „

7 pulse 4 a 28 h 1.24 0.24 1011 3.2 5.5*10-9 VI or III IV (?) UF (?) „

* a slight increase in Pu activity is seen before one pore volume, because of the very low recovery the determination of an Rf value is difficult
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Results and Discussion

As it is known from previous work (Bondietti et al. 1976; Nash et al. 1981; Choppin 1991;
Jianxin et al. 1993; André et al. 2000; Cleveland 1979) humic substances reduce hexavalent
plutonium to the pentavalent, tetravalent or both oxidation states. Our recent work (Marquardt
et al. 2004) showed fast reduction of Pu(VI) to Pu(V) and a following fast reduction to
Pu(IV). The reduction to Pu(III) under the same anaerobic conditions as applied in this
column experiment set-up was slow. Such reduction is expected from a thermodynamical
calculation of the species including the redox potential, carbonate complexation, hydrolysis
and metal ion concentration. The calculated species diagrams are shown in Figure 1. The
interaction with the humic substance is not considered, because there is no data available for
plutonium itself and only limited data for other tetravalent actinide ions like thorium or
neptunium. For low concentrations (about 10-9 M) the calculations reveal Pu(III) to be the
main species. With increasing plutonium concentration, an increasing fraction of amorphous
Pu(OH)4 is expected from these calculations. 

Figure 1: Species calculation with the program „Geochemical Workbench“, disregarding humic acid
complexation. The squares represents the conditions for experiment 1, 2 and 3
respectively.
Left: low  Pu concentration 1*10-9 M 
Right: high Pu concentration 1*10-5 M 

The distribution of the plutonium species over the size spectrum of the humic acid is
investigated by ultrafiltration. The solution used for column experiment 2 at low Pu
concentration (1.2*10-9 M) is probed by ultrafiltration with membrane filters of pore sizes
between 1 kDa and 1000 kDa after an equilibrium time of 18 hours and 5 d in addition to a
representative fraction of the eluate (at Rf values about 1.1) from the column. The results of
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the filtration are shown in Figure 2. Compared to the ultrafiltration of humic colloids in the
original ground water and with results from earlier studies with americium (Artinger et al.
1998; Schüßler et al. 2000) no significant difference is seen between the four size patterns of
the metal spiked solutions. With pore sizes smaller than 300 kDa, the plutonium is partly
filtrated and with pore sizes smaller than 10 kDa the plutonium is retained almost completely
on the filter. By comparison of the results of plutonium with the filtration curve of the original
HS, the humic fraction between 3 kDa and 30 kDa becomes somewhat bigger after loading
with the metal ion that is expressed by a higher retention of the Pu humate. This seems
remarkable, because by the low Pu concentration of 1.2 *10-9 – 1.8 *10-9 M only a very small
fraction of the carboxylate groups available for metal complexation are neutralized. 

Figure 2: Data from filtration for experiment 2. For comparison data for americium and the humic
colloids (represented by the DOC) are also plotted.

With the proton exchange capacity as a quantum of the carboxylates of about 3 *10-4 M in the
GoHy-532 ground water the loading of the HS is below 0.01 % at pH 7 (below 1 % for Am,
respectively). Anyway the ultrafiltration experiments show clearly, that the Pu is completely
bound to the HS. If the solution is acidified by hydrochloric acid to pH 1 and then filtered by
1 and 3 kDa filters, more than 80 % of the plutonium passes the filter, because the metal ions
are released from the humic colloids at such low pH values. So far, neither an identification of
the mechanisms of these interactions, nor a distinction whether Pu(III) or (IV) is bound to the
humic substances is possible.
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Therefore liquid-liquid extraction and capillary electrophoresis are tested for the
determination of the oxidation state of plutonium in the groundwater solutions. 

The extraction results for experiment 2 yielded in a ratio of Pu(III)/(IV) around 60:40 at the
time of the introduction onto the column. But the extraction procedure was shown to
influence the redox pairs of plutonium (Lit). Furthermore the fate of the humate fraction is not
clear, respectively significantly lower recoveries from the two phases are obtained with humic
acid containing solutions compared to simple aqueous solutions.

For column experiment 3 with a higher plutonium concentration, Pu(IV) is added directly to
the groundwater; as recent experiments with EXAFS (Dardenne et al. 2004), and XPS
(Marquardt et al. 2004) showed that, regardless of the oxidation state added, in this
concentration range Pu colloids (eigencolloids as well as humic colloids) are the predominant
species in GoHy-532 groundwater, anyway. The fourier transformed EXAFS oscillations
showed features interpreted as Pu-Pu interactions. As next neighbours oxygen atoms were
identified and a splitting into two shells is interpreted as an interaction with the humic/fulvic
substances (Dardenne et al. 2004). For our column experiment 3 capillary electrophoresis is
used for oxidation state determination in the sample solution prior to the introduction onto the
column. This experiment shows that a very small part of the plutonium is in the trivalent state
(< 2 %), according to the speciation result of the stock solution. Only a small fraction of ionic
tetravalent plutonium exists (< 10 %), the remaining part of the plutonium must be ascribed to
polymeric and colloidal species that easily adsorb on the capillary walls. 

Table 3: Speciation experiments (UV/Vis and capillary electrophoresis) for experiment 3 in the
Gorleben system with Pu-242

UV/Vis

solution Pu(III)
%

Pu(IV)
%

Pu(V)/
(VI)
%

Pustock 2.4 97.1 0.5

CE

Flush Washing
step Cationic run Washing

step

Anionic
run with
pressure

Washing
step

Migrating
%

Adsorbed
%

Pu(III)
%

Pu(IV)
%

Pu(V)/
(VI)
%

Adsorbed
%

Migrating
%

Adsorbed
%

Pustock
1:100 6.7 91.3 2.0

Exp. 3 47.5 52.5 1.1 8.9 - 70.2 31.2 51.1
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From the speciation results, a migration behaviour of plutonium inbetween to that observed
for An(III) and tetravalent actinides (literature data available for thorium and plutonium (Kim
et al. 1995; Artinger et al. 2003)) is expected for the low concentration experiments
(experiments 1 and 2). Experiment 3 with high concentration of plutonium may be compared
with some high concentration Np(IV) and Tc(IV) experiments (Artinger et al. 2003), except
for the low contact time with the groundwater before the introduction onto the column.

The retardation factors, Rf, found for our plutonium experiments are comparable to those
found in other An column experiments. Due to a size exclusion effect, the humic colloid
bound plutonium shows a slightly enhanced transport compared to a conservative tracer
(HTO) migrating with the groundwater velocity. Rf values in these plutonium experiments
vary between 0.96 and 0.98.

Figure 3: Comparison with Am(III) experiments of different contact times. Decreasing contact
time leads to decreasing recovery as well as increasing migration time.

For experiment 1 and 2 a direct comparison with americium(III) experiments is possible, as
there are experimental data under comparable hydraulic and chemical conditions available.
The data compilation is shown in Figure 3. Both elements, Am and Pu, follow the trend of
increasing recovery (represented by the ratio of the actinide concentration c in the eluate to
the total concentration c0) with increasing contact time (few hours up to 29 d). Furthermore
the trend of a decreasing recovery in the unimpeded transport with increasing migration time
is observed for both elements. The latter means, the higher the residence time in the column
the higher is the amount of An sorbed onto the sand surface. That the plutonium in
experiment 1 and 2 is initially completely bound to the humic colloids is corroborated by the
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ultrafiltration experiments described above (Fig. 2). 

As the plutonium recovery from the column is not quantitatively (<100 %), the migration
behaviour should depend - similar to the “Am case” (Kim et al. 1995; Schüßler et al. 2000;
Artinger et al. 2002)- on a kinetically controlled interaction of humic colloid bound plutonium
with the sediment surface. In detail, at fast migration times (< 5 h) a similar Pu and Am
recovery is obtained, whereas with increasing sediment contact time the recovery of the
plutonium decreases faster than for the americium. So, for longer migration times a lower
recovery of plutonium as for the americium is obtained. It must be emphasised that
comparison can be only made for experiments at similar contact times.

Figure 4: Comparison with An(IV) and Tc(IV) experiments. Low concentration for Pu, Th and Np ( <
1*10-7 M). Tc(IV) experiments have higher concentrations but no comparable contact times
to experiment 3 could be found. Circles: contact times 2 – 8 d; Squares: contact times 26 –
29 d; Dots represent the Am(III) data from Fig. 3

A direct comparison with tetravalent metal ions is more difficult, because data from the
literature is only of limited comparability (different metal concentration, contact time, humic
substances, different experiment operation). Nevertheless in Figure 4 some data for Th(IV),
Np(IV) and Tc(IV) are plotted together with the new plutonium data. Experiment 3 is
excluded because no comparable literature data could be found for the short contact time
between plutonium and groundwater before the column experiment. The agreement with
several Th(IV) experiments (contact time of a few days and low concentration) is quite good.
Previous Pu(IV) experiments (exp. 4 and 5, Table 2) (Kim et al. 1995) with contact times of
several weeks yielded recoveries of 52.5 % and 63.7 % for a migration time of 9 h (not shown
in Fig. 4). So, the accordance in this case is poor, but the experimental conditions for these
experiments may be different from ours with respect to sample preparation. The increased
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recovery in experiments with high metal concentration (Tc(IV) and Np(IV) in Fig. 4) is
discussed in detail in (Artinger et al. 2003).

Considering the other variable parameter in different column experiments with tetravalent
actinides in the Gorleben system (Artinger et al. 2003) our plutonium experiments fit in some
more of  the general trends. Figure 5 shows the recovery of the metal ions as a function of
contact time. The recovery increases with increasing plutonium (resp. thorium) groundwater
contact time prior to column injection. 

Experiment 3 with high plutonium concentration showed a very low recovery of plutonium.
Below 5 % of the total plutonium concentration are eluted, whereas experiments with Np(IV)
and Tc(IV) at higher metal ion concentrations, but also higher contact times with the
groundwater, showed recoveries up to 80-100 %. The very low recovery of our column
experiment is on one hand ascribed to the relatively short contact time of only 18 h between
plutonium and the groundwater before the experiment; for Np(IV) and Tc(IV) the contact
times vary between several days to several weeks. At the metal concentration of experiment 3
also a large fraction of polynuclear hydrolysis products is expected from EXAFS
investigations on similar solutions (Dardenne et al. 2004) and the CE speciation. As it is
known, that such plutonium species easily sorb on surfaces it seems to be obvious, that the
plutonium also has a high affinity for sorption on the sand surface, especially for experiments
with short contact time between plutonium and groundwater. 

Figure 5: Comparison with An(IV), dependence on contact time. Low concentration for Pu and Th ( <
1*10-7 M) and migration times between 4.3 and 7.3 h. The plutonium concentration in
experiment 3 is about 1*10-5 M.
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Conclusions 

Experiments with different oxidation states of plutonium (Pu(IV, VI)) added to a Gorleben
groundwater show migration features of plutonium similar to those of other tetravalent
actinides at low concentrations. Lower recoveries than for comparable Am(III) experiments
are obtained. Significant differences appear for higher plutonium concentrations and short
contact times were a significant generation of polynuclear species is expected.

Several redox speciation methods were used to investigate the solutions. EXAFS/XANES
experiments admit the determination of oxidation state and chemical vicinity (especially
EXAFS) of the plutonium at higher concentrations. With capillary electrophoresis a tool for
redox speciation of ionic plutonium species is available for metal concentrations down to
1*10-6 M. Both methods revealed Pu(IV) to be the main species in this concentration range.
The redox speciation with liquid-liquid extraction for very low plutonium concentrations in
the presence of humic substance is not completely convincing due to the loss of activity
during the extraction which could not be quantified easily. In the future special attention will
be given to the Pu(III) state and its relevance in natural systems. Here a reliable redox
speciation method for very low concentrations is needed.

Several parameters for a chemically based modelling are not well understood up to now. For
example a reliable model description of the Pu-migration in the Gorleben aquifer requires the
inclusion of the redox behaviour of colloidal plutonium. It is also necessary elucidate the
colloid formation and complexation processes in this natural groundwater systems. 
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Abstract 
We investigated the influence of phenolic OH groups on the Np(V) complexation by humic 
acids at pH 7 and pH 8. The studies were performed by near-infrared (NIR) absorption 
spectroscopy applying unmodified and chemically modified humic acids with blocked 
phenolic/acidic OH groups. The experimental data were evaluated with the metal ion charge 
neutralization model. For all humic acids under investigation comparable complexation 
constants were determined. However, compared to the original humic acids, modified humic 
acids with blocked phenolic/acidic OH groups show significant lower loading capacities for 
Np(V) under the applied experimental. This result indicates a lower amount of maximal 
available humic acid ligand sites for the complexation of Np(V). Thus, it can be concluded 
that humic acid phenolic/acidic OH groups contribute to the interaction between humic acid 
and Np(V) under the studied conditions.  
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1 Introduction 
 
The trustworthy modeling of the migration of actinides in the environment requires knowl-
edge on processes and materials which can influence the transport behavior of these pollutants 
in the environment. Besides inorganic ligands such as sulfate, phosphate, arsenate and silicate, 
humic acids play an important role in the interaction processes of actinide ions due to their 
high complexing ability towards metal ions. There are various models describing the metal 
ion complexation behavior of humic acids (e.g., Kim and Czerwinski, 1996, Tipping, 1998, 
Torres and Choppin, 1984 and Kinniburgh et al., 1996). However, these models differ from 
one another, for instance in the definition of the complexation reaction and the humic acid 
ligand concentration. It is often assumed that only humic acid carboxylate groups act as com-
plexing sites for metal ions (Choppin and Allard, 1985). However, other functional groups 
such as phenolic, enolic and alcoholic OH groups as well as amino groups, may also be in-
volved in the complexation process, for instance, via the formation of chelate rings together 
with carboxylate groups (Stevenson, 1994). 
In order to further improve the knowledge on the metal ion humic acid interaction, especially 
on the contribution of different functional groups to this interaction process, we study the in-
fluence of humic acid phenolic OH groups on the metal ion complexation. Therefore, we de-
veloped chemically modified humic acids with blocked phenolic OH groups (Pompe et al., 
2000 and Sachs et al., 2002). Applying these model substances we already investigated the 
influence of phenolic OH groups on the U(VI) complexation by humic acids (Pompe et al., 
2000 and Schmeide et al., 2003). In addition to that, we studied the influence of phenolic OH 
groups on the Np(V) complexation by humic acids at pH 7 by means of X-ray absorption 
spectroscopy (Schmeide et al., 2003a and Sachs et al., 2003). Within this investigation we 
obtained structural information on the near-neighbor surrounding of Np(V) in different hu-
mate complexes. In continuation of that study, we determined and compared in the present 
work loading capacities and complexation constants for the Np(V) complexation by unmodi-
fied and chemically modified (phenolic OH groups blocked) synthetic and natural humic ac-
ids by near-infrared (NIR) absorption spectroscopy. 
 
 
2 Experimental 
 
Humic acids 
 
Np(V) humate solutions were prepared from natural humic acid Aldrich (AHA; Aldrich, 
Steinheim, Germany), synthetic humic acid type M42 (Pompe et al., 1998 and Sachs et al., 
2003a), as well as from modified humic acid AHA and M42 with blocked phenolic/acidic OH 
groups (AHA-PB, M42-PB; Pompe et al., 2000 and Sachs et al., 2003a). Before use, AHA 
was purified according to (Kim and Buckau, 1988). Humic acid type M42 represents a humic 
acid-like product from xylose and glutamic acid, which shows a carboxyl group content com-
parable to most natural humic acids. Its synthesis and characterization is described in detail in 
(Sachs et al., 2003a).  
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Chemically modified humic acids with blocked phenolic/acidic OH groups (AHA-PB and 
M42-PB) were synthesized from AHA and M42 in a two-step modification process using 
diazomethane as methylation reagent. The modification process is described in (Pompe et al., 
2000 and Sachs et al., 2003a). It was verified by carbon-13 NMR spectroscopy that the ap-
plied modification process causes only the intended structural changes in humic acid func-
tional groups (Sachs et al., 2002).  
Table 1 shows the functional properties of the studied humic acids. From Tab. 1 it can be 
concluded that 75 % and 84 % of the initially occurring phenolic/acidic OH groups of humic 
acid type M42 and AHA, respectively, were modified by methylation with diazomethane. A 
complete blocking of all phenolic/acidic OH groups was not possible. Comparing the car-
boxyl group content and the proton exchange capacity (PEC) of the corresponding unmodi-
fied and modified humic acids it becomes obvious that the modified humic acids, especially 
AHA-PB, have less carboxyl groups and a lower PEC than the corresponding unmodified 
humic acids. An incomplete hydrolysis of methyl ester groups formed during the methylation 
could be one possible reason for that (Sachs et al., 2002). Nevertheless, for both humic acids 
the molar ratio of phenolic/acidic OH to carboxyl groups (see Tab. 1) is smaller due to the 
modification. Therefore, these chemically modified humic acids can be used to study the in-
fluence of phenolic/acidic OH groups on the interaction between humic acid and Np(V). 
 
Table 1: Functional group contents of unmodified and modified humic acid type M42 and Aldrich (AHA). 

 

Humic acid 
COOH a 
(meq/g) 

PEC b 
(meq/g) 

Phenolic/acidic OH c 
(meq/g) 

Phenolic/acidic OH : 
COOH 

M42 (batch M145) 3.76 ± 0.09 3.51 ± 0.07 2.0 ± 0.2 0.53 

M42-PB (batch M171) 3.12 ± 0.07 3.23 ± 0.15 0.5 0.16 

AHA (batch A2/98) 4.49 ± 0.14 4.60 ± 0.08 3.1 ± 0.1 0.69 

AHA-PB (batch M173) 2.67 ± 0.01 3.13 ± 0.15 0.5 0.19 
a Determined by calcium acetate exchange (Schnitzer and Khan, 1972). b PEC: Proton Exchange Capacity. De-
termined by potentiometric pH titration. c Radiometrically determined (Bubner and Heise, 1994). 

 
 
NIR measurements 
 
All experiments were performed under nitrogen atmosphere at room temperature. The humic 
acid concentration ([HA(I)], Kim and Czerwinski, 1996) was held constant at 1⋅10-3 mol/L 
and the Np(V) concentration was varied between 5.3⋅10-5 and 1.3⋅10-3 mol/L. The studies 
were performed in 0.1 M NaClO4 solutions at pH 7 for all humic acids and at pH 8 for AHA 
and AHA-PB. Samples were prepared from stock solutions of humic acid and NpO2

+ (237Np, 
4.6⋅10-3 M, 0.01 M HNO3). The ionic strength was adjusted using 1 M NaClO4 solution. The 
neptunium concentration in solution was determined by liquid scintillation counting (LSC, 
Beckman Instruments). NIR absorption spectra of the Np(V) humate solutions were measured 
in the wavelength range between 950 and 1010 nm with the UV-Vis-NIR spectrophotometer 
CARY-5G (Varian). 
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Neptunium(V) species distribution 
 
The Np(V) species distribution in absence of humic acid at pH 7 and pH 8 ([NpO2

+]: 1⋅10-5 M 
and 1⋅10-3 M, 0.1 M NaClO4, 0 % CO2) was calculated with the program EQ3/6 (Wolery, 
1992) based on complex formation constants compiled in the NEA data base (Lemire et al., 
2001). Under the considered conditions the NpO2

+ ion dominates the Np(V) speciation. It 
occurs with a relative concentration of 100.00 % and 99.96 % at pH 7 and pH 8, respectively. 
From that it can be concluded that NpO2

+ is the Np(V) species which reacts with humic acid 
under the studied experimental conditions. 
 
 
3 Results and discussion 
 
The measured NIR absorption spectra represent the sum of the absorption signals of the un-
complexed NpO2

+ ion (980 nm) and the Np(V) humate complex (NpO2HA(I), 985-989 nm 
depending on humic acid). The measured spectra were deconvoluted into single peaks for 
both species in order to determine their concentration in solution. Figure 1 shows a NIR ab-
sorption spectrum of a Np(V) solution with AHA and its deconvolution. 

Fig. 1: Absorption spectrum of a Np(V) humate solution and its deconvoluted absorption bands (AHA, [HA(I)]: 

1⋅10-3 mol/L, [NpO2
+]: 1.7⋅10-4 mol/L, pH 7, 0.1 M NaClO4). 

 
The experimental data were evaluated with the metal ion charge neutralization model (Kim 
and Czerwinski, 1996). According to this model, NpO2

+ occupies one proton exchanging site 
of the humic acid molecule [Eq. (1)]: 
 
    NpO2

+ + HA(I) ↔ NpO2HA(I)     (1) 
 
In Eq. (1) HA(I) represents the humic acid ligand and NpO2HA(I) stands for the neptunyl 
humate complex. 
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The stability constant β for the complexation reaction is given by 
 
    

freefree IHANpO
IHANpO

)]([][
)]([

2

2

⋅
= +β      (2) 

where [NpO2HA(I)] is the neptunyl humate complex concentration, [NpO2
+]free the free 

NpO2
+ concentration and [HA(I)]free the free humic acid ligand concentration. This model 

introduces the loading capacity (LC, [Eq. (3)]) which represents the mole fraction of maximal 
available complexing sites of humic acid under the applied experimental conditions. 
 
    

totIHA
IHANpOLC

)]([
)]([ max2=       (3) 

[NpO2HA(I)]max is the maximal concentration of NpO2
+ that can be complexed by functional 

sites of humic acid and [HA(I)]tot stands for the total molar humic acid concentration. Taking 
the LC into account the free humic acid concentration in solution can be determined accord-
ing to (Kim and Czerwinski, 1996) and the stability constant (β) can be described by Eq. (4). 
 
   

)])([)](([][
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22
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totfree −⋅⋅
= +β    (4) 

The LC is graphically determined by linear regression after rearranging Eq. (4) for the free 
NpO2

+ ion concentration. Considering the graphically determined LC, we computed a com-
plexation constant for each experimental point. 
 
Applying this model, the complexation behavior of humic acid can be described independ-
ently of the experimental conditions and the humic acid origin. From this it follows, that 
comparable complexation constants are determined for the complexation of a metal ion, e.g., 
Np(V), with different humic acids. Differences in the complexation behavior of various humic 
acids under the same experimental conditions are reflected in different LC values. A signifi-
cant lower LC for humic acids with blocked phenolic/acidic OH groups should result, if the 
blocking of these functional groups has an influence on the complexation behavior of humic 
acid with Np(V) at pH 7 and pH 8. 
 
In Tab. 2 the spectroscopically determined complexation data (LC, log β) for the investigated 
humic acids are listed. Figure 2 shows, exemplary for the modified and unmodified humic 
acid type M42, the mole ratios [NpO2HA(I)]/[HA(I)]tot versus [NpO2

+]tot/[HA(I)]tot which 
illustrate the LC values.  
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Table 2: Complexation data (LC and log β) for the Np(V) complexation by unmodified and modified humic acid 

type M42 and AHA in comparison to literature data. 

 

Humic acid pH LC (%) a log β a 

7.0 10.0 ± 1.5 3.87 ± 0.19 
AHA (batch A2/98) 

8.0 35.3 ± 3.7 3.59 ± 0.17 

7.0 6.5 ± 2.4 3.39 ± 0.15 
AHA-PB (batch M173) 

8.0 12.3 ± 2.6 3.46 ± 0.22 

M42 (batch M145) 7.0 11.2 ± 1.1 3.50 ± 0.15 

M42-PB (batch M171) 7.0 5.3 ± 1.0 3.48 ± 0.11 

7 9.9 ± 0.2 3.65 ± 0.03 GoHy-573  
(Kim and Sekine, 1991) 8 14.9 ± 0.3 3.68 ± 0.08 

7 13.0 ± 1.0 3.53 ± 0.05 GoHy-573  
(Marquardt and Kim, 1998) 8 22.0 ± 1.5 3.61 ± 0.07 

Aldrich (Seibert et al., 2001) 8 32.4 3.7 
a ± 3 σ. 
 
Within the experimental errors, the studied humic acids show similar Np(V) complexation 
constants that are close to literature data for humic acid GoHy-573 (Kim and Sekine, 1991 
and Marquardt and Kim, 1998) and Aldrich (Seibert et al., 2001). However, there are differ-
ences in the LC of humic acid AHA, M42 and GoHy-573 especially at pH 8. These could be 
explained by the different origin of the humic acids resulting in various complexation proper-
ties. The obtained LC for AHA at pH 8 agrees with that data reported by (Seibert et al., 2001). 
 

Fig. 2: Illustration of the Np(V) loading capacity of modified (M42-PB) and unmodified (M42) synthetic HA type 

M42 (pH 7.0). 
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Comparing the LC of the corresponding modified and unmodified humic acids at pH 7 and 
pH 8 it becomes obvious that modified humic acid AHA-PB and M42-PB have significantly 
lower LC than the original, unmodified humic acid AHA and M42, respectively. Due to the 
modification of phenolic/acidic OH groups (75 % M42 and 84 % AHA) the LC of humic acid 
M42 and AHA at pH 7 decreases for 53 % and 35 %, respectively. The LC of AHA at pH 8 is 
reduced for 65 %. These results point to a decrease of the mole fraction of humic acid binding 
sites for the Np(V) complexation due to the blocking of phenolic/acidic OH groups. Thus, it 
can be concluded that phenolic/acidic OH groups are involved into the interaction between 
humic acid and Np(V) in the neutral and alkaline pH range. Comparable results were already 
found for the uranium(VI) complexation with various humic acids at pH 4 (Pompe et al., 
2000). Although the blocking of phenolic/acidic OH groups decreases the number of humic 
acid complexing sites, the structural parameters of Np(V) humates are not changed due to the 
humic acid modification, which was found by the EXAFS measurements described in (Sachs 
et al., 2003 and Schmeide et al., 2003a). 
Increasing the pH of the studied system from pH 7 to pH 8, the LC of AHA as well as of 
AHA-PB increases as expected. However, the reduction of the LC due to the humic acid 
modification (LCAHA → LCAHA-PB) is higher at pH 8 (65 %) than at pH 7 (35 %). That points 
to the fact that the influence of phenolic OH and other acidic OH groups on the Np(V) com-
plexation by humic acids increases with increasing pH. This result can be attributed to a 
higher degree of deprotonated phenolic/acidic OH groups at pH 8 than at pH 7. 
 
From our present work and our EXAFS studies described in (Sachs et al., 2003 and Schmeide 
et al., 2003a) we can conclude, that the Np(V) complex formation by humic acids is not influ-
enced by phenolic/acidic OH groups with respect to the near neighbor surrounding of Np(V) 
in its humate complexes (coordination numbers and bond lengths) and to the complex stabil-
ity constants. However, the maximal available number of humic acid complexing sites de-
creases for humic acids with blocked phenolic OH groups. This result indicates a contribution 
of humic acid phenolic/acidic OH groups to the interaction between humic acid and Np(V) in 
the neutral and alkaline pH range. 
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Abstract 
 
To study the effects of humic substances on the leaching and migration of uranium from ura-
nium mining waste a natural rock material was sampled from a uranium rock pile situated in 
the mining region Schlema/Alberoda (Saxony, Germany). This report describes the sampling 
and characterization of the <1 mm grain size fraction of the rock material. The main focus is 
on the characterization of the sampled material with regard to its elemental and mineralogical 
composition and its content of uranium Uex that is accessible to rock leaching with natural 
water. The content was analyzed by isotope exchange with 233U and by selective leaching of 
the rock material. Reasons for the dependence of Uex on conditions of the isotope exchange 
experiments are discussed. 
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1 Introduction 
 
Uranium mining and milling produced large amounts of solid wastes containing uranium and 
other radionuclides spread over many sites of the world. These wastes represent an environ-
mental hazard mainly due to possible release of radioactive and other contaminants into the 
hydrosphere and atmosphere, and to ensuing contamination of near and more distant envi-
ronments of the wastes. Consequently, the release and migration of contaminants from the 
wastes have been rather extensively studied (see, e.g., IAEA, 1995, Merkel et al., 1995 and 
2002, Baker et al., 1997, Benes, 1999, Schmeide et al., 2003). 
Waste rock piles (overburden, spoils) represent the most frequently encountered wastes from 
uranium mining. They can release significant concentrations of uranium, together with radium 
and heavy metals, by leaching into percolating rain water, which is enhanced by weathering 
of the waste rock and possibly also by the presence of natural organic matter (mainly humic 
substances) in the percolating water. Such a presence may be due to the decay of plants and 
waste wood (from mine timbering, etc.) in the wastes. One of the aims of HUPA project has 
been to study the effect of humic substances on the leaching and migration of uranium from 
uranium mining waste by laboratory experiments and modeling. For this purpose, a typical 
waste rock pile was chosen as a model case representing one of the world´s largest areas of 
underground uranium mining, Ore Mountains (Erzgebirge) in Saxony, Germany. This paper 
describes the sampling of a typical waste rock material and the results of its characterization. 
 
 
2 Experimental 
 
Choice of the sample 
 
The model sample was selected with the aim to represent a typical waste rock material for 
study of the effect of principal factors and conditions on the leaching and re-adsorption of 
uranium in the system solid phase of waste rock pile – percolating water. It should be suitable 
for the use in batch as well as in column experiments. Waste rock piles are known to be very 
heterogeneously, containing great variation of grain sizes from clay particles to large boul-
ders, whose composition can vary as well. However, it is obvious that the release and uptake 
of migrating components in a solid - solution system is strongly affected by the specific sur-
face area of the solid phase. Larger particles of the solid phase with less specific surface gen-
erally have smaller effect. Therefore, fine grained sample material is to be preferred. This 
sample material is more representative for the bulk composition of the dumped material and 
for the weathering processes within the rock pile. 
The sample with grain size less than 1 mm was taken from the waste rock pile No. 66 in the 
mining area Schlema/Alberoda (Saxony, Germany). This pile is located in the vicinity of the 
former rock pile No. 250, which was studied in detail by the Forschungszentrum Rossendorf, 
Institute of Radiochemistry and described by (Schmeide et al., 2003). Rock pile No. 66 can be 
considered as a representative of other piles in the mining region Schlema/Alberoda. Some 
data characterizing this pile have already been published (e.g., Bernhard et al., 1996). 
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It was not possible to get samples typical for all the different dumped rock materials. The ob-
tained sample is assumed to be representative. Furthermore, for the methodical aspect of this 
study the focus was put on one single sample.  
 
Sampling procedure and sample treatment 
 
A composite sample was taken from an area of approximately 20 m2 which was excavated 
several days before. The samples were hand-sieved to a grain size smaller than 1 mm. The 
coarse-grained fraction was discarded. Then, the fraction < 1 mm was air dried in the labora-
tory. 
 
Grain size analysis 
 
Abundance of grain sizes 0.1 mm and larger was determined by sieving and weighing, smaller 
grain sizes were determined by sedimentation analysis in water column. 
 
Measurement of the BET-Surface area 
 
The N2-BET surface areas of the material were determined after drying and out gassing for 12 
hours at 100 °C under vacuum from multi-point adsorption isotherms. An Autosorb 1 MP 
Quantachrom surface area analyzer was applied for the measurements. 
 
Determination of the elemental composition and the carbon content 
 
The elemental composition of the sampled rock material was determined by inductively-
coupled plasma mass spectrometry (ICP-MS, Perkin Elmer) as well as by atomic absorption 
spectroscopy (AAS, Perkin Elmer) after grinding (< 63 µm) and total digestion of the sample 
with HNO3, HCl, HF (3:1:1) in a microwave oven (Perkin Elmer). The silicon content of the 
sample was also determined by ICP-MS, however, using HNO3, HCl and HF in the mixing 
ratio of 3:1:2 for microwave digestion.  
The total and inorganic carbon content of the sample was measured using a LECO-125 C/S 
analyzer. 
 
Mineralogical investigations 
 
A first qualitative X-ray powder diffraction (XRD) analysis of the sampled material was per-
formed by INE using a Bruker AXS D8-Advance system. In addition to that, the mineralogi-
cal composition of the rock material was also quantitatively determined by XRD at the Insti-
tute of Mineralogy, Freiberg University of Mining and Technology (TU Bergakademie Frei-
berg). For quantification the Rietveld method (program BGMN/AUTOQUAN, Bergmann et 
al., 1997) was applied based on published data for crystal structures.  

77



 

Determination of accessible (exchangeable) uranium 
 
Accessible (exchangeable) uranium is that part of uranium contained in the sample which is 
adsorbed on the surface of rock grains or contained in readily soluble minerals and can be 
leached by percolating water due to a dissolution or an exchange with ions contained in the 
water. We tested two methods for its determination: isotope exchange with U-233 and selec-
tive leaching with solutions used in common analysis of metal bonding in solids by sequential 
leaching. 
The first method is based on the assumption that the accessible uranium in the sample can 
fully exchange with U-233 added in a test solution. In equilibrium, specific activity of U-233 
in the solution and in the accessible part of uranium in the solid sample is the same and can be 
used for calculation of the content of accessible (exchangeable) uranium Uex: 
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Here Uex is in mg U-238 per mg of the sample, 1C233 and 1C238 are concentrations of U-233 
and U-238 in the aqueous phase at the beginning of the experiment (in mg/mL), IA1 and IA2 
are isotopic abundances (specific activities) of U-233 in aqueous phase at the beginning of the 
experiment and in equilibrium, respectively (IA1 = 1C233 / (1C233 + 1C238)), V is volume of the 
aqueous phase in mL and m is mass of the sample in mg. 
The experiments were carried out with 3 mL of aqueous sample containing (1.1-7.3)×10-6 M 
U-233 in (1-330)×10-4 M HNO3 and 30, 67, 150 and 300 mg of sample (V/m: 20-100 mL/mg). 
The suspension was shaken in polyethylene bottles at room temperature for 14 d until isotope 
equilibrium was established. The phases were separated by centrifugation and concentrations 
of U-233 and U-238 were determined in the aqueous phase by ICP-MS. Similar determination 
was carried out in the initial solution (1C233 and 1C238). 
The method of selective leaching relies on the displacement of an adsorbed element by a suit-
able electrolyte and/or dissolution of a distinct solid phase (usually a mineral) with complex-
ing, acidic or oxidizing/reducing solution (Tessier et al., 1979, Benes et al., 1981). The use of 
this method for determination of accessible uranium has already been described (Yanase et 
al., 1991, Payne et al., 2001). We tested two solutions used by the authors: (1) Morgan´s solu-
tion (1 M CH3COONa, pH 5 adjusted with acetic acid) which dissolves carbonate minerals 
and adsorbed elements. (2) TAO solution (oxalic acid, 10.9 g/L and ammonium oxalate, 16.1 
g/L, pH 2.7) which dissolves amorphous minerals of Fe, Al and Si and secondary minerals of 
uranium. 
The waste rock sample was shaken with each of these solutions (separately) for 24 h at room 
temperature and V/m ratio of 40 mL/g (in dark for TAO solution). Then, the phases were 
separated by centrifugation and the leached amount of uranium was determined by ICP-MS. 
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3 Results and discussion 
 
Grain size distribution and BET-surface area of the rock sample 
 
The surface area of the grain size fraction smaller than 1 mm was found to be 11.8 m2/g. Ta-
ble 1 shows the grain size distribution of the sampled rock material. 
 
Table 1: Grain size distribution of the rock sample. 

Grain size  
(mm) <0.008 0.008-0.016 0.016-0.035 0.035-0.1 0.1-0.2 0.2-0.5 0.5-1

Relative abundance (wt.-%) 1.9 8.1 19.3 3.5 18.8 35.7 12.7 

 
 
Elemental composition and carbon content of the rock material 
 
The elemental composition of the rock material which was determined by ICP-MS and AAS 
is summarized in Table 2. In addition to the elements listed in Table 2, the sampled rock ma-
terial contains 200 mg/g silicon as main component. 
 
Table 2: Elemental composition of the rock material (relative standard deviation: 1-5 %). 

Element (µg/g) Element (µg/g) Element (µg/g) Element (µg/g) 

Li 108 Mn 3120 Nb 22.2 Hg 2.02 

Be 4.76 Co 83 Mo 5.56 Al 29600 

B 89.2 Ni 208 Ag 4.46 Tl 1.87 

Na 2440 Cu 238 Cd 1.04 Pb 91.8 

Mg 3120 Zn 235 In 0.29 Bi 11.2 

K 20400 Ga 91.0 Sn 15.5 Th 1.91 

Ca 10400 As 954 Sb 9.4 U 57.8 

Ti 8310 Rb 30.4 Cs 10.9 Sc 66.6 

V 280 Sr 73.5 Ba 2300 Nd 4.38 

Cr 120 Y 3.72 Ce 11.0 Eu 1.16 

Fe 62400 Zr 141 Ta 1.54 Ho 0.204 

 
The total carbon and inorganic carbon content of the sampled rock material amounts to 2 % 
and 0.3 %, respectively. From that it can be concluded that the studied material contains 1.7 
% carbon in form of organic carbon, whose chemical form was not analyzed. 
 
Mineralogical composition of the rock material 
 
By qualitative XRD analysis of the rock material it was determined that the sampled material 
mainly consists of quartz, muscovite and chlorite. Furthermore, hematite/goethite were de-
tected as iron phases. No expandable clay minerals were found in the rock material.  
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The results of the quantitative analysis of the mineralogical composition of the rock material 
are listed in Table 3. The detection limit for the XRD analysis amounts to 0.5–5 wt.-% de-
pending on crystal structure and matrix. The obtained results were normalized to 100 % of the 
crystalline content.  
 

Table 3: Mineralogical composition of the sampled rock material. 

Mineralogical component (Formula after Strunz and Nickel, 2001) % 3 σ 
Anatase TiO2 1.25 0.25 
Ankerite Fe0.54 CaFe(II)

0.54Mg0.46(CO3)2 9.04 0.60 
Barite BaSO4 0.92 0.11 
Calcite CaCO3 1.43 0.29 
Chlorite 2b dis Mineral group 6.68 0.75 
Cordierite a (Mg, Fe(II))2Al4Si5O18 0.55 0.66 
Fluorapatite Ca5F(PO4)3 0.99 0.39 
Gypsum CaSO4·2H2O 1.16 0.45 
Hematite Fe2O3 1.84 0.17 
Hornblende, Iron Magnesium Na<0.5Ca2(Fe(II),Mg)4(Al,Fe(III),Fe(II))(OH)2(Si,Al)8O22 1.85 0.51 
Muscovite 2M1 dis KAl2(OH)2AlSi3O10 42.52 1.17 
Orthoclase KAlSi3O8 3.77 0.72 
Plagioclase Albite NaAlSi3O8 3.07 0.57 
Quartz SiO2 21.12 0.57 
Rutile TiO2 0.70 0.17 
Siderite Fe(II)CO3 3.08 0.28 

a Detection is uncertain. 

 

From Table 3 it becomes obvious that the mineralogical composition of the rock material is 
dominated by silicates and carbonates. This is in accordance with the general rock composi-
tion in the mining area Schlema/Alberoda (Schmeide et al., 2003). Rock forming minerals are 
muscovite, chlorite, quartz and feldspars. Vein filling material is represented by carbonates 
(ankerite, siderite, calcite). Secondary alterations are indicated by gypsum. 
It cannot be excluded that in addition to muscovite, a small amount of partly hydrated biotite 
or a tri-octahedral mixed-layered mineral occurs in the rock material. However, a 
quantification of these minerals is not possible. 
 
Determination of accessible (exchangeable) uranium 
 
The results of the determination of Uex, mostly by two parallel experiments, are presented in 
Table 4. As can be seen, the values of Uex vary significantly, depending on the conditions and 
method of the analysis. Rather clear-cut effect of the liquid-to-solid ratio (V/m) has been 
found where Uex increases with increasing V/m. This effect is very probably due to the partial 
dissolution of uranium containing minerals, which enhances accessibility of uranium for iso-
tope exchange. Relative extent of the dissolution should increase with V/m. 
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Table 4: Determination of accessible (exchangeable) uranium Uex in the sample of waste rock material using 
isotope exchange under different experimental conditions and selective leaching. 

V/m 
(mL/g) 

HNO3 added 
(10-4 mol/L) 

pH U-233 added 
(10-6 mol/L) 

Uex 
(µg/mg) 

100 1 8.49 1.1 23.7 
100 1 8.50 1.1 22.2 
45 1 8.75 1.1 22.9 
45 1 8.76 1.1 19.3 
20 1 8.66 1.1 20.1 
10 1 8.24 1.1 17.6 
20 7.7 8.35 1.1 29.7 
20 7.7 8.42 1.1 25.9 
20 100 7.99 1.1 24.3 
20 100 8.04 1.1 22.6 
20 330 7.48 1.1 26.9 
20 330 7.49 1.1 37.8 
20 3.3 8.38 3.7 20.6 
20 3.3 8.42 3.7 22.1 
20 6.7 8.40 7.3 23.1 
20 6.7 8.42 7.3 23.7 
40 Leaching with Morgan´s solution 24.6 
40 Leaching with TAO solution 34.5 

 

Because the dissolution should also depend on the concentration of acid added with U-233, 
we studied this dependence by changing the concentration in a rather broad range. The results 
shown in Table 4 indicate a decrease in pH and an increase in Uex with added HNO3. How-
ever, the effect on Uex is not proportional to the added concentration and considerable differ-
ences between parallel experiments were found. At the same time, increasing adsorption  (de-
creased leaching) was observed for U-233 and U-238 with the decreasing pH (increasing 
added HNO3). These effects are probably due to dissolution of carbonate minerals and change 
in uranium speciation in solution with the change in the concentration of CO3

2- ions in the 
solution. Variation of added amount of U-233 had only a small effect on Uex, which was 
probably connected with the change in simultaneously added concentration of HNO3. 
From these results it can be concluded that the proportion of accessible uranium in the ana-
lyzed sample depends on the conditions under which it is determined, particularly on the V/m 
ratio and the initial composition (acidity) of the liquid phase used. The average value for the 
basic conditions studied (without the excessive acid) is 22.2 ± 2.2 µg/g (about 35 % of total 
U).  
This value can be compared with the amount of uranium released by the selective leaching 
procedures. The data, expressed as Uex, are also given in Table 4 and represent average values 
from two determinations. It is obvious that a closer value has been obtained by the leaching 
with Morgan`s solution, known to dissolve carbonates and adsorbed cations. This supports the 
abovementioned interpretation of the effect of added acid. TAO solution dissolved signifi-
cantly higher amount of uranium than corresponds to the average value of Uex and is clearly 
not suitable for the purpose. It must be emphasized, however, that selective leaching proce-
dures generally have limited selectivity and the forms or bonding of an analyte in a solid 
phase determined by them are operationally defined. 
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Table 5: Determination of accessible (exchangeable) uranium Uex in the sample of waste rock material in contact 
with simulated seepage water using isotope exchange. 

V/m 
(mL/g) 

U-nat added 
(10-6 mol/L) 

U-233 added 
(10-6 mol/L) 

Uex 
(µg/mg) 

10 8.6 1.1 19.9 
10 0 0.33 20.8 
20 0 1.1 20.2 

100 8.6 1.1 19.5 
100 0 0.33 19.4 

 
Probably the most correct value for exchangeable uranium in a solid phase can be obtained if 
the isotope exchange is studied under conditions as close as possible to those for which the 
value is sought. With the aim to check this possibility we carried out similar experiments with 
isotope exchange of added U-233 using simulated seepage water. Based on the data presented 
in Table 6, the following components (with corresponding concentrations) were chosen for 
the preparation of a simulated Schlema/Alberoda water, SAW: MgSO4 (0.0175 mol/L), Ca-
SO4 (0.0091 mol/L), NaHCO3 (0.00258 mol/L). The determination of Uex using SAW is 
summarized in Table 5. The results show that in the simulated natural medium the influence 
of experimental conditions, mainly of V/m, on the value of Uex is weaker, probably due to the 
smaller changes in total composition caused by leaching of waste rock material. 
  
Composition of a typical seepage water 
 
The composition of a characteristic seepage water from rock pile No. 66 is shown in Table 6 
and compared to literature data for the same rock pile (Bernhard et al., 1996).  
 
Table 6: Characteristic parameters for the seepage water composition of the rock pile No. 66. 

Parameter Dimension Average values derived from data 
given by (Weinert, 2002) 

Literature data  
(Bernhard et al., 1996) 

pH  7.80 8.14 
Eh mV 449.3  

Conductivity mS/cm 3.38  
O2 mg/L 10.84  

DOC mg/L 0.92  
Na mmol/L 0.535 0.572 
K mmol/L 0.396 0.465 

Mg mmol/L 17.53 16.46 
Ca mmol/L 9.98 11.45 
Fe mmol/L 0.001  
Si mmol/L 0.07 0.064 
As mmol/L 0.007 0.012 
U mmol/L 0.011 0.011 
Cl- mmol/L 0.166 0.121 

SO4
2- mmol/L 26.6 25.5 

NO3
- mmol/L 0.051 0.026 

HCO3
- mmol/L 2.58  

CO3
2- mmol/L 0.343 1.933 
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The average values given were derived from data for one measuring point (M-013) provided 
by WISMUT GmbH (Weinert , 2002).  
The main components of this seepage water are comparable to those of rock pile No. 250, 
Schlema/Alberoda (Schmeide et al., 2003). Thus, it represents a typical seepage water for the 
mining region. 
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Abstract 
 
The sorption of neptunium(V) onto granite and its main mineral constituents quartz, 
orthoclase, albite, biotite, and muscovite is studied under anaerobic conditions as a function of 
pH in a series of batch equilibrium experiments. Furthermore, the effect of humic acid on the 
neptunium(V) sorption is studied applying a 14C-labeled synthetic humic acid (type M42) for 
the experiments. The data suggest that the neptunium sorption onto granite is affected by both 
the pH and the presence of organic material. In the absence of humic acid, the neptunium 
sorption starts between pH 7 and pH 8 and increases with increasing pH value. Due to 
addition of humic acid the neptunium sorption onto granite is decreased in the neutral to 
alkaline pH range, which is attributed to complexation of neptunium by humic acid in 
solution. Thus, in this pH range the neptunium mobility is increased by humic substances. 
The neptunium(V) sorption onto granite and onto its mineral constituent biotite is nearly 
equal, suggesting that the sorption of neptunium(V) is controlled by the minor amount of 
biotite which, however, is reactive. 
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1 Introduction 
 
Besides salt and clay formations also granitic subsurface environments are taken into account 
as potential host formations for the deep underground disposal of radioactive waste [1,2]. The 
sorption of Np onto different rock materials and minerals in the absence and presence of 
humic substances has been described in the literature [e.g., 3-9]. 
For this study, granite from Eibenstock was chosen which determines as geologic formation a 
large area of the former uranium mining areas in the Western Erzgebirge in Saxony, 
Germany. It was already applied for uranium(VI) sorption studies [10,11]. 
In this work, the sorption of Np(V) onto granite is studied under anaerobic conditions at an 
ionic strength of 0.1 M as a function of pH. Furthermore, the effect of humic acid (HA) on the 
Np sorption is studied in order to determine whether humic material is likely to significantly 
influence Np sorption on granite. The minerals quartz, orthoclase, albite, biotite, and 
muscovite were also included in this study in order to clarify whether the Np and HA sorption 
on granite can be explained by Np and HA sorption on its individual main mineral 
constituents. 
 
 
2 Experimental 
2.1 Materials 
 
The rock material granite, collected in the region Eibenstock (Germany), is composed of 
46.13 wt.-% quartz (SiO2), 11.05 wt.-% orthoclase (KAlSi3O8), 14.59 wt.-% microcline 
(KAlSi3O8), 19.93 wt.-% plagioclase albite (NaAlSi3O8), 4.36 wt.-% biotite 
(K(Mg,Fe2+)3(OH,F)2/(Al,Fe3+)Si3O10), 3.44 wt.-% muscovite (KAl2(OH)2AlSi3O10), and 
0.51 wt.-% fluorapatite (Ca5F(PO4)3) (formula after Strunz and Nickel [12]). The composition 
was determined by XRD analysis applying the Rietveld method (program 
BGMN/AUTOQUAN [13]) for quantification based on published data for crystal structures. 
The 63 to 200 µm grain size fractions of the solids were applied for sorption experiments. The 
Np(V) stock solutions were obtained by dissolving solid 237NpO2NO3 in 0.1 M HNO3. As HA 
the 14C-labeled synthetic HA type M42 (batch M170) with a specific activity of 2.38 MBq/g 
[14,15] was used for the experiments. 
 
 
2.2 Sorption experiments 
 
For sample preparation, all solutions were prepared with CO2-free water in a nitrogen 
atmosphere glovebox. 5 mL of a 0.1 M NaClO4 solution (pH 2.8) were added to 50 mg of the 
geomaterial in 15 mL vials (PP, Greiner). The samples were stirred for 30 min to remove 
adsorbed CO2 from the mineral surface. After that, the desired pH value (pH 4 to pH 11) was 
adjusted by addition of carbonate-free NaOH or diluted HClO4. During pre-equilibration of 
the samples (about 4 weeks), the samples were shaken continuously and the pH values were 
readjusted until they were stable. The sorption experiments in the absence and presence of HA 
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were started by adding 5 mL 0.1 M NaClO4 solution (pH about 7) and 5 mL HA stock 
solution (14C-M42, 0.1 M NaClO4), respectively, and instantly after this about 80 µL of the 
Np(V) stock solution to the preconditioned minerals. The Np(V) stock solutions were 
prepared prior to each sorption run by passing the solutions through Dowex-50 to separate the 
233Pa daughter from 237Np, so that the determination of the β-active nuclide 14C of the 14C-
labeled HA by liquid scintillation (LS) counting was not interfered from the beta decay of 
233Pa. The oxidation state of Np in the stock solutions was spectroscopically confirmed to be 
pentavalent. The initial Np and HA concentration in the sample solutions was 1.3×10-6 M and 
27 mg/L, respectively. The solid solution ratio was 50 mg/10 mL. The pH was readjusted 
immediately after addition of the stock solutions. Then, the samples were shaken at room 
temperature for about 160 hours during which the Np and HA sorption onto the solids reached 
equilibrium. After centrifugation of the samples (3500 rpm, 15 min), the equilibrium pH 
values were recorded. Subsequently, the supernatant was filtered (450 nm, Minisart RC 15, 
Sartorius). Prior to filtering, the filters were rinsed with 1 mL of the sample solutions.  
In the filtrates, the final Np and HA concentration was determined by analyzing the LS 
spectra recorded with an LS counter (Wallac system 1414, Perkin Elmer) using α-β 
discrimination. For this, 1 mL of the filtrate was mixed with 5 mL of a Ultima GoldTM 
scintillation cocktail (Packard BioScience Company). The amount of Np and HA adsorbed to 
the mineral surface was calculated as the difference between the initial Np and HA 
concentrations in the sample solutions and the final Np and HA concentrations in the 450 nm 
filtrates. Np redox speciation in the filtrates was done by liquid-liquid extraction using TTA 
(4,4,4-trifluoro-1-(2-thienyl)-butane-1,3-dione) [16]. 
 
 
3 Results and discussion 
 
The Np sorption in the absence of HA and the Np and HA sorption in experiments performed 
in the presence of HA is shown for granite and its mineral constituents muscovite, orthoclase, 
albite, quartz, and biotite as a function of pH in Fig. 1. 
The sorption experiments, carried out in the absence of HA, show that the Np sorption 
essentially starts between pH 7 and pH 8 and increases with increasing pH value. Comparing 
the percentage of Np sorption onto the minerals, biotite shows the strongest sorption, 
followed by muscovite, orthoclase, albite and quartz. A comparable sharp increase of the Np 
sorption onto biotite in the alkaline pH region was found by Nakayama and Sakamoto [7]. 
For the sorption experiments performed in the presence of HA the following results were 
obtained. As expected, the HA sorption decreases with increasing pH value. The reason for 
the sudden increase of the HA sorption onto biotite between pH 9.2 and pH 11, obtained in 
duplicate experiments, is not clear. Compared to the Np sorption in the absence of HA, the Np 
sorption onto granite is decreased by HA between pH 7 and pH 11. The Np sorption onto 
muscovite and orthoclase is somewhat increased by HA between pH 6 and pH 9 and at higher 
pH values relatively strongly decreased. The Np sorption onto albite and quartz is not changed 
by HA up to pH 10 and pH 9, respectively. At higher pH values it is again relatively strongly 
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decreased. In case of biotite, the Np sorption is decreased by HA between pH 7 and pH 11, as 
was found also for granite.  
 

Fig. 1: Np and HA uptake by (a) granite, (b) muscovite, (c) orthoclase, (d) albite, (e) quartz, and (f) 
biotite ([NpO2

+] = 1.3×10-6 M; [HA] = 27 mg/L; I = 0.1 M NaClO4; CO2-free). 

3 4 5 6 7 8 9 10 11 12
0

20

40

60

80

100
Absence of HA

 Np

Presence of HA
 Np        HA

N
p 

ad
so

rb
ed

, H
A 

ad
so

rb
ed

 (%
)

pH

a)

3 4 5 6 7 8 9 10 11 12
0

20

40

60

80

100

Presence of HA
 Np        HA

Absence of HA
 Np

N
p 

ad
so

rb
ed

, H
A 

ad
so

rb
ed

 (%
)

pH

b)

3 4 5 6 7 8 9 10 11 12
0

20

40

60

80

100

Presence of HA
 Np        HA

Absence of HA
 Np

N
p 

ad
so

rb
ed

, H
A 

ad
so

rb
ed

 (%
)

pH

c)

3 4 5 6 7 8 9 10 11 12
0

20

40

60

80

100

Presence of HA
 Np        HA

Absence of HA
 Np

N
p 

ad
so

rb
ed

, H
A 

ad
so

rb
ed

 (%
)

pH

d)

3 4 5 6 7 8 9 10 11 12
0

20

40

60

80

100

Presence of HA
 Np        HA

Absence of HA
 Np

N
p 

ad
so

rb
ed

, H
A 

ad
so

rb
ed

 (%
)

pH

e)

3 4 5 6 7 8 9 10 11 12
0

20

40

60

80

100

Presence of HA
 Np        HA

Absence of HA
 Np

N
p 

ad
so

rb
ed

, H
A 

ad
so

rb
ed

 (%
)

pH

f)

90



  

The Np speciation for the experimental conditions applied in this study is shown in Fig. 2. It 
was calculated with the geochemical computer code EQ3/6 [17] applying the Np(V) 
hydrolysis constants compiled in the NEA data base [18], the Np(V) humate complexation 
constant log ß = 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 both in the absence and in the presence of HA. The neptunyl hydroxyl 
species NpO2OH(aq) is formed increasingly in solution between pH 9.5 and pH 11. In the 
presence of HA, NpO2HA(I) is formed between pH 6 and pH 11 with a maximum of 13.6 % 
near pH 10.5. For the pH region higher than 9, the formation of the mixed complex 
(NpO2(OH)HA)coll. is suggested by Marquardt et al. [19]. Presently, this complex cannot be 
quantified thermodynamically, however, this complex would explain the strong reduction of 
the Np sorption by HA at pH values higher than 9 and 10, respectively. 
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Fig. 2: Np speciation in solution ([NpO2

+] = 1.3×10-6 M; [HA] = 27 mg/L; I = 0.1 M NaClO4; CO2-
free). 
 
The results in Fig. 1 have shown, that both granite and biotite show a strong Np sorption in 
the alkaline pH region. Furthermore, compared to the Np sorption experiments in the absence 
of HA, the reduction of the Np sorption by HA between pH 7 and pH 11, which is attributed 
to the formation of soluble Np humate complexes, is similar for both materials. From this, it is 
concluded that biotite is the dominating mineral phase in the rock material granite for the Np 
sorption.  
For biotite, used in this study, Mössbauer spectroscopic measurements have shown that in the 
un-weathered mineral 84.5 % of Fetotal occur as Fe(II) [20]. This Fe(II) occurring in biotite 
and thus, also in granite could possibly lead to a reduction of Np(V) to Np(IV).  
An autoradiographic study of the Np sorption onto Climax Stock granite slabs in a synthetic 
groundwater [21] showed a strong sorption of Np onto Fe(II)-containing minerals biotite and 
pyrite on the granite surface. This was attributed to a reduction of Np(V) to the less soluble 
Np(IV) by Fe(II) in the Fe(II)-containing minerals. Furthermore, for magnetite it was found 
by Nakata et al. [22] that Np(V) is reduced to Np(IV) by Fe(II) on the surface of magnetite 
but not by Fe(II) ions released from magnetite into solution. In contrast, Nakayama and 
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Sakamoto [7] found no clear indication to Np(V) reduction in case of biotite since no 
significant difference was observed in the removal of Np by Fe(II)-containing minerals biotite 
and magnetite and by a ferric oxide of hematite. 
A reduction of Np(V) to Np(IV) on the mineral surface would lead to an increase of the Np 
sorption. However, for Np batch and column experiments in the presence of HA it was found 
by Zeh et al. [23] that especially the combination of Fe(II), present at trace concentrations in 
solution, and HA could lead to a reduction of Np(V) to Np(IV). Compared to Np(V), Np(IV) 
is generally stronger complexed by HA [24,6]. The humic colloid-borne Np(IV) species is 
known to remain stable in groundwater and to be easily mobile in porous aquifer systems 
[23,6]. 
Thus, the decrease of the Np sorption onto granite and biotite between pH 7 and pH 11 by HA 
compared to the Np sorption experiments without HA, which was not observed for the other 
mineral constituents of granite in the neutral pH range, can be attributed to the complexation 
of Np(V) by HA and possibly to the complexation of Np(IV) by HA. The oxidation state of 
Np in the supernatant solutions of the sorption samples without and with HA was checked by 
liquid-liquid extraction using TTA. So far, no Np(IV) could be detected in solution. 
It has to be noted, that the softer minerals biotite and muscovite in the granite 63 to 200 µm 
grain size fraction were, as a result of the grinding process, distinctively smaller than the 
harder grains quartz and albite [11]. By SEM investigations is was estimated that the grain 
size of biotite and muscovite in the granite powder is < 20 µm. This is also reflected by the 
fact, that the specific surface area determined for granite is higher than calculated from the 
specific surface areas of the minerals taking into account their content in the rock material. 
Thus, appropriate specific surface areas of the minerals biotite and muscovite have to be used 
in modeling the neptunium sorption onto the rock material granite. 
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Abstract 
 
The molecular size and mass distributions of different natural and synthetic humic substances 
(HSs: one fulvic acid (FA) and four humic acids (HAs)) were determined by asymmetrical 
flow field-flow fractionation (AFFFF) and time-of-flight secondary ion mass spectrometry 
(TOF-SIMS). Investigated were the following natural HSs: Aldrich HA, Gohy-573 FA and 
HA and synthetic HSs: M1 HA and M42 HA. The individual HSs show characteristic 
molecular size/mass distributions with the following trends in size (AFFFF): M42 HA > 
Gohy-573 HA > M1 HA > Aldrich HA > Gohy-573 FA or mass (TOF-SIMS): Gohy-573 HA 
> Aldrich HA > Gohy-573 FA > M42 HA ~ M1 HA. These results show that molecular size 
is not always correlated with molecular mass and show generally higher values. Reasons may 
be association in aqueous solution and/or analyte-membrane interactions, but changes in 
ionization probabilities and fragmentation probabilities of weak associated molecules with 
higher masses can also not be excluded. 
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1     Introduction 
 
Humic substances (HSs) are a mixture of very complex organic molecules with mainly 
unknown structures and are ubiquitous in the terrestrial and aquatic environment. The 
chemical properties of HSs to form relatively stable complexes with heavy metals and 
radionuclides are important with respect to the migration of these pollutants in groundwater. 
To understand the physical/chemical interactions of HSs with these pollutants it is essential to 
elucidate not only structural information for HSs but also their molecular size/mass 
distribution. The measurement of molecular size/mass distribution of HSs can be done by 
various methods. For example the methods SEC (size exclusion chromatography), HPSEC 
(high-performance size exclusion chromatography) (e.g. Wolf et al. 1999, 2001; Hoque et al. 
2003), FFFF (flow field-flow fractionation) (e.g. Giddings 1966; Beckett et al. 1987; Schimpf 
and Petteys 1997; Ngo Manh Thang et al. 2001) and AFFFF (asymmetrical flow field-flow 
fractionation) (Wahlund and Giddings 1987) are based on the different diffusion coefficients 
of molecules with different hydrodynamic sizes in solution whereas special mass 
spectrometrical methods (e.g. electrospray-ionization quadrupole time-of-flight mass 
spectrometry (Plancque et al. 2002) or TOF-SIMS (time-of-flight secondary ion mass 
spectrometry) (Szymczak et al. 2000, 2003) measure directly the molecular mass distribution 
of HSs. 
 
The aim of this paper is to analyze the size and mass distribution of different HSs with the 
methods AFFFF and TOF-SIMS to get an insight into the variation of molecular size/mass 
distribution of natural and synthetic HSs and to get a better understanding of the chemical 
processes responsible for the formation and stability of HS-metal complexes generated with 
these HSs in further experiments.  
 
2     Materials and methods 
 
2.1   Chemicals and molecular mass standards 
 
All chemicals were purchased from commercial sources (Aldrich, Fluka, Sigma-Aldrich) in 
the highest purity available and are used as-delivered. The aqueous solutions were prepared 
with high purity water (Milli-QPLUS, Millipore). Polyacrylic acid (PAA) molecular mass 
standards were purchased from American Polymer Standards Corporation (APSC), USA 
(Table 1). The chemical structures of the more complex polycarboxylic acids DMA and GA 
are shown in Fig. 1.  
 
2.2   Humic substances 
 
Five different humic substances (HSs) were investigated: The natural HSs Aldrich HA 
(purified and derived from Dr. J. Mizera, CTU Prague) and Gohy-573 HA and FA extracted 
from deep groundwater of the Gorleben aquifer (Wolf et al. 2004) and the synthetic HSs M1 
HA and M42 HA (both HAs derived from Dr. S. Sachs, Research Center Rossendorf, Institute 
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of Radiochemistry). The synthesis and characterization of the synthetic HSs have been 
described elsewhere (Pompe et al. 1996, 1998). 
 
 
Table1: Molecular mass data and commercial sources of used chemicals and standards. 
 
Chemicals and standards Mn Mw Mp Mr Commercial 

  (Da) (Da) (Da)   source 

Hydrazoic acid (purchased as sodium salt)    43.03 Aldrich 

Isophtalic acid    166.14 Fluka 

1,2,4,5-Benzenetetracarboxylic acid    254.15 Aldrich 

2-(4-(2,2-Dicarboxy-ethyl)-2,5-dimethoxy-
benzyl)-malonic acid (DMA)    370.31 Sigma-Aldrich

Glycyrrhizic acid (GA) (purchased as 
ammonium salt)    822.94 Fluka 

Polyacrylic acid (PAA) 2K 1230 1930 1250  APSC 

PAA 5K 3450 5660 4100  APSC 

PAA 18K 12 800 18 100 16 000   APSC 

 
 

 
 

Fig. 1: Chemical structures of the used relatively complex polycarboxylic acids DMA and GA. 
 
 
2.3   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 and later also applied for humic substances (e.g. 
Beckett et al. 1987, Schimpf and Petteys 1997, Ngo Manh Thang et al. 2001). In this method 
the analyte, dissolved in a carrier medium, is pumped with constant velocity through a thin 
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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. 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). 
 
AFFFF was carried out with a system delivered from Wyatt Technology (USA) using a 
fractionation channel from ConSenxus (Germany) and regenerated cellulose membrane from 
Wyatt Technology (USA) with a cut-off of 1 kDa (related to globular proteins). The 
asymmetrical channel has a length of 286 mm and a spacer thickness of 0.54 mm. As mobile 
phase, 5 mM Tris buffer (pH ~ 9.1; cf. Ngo Manh Thang et al. 2001) was used at a channel 
flow of 0.6 mL min-1 and a cross-flow of 3 mL min-1. 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 µL. Usually analyte concentrations of 3 – 30 mg/L dissolved in the 
mobile phase were analyzed. For calibration of the AFFFF system sodium azide, various 
polycarboxylic acids and polyacrylic acid (PAA) standards were used. 
 
2.4   Time-of-flight secondary ion mass spectrometry (TOF-SIMS) 
 
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) in combination with oblique 30 
keV SF5

+ ion bombardment (Szymczak and Wittmaack 1994) produces highly reproducible 
mass spectra of HSs which cover up to five 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 SF5

+, 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 × 107 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 × 0.4 mm2. 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 (Szymczak et al. 1998) to produce samples with a mean coverage to about 100 
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monolayers. Cleaned Si-wafer with hydrophilic character was used as substrates. Solutions of 
200 mg/L of HSs were dissolved in a dilute aqueous solution of NH4OH. Typically 200 – 300 
µL 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 mm2). The total amount of sprayed HSs was about 40 – 60 µg. This 
converts to areal densities of roughly 15 – 30 µg/cm2. 
 
3     Results and discussion 
 
3.1   AFFFF results 
 
3.1.1 Calibration of the AFFFF system 
 
The AFFFF system was calibrated with sodium azide, various polycarboxylic acids (PCAs) 
and polyacrylic acid (PAA) molecular mass standards (Table 1) instead of usually used 
polystyrene sulfonate (PSS) standards in order to avoid overestimation of molecular sizes of 
HSs (cf. Wolf et al. 1999, 2001; Hoque et al. 2003). We found in accordance with Ngo Manh 
Thang et al. 2001 also a concentration dependency of the elution volume with the molecular 
mass of our used standards. To construct the calibration curve for very low concentrations (1-
5 mg/L; cf. Ngo Manh Thang et al. 2001), necessary to get more realistic molecular size 
distributions, we measure or extrapolate the concentration dependency of the different 
standards down to the lowest possible measurable concentration (in our case 3 mg/L). The 
obtained calibration curve used for calculation of the molecular size distribution is shown in 
Fig. 2 and can be fitted to an exponential function expressed also in Fig. 2. 
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Fig.2: AFFFF calibration curve derived with sodium azide, various polycarboxylic acids and polyacrylic acid (PAA) 
standards. 
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3.1.2 Humic substances 
 
The AFFFF fractograms were recorded simultaneously during the measurement by the 
software ASTRA 4.50 (Wyatt Technology). Before and after the HSs measurements blanc 
samples (only eluent) were measured. The derived fractogram of the blanc was subtracted 
from the original fractogram by using the software Corona 1.40 (Wyatt Technology). The 
obtained fractograms (after blanc subtraction) for the three natural HSs Aldrich HA, Gohy-
573 HA and FA are shown in Fig. 3, those for the two synthetic HSs M1 HA and M42 HA are 
depicted in Fig. 4. 
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Fig. 3: AFFFF fractograms of the natural HSs Aldrich HA and Gohy-573 HA and FA. 
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Fig. 4: AFFFF fractograms of the synthetic HSs M1 HA and M42 HA. 
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The transformation of the AFFFF fractograms into the size distribution (relative mass 
concentration related to the mass of the used polycarboxylic acid (PCA) standards) plotted on 
a logarithmic mass scale was done by 
a)  smoothing of the obtained fractogram (UV signal versus elution volume Ve) 
b) calculating from Ve the corresponding molecular mass with the obtained calibration 
equation 

M = 649 × e(Ve/4.34)-733 
c) correction of the UV signal (proportional to mass concentration) due to the nonlinearity of 
the calibration curve by the equation 

 Hcorr = Hmeas/∆(log M) 
d) transformation of the corrected UV signal in relative UV signal = relative mass 
concentration. 
 
The derived molecular size distributions of all five investigated HSs are presented in Fig. 5.  
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Fig. 5: Molecular size distributions related to polycarboxylic acid (PCA) standards of the investigated HSs.  

 
 
Each individual HS has its own characteristic size distribution and based on the Mp’ (peak 
value in the molecular size distribution plotted on the logarithmic molecular size scale) or Mn 
(number average molecular size) values (Table 2) the following trend in size is obtained: M42 
HA > Gohy-573 HA > M1 HA > Aldrich HA > Gohy-573 FA. As expected the Gohy-573 FA 
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shows the smallest size distribution with molecular sizes up to 3000 Da whereas all HAs show 
larger size distributions with molecular sizes up to 10-14 kDa. 
 
The Mn and Mw (weight average molecular size) values were calculated as usual from the 
AFFFF fractograms (after blanc subtraction) using the measured UV signals Hi and the 
corresponding molecular sizes Mi with the equations: 
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The Mp’ values together with the Mp values (peak value in the molecular size distribution 
plotted on the linear molecular size scale) and the other molecular size data Mn, Mw and 
Mw/Mn (polydispersity) are presented in Table 2. All Mn values fall in the range below or 
around 1 kDa whereas the Mw values show a range up to more than 2 kDa. As expected the 
polydispersity of Gohy-573 FA has a lower value (1.3) than those of the HAs (1.7 – 2.2). 
 
 
Table 2:  Molecular size data related to PCA standards of the investigated HSs. 
 
Humic substance Size range Mp' Mp Mn Mw Mw/Mn 

  (Da) (Da) (Da) (Da) (Da)   

Gohy-573 FA 150 - 3000 460 410 470 620 1.3 

Gohy-573 HA 150 - 14 000 1120 700 990 1760 1.8 

Aldrich HA 150 - 10 000 730 490 640 1070 1.7 

M1 HA 150 - 12 000 1100 530 890 1930 2.2 

M42 HA 150 - 12 000 1400 680 1000 2150 2.1 

 
 
3.2   TOF-SIMS results 
 
3.2.1 Humic substances 
 
Fig. 6 shows the negative TOF-SIMS spectra of the Aldrich HA sample, of the two synthetic 
HAs (M1 and M42) and of the natural HA and FA (Gohy-573) samples. The spectra are 
normalized to 2×107 primary ion pulses at a dc beam current of 1 nA. The mass scale is 
shown at the top of the graph. 
 
Below m/z 150 all spectra are characterized by high-yield atomic ions and fragments. Above 
m/z > 150 the spectra show the characteristic broad, almost featureless, high-mass distribution 
with a long tail known from our previous work (Szymczak et al. 2000). The Aldrich HA and 
the two natural HSs (Gohy-573) show an observable tail up to m/z 3000 whereas the tail of 
both synthetic HSs disappears above m/z 1500. The broad maximum of the FA Gohy-573 
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distribution peaks at a lower mass and its tail declines faster with increasing mass than the HA 
Gohy-573 distribution. 
 
On the lower mass side (m/z <= 100) the spectra show source specific fragments (Fig. 7). In 
the Aldrich HA spectrum intense sulphur based fragments, e.g. SH-, SOH-, SO3

-, SO3H- and 
SO4H-, are present. The synthetic HA samples are dominated by intense nitrogen based 
fragments, e.g. CN- and CNO-. The yield of CN- and CNO-, Y(CN-) resp. Y(CNO-), of the 
M42 sample is roughly twice of that of the M1 sample. Y(O-) of sample M42 exceeds that of 
sample M1 (Y(O-)M42 / Y(O-)M1 = 1.4) whereas Y(OH-) of M1 is slightly higher than that of 
M42 ((Y(OH-) M1 / Y(OH-) M42 = 1.09). 
 

 
 

Fig. 6: Negative TOF-SIMS spectra of HSs.  
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Fig. 7: Sections of negative TOF-SIMS spectra of the Aldrich HA, M1 HA and M42 HA.  

 
 
The natural HSs Gohy-573 samples show nitrogen- as well as sulphur based fragments where 
the yield of the HA sample exceeds the yield of the FA sample mostly more than twice.  
In the mid mass range (100 < m/z < 500) all spectra exhibit a dense sequence of mass lines 
covering every mass number. The envelope modulation around peak groups declines faster in 
the case of the Aldrich HA compared to the synthetic HAs. The intensity of the peak groups 
of M1 is higher than of the M42. The mass line at m/z 129, denoted as FGA , is a fragment of 
the specific glutamine acid source material of M42 HA. The natural Aldrich HA denotes a 
weak pronounced pattern of odd-numbered mass lines in contrary to a peak group modulation 
with a 14-mass separation in case of the synthetic HSs. 
  
In the mid-range mass section the FA Gohy-573 spectrum has a pronounced pattern of nearly 
odd-mass numbered lines. In the HA Gohy-573 the variation between odd and even numbered 
mass lines spectrum are less pronounced.  
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3.2.2 Transformation of TOF-SIMS spectrum into mass concentration versus mass 
  
In order to compare the size distribution derived by AFFFF with the mass distribution 
obtained by TOF-SIMS analysis of a sample we transformed the original TOF-SIMS 
spectrum as follows (Fig. 8):  
Based on known mass lines and the mass-TOF-relation 

T = k × M1/2 + to 

the time scale was transformed individually for every spectrum into a mass scale.  
The yield of the TOF-SIMS spectrum 

YTOF = f (TOF), with dT = const. 
was transformed to the true yield Ytrue with a constant mass interval  by 

Ytrue ~   YTOF / (M)1/2 ,  dM = const. 
Then Ytrue was summed up over a constant log-interval, e.g. d(logM) = 0.01 and the mass 
concentration Mconc calculated by 

Mconc = Ytrue × M  
 

 
Fig. 8: Transformation of the TOF-SIMS spectrum (number of particles versus time-of-flight) into mass 
concentration versus mass unit.  
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Fig. 9 compares the transformed TOF-SIMS spectra of the different HSs. The calculated mass 
concentration Mconc was normalized to the distribution maximum. The maximum of the 
transformed distribution shifts to higher masses from FA Gohy-573 to HA Aldrich and HA 
Gohy-573. The broader HA Gohy-573 distribution is shifted as a whole whereas the high 
mass tail of the FA Gohy-573 distribution intersects the HA Aldrich distribution and remains 
comparable in mass concentration above the intersection. The distributions of the synthetic 
HSs M1 and M42 are comparable and both clearly shifted as a whole to lower masses. The 
low mass tail of the synthetic HSs is more structured than the distribution from the natural 
sources. 

 
Fig. 9:  Normalized mass concentration versus mass of the investigated HSs. 

 
 
Table 3: Calculated distribution parameters of the distributions Mconc versus mass. 

 

Humic substance Size range Mn Mw Mw/Mn 

  (Da) (Da) (Da)   

Gohy-573 FA   150 – 3000 [5000] 428 [428] 609 [613] 1.42 [1.43] 

Gohy-573 HA  150 – 3000 [5000] 521 [523] 752 [759] 1.44 [1.45] 

Aldrich HA  150 – 3000 [5000] 445 [446] 626 [627]  1.40 [1.41] 

M1 HA  150 – 1500 [3000] 305 [306] 380 [390] 1.25 [1.27] 

M42 HA  150 – 1500 [3000] 310 [312] 380 [389] 1.23 [1.25] 
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The distribution parameters Mn, Mw and Mw/Mn  of the HSs are summarized in Table 3. The 
lower mass limit of integration was set to m/z 150 in order to cut the high intensity of low 
mass fragments. The upper limit of integration was set to the bottom out of the mass 
concentration versus mass (linear). Background subtraction (typically 1 - 2 counts/time bin) 
was applied if the mass concentration distribution increases in the highest mass range. With 
an extended second upper limit (values in squared brackets) the distribution parameters are 
nearly the same which confirms the first high mass limit. All Mn values are significant below 
one kDa. The Mn value as well as the polydispersity Mw/Mn is highest for the Gohy-573 HA 
and smallest for the synthetic HSs, in detail Gohy-573 HA > Aldrich HA > Gohy-573 FA > 
M42 HA ~ M1 HA. 
  
4     Conclusions 
 
Determination of the molecular size and mass distributions of different natural and synthetic 
humic substances by the methods AFFFF and TOF-SIMS shows different characteristic 
molecular size/mass distributions with calculated Mn values below or around 1 kDa. These 
results support the lower molecular size/mass range of aquatic HSs found in literature. Based 
on the Mn values the measured trend in size measured by AFFFF was M42 HA > Gohy-573 
HA > M1 HA > Aldrich HA > Gohy-573 FA, different from that of the trend in mass 
measured by TOF-SIMS: Gohy-573 HA > Aldrich HA > Gohy-573 FA > M42 HA ~ M1 HA. 
In the case of the Gohy-573 FA there is good agreement between the size and mass derived 
Mn and Mw values. With both natural HSs Aldrich HA and Gohy-573 HA the TOF-SIMS 
based Mn values are significantly lower. But with the synthetic HSs M1 HA and M42 HA the 
size outnumbers definitely the mass derived distribution. These results show that molecular 
size is not always correlated with molecular mass. Compared to the molecular masses of the 
individual HSs the molecular sizes show generally higher values probably due to association 
of HSs in aqueous solution and/or analyte-membrane interactions, but changes in ionization 
probabilities and fragmentation probabilities of weak associated molecules with higher 
masses, particularly in the case of the synthetic HSs, can also not be excluded. 
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Isolation and characterization of new batches of Gohy-573 humic and fulvic acids 
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Abstract 
 
Natural aquatic humic acid (HA) and fulvic acid (FA) from 6000 L groundwater of the deep 
borehole Gohy-573 in the Gorleben aquifer (Lower Saxony, Germany) were isolated, purified 
and characterized. Characterization includes elemental composition (C,H,N,O and S), content 
of inorganic constituents (by ICP-MS and ICP-AES), determination of size distribution by 
asymmetrical flow field-flow fractionation (AFFFF), mass distribution by time-of-flight 
secondary ion mass spectrometry (TOF-SIMS), and proton exchange capacity by potentio-
metric pH titration. The results show that the isolation and purification was successful, and 
that the prepared humic and fulvic acids have the expected typical properties. The large 
batches of the substances serve the basis for a broad number of scientific investigations with 
the insurance that the material used is well purified and that results from different future 
investigations can be compared with each other. 
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1    Introduction

The natural humic acid (HA) and fulvic acid (FA) from groundwater of the deep borehole
Gohy-573 in the Gorleben aquifer have been used for numerous studies for almost two
decades. These batches were isolated, purified and characterized within the EC project
MIRAGE (MIgration of RAdionuclides in the GEosphere). These two batches have been used
up and therefore a new sampling campaign was started. Large new batches of humic and
fulvic acids from this groundwater were isolated, purified and characterized. The borehole
Gohy-573 is located in the Gorleben aquifer above the Gorleben salt dome in Lower Saxony,
Germany (Fig. 1) with an inflow of groundwater from Präelster sediments in the depth range
134 – 137 m (Artinger et al. 2000, Buckau et al. 2000). The groundwater of this borehole is
dark brown and has an elevated DOC (dissolved organic carbon) content of 97.2 mg C/L with
the main DOC components being humic acid (60 mg C/L) and fulvic acid (17 mg C/L)
(Artinger et al. 2000, Buckau et al. 2000).

This paper describes the sampling, isolation, purification and characterization of the new
Gohy-573 humic and fulvic acid batches. These new batches of humic and fulvic acids will
enable comparison of results from different types of experiments for many years to come.
Through comparison with the characteristic properties of the old batches from the same
groundwater, future results can also be compared with results from past investigations of
almost two decades.

Fig. 1:  Location of the borehole Gohy-573 in the Gorleben aquifer (simplified from Schäfer et al. 2004).

2     Materials and methods

2.1   Chemicals

All chemicals were purchased from commercial sources (Aldrich, Fluka, Merck) in the purity
p.A. or higher and are used as delivered. The XAD-8 resin was purchased from Rohm & Haas
in the purity technical grade but extensively purified (Geyer 1993) before use. The cation
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exchanger AG® 50W-X8 was purchased from Bio-RAD Laboratories and used as recom-
mended by the supplier. The aqueous solutions were prepared with high purity water (Milli-
QPLUS, Millipore).

Fig. 2:  Acidification of the original groundwater from borehole Gohy-573 in the tank trailer by G. Buckau (photo:
S. Geyer).

2.2   Isolation of Gohy-573 humic and  fulvic acids

The field sampling of Gorleben groundwater Gohy-573 was carried out in cooperation with
DBE (Deutsche Gesellschaft zum Bau und Betrieb von Endlagern für Abfallstoffe mbH,
Peine). After groundwater pumping until constant conditions were obtained (on-line meas-
urement of temperature, pH and redox potential), about 6000 L of groundwater was pumped
into a cleaned tank trailer (Fig. 2). The groundwater was acidified to a pH of about 4 by addi-
tion of HCl, in order to avoid calcite precipitation in the subsequent field concentration
process by RO (reverse osmosis). Mixing and degassing of the groundwater sample was
achieved by driving the trailer about 2 km over forest tracks to the facility area where electric
power etc. was available for the subsequent RO concentration. By RO treatment (custom
designed RO system from Wilhelm Werner GmbH - Reinstwassertechnik, Leverkusen; Fig.
3), the volume was reduced to about 900 L in 50 L stainless steel containers. The containers
were then transported to the laboratory for further treatment.
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Fig. 3:  Concentration of humic and fulvic acids from the groundwater by reverse osmosis (S. Geyer (photo: G.
Buckau)).

Fig. 4:  View of the flow-through centrifuge (Flottweg GmbH, Vilsbiburg) together with G. Buckau and M. Wolf
(photo: Flottweg GmbH).
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The concentrate was acidified further to pH 2 and the flocculating humic acid was separated
by flow-through centrifugation (Fig. 4) in cooperation with the company Flottweg GmbH,
Vilsbiburg. The humic acid flocculate and remaining 850 L fulvic acid containing solution
were transported to the laboratory for further treatment. Fulvic acid was separated/concen-
trated by sorption on a 10 L XAD-8 column (for details, see Geyer 1993). After desorption
from XAD-8 resin, the fulvic acid was protonated with the cation exchanger AG® 50W-X8
and freeze dried with an 8 L freeze dryer (The VirTis Company, New York). Humic acid was
purified as described in Buckau 1991, by NaF treatment, repeated solution/precipitation
followed by freeze-drying. As a final step, traces of adsorbed HCl were removed by vacuum
for two weeks at slightly elevated temperature (~ 40 °C). In total, about 130 g humic acid
(Gohy-573 HA) and 52 g fulvic acid (Gohy-573 FA) were prepared.

3     Characterization

3.1   Elemental composition

The elemental composition is shown in Table 1. Different atom ratios are given in Table 2.
For comparison, results for previous humic and fulvic acid batches from the same ground-
water are also given.  In general, the sum formula of humic and fulvic acid is close to CO0.5H,
i.e. the formal oxidation state of carbon is close to zero, comparable to for example carbohy-
drates.

Table 1:  Elemental composition of the new prepared Gohy-573 FA and HA. Summarized are the mean values of
triplicate analysis, carried out by Analytische Laboratorien, Lindlar, Germany, together with the standard devia-
tion. For comparison, also the elemental compositions of the former charges are shown (Gohy-573 FA (one
analysis) and the mean value for Gohy-573 HA I and II (see, Buckau 1991)). The data are normalized to a total
CHNOS content of 100 %.
Humic substance C H O N S

Gohy-573 (%) (%) (%) (%) (%) 

FA 54.1 ± 0.1 4.23 ± 0.08 38.94 ± 0.04 1.38 ± 0.02 1.32 ± 0.01

HA 59.3 ± 0.1 4.57 ± 0.02 32.1 ± 0.1 2.01 ± 0.06 2.02 ± 0.09

FA (old batch) 57.18* 4.85 35.38 1.14 1.44

HA (old batch) 56.79 4.64 35.76 1.73 1.73**

*   new calculated value; ** only the value of separate pre-batch (HA I) is given.

Table 2:  Atom ratios of Gohy-573 humic and fulvic acids, calculated from Table 1.

Humic substance O/C H/C N/C S/C O/H

Gohy-573

FA 0.54 0.93 0.022 0.009 0.58

HA 0.41 0.92 0.029 0.013 0.44

FA (old batch) 0.46 1.02 0.017 0.009 0.45

HA (old batch) 0.48 0.98 0.026 0.011 0.49
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As expected, Gohy-573 FA has a lower C content and a higher O content than Gohy-573 HA.
They show relatively similar H contents, however, reflecting the higher oxygen content in
fulvic acid and the comparable hydrogen contents, the O/H ratio is higher for the fulvic than
the humic acid. These results are expected with the higher hydrophilicity of fulvic acid than
humic acid. Contrary to this, the old humic and fulvic acid batches show very similar
elemental composition, especially with respect to C, H and O, with the fulvic acid showing
values rather typical for humic acid. There are minor contributions of nitrogen and sulfur. The
N/C ratios are higher for humic than fulvic acid in both the new and the old batches. The S/C
ratios are comparable for all four substances, with the potential for slightly higher ratios in
humic than fulvic acid.

In summary, the elemental composition verifies the successful isolation and purification of the
humic and fulvic acids. Reproducibility is very high between sampling and treatment about
twenty years ago and now. The old fulvic acid batch, however, shows an elemental composi-
tion rather typical for humic acid. This may indicate differences in sample treatment and sepa-
ration of humic and fulvic acid fractions. As seen by previous characterization, however, the
old fulvic acid batch does not show the typical humic acid bi-modal size distribution and thus
the difference is rather in the operationally based separation within the rather hydrophilic,
small molecule overlapping humic and fulvic acid fraction.

3.2   Inorganic constituents

Inorganic constituents, analyzed by ICP-MS and ICP-AES, are given in Table 3. The purifi-
cation of fulvic acid is very successful also with respect to the potentially critical step of pro-
tonation by ion exchange. The sum of Na, Ca and Mg is 0.12 meq/g FA with only 0.025 meq/
g FA of the easily exchangeable Na+ ion. To which extent Ca (and Mg) is in exchangeable
positions or part of mineral constituents cannot be determined from the present data. In
summary, however, the concentration of exchanging metal cations is low and need not be
regarded in calculation of the proton exchange capacity (cf. below). In the case of humic acid,
the concentration of the easily exchangeable Na+ ion is very low (0.013 meq/g HA) as
expected from repeated washing with hydrochloric acid prior to the final preparation steps,
namely freeze-drying and HCl evaporation. Al, Ca, Ti, Cr, Fe and Cu show higher values than
the fulvic acid. Furthermore, the Mg to Ca ratio is higher than in the fulvic acid. The Si/Al
atom ratio is 0.57, indicating the possible presence of clay type minerals. The data indicate
presence of small amounts of mineral constituents and/or process contaminants rather than
residues of ions in exchangeable positions. The overall conclusion is that also preparation and
purification of the humic acid is successful with no need to regard potentially exchanging
cations for evaluation of proton exchange capacity.

3.3   Size distribution (by AFFFF)

Determination of size distribution by FFF or GPC/HPLC requires calibration with substances
of known mass to size ratios. Another issue is the increase in size with protonation and
complexation induced association, eventually leading to flocculation in the acidic range as
well as with quasi saturation of complexing sites. For this reason, comparison of different size
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determination results is only possible for well-defined and comparable physicochemical
conditions.

Table 3: Inorganic constituents in Gohy-573 humic and fulvic acids, determined by
ICP-MS and ICP-AES.

Humic Acid Fulvic Acid

Element
Element concentration

(mg/g HA)
Stand. dev.

(%)
Element concentration

(mg/g FA)
Stand. dev.

(%)

Na 302 0.3 570 0.7

Mg 3.2 21 0.5 38

Al 81.8 14 13.5 18

Ca 2133 3.6 1861 5

Ti 814.8 8 92.4 9

Cr 162.6 6 77.9 4

Fe 547 9 23.8 2

Co 2.6 4 0.07 13

Ni 20.6 7 0.7 10

Cu 410.0 1 5.8 3

Y 6.6 5 0.04 3

Zr 123 3 205 2

Nb 3.8 9 1.1 3

Mo 13.8 2 8.5 2

La 3.0 3 0.01 13

Ce 9.0 4 0.02 11

Pr 1.3 3 <0.01

Nd 6.0 6 0.01 10

Sm 1.9 5 <0.01

Eu 0.4 6 <0.01

Gd 1.8 7 <0.01

Tb 0.3 9 <0.01

Dy 1.8 3 <0.01

Ho 0.4 3 <0.01

Er 1.3 4 <0.01

Tm 0.2 5 <0.01

Yb 1.5 7 <0.01

Lu 0.3 3 <0.01

Hf 1.6 7 2.1 4

Ta 0.2 4 0.02 3

Pb 8.3 8 0.09 13

Th 11.2 6 0.36 3

U 2.9 5 0.01 10

Si 48.8 7 381 3

The elution behavior of the investigated substance is compared with that of the calibration
standards and via mass to size ratio of the calibration standards, the size of the investigated
substance can be obtained. For practical reasons, however, another procedure/nomenclature is
normally used. For a given set of calibration standards, the size of the investigated substance
is given as the mass-equivalent size of that particular type of standard. It therefore must be

119



clearly underlined, that the numbers given (as the mass of the calibration standard) will vary
with the standard used. As an example, calibration with very compact globular proteins may
result in a mass-equivalent size of a certain sample of 10 000 Dalton (molecular mass of this
globular protein standard). If a bulky highly hydrated standard is used (for example, PSS
(polystyrene sulfonate) or PAA (polyacrylic acid)), the corresponding mass-equivalent
numbers will be lower for the same actual size. In the present determination of size
distribution with asymmetric flow field-flow fractionation, a set of polycarboxylic acid (PCA)
standards (including PAA standards) is used. Detailed results can be found in Wolf et al.
2004.

In Table 4, the size distribution is given by (in mass equivalent sizes related to PCA):
(i) The size range of elution,
(ii) Mp’ (peak value in the molecular size distribution plotted on the logarithmic molecular

size scale),
(iii) Mp (peak value in the molecular size distribution plotted on the linear molecular size

scale),
(iv) Mn (number average molecular size),
(v) Mw (weight average molecular size), and
(vi) Mw/Mn (polydispersity).

As expected, the Gohy-573 FA shows a distribution towards smaller sizes. The size distribu-
tion reaches up to about 3000 Dalton compared to 14 000 Dalton for the humic acid Gohy-
573 HA. The individual numbers for different forms of distribution maxima also show lower
numbers for the fulvic acid compared to the humic acid, the difference being about a factor of
two.

Table 4:  Molecular size data of Gohy-573 humic and fulvic acids, related to mass-equivalent size of poly-
carboxylic acid (PCA) standards (data from Wolf et al. 2004).

Sample Size range Mp' Mp Mn Mw Mw/Mn

Gohy-573 (Dalton/PCA) (Dalton/PCA) (Dalton/PCA) (Dalton/PCA) (Dalton/PCA)  

FA 150 - 3000 460 410 470 620 1.3

HA 150 - 14 000 1120 700 990 1760 1.8

3.4   Mass distribution (by TOF-SIMS)

Determination of the mass distribution has been a long-standing analytical problem for humic
substances. The situation has changed by rather recent developments of Overhauser NMR,
TOF-SIMS (time of flight – secondary ion mass spectroscopy), MALDI-TOF MS (matrix
assisted laser desorption ionization time-of-flight mass spectrometry), and ESI-MS
(electrospray ionization mass spectrometry). In the present work TOF-SIMS is used (for
details, see Wolf et al. 2004). In Table 5, the mass distribution parameters Mn, Mw and Mw/Mn

are summarized.
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The lower mass limit of integration was set to m/z 150 in order to cut the high intensity of low
mass fragments. The upper limit of integration was set to the bottom out of the mass concen-
tration versus mass. Background subtraction was applied if the mass concentration distri-
bution increases in the highest mass range. With an extended second upper limit (values in
squared brackets) the distribution parameters are nearly the same, confirming the approach for
setting the upper mass limit. All Mn and Mw values are significantly below 1000 Dalton. The
mass distribution and the polydispersity show slightly higher values for the Gohy-573 HA
than for Gohy-573 FA. The values reflect findings generally found for the mass distribution,
very much lower than previously thought based upon incorrect estimates from size determi-
nation studies. The smaller difference in the mass ratio between humic and fulvic acids com-
pared to the size ratio (cf. above) may reflect physicochemical differences between the two
types of acids with a more bulky structure/higher effective hydrodynamic size per mass unit
of humic acid.

Table 5: Mass distribution parameters for the Gohy-573 humic and fulvic acids by TOF-SIMS (data from Wolf et
al. 2004). Values in squared brackets correspond to a higher upper limit (see text).

Sample Mass distribution range Mn Mw Mw/Mn

Gohy-573 (Dalton) (Dalton) (Dalton)  

FA 150 – 3000 [5000] 428 [428] 609 [613] 1.42 [1.43]

HA 150 – 3000 [5000] 521 [523] 752 [759] 1.44 [1.45]

3.5   Proton exchange capacity

The proton exchange capacity (PEC) is determined by potentiometric pH titration. The freeze-
dried humic or fulvic acid is dissolved in a small amount of NaOH followed by dilution with
NaClO4 within few minutes. Dissolution of humic acid in alkali is necessary because the
freeze-dried HA sample do not dissolve under pH neutral or acidic conditions. Dilution within
few minutes is required in order to avoid alkaline hydrolysis. The samples are then kept under
inert gas under exclusion of light. Storage under inert gas is important in order to exclude
oxygen and carbon dioxide contamination. Exclusion of light was also shown to be important
in order to avoid sample oxidation with the corresponding increase in PEC.

The amount of OH- in the original sample is 10 meq/g humic or fulvic acid. The samples were
titrated with 0.1 mol/L HCl. The sample concentration is 200 mg/L. Sample concentration of
1 g/L shows hysteresis with the corresponding error in data due to lack in reversibility
(Buckau 1991). Lower sample concentrations have negative impact on the data evaluation.
Titration proceeds with stepwise addition of the titrant (10 mL per addition). The time steps
are set so as to insure sufficient approach to equilibrium before the subsequent titrant addition.
The acid titrant is added until acid solution is obtained. Below pH around 3, data evaluation
becomes difficult due to the progressively low response to titrant addition. The resulting titra-
tion curve is shown in Fig. 5 (upper part). The titration curve does not show specific features
with clear indication of individual groups.
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In order to evaluate the titration curve, the derivative function is generated (gray curve in Fig.
5, upper part and the lower part of this figure). Buffering of the solution (the inverse of the
derivative function) has a minimum in the pH range around 7.5 - 8. This maximum in the
derivative function is considered the transition between buffering groups below and above
this pH range. Groups ionized below this pH range are frequently considered as “carboxylic
groups”. The concentration of these groups is given by the net excess of OH- ions at this
point, i.e. the number of OH- ions that have neutralized by protons released from the origi-
nally protonated humic or fulvic acid. It should be underlined, however, that this is an opera-
tional definition without unambiguous allocation to specific functional groups. Attempts to fit
such a titration curve by a number of proton exchanging functional groups is a plain fitting
exercise, especially because the endpoint in the acidic range cannot be determined. Further-
more, a number of combinations of different classes of proton exchanging groups and their
respective pKa values can be used in order to reproduce the curve. Finally, because of proto-
nation induced association, the number concentration of entities decreases along with the
protonation and the different proton exchanging groups are not permutable, but within a spe-
cific entity (molecule or molecule cluster/associate) they are spatially dependent from each
other.

The PEC evaluated by this procedure is given in Table 6. The numbers found for the new
batches are in the range expected with the higher PEC for fulvic acid compared to that of the
humic acid. Compared to the old batches, the PEC of humic acid is lower and that of the
fulvic acid is higher. This is in agreement with the above-discussed differences where the old
batches appear to be rather similar whereas the present new batches appear to reflect higher
differences in the hydrophilic nature.

Table 6: Proton exchange capacity determined by potentiometric pH titration (cf. Fig. 5) of Gohy-573 HA and FA.

Proton exchange capacity (meq/g HA or FA)

Gohy-573 New batches Old batches

HA 4.82 ± 0.05 5.38 ± 0.20

FA 6.82 ± 0.04 5.70 ± 0.09

4     Summary and conclusions

Large new batches of humic and fulvic acids from the Gorleben groundwater Gohy-573 have
been prepared and characterized. Humic acid is defined as the fraction that flocculates at low
pH whereas fulvic acid is defined as the fraction that at low pH sorbs on XAD-8 resin but
does not flocculate. Thus, the distinction between humic and fulvic acid is partly operational,
especially reflecting the pH and separation technique/conditions used for separation of humic
acid flocculate. The new batches show the typical properties of humic and fulvic acid with
very low concentrations of inorganic constituents/contaminants. Due to their large amounts,
properties and thorough characterization, they provide the basis for continued studies with
these two humic substances, following up on almost two decades of research on the previous,
meanwhile used up, batches.
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Fig. 5:  Potentiometric pH titration of Gohy-573 HA. pH (black points) and the derivative function (pH variation with
stepwise addition of titrant (10 mL 0.1 mol/L HCl per addition)) (gray points), both as a function of excess OH-

(upper figure). The PEC is evaluated as the excess OH-
 in the turning point of the titration curve (upper figure) at

around pH 7.5 (lower figure).
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1. Abstract

X-ray Photoelectron Spectroscopy (XPS) results on the characterisation of the HUPA
organic materials, i.e. natural humic substances “GOHY 573” (Fulvic Acid FA and Humic
Acid HA) extracted from the Gorleben ground waters, and synthetic humic acids “M1” and
“M42” obtained from a standard melanoidin preparation from FZ Rossendorf, are presented
in this paper. XPS investigations were focused on the determination of the chemical
environment of the major elements as carbon, nitrogen, oxygen and sulphur, and on the
identification of trace metals trapped by these organic compounds.
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2. Introduction

Humic substances (HS), comprising humic acids (HA) and fulvic acids (FA), represent
40 to 60% of the dissolved carbon in natural waters. Even if the research has largely
progressed in this field, the structure of HS is not perfectly well identified yet and the
evidence of the functional groups constitutive of these compounds stays a real challenge.
These data are of a great importance to have a better understanding of the interactions
between HS and trace elements encountered in the environment and known to be associated to
this organic matter, from the numerous studies reported in the literature (1-6).

The C-containing groups of HS are actually relatively well identified especially with the
use of 13C Nuclear Magnetic Resonance (7). On the contrary, the organic functional groups
implying heteroatoms as nitrogen, oxygen and sulphur that are also major elements of humic
substances, are to our knowledge, not completely evidenced. However, some publications (8,
9) report the application of X-ray Absorption Near-Edge Structure (XANES) of sulphur in
humic substances and of X-ray Photoelectron Spectroscopy (XPS) of nitrogen (7) and sulphur
(9, 10) in humic matter.

XPS is a powerful method to determine the chemical environment (redox state, nature of
the chemical bonds) of all the elements of the periodic table. Furthermore it is a non-
destructive technique, which is particularly interesting when fragile materials, as organic
compounds, have to be analysed. Our preceding studies have already illustrated the
applications of XPS to the study of humic substances and in particular of their physico-
chemical interactions with iodine (11-13).

In this paper, XPS is carried out to determine the chemical environment of C, N, O and S
and to precise if trace elements (as halogens and transition metals) are present in humic
substances. Thus, this technique is applied to the investigation of two types of humic
substances: natural HA and FA from the Gorleben ground waters and synthetic humic acids
issued from a “standard melanoidin” preparation (14).

3. Experimental

Before XPS analyses, the powdered humic substances were mounted on double-sided
carbon tape. XPS experiments were carried out at the “Surfaces and Interfaces Laboratory” of
the Commissariat à l’Energie Atomique (Saclay, France),* with a VG Instruments 220i
spectrometer by using an unmonochromated AlKα X-ray source (incident energy: 1486.6 eV).
A source power of 15 kV and of 20 mA was used. The dimensions of the X-ray beam were
approximately 8 mm per 7 mm. The analysis chamber pressure was in the range of 10-8 Torr.
Calibration in binding energy (BE) was achieved using the Ag 3d3/2 and Ag 3d5/2 transitions
(368.3 and 374.3 eV respectively). The BE resolution of the spectrometer was estimated to
                                                          

* CEA/DPC/SCP/LRSI
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0.2 eV. No charge effect compensation was achieved during the XPS analyses and so all the
BE values were corrected using the C1s signal of contamination carbon at 285 eV.

The survey spectra of all the samples were acquired. The core-level regions C1s, N1s,
O1s and S2p, corresponding to major elements of the humic substances, were acquired and
deconvoluted by using the VG Instruments software “AVANTAGE”. In addition, according
to the presence of the other elements detected on the survey spectra, core-level regions were
acquired: Si2p, transition metals (Cr2p, Mn2p, Fe2p), halogens (Cl2p, Br3d, I3d).

4. Results and discussion

4.1. Natural humic substances from the Gorleben site: Humic Acid (HA) and Fulvic Acid
(FA) “GOHY 573”

Figure 1 displays the comparison of C1s, N1s, O1s and S2p spectra for the two humic
substances samples. Apparently, the two organic fractions present the same C1s (Figure 1a)
and N1s (Figure 1b) spectra in terms of BE positions, but the FA sample is poorer in nitrogen
compared to the HA one.

On the contrary, notable differences are observed for the O1s (Figure 1c) and S2p (Figure
1d) regions. Firstly, the two samples do not present the same oxygenated groups since the
shape of the O1s regions is clearly different (Figure 1c) for each sample. Secondly, the FA
sample is largely poorer in sulphur than the HA one and the functional groups implying this
element are obviously different (Figure 1d).

4.1.1. Characterisation of major elements: identification of the functional groups

• C1s region

According to the C1s signal deconvolution (Figure 2), the two fractions present the same
three contributions implying similarity in terms of functional groups. A major component at
285 eV (71%) relative to carbon contamination, aromatic and aliphatic compounds; a second
contribution (20%) around 286.5 eV corresponding to the C-O bond (alcohols, carboxylic
acids, ethers, esters…) and a third one (9%) around 289 eV associated to the C=O bond
(ketones, aldehydes, carboxylic acids, esters,…).

• N1s region

Each fraction presents a single contribution at 400.5 eV (Figure 3) relative to amides
or/and amines, since these two organic functions are impossible to be discriminated by XPS.

• O1s region

As previously mentioned, the differences between the two fractions are specially marked
for this region. The O1s deconvolution of the FA sample shows three contributions: a first
component (32%) at 530 eV attributed to oxides, a second one (43%) at 531.5 eV assigned to
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hydroxides and a last one (25%) around 533 eV relative to the C=O bond. The HA sample
only displays a single contribution around 533 eV characteristic of the carbonyl group. The
deconvolution of the O1s region for the FA sample is given on the Figure 4.

• S2p region

This region is notably different for the two other samples. The sulphur signal of the FA
fraction is too weak to be correctly deconvoluted. The signal of the HA sample reveals the
presence of two S-containing groups: a major contribution (90 %) at 164.1 eV attributed to
thiophenes and a minor one at 168.6 eV (10 %) relative to sulphates (Figure 5).

4.1.2. Characterisation of trace elements: halogens and transition metals

Two types of trace elements were researched in the humic fractions: halogens such as
chlorine, bromine and iodine (from the Cl2p, Br3d and I3d regions) that are often associated
to the organic matter (11-15); transition metals  that are complexed by humic substances.

• Halogens

The two fractions did reveal neither the presence of bromine nor iodine.

As illustrated by the Figure 6, the HA fraction does not reveal the presence of chlorine.
The FA fraction displays a chlorine signal with two contributions (Figure 7): one at 198.3 eV
(60%) attributed to chlorides (Cl– ion), and another (40%) at 199.9 eV underlying the
presence of metallic chloride salts (e.g. AgCl2). No contribution revealing the presence of
Cl(0) covalently associated to the organic matter was observed. These results suggest that
chlorine does not react so easily than iodine with the humic matter even if the same
mechanism is implied (16-18). Actually, from our previous studies (11-15), it seems that,
whatever is the origin of the FA, iodine is systematically associated by covalent bonding. The
behaviour of chlorine seems to be slightly different, as it can be associated as Cl-, as it is the
case for the humic substances from Gorleben ground waters, but it can also form covalent
bonding with the organic matter, as it has largely been reported in the literature (16-18). The
chloride present in this sample could be attributed to the treatment of the original
groundwater.

• Transition metals

The two organic fractions are clearly different. Indeed, the HA fraction does not contain
trace metals whereas the FA sample reveals the presence of chromium, manganese and iron,
as displayed on Figure 8. These results are in agreement with those obtained from the O1s
signal: the HA sample showed one single contribution of oxygen (C=O) characteristic of
carbonyls whereas the FA fraction contains carbonyl groups but also oxides and hydroxides.

The absence of chloride and transition metals in the HA sample outline the quality of the
separation procedure.
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4.2. Synthetic humic acids from FZR: “M1” and “M42”

4.2.1. Characterisation of major elements: identification of the functional groups

As expected from the synthesis method, the two samples do not reveal the presence of
sulphur. The Figure 9 illustrates the comparison of the spectral regions C1s, N1s and O1s for
the two humic acids. The N1s regions are visibly similar whereas the C1s and O1s spectra are
quite different for the two samples and these distinctions were evidenced by the signal
deconvolutions, as discussed below in the text.

• C1s region

The two samples present the same three contributions of C-containing functions: a major
component relative to the contamination carbon, aromatics and aliphatics, and in a lesser
extent, two other contributions characteristic of the C-O and C=O groups. The sample M42
sample contains more pronounced contributions of C-O and C=O bonds that the sample M1.

• N1s region

The two samples display the same single contribution of nitrogen at 400 eV
corresponding to amines or amides.

• O1s region

Concerning this spectral region, the two samples present marked differences. M1 is made
of three O-containing groups: oxides, hydroxides (or/and silicates) and carbonyls. M42
fraction traduces the presence of only two oxygenated compounds: hydroxides (or/and
silicates) and carbonyls.

4.2.2.  Characterisation of trace elements: halogens and transition metals

As it was the case for sulphur, the two samples do not contain halogenated compounds.
Only a weak amount of silicon was observed for the two synthetic samples, probably
originated from the dissolution of vessel during the synthesis.

The transition metals were not detected in “M42”. Conversely, “M1” revealed weak
quantities of chromium and iron. These results concerning the presence of transition metals in
“M1” and not in “M42” are perfectly in agreement with the data obtained from the O1s
results: “M1” contains oxides, hydroxides and carbonyls, whereas “M42” only presents
hydroxides and carbonyls. So these data suggest that transition metals in “M1” are rather
associated to oxides.

5. Conclusion

Informations about the chemical environment of the major elements (carbon, nitrogen,
oxygen and sulphur) of the natural humic substances from the Gorleben site and of the
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synthetic humic acids were successfully obtained by XPS. Moreover, the identification of
trace elements (as transition metals and halogens) was followed.

As currently observed for humic substances, the natural humic substances “GOHY 573”
present three types of carbon (aromatics/aliphatics, C-O and C=O groups) and a single
contribution of nitrogen attributed to amines or/and amides. The S-containing groups under
the form of thiophenes and sulfates are present in the FA fraction only. Also, the two fractions
distinguish from the chemical environment of oxygen and the presence or not of chlorine and
transition metals.

Concerning the synthetic humic acids “M1” and “M42”, as for the natural samples,
carbon is present under the same three chemical forms and nitrogen is contained in amines
or/and amides. The two humic acids samples present marked differences concerning the
chemical environment of oxygen and the presence of trace elements: in the opposite to the
sample “M1”, the sample “M42” does not contain oxides which is in concordance with the
total absence of trace elements in this sample. These results suggest that the “melanoidal”
synthesis of the humic acids is particularly successful which implies that these model
substances will be investigated to study their interaction with fission products or chemical
analogues (transition metals, iodine) of 235U, in particular in the field of nuclear waste storage
studies. This approach has already been turned to good account to understand the interactions
of U(VI) with synthetic humic substances (19, 20).
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6. Figures
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Figure 1: Comparison of C1s, N1s, O1s and S2p regions of the two samples FA and HA “GOHY
573”.
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 Figure 2: Deconvolution of the C1s region of the sample FA “GOHY 573, showing the presence of three
contributions of carbon (285 eV, 286.5 eV and 289 eV).
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 Figure 3: Deconvolution of the N1s region of the sample FA “GOHY 573, showing the presence of a single
contribution of nitrogen at 400 eV.
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 Figure 4: Deconvolution of the O1s region of the sample FA “GOHY 573”, showing the presence of three
contributions of oxygen (530 eV, 531.5 eV and 533 eV)

1400

1600

1800

2000

2200

2400

2600

2800

3000

3200

161162163164165166167168169170171172

Counts

Binding Energy (eV)

 Figure 5: Deconvolution of the S2p region of the sample HA “GOHY 573, showing the presence of two
contributions of sulphur (164.1 eV and 168.6 eV).
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 Figure 6: Comparison of the Cl2p region of the two samples FA and HA “GOHY 573
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 Figure 7: Deconvolution of the Cl2p region of the sample FA “GOHY 573, showing the presence of two
contributions of chlorine (198.3 eV and 199.9 eV).
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 Figure 8: Comparison of the survey spectra of the two samples FA and HA “GOHY 573”, showing the
presence of trace elements in the FA fraction.
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 Figure 9: Comparison of C1s, N1s and O1s regions of the two synthetic humic acids “M1” and “M42”.
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1. Abstract 

The humic complexation of redox sensitive elements, described through the charge 
neutralisation model (CNM) has been reviewed in order to have a comprehensive scope. The 
data which were acquired in HUMICS program on thorium (IV), and data available in the 
literature, were reinterpreted according to the CNM and adapted to uranium (IV), 
neptunium (IV) and plutonium (IV) through analogy. Otherwise, available data which were 
obtained in the framework of the CNM were used, or adapted when necessary, for other redox 
state when the analogy is justified, i.e. Am3+-Cm3+ for Pu3+, NpO+

2 for PuO+
2 and UO2+

2  for 
PuO2+

2 . 

The resulting speciation diagrams indicate that, when (HA) = 100 mg/L, redox sensitive 
actinides should be reduced to their +IV state when EH ≤ 650 mV for plutonium, EH ≤ 150 mV 
for neptunium and EH ≤ 20 mV for U. Plutonium could be present as mixtures of 
plutonium (III) and (IV) depending on the pH value in reducing groundwater –150 ≤ EH (mV) 
≤ 150, but the known association of plutonium (VI) in marine systems are not satisfactorily 
represented. The known reduction of neptunium in Gorleben groundwater seems to be also 
well represented. The stability of uranium (VI) in humic solution when EH ≥ 100 mV is also 
represented, but these values do not represent the data obtained under reducing conditions. 
Experiments under well-controlled conditions are still needed to ascertain the comportment of 
uranium in the presence of humic substances. 
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2. Introduction 

The aqueous chemistry of actinides is one of the most intricate and interesting chapters of 
the general chemistry of these elements. In particular, uranium, neptunium and plutonium are 
redox sensitive in aqueous solution, and the study of their complexation properties has been a 
challenging puzzle for generations of scientists. As the reduced states are difficult to stabilise 
in solution, there is a large discrepancy between the different published values of 
complexation constants. Therefore, the use of analogies is a convenient way to estimate 
unknown complexation constants [1], knowing the limitation of the approach [2]. 

The complexation of actinides by humic substances (HS), which represent about 40-60 % 
of the natural organic matter (NOM), is not an exception in that matter. Humic substances are 
the alkaline extracted fraction of the NOM. From this primary fraction are extracted three sub-
fraction namely: humine that is insoluble at whatever pH; humic acids (HA) that are not 
retained on a hydrophobic resin and insoluble at acidic pH; fulvic acids (FA) that are retained 
on a hydrophobic resin and are soluble at whatever pH. 

A lot of works have been undertaken on “stable” redox states, i.e. uranium (VI), 
neptunium (V) and americium/curium/europium (III). Experimental difficulties have often 
prevented from obtaining reliable results on reduced states of uranium, neptunium or 
plutonium. Furthermore, the redox properties of humic substances [3-5] have led to confusing 
results for protactinium [6], neptunium [7, 8], plutonium [9-12] and other elements [13-19], 
even if the use of ligands to stabilise redox state is well known in the nuclear industry [20-23]. 
Otherwise, the reduction of uranium (VI) by HS has not been clearly observed up to now [24-
26]. 

The complexation of metals by humic substances has been a subject of extensive works 
in the past decades. Three types of models can be identified: discrete models that consider HS 
as a mixing of indistinct ligands [25, 27], polyelectrolytic models that consider HS as a 
macromolecular polyelectrolyte [28] and more or less continuous models that consider HS as 
a distribution of ligands [29-32]. The latter type of model could be seen as more 
representative of the intricate structure of HS, as it was illustrated in recent studies [33-35], 
and could take competition with other metals more accurately [31, 32, 36]. Nevertheless, the 
more operational first type of description has been widely applied to actinides and a large 
number of validated “constants” are available in literature. From the discrete models, the 
charge neutralisation model (CNM) [27, 37] has been applied to a lot of relevant actinides 
namely uranium (VI) [24, 38], neptunium (V) [39-41], americium, curium and europium (III) 
[42-45]. The variation of the number of available sites can be seen as a continuous term. Only 
few attempts have been reported up to now in the intricate cases of actinides (IV) and 
plutonium [46]. Even if the strong interaction of actinide (IV) with HS is known [38, 47-51], 
the available data on humic complexation are scarce. 

Nash and Choppin, more than twenty years ago in the framework of a polyelectrolytic 
model, succeeded in obtaining high interaction parameters for thorium (IV) between pH 3.9 
and 5 for different humic and fulvic acids [52]. Recently, data has been obtained under neutral 
pH conditions [46, 53]. 
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The interactions with neptunium and plutonium are more confusing as HS induce redox 
reactions [6, 9-11]. Nevertheless, the complexing properties of HS towards almost all of the 
redox analogues of these elements have received great attention. 

The aim of this exercise is to reinterpret and adapt the available data in the literature in 
the framework of the CNM in order to define the scope of humic complexation of redox 
sensitive elements. 

3. Treatment of data 

Only the complexing properties of HS will be considered here, since their reducing 
properties have not totally been clarified. 

3.1. CNM model 

The description of the CNM has been done elsewhere and will not be completely 
developed here [27]. Through this model, the increase of the HS interaction with metal vs. pH 
is managed through a varying parameter LC, the loading capacity, which represents the 
maximum fraction of the humic sites [HA(z)]T, that can be involved in a complexation 
reaction. Hence the complexation is described by a “real constant”. 

Mz+ + HA(z) →← MHA(z) βz =  
[MHA(z)]

[Mz+]F [HA(z)]F
 (1), 

where [HA(z)]F and [Mz+]F are respectively the concentrations of free humic sites and Mz+ in 
solution. The total concentration of humic sites available to complex a metal Mz+ is written: 

[HA(z)]T (eq/l) = (HA) (g/l) × PEC (eq/g) 
z   (2), 

where (HA) is the concentration of HA in g/l, PEC is the proton exchange capacity  (eq/g) 
determined by titration. 

The free humic site concentration [HA(z)]F is defined as the difference between the 
maximum concentration of humic sites available for the metal LC × [HA(z)]T, and the actual 
concentration of humic sites that are involved in the complexation [MHA(z)]. 

[HA(z)]F = LC × [HA(z)]T – [MHA(z)]  (3) 

The complexation constant is thus written as: 

β1.z = 
[MHA(z)]

[Mz+]
F
  

LC × [HA(z)] 
T
 – [MHA(z)]

  (4). 

Nevertheless, in the case of moderately hydrolysed actinides (e.g. Am3+ or UO2+
2 ), the 

authors have managed the metal-HA interaction increase with pH by postulating the 
formation of mixed complexes [54-56]: 

143



  

Mz+ + n OH– + HA(z-n) →← M(OH)nHA(z-n) β1.n.z = 
[M(OH)nHA(z-n)]

[Mz+]F [OH–]n [HA(z-n)]F
 (5). 

Panak et al. [54] have also noticed spectroscopic modifications of Cm(III) in the presence 
of HA with increasing pH and carbonate concentration. They postulated the occurrence of 
mixed carbonato species through the reaction: 

Mz+ + m CO2–
3  + HA(z-2m) →← M(CO3)mHA(z-2m) β1.m.z = 

[M(CO3)mHA(z-2m)]
[Mz+]F [CO2–

3 ]m [HA(z-2m)]F
 (6). 

In these cases, LC is not easy to determine and the authors postulated that LC ≡ 1 due to 
the pH value close to the total ionisation of the HS (pH ≥ 6) [54, 55]. 

3.2. Reinterpretation of thorium (IV) literature data through CNM 

3.2.1. Formation of ThHA(IV) 

The hydrolysis and carbonation of thorium (IV) in solution is still a matter of debate [57-
63]. Nevertheless, it is commonly accepted that Th4+ is less prone to hydrolysis than other 
actinides (IV). The humic complexation* of thorium (IV) in acidic media has been studied by 
Nash and Choppin [52] using liquid-liquid extraction from water.† From the complexation 
constants available in [52] taken from [57, 64], it can be calculated that the chemistry of 
thorium (IV) is dominated by acetate complexation. 

The reaction between Th4+ and HA(IV) can be written: 

Th4+ + HA(IV) →← ThHA(IV) β1.IV = 
[ThHA(IV)]

[ Th4+]F [HA(IV)]F
 (7). 

The available data can be used to calculate log β1.IV. Using the Schubert formalism [65, 
66], and under the conditions that thorium is present at trace concentration, the distribution 
coefficient of thorium between organic and aqueous phase is written as: 

D° = 
[Th]org

[Th]aq
 ≡ 

[Th]org

[Th4+] × 








1 + ∑
i=1

n

 
*βi

[H+]i + ∑
j=1

m

 βAcO
j  





[AcOH]T

1 + βH [H+]

 j
 = 

[Th]org

 [Th4+] × α (8). 

were *βi are the thorium (IV) cumulative hydrolysis constants, βAcO
j  are the cumulative 

constants for acetate complexation and βH is the protonation constant for acetate ion and α is 
the complexation coefficient. 

                                  
*
 Humic acid from Lac Bradford 

†
 Sodium acetate 0.05 M - sodium perchlorate 0.05 M in toluene with di-2-ethyhexyl phophoric acid 
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Assuming that humic complexes are not extracted in the organic phase, the distribution 
coefficient is thus written: 

D ≡ 
[Th]org

[Th4+]  
α + β1.IV [HA(IV)] 

F

  (9) 

From equation (8) and (9), comes the expression of β1.IV: 

β1.IV  = 




D°

D  – 1  α
[HA(IV)]F

  (10). 

Knowing that 230Th is used as a tracer, the balance of humic sites is not significantly 
modified by the complexation and β1.IV can be expressed as: 

β1.IV  ≡ 




D°

D  – 1  
α

LC × [HA(IV)]T
  (11). 

The LC parameter cannot be determined straightforwardly from the available data 
because Th4+ saturation experiment was not, or rather could not be undertaken in [52]. Hence, 
only the product LC × β1.IV could be calculated. 

The pH, D and [HA]T (eq/L) values from Nash and Choppin [52] are reported in table 1. 
[HA(IV)]T is calculated as [HA]T/4, according to the model. The values of the complexation 
coefficient α are obtained from the thorium acetate complexation constants βAcO

j  available in 
[52, 64], pKa (AcO–) = 4.5 and the thorium hydrolysis constants *βi in [57] (Table 2).* A 
mean value of log (LC × β1.IV) = 11.7 ± 0.3 is obtained (Figure 1) with a 95% confidence 
interval.† It is to be noted that the use of other constant sets [59, 61, 63] induces only minor 
changes, since the speciation of thorium (IV) is controlled by acetate complexation. 

                                  
*
 One should note that the strict application of SIT should require the knowledge of Th4+/CH3COO– interaction parameter since the ionic 
medium is a mixture of CH3COONa and NaClO4. 

†
 t0.95 = 2.201 
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Table 1: Estimation of log β1.IV using CNM, from experimental data in Nash and Choppin [52]. 

pH D [HA]T [HA(IV)] [AcO–] α 
D°
D  – 1 β1.IV × LC log (β1.IV × LC)

3.98 31.48   1.16 10-2 9.46 103    
3.98 33.75        

        
3.937 2.170 1.48 10-6 3.58 10-7 1.07 10-2 7.60 103 13.51 2.87 1011 11.46 
3.937 2.195     14.38 3.05 1011 11.48 

         
3.939 1.446 1.98 10-6 4.77 10-7 1.08 10-2 7.68 103 20.77 3.34 1011 11.52 
3.939 1.423     22.71 3.65 1011 11.56 

         
3.93 1.120 2.47 10-6 5.97 10-7 1.06 10-2 7.34 103 27.11 3.33 1011 11.52 
3.93 1.086     30.08 3.70 1011 11.57 

         
3.961 0.362 4.95 10-6 1.20 10-6 1.12 10-2 8.59 103 85.91 6.17 1011 11.79 
3.961 0.380     87.90 6.31 1011 11.80 

         
3.928 0.219 7.38 10-6 1.78 10-6 1.06 10-2 7.26 103 142.42 5.80 1011 11.76 
3.928 0.218     154.06 6.28 1011 11.80 

         
3.922 0.147 9.88 10-6 2.39 10-6 1.05 10-2 7.04 103 212.61 6.27 1011 11.80 
3.922 0.155     217.07 6.40 1011 11.81 

      log ( β1.IV × LC ) ± s95% = 11.7 ± 0.3
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Figure 1: Values of log (LC × β1.IV) in the case of thorium (IV) from the results in table 1 [52]. 
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Table 2: Complexation constant used in this study. Extrapolation at 0.101 m NaClO4 with SIT [67], using 
the parameters stated in the reference. 

Equilibrium log K 
[67] Th  U [67, 68] Np [69] Pu [69] 

CO2(aq) + H2O →← HCO–
3 + H+ –6.15     

HCO–
3 →← CO2–

3  + H+ –9.90     

H2O →← H+ + OH– –13.80     

M3+ + H2O →← MOH2+ + H+    –7.24 –7.34 

M3+ + 2H2O →← M(OH)+
2 + 2H+     –15.66 

M3+ + CO2–
3  →← MCO+

3
     6.21  [69, 70] 

M3+ + 2CO2–
3  →← M(CO3)–

2     10.69  [69, 70] 
   [64]    
M4+ + AcO– →← MOAc3+   4.04     

M4+ + 2AcO– →← M(OAc)2+
2    7.33    

M4+ + 3AcO– →← M(OAc)+
3   9.47    

M4+ + 4AcO– →← M(OAc)4   11.00    
   [63] [59, 60]    
M4+ + H2O →← MOH3+ + H+   –2.85 –3.79 –1.18 –0.93 –1.45 

M4+ + 2H2O →← M(OH)2+
2  + 2H+   –7.08    

M4+ + 3H2O →← M(OH)+
3 + 3H+   –12.30 –10.38    

M4+ + 4H2O →← M(OH)4 + 4H+   –18.80 –15.16 –6.00 –11.09 –8.27 

M4+ + 5CO2–
3  →← M(CO3)6–

5     32.27 33.94 35.58 34.07 

M4+ + CO2–
3  + 3H2O →← MCO3(OH)–

3 + 3H+    –2.18    

M4+ + 2CO2–
3  + 3H2O →← M(CO3)2(OH)3–

3  + 3H+     7.22 [71] 
      
MO+

2 + H2O →← MO2OH + H+    –11.29 –9.72 

MO+
2 + CO2–

3  →← MO2CO–
3    4.58 4.72 

MO+
2 + 2CO2–

3  →← MO2(CO3)2–
2     6.61 6.39 

      
MO2+

2  + H2O →← MO2OH+ + H+   –5.38  –5.71 

MO2+
2  + 2H2O →← MO2(OH)2 + 2H+   –10.53  –13.40 

MO2+
2  + 3H2O →← MO2(OH)–

3 + 3H+   –19.19  –19.19 [71] 

MO2+
2  + CO2–

3  →← MO2CO3
   8.80  10.76 

MO2+
2  + 2CO2–

3  →← MO2(CO3)2–
2    16.16  13.66 

MO2+
2  + 3CO2–

3  →← MO2(CO3)4–
3    21.66  17.76 

      
MO+

2 + ½ H2 + 4H+ →← M4+ + 2H2O + H+    11.41  

MO+
2 + H2(g) + 4H+ →← M3+ + 2H2O + 2H+    14.14  

MO2+
2  + ½ H2 →← MO+

2 + H+     15.52 

MO2+
2 + H2 + 4H+ →← M4+ + 2H2O + 2H+   9.94  34.13 

MO2+
2 + 3/2 H2 + 4H+ →← M3+ + 2H2O + 3H+     51.12 

Following the recommendation in [67], H+ issued from the hydrogen oxidation are not taken into account in ∆z² and ∆ε, 
and are thus written in italic. 
 

From the determination of LC in the case of neptunium (V), it has been observed that 
HAs from Gorleben (Gohy 573), Aldrich or Lac Bradford follow the same pattern [Fig. 8 in 
72], yielding to the following expression: 

log LC = (0.26 ± 0.03) pH – (2.72 ± 0.02)  (12). 
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Otherwise, LC seems to increase with the charge of the metal (e.g. Am3+ - pH = 4, LC = 
0,216 ± 0,007 [27]; UO2+

2 - pH = 4, LC = 0,186 ± 0,003 [24]; NpO+
2, pH = 7, LC = 0.13 ± 0.01 

[72]). Unfortunately, the extrapolation to z = 4 seems to be unreasonable because of the 
residual charges greater that z carried by the metals in actinyl (V) and (VI) molecular ions 
[73]. Furthermore, it is known that UO2+

2  behave like a trivalent cation regarding to the humic 
complexation [24, 37, 74, 75] and micellar exchange [76]. We propose to use LC = 0.2 in a 
first approximation as in the case of Am3+. This leads to a value of log β1.IV = 12.4 ± 0.3 with a 
95% confidence interval. Under these particular conditions, the value of LC does not seem to 
be as crucial as in the case of Am3+ [Fig. 7 in  27], as a value of LC = 0.3 would lead to a 
value of log β1.IV = 12.2, and log β1.IV = 12.7 when LC = 0.1. The experimental uncertainty 
(2.6%) is without a doubt underestimated regarding to our approximations and possible 
systematic errors. Consequently, a 5% uncertainty should be a better estimate, leading to 
log β1.IV = 12.4 ± 0.6. 

The speciation of thorium (IV) using the specific interaction theory (SIT) [67], referring 
to the parameter in [63] (constants in Table 2) in 0.101 mol/kg water (m) (0.1 M NaClO4), 
could be proposed on figure 2 when [HA(IV)]T = 1.85 10-5 eq/L,* close to the value for a the 
Gorleben site Gohy 2227 [77]. The importance of humic complexation would then be limited 
to pH ≤ 6.5, which is not in agreement with several environmental observations [38, 47-51]. 

In the framework of the CNM, the formation of a mixed hydrolysed complex could be 
postulated. 
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Figure 2: Speciation of thorium (IV) vs. pH taking into account ThHA(IV) log β1.IV = 12.4 referring to [63]: 
[Th] = 10-10 m, [NaClO4] = 0.101 m, (HA) = 140 mg/l or [HA(IV)] = 1.85 10-5 eq/L; initial experimental data 
from [52]. 

                                  
*
 (HA) = 140 mg/L, PEC = 5.4 meq/g. 

ThHA(IV) 
Th(OH)4 

Th(OH)+
3 
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3.2.2. Mixed complexes formation 

Up to now only few studies considering mixed complexes of tetravalent actinides have 
been published. The first estimation was proposed in the case of plutonium (IV) in [78] 
considering the fact that more than 90% of tetravalent elements were complexed by HS in 
natural waters. The authors proposed the formation of Pu(OH)3HA(I) through: 

Pu4+ + 3OH– +HA(I) →← Pu(OH)3HA(I) log HAβ1.3.I = 56,4 (13). 

Up to now no validation of this estimate was done. 

Recently, we studied the interaction of thorium (IV) with HS in a neutral pH range in 
competition with the silica surface [53]. These data could also be interpreted in the framework 
of the CNM. Adapting the equation (8) and (9) to this particular problem leads to the 
following relations: 

β1.3.I  = 
α

LC × [HA(I)]T × [OH–]3 





Ko

d

Kd
 – 1  = 

α
LC × [HA(I)]T × 10(pH-3pKw) 






Ko

d

Kd
 – 1  (14).  

As in the case of Am3+-Cm3+ mixed complexes, we will consider that LC ≡ 1 [54, 55]. 
The experimental results and estimated constants are reported in table 3. 
 

Contrary to log β1.IV, log β1.n.I directly depends upon the hydrolysis constant set since this 
phenomenon controls the aqueous speciation. Mean values of log β1.3.I of 35.1 ± 0.7 [63] 
(Figure 3), 36.7 ± 0.8 [57] to 38.7 ± 0.8 [59] are obtained depending on the origin of the 
constants with 95% confidence interval. 

The speciation with [HA]T = 7.8 10-4 eq/L,* i.e. close to the Gorleben Gohy 2227 case, 
referring to [63] is proposed on figure 4a under these assumptions. Compared with figure 2, 
the predominance of humic complexes of thorium (IV) is clearly shifted by more than two pH 
units as Th(OH)4(aq) only impede the humic complexation. When pH ≥ 9 the proportion of 
humic complex is still as high as 33%. If the HA concentration is reduced to [HA]T = 
6.00 10-6 eq/L,† close to estimated value in Mont-Terri and Benken Swiss site [79] (Figure 
4b), then humic complexes would represent 20% at pH = 7 and around 3% at pH = 8. 

                                  
*
 (HA) = 140 mg/L, PEC = 5.4 meq/g, [HA(I)] = 7.4 10-4 eq/L, [HA(IV)] ≈ 1.9 10-4 eq/L. 

†
 (HA) = 0.6 mg/L, PEC = 5.4 meq/g, [HA(I)] = 3.23 10-6 eq/L, [HA(IV)] ≈ 1.08 10-6 eq/L 
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Table 3: Estimation of the stability constants for Th(OH)3HA(I) and Th(OH)4HA(I) from experimental data in 
[53] referring to [63]. Uncertainties are 95% confidence intervala 

pH [HA(I)] R Kd α log β1.3.I log β1.4.I 
7.91 0 0.857 2.395 104    
8.02 1.14 10-5 0.842 2.133 104 1.97 1013 34.7 40.4 
7.97 2.27 10-5 0.744 1.165 104 1.25 1013 35.3 41.1 
7.87 3.41 10-5 0.578 5.469 103 5.00 1012 35.5 41.4 
7.89 4.55 10-5 0.511 4.184 103 6.00 1012 35.5 41.4 
7.86 5.68 10-5 0.430 3.012 103 4.57 1012 35.6 41.5 
7.86 6.54 10-5 0.368 2.331 103 4.57 1012 35.6 41.6 
7.86 7.67 10-5 0.347 2.122 103 4.57 1012 35.6 41.5 
7.84 8.53 10-5 0.332 1.986 103 3.81 1012 35.6 41.5 
7.81 1.14 10-4 0.207 1.042 103 2.90 1012 35.7 41.7 
7.83 1.71 10-4 0.176 8.549 102 3.47 1012 35.7 41.6 

     35.5 ± 0.7 41.4 ± 0.8 
7.31 0 0.756 1.243 104    
7.22 1.14 10-5 0.630 6.825 103 1.44 1010 34.8 41.3 
7.20 2.27 10-5 0.377 2.420 103 1.20 1010 35.1 41.7 
7.14 3.41 10-5 0.298 1.698 103 7.10 109 35.1 41.8 
7.17 4.55 10-5 0.242 1.279 103 9.24 109 35.1 41.8 
7.18 5.68 10-5 0.187 9.221 102 1.01 1010 35.2 41.8 
7.14 6.54 10-5 0.182 8.920 102 7.10 109 35.1 41.8 
7.10 7.67 10-5 0.149 7.012 102 5.00 109 35.1 41.8 
7.14 8.53 10-5 0.140 6.513 102 7.10 109 35.2 41.8 
7.21 1.14 10-4 0.137 6.348 102 1.31 1010 35.1 41.7 
7.22 1.71 10-4 0.129 5.917 102 1.44 1010 35.0 41.5 

     35.1 ± 0.3 47.7 ± 0.4 
6.72 0 0.937 5.909 104    
6.76 1.13 10-5 0.855 2.355 104 2.31 108 34.7 41.7 
6.73 2.27 10-5 0.662 7.844 103 5.34 108 35.1 42.0 
6.74 3.41 10-5 0.690 8.888 103 2.12 108 34.8 41.8 
6.78 4.55 10-5 0.673 8.236 103 5.71 107 34.6 41.8 
6.76 5.68 10-5 0.555 4.982 103 3.50 108 34.9 41.9 
6.74 6.53 10-5 0.560 5.085 103 3.50 108 34.8 41.8 
6.76 7.67 10-5 0.504 4.067 103 3.22 108 34.8 41.8 
6.72 8.53 10-5 0.502 4.039 103 1.80 108 34.7 41.8 
6.76 1.14 10-4 0.364 2.289 103 2.51 108 34.9 41.9 
6.74 1.71 10-4 0.311 1.804 103 2.72 108 34.8 41.9 

     34.8 ± 0.3 41.9 ± 0.2 
       
     35.1 ± 0.7 41.6 ± 0.6 

a log β  ± t0.95.σ, with t0.95 = 2.262 for 10 values (9 degrees of freedom), and t0.95 = 2.045 for 30 values (29 
degrees of freedom). 
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Figure 3: Determination of log β1.3.I (Eq. 14) and log β1.4.I (Eq. 16) from experimental data in [53], referring 
to auxiliary data in [63] (see table 3). 
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Figure 4: Speciation of thorium (IV) vs. pH taking into account ThHA(IV) (log β1.IV = 12.4 from experimental 
data in [52]) and Th(OH)3HA(I) (log β1.3.I = 35.1 from experimental data in [53]) referring to auxiliary data in 
[63]: a. [NaClO4] = 0.101 m, [HA(I)] = 7.8 10-4 eq/L, [HA(IV)]T = 1.95 10-4 eq/L; b. [NaClO4] = 0.101 m, [HA(I)] = 
1.48 10-6 eq/L, [HA(IV)] = 3.7 10-7 eq/L. 

Using a 95% confidence interval, the determinations at different pH values are not 
significantly different. Nevertheless, a slight increase could be mentioned (Figure 3). Two 
hypothesis could be made in the framework of the model: the occurrence of one less 
hydrolysed or one more hydrolysed species: e.g. Th(OH)2HA(II) and Th(OH)4HA(0) 
respectively. The former hypothesis is impossible to assess using these experimental data 
since Th(OH)2+

2  would be predominant in solution when pH ≤ 5.5 [63]. The latter hypothesis 
needs an adaptation of the model. Through equation (2), if z = 0 then [HA(0)] → ∞. Hence, 
the boundary condition is when z = 0 then [HA(0)] = [HA(I)]. 

The following equilibrium could then be proposed: 

ThHA(IV) 

Th(OH)3HA(I) 

Th(OH)4(aq) 

Th(OH)+
3 

ThHA(IV) 

Th(OH)3HA(I) 

Th(OH)4(aq) a.) b.) 
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Th4+ + 4 OH– + HA(I) →← Th(OH)4HA(I) log β1.4.I = 
[Th(OH)4HA(I)]

[Th4+]F [OH–]4 [HA(I)]F
 (15) 

The equation (14) is then rewritten as: 

β1.4.I  = 
[Th(OH)4HA(I)]

[Th4+]F [OH–]4 [HA(I)]F
 ≡ 

α

[HA(I)]T × 10
(pH-4.pKw) 






Ko

d

Kd
 – 1  (16) 

The calculated values of log β1.4.I are also reported in table 3, and no increase with pH 
could be noted (Figure 3). Like in the case of log β1.3.I, log β1.4.I directly depends on the 
hydrolysis constant set. Mean values of log β1.4.I of 41.6 ± 0.6 [63], 43.2 ± 0.6 [57] and 45.2 ± 
0.6 [59] are obtained depending on the origin of the constants. The speciation could be 
proposed with [HA]T = 7.4 10-4 eq/L on figure 5a, where HA totally controls the thorium 
chemistry when pH ≤ 10. The proportion of humic complex is still important when (HA) is 
lowered to 0.3 mg/L or [HA]T = 1.48 10-6 eq/L (Swiss site, Figure 5b). This result does not 
seem to be in agreement with the results of the study of Glaus et al. [79]. One must remind 
that the carbonate complexation has not been taken into account. 
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Figure 5: Speciation of thorium (IV) vs. pH taking into account Th(OH)4HA(I) with log β1.4.I = 41.6 referring 
to [63]: a. [NaClO4] = 0.101 m, [HA(I)] = 7.8 10-4 eq/L, [HA(IV)] = 1.95 10-4 eq/L; b. [NaClO4] = 0.101 m, [HA(I)] 
= 1.48 10-6 eq/L, [HA(IV)] = 0.3 10-6 eq/L. 

The original sorption results in [53] could help us to opt for an hypothesis. Both Ko
d and 

Kd values of thorium (IV) in the systems Th-SiO2-HA are very similar at the three pH values 
(i.e. 6.75, 7.2, 7.9). This fact may indicate that the complexation properties of HA towards 
thorium (IV) are rather constant in the pH range. This may be in favour of the Th(OH)4HA(I) 
option, which implies a rather constant proportion of humic complex when pH ≥ 6.7. 

3.2.3. Application to solubility prediction and on independent data 

One could calculate the enhancement of the “theoretical” solubility of ThO2(cr) referring 
to the values in [63] in the case of Gohy 2227 (Figure 6). A fairly high enhancement of 
thorium solubility could be prognosticated. In the case of the Swiss sites the enhancement is 
lower than the uncertainty of the ThO2 solubility (data not shown). Like it has already been 
observed in the case or Fe, [80, 81], Al [82] and Pd [83], an increase of more than one order 
of magnitude could be expected. The same trend could be observed for the other actinide 
oxides. An experimental validation of this hypothesis is needed. 

ThHA(IV) 
Th(OH)4HA(I) ThHA(IV) 

Th(OH)4HA(I) 

Th(OH)4(aq) 

Th(OH)+
3 

a.) b.) 
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Figure 6: Calculated solubility of ThO2(cr) [NaClO4] = 0.101 m using ThHA(IV) (log β1.IV = 12.4) and 
Th(OH)4HA(I) (log β1.4.I = 41.6), referring to auxiliary data in [63]; plain line [HA]T = 0 eq/L, dashed line [HA]T 
= 7.4 10-4 eq/L (HA = 140 mg/L). 

The formation of carbonate complexes of thorium is a matter of debate. Some authors 
proposed the limiting carbonate complex Th(CO3)

6-
5  [58, 60], as it is the case for uranium (IV) 

[67], plutonium (IV) [84] and neptunium (IV) [69]. From solubility experiments of ThO2 in 
carbonate media, the formation of ThCO3(OH)–

3 was also proposed [60]. Even if the formation 
of mixed complexes is also a matter of debate [85-87], we can use these constants in order to 
appreciate the effects of carbonate complexation of thorium (IV) on the stability of humic 
complexes. A speciation could be proposed with a total inorganic carbon concentration, [TIC] 
= 8.2 10-3 m, [HA]T = 7.4 10-4 eq/L, using the Th4+ hydrolysis and carbonation constants in 
[59, 60] extrapolated to 0.101 m (0.1 M NaClO4) using the SIT parameters in [67], the 
associated humic constants log β1.IV = 12.4, log β1.3.I = 38.7 (Figure 7a) or log β1.4.I = 45.2 
(Figure 7b). When Th(OH)3HA(I) is taken into account, the mixed carbonato complex limits 
the domain where the humic complexation controls thorium chemistry. Nevertheless, the 
humic complex represents 60% of total thorium (IV) at pH = 8 (Figure 7a). Conversely, when 
Th(OH)4HA(I) is considered, ThCO3(OH)–

3 only decrease the proportion of Th(OH)4HA(I) to 
90% (≈ 100% without carbonate, Figure 7b). This latter result seems to be more relevant of 
natural situations where thorium is associated to natural organic matter in the presence of 
carbonate ions [44, 53, 77]. Furthermore, an application to the works of Glaus et al. [79] leads 
now to the same weak interaction of thorium (IV) with Mont-Terri and Benken organic matter 
as already calculated in [53] (Th(OH)4HA(I) ≤  3 %), Figure 7c).* 

These reinterpretations of the literature data provide a consistent view of the 
environmental behaviour of thorium (IV). Nevertheless, further works are needed in order to 
assess these points experimentally. 

                                  
*
 12.5 mg/l ≤ (NOM) ≤ 5.5 mg/l, comprising around 5% HA 
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In the following we will use the complexes MHA(IV) with log 1.IV  = 12.4 and 
M(OH)4HA(I) with log β1.4.I adapted to the hydrolysis constants sets. 
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Figure 7: Speciation of thorium (IV) vs. pH referring to [59, 60], log β1.IV = 12.4, [NaClO4] = 0.101 m, 
[TIC] = 8.2 10-3 m, [HA(I)] = 7.8 10-4 eq/L, [HA(IV)]T = 1.9 10-4 eq/L; log β1.IV = 12.4; a. log β1.3.IV = 38.7; b. log 
β1.4.IV = 45.2; c. (HA) = 0.6 mg/L, PEC = 5.4 10-3, [HA(I)] = 3.23 10-6 eq/L, [HA(IV)] = 1.08 10-6 eq/L. 

4. Application to other redox sensitive actinide elements 

The use of analogy between elements is useful when it is a matter of estimating data on 
difficult systems like uranium, neptunium or plutonium [1, 71, 88]. In deep geological media, 
these elements are supposed to be stable in their reduced form i.e. neptunium (IV), 
uranium (IV) and plutonium (IV) - plutonium (III) [69, 89]. If data on americium (III) or 
curium (III) and uranium (VI) exist in the literature [24, 37], there is only one communication 
up to now on neptunium (IV) complexation by HA in neutral pH through CNM [46]. Using 
CNM, the authors report an “increasing” constant in the case of Np(OH)3HA(I) and log β1.4.I = 
52 independent of pH (6 ≤ pH ≤ 9.5). The neptunium (IV) hydrolysis data are not referred in 
this abstract. 

If one assumes that the results obtained with thorium (IV) [53] can mimic those that may 
be acquired in the case of uranium (IV), neptunium (IV) or plutonium (IV), then using 
equation (11) and (16), with the proper α values and the hydrolysis constant extrapolated to 
0.101 m NaClO4 [67, 69], would give a reasonable estimates of β1.IV and β1.4.I. The value of 
log β1.4.I = 49.3 could be proposed in the case of neptunium (IV). This value is in fair 

Th(OH)4(aq) 

ThCO3(OH)–
3 Th(OH)4HA(I) 

ThCO3(OH)–
3 

Th(OH)3HA(I) a.) 
b.)

c.) 

Th(OH)4(aq) 

ThCO3(OH)–
3 

Th(OH)4HA(I) 
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agreement with the results of [46]. In as much, log β1.4.z values of 54.4 referring to [67] and 
52.1 referring to [69 page 323]* could be proposed in the case of uranium (IV) and 
plutonium (IV) respectively. One could note that these proposed constants agree with the 
order of affinity proposed in [90]. Furthermore, thorium (IV) and plutonium are known to 
have the same comportment in presence of natural organic matter [91].  Nevertheless, readers 
should bear in mind that these constants are only estimates and should be used with caution. 

An exercise on the chemistry of uranium, neptunium and plutonium in waters that 
contains high HA concentration could be proposed. The complexation constants from 
Am3+/Cm3+/Eu3+ are very similar to one another [37, 45]. Then using log β1.III = 6.2 seems to 
be a fair approximation in the case of Pu3+ or Np3+. The constants of the mixed complexes 
evidenced in [54, 55] can also be used without modification for Pu3+, i.e. log β1.1.II ≈ 13 and 
log β1.2.I ≈ 17.6. In the case of the carbonato complex, the estimation of Pu(CO3)

3-2m
m  in [70], 

very close to the values recommended for Am3+ [68], and the mixed complex postulated in 
[54], will be applied without any modification. The upper limit constant for the formation of 
mixed carbonato complex Pu(CO3)2(OH)3–

3 ,† used by Vitorge and Capdevila [71] to fit the 
PuO2(s) solubility in carbonate media from literature was also included. 

For actinyl (V) and (VI) ions, the values for NpO+
2 obtained at low level [25, 40, 41], and 

UO2+
2  [24, 56], could be directly applied to PuO+

2 and adapted to PuO2+
2 . The constants 

calculated from the original data at 0.101 m NaClO4 referring to PuO2+
2 , NpO+

2 and UO2+
2  are 

also reported in Table 4. These constants were used in the analytical resolutions of the 
systems. 

It is also reminded to the reader that the reducing capacity of HS is not taken into account 
in these calculations, as this behaviour is still difficult to assess [3-5] and is dependant on 
light exposure [9, 92]. 

The speciation for plutonium (Figure 8), neptunium (Figure 9) and uranium (Figure 10) 
can be calculated when EH = – 30 mV, with [TIC] = 8.2 10-3 m, 6 ≤ pH ≤ 10, [HA]T = 0 and 
5.4 10-4 eq/L,‡ and assuming that LC = LC(Am3+) for all humic complexes [Fig. 3 in 37] 
except for MO2HA(I) [Eq. 14 in 72]. As expected, under these particular conditions, mixes of 
redox species could be observed. For every actinide, a shift in the predominance of M(III) and 
M(IV) towards higher pH values in the presence of HA could be observed, due to the 
formation of the mixed complexes. The formation of NpHA(III) or NpOHHA(II) only occurs 
below the reduction limit of water and are not reported. 

                                  
*
 log *β°(Pu(OH)4(aq)) = – 6.9 

†
 Pu4+ + CO2–

3  + 3OH– →← Pu(CO3)2(OH)2–
3  , log β < 50.5 

‡
 (HA) ≈ 100 mg/L 
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Table 4: Stability constants for humic complexes used in this study. The constants that takes into 
account the reduction of M(VI) are calculated using the data from table 2. 

Equilibrium  log βn.m.z  
 Pu Np U 

M3+ + HA(III) →← MHA(III)  6.2   

MO2+
2  + 3/2 H2 + 4H+ + HA(III) →← MHA(III) + 2 H2O + 3 H+ 57.3 20.3  

M3+ + OH– + HA(II) →← MOHHA(II) 13   

MO2+
2  + 3/2 H2 + 3H+ + HA(II) →← MOHHA(II) + H2O + 3 H+ 50.3 13.3  

M3+ + 2 OH– + HA(I) →← M(OH)2HA(I) 17.6   

MO2+
2  + 3/2 H2 + 2H+ + HA(II) →← M(OH)2HA(II) + 3 H+ 41.1   

M3+ + CO2–
3  + HA(I) →← MCO3HA(I) 12.4   

MO2+
2  + 3/2 H2 + 4H+ + CO2–

3  + HA(I) →← MCO3HA(I) + 2 H2O + 3 H+ 63.5   

M4+ + HA(IV) →← MHA(IV) 16.0 13.2 18.2 

MO2+
2  + H2 + 4H+ + HA(IV) →← MHA(IV) + 2 H2O + 2 H+ 50.1 24.6 28.1 

M4+ + 4 OH– + HA(I) →← M(OH)4HA(I) 52.0 49.3 54.4 

MO2+
2  + H2 + 2 H2O + HA(I) →← M(OH)4HA(I) + 2 H+ 30.9 5.5 9.0 

MO+
2 + HA(I) →← MO2HA(I) 4.6 4.6  

MO2+
2  + ½ H2 + HA(I) →← MO2HA(I) + H+ 20.0   

MO2+
2  + HA(II) →← MO2HA(II) 6.2  6.2 

MO2+
2  + OH– + HA(I) →← MO2OHHA(I) 14.05  14.7 
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Figure 8: Speciation of plutonium vs. pH referring to [69], log β1.4.IV = 52, EH = – 30 mV, [TIC] = 8.2 10-3 m; a. 
[HA]T = 0; b. [HA]T = 5.4 10-4 eq/L 
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Figure 9: Speciation of neptunium vs. pH referring to [69], log β1.4.IV = 49.3, EH = – 30 mV, [TIC] = 8.2 10-3 m; 
a. [HA]T = 0; b. [HA]T = 5.4 10-4 eq/L 
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Figure 10: Speciation of uranium vs. pH referring to [67, 68], log β1.4.IV = 54.4, EH = – 30 mV, [TIC] = 
8.2 10-3 m; a. [HA]T = 0; b. [HA]T = 5.4 10-4 eq/L. 

The theoretical speciation vs. EH (V) at pH = 7, [TIC] = 8.2 10-3 m and [HA]T = 5.4 10-4 
eq/L (HA) = 100 mg/L)  for neptunium, plutonium and uranium (Figure 11) can also be 
calculated. It can be seen that neptunium could coexist as NpO2HA(I) and Np(OH)4HA(I), and 
that it could be totally reduced in Np(OH)4HA(I) when EH ≤ 0 mV (Figure 11a). This can be 
related with the observation from Gorleben ground waters [56]. Furthermore, the formation of 
NpHA(IV) would impede the reduction to neptunium (III) when pH ≤ 5 (data not shown). 

In the case of Pu (Figure 11b), plutonium (III) humic complexation could be significant 
when EH ≤ 100 mV and may lead to mixes of plutonium oxidation states in solution, as it has 
already been reported [93, 94]. The other redox behaviour of plutonium reported in [10, 11] 
are more difficult to assess with these data. Nevertheless, different authors have measured EH 
for different humic acid solutions at pH = 7: EH ≈ + 230 mV [4]; EH ≈ + 260 mV [95]; 300 ≤ 
EH (mV) ≤ 400 [96]; 438 ≤ EH (mV) ≤ 407 [97]. Under these conditions, plutonium is stable as 
Pu(OH)4HA(I), and plutonium (VI) or plutonium (V) introduced could be reduced and then 
complexed by HA. 

In the case of uranium (Figure 11c), the formation of U(OH)4HA(I) could also imply a 
shift in the predominance of uranium (IV) towards higher pH values. The negative carbonato 
complexes of uranium (VI) would impede the formation of the humic complex [56, 75]. The 
reduction of uranium (VI) would only be possible when EH ≤ 80 mV. This value is higher that 
the measured ones [4, 95-97] and gives a plausible explanation for the absence of reaction 
noted by several authors [24, 25]. One should note that the comportment of UO2OHHA(I) and 
PuO2OHHA(I) are not the same due to the highest constant for PuO2CO3(aq) [68, 69], 
probably due to systematic uncertainty [Vitorge, Pers. Comm.]. This cannot be considered as 
representative of plutonium (VI) comportment in sea water [12]. Furthermore, one can notice 
that there is a marked difference between the experimental data form different authors for 
uranium (VI) under low CO2(g) partial pressure.* Zeh et al. [56] did not evidenced relevant 
humic interaction when pH ≥ 9, while Glaus et al. [74, 75] and Laszak [98] quantified a 
significant interaction up to pH = 10. The humic interaction of M(VI) cations could therefore 

                                  
*
 log(pCO2) = – 6 

U(OH)4(aq) 

UO2(CO3)2–
2  

UO2(CO3)4–
3  

a.) 

U(OH)4HA(I) 

UO2(CO3)2–
2  

UO2(CO3)4–
3  
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be underestimated in neutral to alkaline media. Further works are needed to ascertain this 
point. 
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Figure 11: Speciation of actinides 10-10 m vs. EH (V), pH = 7, [NaClO4] = 0.101 m, [TIC] = 8.2 10-3 m and 
[HA]T = 5.4 10-4 eq/L; a. neptunium; b. plutonium; c. uranium. 

Nevertheless, in the case of uranium, neither the results of Li et al. [99], nor those from 
Artinger et al. [26] could be assessed. In the latter study, the authors did not observe any 
difference in the comportment of uranium, introduced as uranium (VI) or uranium (IV), 
neither with purified HA [99], nor with Gorleben groundwater in the presence of natural 
organic matter at varying EH [26].* Under these conditions, the uranium speciation would 
predict U(OH)4HA(I) as predominant species up to EH = –20 mV, and carbonate uranium (VI) 
complexes for higher potentials (data not shown). More results on the actual interaction of 
uranium (IV) with natural organic matter under well-controlled redox conditions are thus 
required in order to assess this point. 

EH-pH diagrams could also be proposed in a closed system consisting of 10-10 mole 
actinide/kg water, 8.2 10-3 mole total carbonate/kg water and 100 mg HA/L (PEC = 5.4 
meq/L). Here again we must recall that these diagrams are only the results of speciation 
calculations and does not take into account the redox properties of HS, and cannot be 
considered as strict representation of actinide comportment in the presence of HS. The most 
striking example is the lack of plutonium (VI) humic complexation when pH ≥ 4.5 as it has 
been observed in sea water [12]. 

                                  
*
 -200 ≤ EH (V) ≤ +150, pCO2 = 1%, pH = 7.2. 
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Figure 12: EH-pH diagrams for a. neptunium, b. plutonium and c. uranium species drawn with data from 
table 2 for inorganic complexes and table 4 for humic complexes. Redox properties of HS are not taken 
into account; [M] = 10-10 m, total carbonate = 8.2 10-3 m, (HA) = 100 mg/l, PEC = 5.4 meq/g, [NaClO4] = 0.101 
m. 

5. Conclusions 

Through this exercise, we tried to outline that the use of analogy could permit to estimate 
the missing interaction constants for redox sensitive elements, namely uranium, neptunium 
and plutonium. Reinterpretations of thorium (IV) data available in the literature allowed us to 
have consistent data sets for this element and to represent independent environmental data. 
The adaptation of these data through analogy for uranium (IV), neptunium (IV) and 
plutonium (IV), permitted us to propose humic interaction constant that could be used for 
prognosticating the chemical form of redox sensitive actinides in environmental systems. The 
transposition of available data on uranium (VI), neptunium (V) and americium-curium-

a.) b.) 

c.) 
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europium (III) helped us to appreciate the humic complexation of the different redox states of 
plutonium, neptunium and uranium. We have shown that the use of these data and analogies 
could permit to understand some puzzling behaviour of these elements. Nevertheless, some 
results still cannot be represented as in the case of marine systems for plutonium and deep 
groundwater systems for uranium, enhancing the fact that more experiments are needed to 
ascertain the influence of natural organic matter onto the redox chemistry of this element. 
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Abstract

Characterisation of fulvic and humic acids (FA and HA) – synthetic model substances M1 and
M42 from FZR, FA and HA Gohy 573 from the Gorleben groundwaters from FZK and
purified Aldrich HA from CTU – has been performed using a quadrupole time-of-flight (Q-
TOF) mass spectrometer equipped with an electrospray ionisation interface. The same
conclusions as for Mol fulvic acids, previously studied in the laboratory, can be drawn:
molecular masses centred around 350 Da, sinusoidal spectral distributions, even and odd
integral masses distributions and presence of dimmers (and possible trimmers) in negative-
mode experiments have been observed for all humic substances. Tandem mass spectrometry
(MS/MS) has also been used and experiments showed losses of 18 Da (H2O), 28 Da (CO) and
44 Da (CO2) as for Mol FA. No obvious differences, in terms of molecular structure, are
observed compared to Mol FA.
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1 Introduction

Humic substances (HS) have, for a long time, thought to be macromolecules with molecular
masses around 10000-20000 Da for humic acids (HA) and 2000-3000 Da for fulvic acids
(FA). However, recent studies have shown that humic substances have a supra-molecular
nature in which relatively small heterogeneous molecules (masses around 500 Da) are self-
assembled by hydrogen bonds and also by weaker forces such as Van der Waals, π-π, and
CH-π interactions into large conformations of only apparently high molecular size [Conte and
Piccolo, 1999; Simpson et al., 2001; Plancque et al., 2001].
HS have the ability to form rather stable complexes with cations. In order to better understand
the complexation properties of HS, it seems necessary to obtain insights into the molecular
structure of these molecules. For this purpose, Electrospray Ionisation Mass Spectrometry has
been chosen to characterise several FA and HA of interest for HUPA project. These acids
were obtained from HUPA partners: synthetic HA model substances from FZR, Rossendorf
(M1 and M42), Aldrich HA purified by CTU, Prague and natural FA and HA from the
Gorleben groundwaters from FZK, Karlsruhe (FA and HA Gohy 573). Their characterisation
can then be compared with characteristics of HA and FA already studied at CEA.
Electrospray Ionisation Mass Spectrometry (ESI-MS) has been developed in the eighties for
organic material analysis and is mainly characterised by its soft ionisation process (non
alteration of the studied molecules) and by the formation of multi-charged ions (allowing the
study of molecules of high molecular mass) [Yamashita and Fenn, 1984; Cole, 1997; Gaskell,
1997].
This technique has been, for several years, more and more used to study humic substances
[Brown and Rice, 2000; Plancque et al., 2001; Leenheer et al., 2001; McIntyre et al., 2002;
Stenson et al., 2003]. For example, studies on FA have been performed by high resolution
electrospray ionisation mass spectrometry (ESI-Q-TOF-MS) which demonstrate directly the
supra-molecular nature of FA and which allow to obtain the molecular structure by tandem
mass spectrometry [Plancque et al., 2001]. Interaction between humic substances and cations
can also be studied: for example, a tandem mass spectrometry study has shown the covalent
nature of the interactions between iodine and aromatic rings presents in FA [Moulin et al.,
2001].

2 Experimental

Samples
Solutions of the different fulvic and humic acids were prepared in water or in H2O/MeOH
(1/1) at different concentrations (cf. Table 1). For positive mode experiments, a few amount
of formic acid is added to the solution to favour cationisations. For humic acids, dissolution
was difficult as waited and so, concentrations are overestimated which is not disturbing for
qualitative studies. Millipore water was used throughout the procedure. Formic acid used in
the sample preparation was used without further purification.
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Electrospray Ionisation Mass spectrometry
Mass spectrometry experiments were conducted using a Q-TOF hybrid mass spectrometer (Q-
TOF II, Micromass, Manchester, U.K.) equipped with an electrospray source (Z-spray)
operated in both positive and negative ion modes. The samples were introduced into the
source with a syringe pump (Harvard Apparatus Cambridge, MA) with a flow rate set to 10
µl/min. [Glu]-fibrinopeptide B was used for mass calibration checks, and optimal parameter
tuning was performed for each compound. Both MS and MS/MS spectra were recorded.
Conditions optimised for sensitivity were: ESI capillary voltage ± 3000V. Nitrogen was
employed as both the drying and nebulisation gas. For full scan MS-analysis, Q1 was
operated in RF-only mode with all ions transmitted into the pusher region of the TOF
analyser. Spectra were recorded over the range m/z 50 to 2000 with 6s integration time. All
TOF measurements were performed at high-resolution settings (4000 FWHM at m/z 500), and
data were always recorded in continuum mode. Cone voltages were optimised in both modes
and are given in Table 1.
In MS/MS mode, the transmission window of the quadrupole was set up to about 3 Th
(FWMH) and was used to select precursor ions for fragmentation in the hexapole collision
cell (using argon as collision gas). Product ion spectra were acquired with the TOF analyser.
Source parameters were the same as above, and the collision energies were optimised for
maximised product ion yield. Data were integrated for a total time of about 3-5 minutes for
each precursor.

3.1 ESI-Q-TOF mass spectra of fulvic and humic acids

The MS spectra of FA from Gorleben (FA Gohy 573), in both negative and positive ion
mode, are shown in Figures 1 and 2, respectively. Both spectra are similar to those obtained
for Mol fulvic acids [Plancque et al., 2001] and similar comments can be made.
The direct analysis of FA from Gorleben in negative ion mode appears to yield distributions
of abundant series of peaks with 0.5 Th inter-peak spacing. The FA solution is a complex
mixture of several hundred molecular structures as seen in Figure 1, where several hundred
peaks are present in the range of m/z 100-1000. The distribution has a sinusoidal shape with a
periodicity of 14 Da corresponding to the mass of a CH2 group and is centred around 340 Da,
which supports the hypothesis that fulvic acids are supra-molecules (for comparison, mass
spectrum for Mol FA was centred around 350 Da (see Figure 3)). Two main families of peaks,
representing singly-charged ions, can be observed in the negative ion spectra. One series is
constituted of odd integral masses and the other less intense series is constituted of even
integral masses. Doubly-charged ions, which are indicative of non-covalent dimmers, can also
be observed at every half-mass in the mass spectrum (see zoom in Figure 1).
The spectrum in Figure 2 shows that ESI (+) also produces ions which are useful in a
qualitative sense, as in negative ion mode. The distribution shape is sinusoidal with a
periodicity of 14 Da and a peak every 1 Th and the m/z values are centred around 450 Da.
Compared to the negative spectrum, the positive-ion spectrum seems to be shifted to higher
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m/z values, probably due to metal ion adduction (for example, sodium or potassium which are
ubiquitous in such natural materials).

The MS spectrum, in negative ion mode, of HA from Gorleben (HA Gohy 573) is shown in
Figure 4. Same comments can be made as for FA: sinusoidal distribution centred around 380
Da, two families of peaks, representing singly-charged ions (odd integral and even integral
masses) and presence of doubly and even triply-charged ions (dimmers and trimmers) which
can be observed in the mass spectrum (see zoom in Figure 4).

The MS spectra, in negative ion mode, of synthetic HA model substances (M1 and M42) are
shown in Figures 5 and 6, respectively. Spectra are less defined than for FA from Gorleben
but same comments can be made: peak distributions are centred around 300 Da and 450 Da
for M1 and M42 respectively and there is one peak every 0.5 Th. The main difference is that
there is no differences between the odd integral masses distribution and the even integral
masses one.

The MS spectrum, in positive ion mode, of purified Aldrich HA is shown in Figure 7. The
spectrum seems more complicated than those for the other substances, each peak seems to be
doubled. Nevertheless, the two peak families are present and the distribution is centred around
400 Da.

3.2 Tandem mass spectrometry studies of fulvic acids from Gorleben

The mass spectrometric methodology currently used for structural analysis is tandem mass
spectrometry (MS/MS). Spectra presented above (Figures 1 and 2) show that FA produce
complex ion-distributions in ESI which make interpretation difficult. This implies to use a
high-resolution mass spectrometer, such as the hybrid quadrupole-time of flight (Q-TOF)
tandem mass spectrometer which offers an enhanced full-scan sensitivity and an improved
resolution.

The Q-TOF mass spectrometer produces negative-ion mass spectra with sufficient resolution
to permit daughter ion-analysis. In the mass spectrum (Figure 1), several peaks were chosen
in the low range (peaks at m/z 191, 193, 205, 207, 221), in the medium range 300 – 400
(peaks at m/z 325, 339, 340, 341, 353, 355, 367, 369) and in the high range (peaks at m/z 409
and 617). The high peak density of the mass spectrum implies that the MS-MS spectra record
mainly the fragment ions derived from the dominant odd mass-number ions since they always
correspond to the most intense peak within the 3 Th transmission window of the quadrupole.
Peaks adjacent to the selected parent ion, that may be inside the window, produce only limited
interferences and no anomalous mass values in the MS-MS spectrum. All MS-MS
experiments demonstrated losses of 18 Da (H2O), of 28 Da (CO) and of 44 Da (CO2), which
indicate the presence of carboxylic functions and confirm that the precursor-ion peaks
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correspond to singly-charged ions (for doubly-charged ions, losses of 22 Th should be
observed for expulsion of CO2).
As for Mol FA, at the end of the fragmentation (MS/MS on the peak at 193 Da), a fragment
ion at m/z 105 is finally obtained, corresponding to the benzaldehyde anion φ-CO-. It seems
also that the molecular structure of the molecules present in FA from Gorleben do not differ
significantly from molecules present in FA from Mol [Plancque et al., 2001]. A representative
molecular structure of the molecules, which are likely to be self-assembled in the FA samples,
is given in Figure 8. It is obvious that the proposed structure is only one possible isomer since
the mass spectrometry does not give the relative positions of the substituents on the aromatic
ring.

Conclusion

The characterisation of various fulvic and humic acids (FA and HA) used in the HUPA
project has been performed using a quadrupole time-of-flight (Q-TOF) mass spectrometer
equipped with an electrospray ionisation interface. AS for Mol FA previously studied at CEA,
the same tendencies can be drawn: molecular masses centred around 350 Da, sinusoidal
spectral distributions, even and odd integral masses distributions and presence of dimmers
(and possible trimmers) in negative-mode experiments have been observed for all humic
substances. Tandem mass spectrometry (MS/MS) has also been used, no obvious differences,
in terms of molecular structure, are observed compared to other humic substances (Mol FA).
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Fig. 1: Mass spectra in negative mode of fulvic acids Gohy 573 from Gorleben. Insert: zoom, m/z 330-350.
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Fig. 2: Mass spectra in positive mode of fulvic acids Gohy 573 from Gorleben. Insert: zoom, m/z 440-460.
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Fig. 3: Mass spectra in negative mode of fulvic acids from Mol. Insert: zoom, m/z 340-360.
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Fig. 4: Mass spectra in negative mode of humic acids Gohy 573 from Gorleben. Insert: zoom, m/z 340-360.
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Fig. 5: Mass spectra in negative mode of humic acids M1 (FZR). Insert: zoom, m/z 340-360.

Fig. 6: Mass spectra in negative mode of humic acids M42 (FZR). Insert: zoom, m/z 380-400.
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Fig. 7: Mass spectra in positive mode of humic acids from Aldrich (CTU). Insert: zoom, m/z 500-520.
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Fig. 8: Representative molecular structure proposed for Mol fulvic acid.
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Table 1: Experimental conditions for mass spectra for the different compounds

ESI (-) ESI (+)
Humic substances Solution

concentrations
Cone

voltage
Solution

concentrations
Cone

voltage
FA Mol 150 ppm, H2O 55 V
HA M1
HA M42

120 ppm *, H2O
104 ppm *, H2O

55 V
55 V

-
-

-
-

HA Aldrich - - 166 ppm *, H2O/MeOH, 0.2 % HCOOH 60 V
FA Gohy 573
HA Gohy 573

546 ppm, H2O
552 ppm *, H2O

50 V
50 V

182 ppm, H2O, 1% HCOOH
-

55 V
-

* overestimated concentration due to problems of dissolution.
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Abstract 

Self-assembled monolayers of functionalized Br (CH2)11SiCl3 have been prepared on oxide 
silicon substrates. By in situ modification of these monolayers the bromo end groups were 
transformed to amino end groups. These substrates were used to immobilize humic acids via a 
diazotization procedure. Characterization of these surfaces was done by different methods: 
ATR-FTIR, ellipsometry, AFM, TOF-SIMS and quantification of amino groups by UV/Vis 
modified for surface application. These different methods confirmed the immobilization of 
humic acids on the substrates forming a relatively homogeneous layer, necessary for further 
application to determination of radionuclide complexation constants with immobilized humic 
acid. 
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Introduction 

In this paper the covalent attachment of humic acids on silicon wafers is reported. Humic 
acids are ubiquitous organic compounds present in terrestrial and aquatic systems. They inter-
act with organic pollutants, metals and radionuclides via their numerous functional groups. In 
the aquatic environment they are encountered in the form of colloids, increasing the solubility 
and mobility of pollutants. Associated to mineral surfaces they contribute to accumulation and 
retention of pollutants. In order to study the organic coated mineral surfaces, covalent attach-
ment/binding is preferred.  

Humic acids have been grafted on porous silica (Barbot 2001, Barbot et al. 2002, Szabó et al. 
1992) and interaction constants evaluated by the charge neutralization model (Czerwinski et 
al. 2000). With the porous silica system the verification/quantification of surface organic 
coating is difficult and selective, surface specific methods are not easy to apply.  The present 
work shows a route for surface attachment of humic acid on silica wafer in order to provide 
well characterized material for studies:  

- to understand the role of humic acid coated natural mineral surfaces in the retention of 
pollutants,  

- to evaluate complexation constants between radionuclides and humic acid surface coated 
minerals, especially tetravalent ions where solution techniques are difficult to apply, and  

- to characterize humic acid complexes by application of selective, sensitive and surface 
specific methods. 

The aim of the present paper is to generate organic coating of silica wafer surface with chemi-
cal and physically robustness, homogeneity and full surface coating. The first overall step is 
attachment of a spacer by binding a functional silane in the form of a self-assembled mono-
layer. This self-assemble monolayer needs terminal group compatible with the subsequent 
immobilization of humic acids. The second overall step is humic acids “grafting” via a diazo-
tization method. Each of the many individual steps has been accompanied by characterization 
by different methods. This is necessary in order to verify the assumed processes of individual 
steps and in order to verify the overall outcome. 

Organosilanes are extensively used as coupling agents acting at the interface between an inor-
ganic hydroxylated surface and an organic substrate. General formula of organosilanes is 
RSi(OR’3) (Mittal, 1992), with R an organofunctional group (vinyl, amino, epoxy, mercapto) 
and R’ an hydrolyzable group (alkoxy, acetoxy, chloro function…). 

Many authors have undertaken chemical immobilization of aminosilanes. Moon et al. (1996, 
1997) immobilized different aminosilanes with short chains on fused silica plates character-
izing the uniformity of the layer formed by ellipsometry. Snelling and Mottola (1987) 
attached also reactive amino groups on silica surfaces. These authors developed a quantifica-
tion method of the amount grafted via an imine formation by the way of a chromophore as 4-
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nitrobenzaldehyde or p-dimethylaminocinnamaldehyde, subsequent hydrolysis and UV-visi-
ble measurements. Haller (1978) immobilized aminopropylsilyl groups and studied changes in 
ellipsometric results that occurred upon reversible adsorption of dodecyl sulfate ions. Mean-
while, these authors used reactions modifying amino groups in various functionalities. For 
immobilization of humic acids, we have also used amino functionality, appropriate for bind-
ing humic acids by diazotization procedure. 

Different coupling reactions are used depending on the aim. In general, short chain organo-
silanes result in multilayers formation whereas long-chain organosilanes may generate self-
assembled monolayers (SAMs) with robust chemical and physical properties (Barbot et al. 
2003, Kurth and Bein 1993, Navarre et al. 2001). The reason for the latter is that long-chain 
silanes attach alongside to each other into ordered films through Van der Waals interaction. 
These self-assembly monolayers are also physically and chemically robust due to the covalent 
bonds that anchor the silane at the surface (Balachander and Sukenik 1990, Bierbaum et al. 
1995a,b, Brzoska et al. 1994, Heise et al. 1997). Such a SAM approach is chosen for the 
present study. 

In this study, we have chosen to make a SAM by siloxane-anchored films with bromo func-
tionality, successively modified into an alcohol, an amino and diazonium functionality. The 
terminal group need not compete with the surface active headgroups for adsorption to the sur-
face or react with it but must be sterically small enough to allow a close-packed, well-ordered 
SAM. Thus, even if amino long alkyl-chain silanes are stable, once immobilized, amino-
terminated long-chain alkyl silanes are disordered due to chemical interactions of the amino 
groups with the substrate. For that reason, amino and trichlorosilyl groups are not compatible. 
Acid-base reactions between surface silanol and silane amino groups take place because the 
surface silanol groups are acidic enough to protonate the amine group. Repulsive dipole-
dipole interactions between the amino groups due to non-negligible moments brought by 
amino functionalities, over 1D, are also possible as noted by Bierbaum et al. (1995a,b). 
Consequently, alcohols, carboxylic acids, amines, thiols, phosphines, enamines, enols, ethers 
etc., must either be protected in non-nucleophilic form or introduced subsequent to molecular 
assembly (Fryxwell et al. 1996). For this purpose, we have used the method of Balachander 
and Sukenik (1990). Amino-terminated monolayer has been obtained by deposition of bromo-
terminated alkyltrichlorosilane and subsequent in situ modification of the substrate (Heise et 
al. 1997; Fryxwell et al. 1996) into amino groups. At each step of the grafting, characteriza-
tions have been done by ATR-FTIR, UV-visible measurements, AFM and TOF-SIMS. 

 
Experimental section 

<Materials> 

4-Nitrobenzoyl chloride, triethylamine, chloroform, ethylene glycol dimethyl ether, anhy-
drous hexane were purchased from Aldrich chemical Co. SnCl2, 2-propanol, absolute ethanol 
were from Merck and HClO4 from Prolabo. Humic acids on the sodium form were purchased 
from Aldrich (Aldrich Co., n°1201816, Fp >300°F). 1-bromo-11-(trichlorosilyl)undecane was 
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synthesized at the Curie Institute. The water used throughout the experiment was purified 
with a milli-Q system from Millipore Co. 

Humic wafer preparation was conducted following scheme 1 (see Annex).  

<Humic acid purification> 

Humic acid in the sodium salt form was purified by the method of Kim et al. (1997), 
described by Barbot et al. (2002). In brief, humic acid was dissolved in 0.1 M NaOH together 
with NaF in the ratio 1/5 (w/w). After 10 min incubation, pH was decreased to 7 with 6 M 
HCl, to prevent autooxidation of the humic acid. The solution was then left overnight, 
followed by flocculation of humic acid by acidification to pH 1 with 6 M HCl. The super-
natant was removed by centrifugation at 10 000g for 30 min. The humic acid flocculate was 
then redissolved in 0.1 M NaOH and acid-flocculated in three cycles. The humic acid floccu-
late was then washed several times with 0.1 M HCl and finally freeze-dried. 

<Surfactant synthesis> 

1-bromo-11-(trichlorosilyl)undecane was synthesized from undecyl-10-enyl bromide and 
trichlorosilane. Undecyl-10-enyl bromide (10 mmol) (Balachander and Sukenik, 1990) was 
placed in heavy walled vessel containing about 2 mg of H2PtCl6 (hydrogen hexachloroplati-
nate) hexahydrate dissolved in 200 µL of isopropanol. A three molar excess of trichlorosilane 
was added with stirring. The flask was sealed and heated for 6 hours at 60°C. After removal 
of excess trichlorosilane, the residue was isolated by Kugelrohr distillation and identified by 
1H NMR. 

<Substrate preparation> 

Silicon wafers were used in their oxide layer form. They were cleaned by the following 
method. They were first degreased by an acetone/methanol (50/50 (v/v)) mixture, followed by 
treatment with methanol. Each treatment was repeated four times in ultrasonic bath. Sub-
strates were finally placed in a freshly prepared “piranha” solution (70/30 (v/v), concentrated 
sulfuric acid, 30% hydrogen peroxide) for 1h at 80-100°C. The procedure was repeated until 
the surface was perfectly hydrophilic. Subsequently substrates were rinsed with large amounts 
of distilled water, dried under nitrogen stream and used immediately. 

<Silanization> 

Monolayers were prepared by immersing dry substrates under nitrogen atmosphere into a cold 
hexane solution containing 1 % of the freshly distilled 1-bromo-11-(trichlorosilyl)undecane. 
The solution was stirred with a rod and vials were capped and placed at 4°C for 3 hours 
(reflecting findings by Brzoska et al. (1994), showing that an optimized temperature of the 
reaction bath is  between 0°C for n=10 to 38°C for n=22, with a Tc shift of 3.5 ± 0.5°C per 
additional methylene groups). Subsequently, the SAM were removed from the solution and 
immersed in CHCl3. They were sonicated 3×10 minutes in CHCl3 and then 2×10 minutes in 
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ethanol. This cycle was repeated another two times. Finally, the substrates were dried in a 
nitrogen stream. 

<Amino-terminated SAMs> 

Bromo-terminated SAMs were hydrolyzed, at 50°C, in a 20 mL-solution of ethylene glycol 
dimethyl ether containing HgO (2.5 g)-HClO4 70 % (3 mL)-water (2 mL). This solution was 
gently heated until all the HgO was dissolved. After 24 h the SAM was rinsed with ethanol in 
an ultrasonic bath. Subsequently, wafers were sonicated in water and ethanol and washed with 
CHCl3 followed by introduction of an aromatic amine, as a spacer for the diazotization proce-
dure. 

The alcohol-terminated SAM was refluxed in a chloroform solution (20-30 mL) of p-nitro-
benzoyl chloride (4 g), at 50°C. After 5 hours, the nitro-terminated SAM was rinsed in chlo-
roform, sonicated in ethanol four times, washed with 0.1 M Na2CO3 solution and ethanol, and 
finally dried in a nitrogen stream. Reduction of the nitro-terminated SAM was done with a 
solution containing 1 g SnCl2, 2 H2O in 2-propanol (20 mL), refluxing at 85°C for 15 h.  
Finally, wafers were washed with 2-propanol, sonicated in ethanol and dried under a nitrogen 
stream. 

<Diazotization> 

Amino-formed substrates were sonicated and placed in a 0.5 N HCl solution in ice. NaNO2 
(50 g/L) was dropwise added to this solution and the mixture was incubated at 4°C for 5 
hours. 

<Humic acid coupling> 

Purified humic acid was diluted in a 0.1 M borate buffer at pH 9. Then diazotizated wafers 
were washed with 0.5 N HCl, water and borate buffer. Subsequently, wafers were dipped 
immediately in the humic solution at 4°C and incubated for 72 h. Subsequently, the humic 
acid grafted wafers were sonicated in borate buffer, distilled water and dried under a nitrogen 
stream. 

<Verification of the bromosilane immobilization> 

Br displacement by N3 and reduction of RN3 by LiAlH4 was done by the method of 
Balachander and Sukenik, 1990 (scheme 2, Annex). The Br displacement by N3 was verified 
by ATR-FTIR analysis.  

<ATR-FTIR analysis> 

This method was applied at Curie Institute. A Nicolet OMNIC 850 spectrophotometer was 
used for characterization of the layers. ATR-FTIR has numerous advantages over FTIR spec-
trometers. Sensitivity is increased by the principle of total internal reflection in which an eva-
nescent wave probes several times an attenuated total reflection crystal. Generally, 20-40 total 
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internal reflections occur at the top surface of the crystal. This technique is generally used for 
characterizing functional groups immobilized on surfaces. Wu et al. (1997) followed the sur-
face coverage by n-octadecyltrichlorosilane or 4-aminobutyldimethylmethoxysilane, detecting 
the appearance of CH2 bands (νas CH2 = 2920 cm-1, νs CH2 = 2950 cm-1, N3 chromophore at 
2098 cm-1 (Navarre et al. (2001), Balachander and Sukenik (1990)), NH2 bands being too 
weak to be observed, or monolayers containing 11-carbonyl alkyl chains, νas = 2922-2924 cm-

1. The broad band at 3300 cm-1 is assigned to Si-OH vibrations. 

<Ellipsometry> 

Ellipsometry was conducted at Curie Institute. Ellipsometric measurements were carried out 
on a PLASMOS SD 2300 ellipsometer with a rotating analyzer and a He-Ne laser (lambda: 
632.8 nm) at an incidence angle of 68°. Ellipsometry is used for measuring layer thicknesses. 
In this technique, polarized light is reflected from a surface and the resulting polarization 
changes are measured. Fraction of the E-fields of p- and s-polarized light reflected from the 
surface and the induced phase angle difference between p- and s-polarized light gives infor-
mation on the layer thickness. Ellipsometry has been conducted on SAMs of thienyl-function-
alized n-alkyltrichlorosilane for measuring the film thickness obtained (Appelhans et al. 
2000). The method has also been used for studying bimolecular films made on OH-terminated 
primer layers, showing that the thicknesses increases linearly with the hydrocarbon chain 
length (Brunner et al. 1996). 

<NH2 quantification by UV-visible spectrometry> 

Amino groups titration was performed by a modified method adapted from Moon et al. (1997) 
using dimethylaminobenzaldehyde instead of 4-nitrobenzaldehyde (scheme 3, Annex). This 
aldehyde has a higher extinction coefficient making detection more sensitive. 

- Formation of the imines 
Amino-terminated SAMs were placed in absolute methanol under nitrogen atmosphere in a 
sealed flask containing 50 mg of 4-dimethylaminobenzaldehyde, 30 µL acetic acid and 1 g of 
4 Å molecular sieve. After heating 3 hours at 50°C, the wafers were washed with absolute 
methanol for 2-3 minutes and dried under nitrogen. 

- Hydrolysis 
The imine-terminated substrates were immersed in a 10 mL-water solution containing 20 µL 
acetic acid and placed for 1 hour in a hood at 37 °C. Wafers were then washed with 3 mL 
water. Spectra of the sample solution, containing wafers with and without amino groups, were 
recorded and compared by measuring their absorbance at 350 nm. The aminosilylated layers 
were recovered by rinsing in water and sonication. 

<TOF-SIMS experiments> 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is a powerful tool for obtaining 
chemical information on surfaces (molecular and structural, and in some cases quantitative 
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information). TOF-SIMS uses a pulsed primary ion beam to desorb and ionize species from 
the pure or covered silicon from the wafer. The outcoming secondary ions (positively or 
negatively charged ions) are accelerated into a field free region of a TOF-mass analyzer 
(flight tube) in which they are separated according to their mass-dependant time-flight from 
the surface to the detector. Molecular parent ions and fragmentation patterns are characteristic 
of the surface molecules as well as of the silicon surface itself or crystalline structure of the 
surface. TOF-SIMS has been a method of choice to prove that the silane is well-grafted at the 
surface. Quinton and Dastoor (2000) used it to study the chemical sorption of aminopropylsi-
lane on an iron oxide surface. Other authors used TOF-SIMS to characterize organosilane at 
the surface of aluminium oxide (Houssiau and Bertrand 2001, Rattana et al. 2002), glass sur-
faces (Wang and Jones 1993), zinc or steel substrates (Van Ooij and Sabata 1991 and 1993), 
polymer surfaces (O’Toole et al. 1992) and particularly of γ-GPTMS (Abel et al. 2000a,b). 

The SIMS measurements were performed using a time-of-flight (TOF) instrument developed 
at the GSF. In our study the bombarding parameters were as follows: primary ions SF5

+, ion 
source terminal voltage 30 kV, target bias 6 kV (ion impact energy 36 keV for negative sec-
ondary ions, 24 keV for positive secondary ions), stationary beam current 1–2 nA, bunched 
pulse width about 3 ns, repetition rate 19 kHz, 2 x 107 pulses per spectrum. The angle between 
the primary ion beam line and the surface normal of the sample is 60° and the area of ion 
bombardment 0.3 x 0.4 mm2. The beam was deflected strongly in the electric field between 
the sample and the acceleration electrode. Under these conditions the actual angle of beam 
incidence is estimated to 75.5° in the case of positive target bias, and 52° with a negative 
target bias. The beam was realigned by electric means to hit the sample on axis of the TOF 
analyzer. Moving the sample under the beam was used for changing the sample position.  

Neutral species generated along the first half of the drift tube were removed by tilting the 
second half of the drift tube by 3°. The secondary ions were directed to the detector by an 
electrostatic field. With a target bias of 6 kV, the mass resolution in the low mass range (u ≤ 
100) is about 600.  Applying deconvolution techniques in the low mass region improves the 
mass resolution to 3000. Mass calibration is based on the same selected peaks on each spec-
trum. TOF-SIMS has been conducted on the different samples in positive and negative mode, 
eliminating the wafer supporting diazonium group due to its instability. 

<AFM measurements > 

Atomic force microscopy (AFM) is a scanning probe technique. It probes the surface with a 
sharp tip. Tips are made from Si3N4 and are located at the free end of a cantilever 100 to 200 
µm long. Van der Waals forces between the surface sample and the tip cause the cantilever to 
bend or deflect. A detector measures the tip deflection as the sample is scanned under the tip 
and the surface topographical data are obtained. Therefore, by the image structures informa-
tion is obtained about small colloids, colloid aggregation and adsorption onto surfaces. AFM 
characterization has been employed by several authors to study the structural organization of 
organosilanes (Navarre et al. 2001, Bierbaum 1995a). Recent work has been performed by 
several authors to understand the aggregation of humic substances layers adsorbed on 
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muscovite (Plaschke et al. 1999) and mica (Liu et al. 2000) and the influence of Eu on the 
formation of agglomerates in aqueous solutions containing the trivalent ion (Plaschke et al. 
2002). 

Experiments have been conducted on a Topometrix Explorer, Si-cantilever (type 1660, Freq. 
113 kHz, tapping mode, dry) at INE. Other investigations have been done with DI-AFM on a 
Digital Instruments Dimension 3100 (Si-cantilever (Freq. 290 kHz), tapping mode, dry). All 
images are topography images.  

 
Experimental results 

<ATR-FTIR results> 

ATR-FTIR has been conducted respectively on bromosilane wafer (Fig. 1a), N3 wafer (Fig. 
1b) and NH2 (Fig. 1c) wafer with bare silicon as a blank. Results are similar to those obtained 
by Balachander and Sukenik (1990). In case of bromosilane wafer, ATR-FTIR analysis in the 
range 4000-1500 cm-1 shows the presence of νs symmetric and νas antisymmetric CH2 bands 
due to the long-chain bromosilane at 2859 and 2930 cm-1. Displacement of Br by N3 is 
observed by the appearance of the expected chromophore N3 band at 2100 cm-1. This experi-
ment shows that the reaction was successful and consequently that bromosilane was well 
grafted on the silicon wafer. Reduction of azide functionality into NH2 showed the complete 
disappearance of N3 band.Immobilization of aminophenylsilane on silicon wafer has also 
been conducted in order to test some NH2 quantification methods (Moon et al. 1996, 1997). 
Analysis of the grafting by ATR-FTIR (Fig. 2) shows the presence of C=C from phenyl 
groups at 1624 cm-1, νs symmetric and νas antisymmetric CH2 at 2851 and 2928 cm-1, CH 
from phenyl groups at 3045 cm-1 and aromatic NH at 3485 cm-1. These results confirm the 
presence of aminophenylsilane on the silicon wafer. 

ATR-FTIR has been conducted also on a humic ATR crystal (Fig. 3). Characteristic bands at 
2924.7 and 2847.06 cm-1 of CH2 and CH3 and C=O functionality at 1721.99 cm-1 are also 
visible (aromatic ester and aliphatic COOH-COO-). Other bands at 2670.57 (O-H from 
COOH), 2218.34 ( NN ≡− + , medium frequency), 2047.37 cm-1 ( −+ ==− NNC , very 
strong) are also present in the spectrum. Humic acids immobilization is shown by the pres-
ence of the two vibration bands attributed to COOH functionality. 

<Ellipsometry> 

Ellipsometry measurements on bromosilane wafer were carried out for measuring the layer 
thickness. A thickness of 18 ± 2 Å was found, in agreement with the calculated thickness of a 
monolayer (17.4 Å) assuming a fully extended chain (Heise et al. 1997, Wasserman et al. 
1989). The length of a methyl-terminated monolayer with n methylene units is calculated to 
be L=1.26n+4.78. Consequently, it is assumed that the layer is a homogeneous one. After 
grafting of humic acids, the thickness layer increased by 60 Å ± 4 Å, presumably due to 
immobilization of humic acids. 
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Fig.1 ATR-FTIR spectra from (a) bromosilane wafer, (b) N3 wafer, and (c) amino wafer. 

2930 

2850 

2930 

2860 

2100 
2930 

2860 

189



 
 

Fig.2: ATR-FTIR of aminophenylsilane immobilized on silicon wafer. 

 

 

 
 

Fig. 3. ATR of humic wafer. 
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<UV-Visible quantification of NH2> 

NH2 quantification was performed by the method of Moon et al. (1997) using dimethylamino-
benzaldehyde instead of 4-nitrobenzaldehyde. The latter compound has a lower extinction 
coefficient and thus its detection is more difficult. Measuring the amount of dimethylamino-
benzaldehyde at (λmax = 350 cm-1, ε = 23937 L mol-1 cm-1) liberated from the hydrolysis of the 
imine, it is possible to evaluate the amount of amino groups per unit area (Fig. 4). This 
amount represents 5 NH2/nm2 in accordance with values obtained by Moon et al. (1997). 

 

 
Fig. 4: UV-visible NH2 quantification of aminophenylsilane immobilized on silicon wafer. 

 
TOF-SIMS results 

<TOF-SIMS of Silicon wafer> 

TOF-SIMS spectra of silica wafer are given in Fig. 5. The spectra show the presence of frag-
ments characteristic of silicon oxide substrate in particular on the form of SinOmHl

- ((SiO2)mH-
 

and (SiO2)nOH-) with peaks at m/z=16 (O), 59.90 (SiO2), 60.90 (SiOOH), 75.88 (SiO3), 76.88 
(SiO2OH), 120.78 ((SiO2)2H), 136.77 ((SiO2)2OH), 180.63 ((SiO2)3H), 196.62 ((SiO2)3OH)), 
240.48 (SiO2)4H, 256.44 (SiO2)4OH- and additional peaks present at 104.79 (Si2O2OH) and 
152,79 (Si2O5OH), buried in a complex pattern of adsorbates e.g. hydrocarbon peaks (CnH)- 
due to ambient contamination. Hydrocarbon peaks (CnH)- are observed in all negative spectra 
at m/z= 13, 25, 37, 49, 61, 73, 85, 97 and in positive spectra (CxHy)+ at m/z=15, 27, 29, 41, 
43, 55, 69, 91 (CH3

+, C2H3
+, C2H5

+, C3H5
+, C3H7

+, C4H7
+, C5H9

+, C7H7
+) and carbon peaks 

(Cn)- at m/z=12, 24, coming also from saturated aliphatic and aromatic species present as 
impurities in solvent. Some other peaks come from washing procedures introducing carbon 
containing fragments as m/z=40.979 characteristic of SiCH- or CH≡CO-. 
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Fig. 5: TOF-SIMS spectra of silicon wafer. 

At m/z=148.79, 162.76, 222.73, 236.68 very weak peaks, coming from linear or cyclic frag-
ment of polydimethylsiloxane. This is a major frequent contaminant in TOF-SIMS measure-
ments. This contaminant at metal surfaces occurs because PDMS has a very low surface free 
energy compared to the metal one (Poleunis et al., 2002). This shows that our sample is not 
very clean.  

The positive spectrum of the current silicon-wafer exhibits a dominant contamination pattern 
that can be attributed to cyclic fragments, eg. C6H+, (C6H)2H+ and (C6H)m(CH3)nH+. This 
contamination pattern is present at all stages of the grafting whereas the intensity is more pro-
nounced at the bare silicon wafer. It is open whether the contamination comes from the trans-
port in a closed box with no additional protection of the wafer surface or from grafting facility 
itself. Generally, more polar surfaces, such as amino-terminated SAMs, are easily contami-
nated in ambient conditions, and these organic contaminations can be the main cause of thick-
ness increase observed by AFM methods. Other cyclic and linear fragments of PDMS are also 
observed on positive spectra in four distinct series [nR+73]+ [(CH3)3Si[OSi(CH3)2]n

+]; [nR 
+117]+ [(CH3)3Si[OSi(CH3)2]nOSi]+; [Rn-15]+ [[Si(CH3)2O]n-CH3]+ formed by the loss of 
methyl groups from cyclic fragments and [Rn-29]+ coming from bicyclic fragments (Dong et 
al. 1997). 

In our study, positive spectra were not very useful for identification of nitrogen containing 
compound, except for the presence of oxygen in case of alcohol wafer. Consequently, struc-
tures are mainly deduced from negative spectra and other analytical techniques. The reason of 
the difficulty to interpret positive spectra could be the fully packing of the hydrocarbon chains 
tightly held together via hydrophobic interactions and Van der Waals forces. It is more 
difficult for longer hydrocarbon chains to be emitted from the surface and as the layer assem-
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bles, intensities of short hydrocarbon fragments increase due to clipping of the monolayer 
chains by the SIMS primary ion or energetic secondary ions. 

<TOF-SIMS of Bromosilane wafer> 

The negative TOF-SIMS spectrum of the Bromosilane wafer is given in Fig. 6. The same fin-
gerprint as bare silicon oxide characterizes this spectrum, however, with lower yield due to 
surface coverage by the silane layer. The presence of this bromosilane layer is detected by the 
presence of Br- monomer at m/z=78.92 and 80.91 with yields in accordance with isotopic 
abundance (81Br representing 97.3% of 79Br). Weaker peaks are observed at m/z=157.84, 
159.85, 161.84 corresponding respectively to Br- dimer 79Br2

-, [79Br-81Br]-, 81Br2
-(50.5% of 

79Br2
-, 100% of [79Br-81Br]-, 49.5% of81Br2

-). In addition the Br2H- pattern interferes with the 
pure Br2

- one at m/z=158.55, 160.55, 162.53 identified as 79Br2-H-, [79Br-81Br]-H-, 81Br2-H-. 
Characteristic fragments are identified as bromo containing compounds SiO79Br and SiO81Br, 
(m/z=122.92 and 124.91), SiO2

79Br and SiO2
81Br (m/z=138.91 and 140.88) and Si2O2O79Br 

and Si2O2O81Br (m/z=182.86 and 184.83).  There are also weak signals from the bromosilane, 
e.g. Br(CH2)9O-, Br(CH2)10OH2

- and H2SiO2(CH2)11Br at m/z = 221.17, 237.18 and 295.22, 
respectively. 

 
 

Fig. 6: Negative TOF-SIMS spectra of bromosilane wafer. 

The fingerprint of the bare silicon oxide and the hydrogenocarbon peaks in the mass range 
below 100 u are reduced by at least a factor five due to more or less dense surface coverage 
by the silane. The coverage is homogeneously across the wafer (Fig. 7). The unspecific H- 
peak intensity is constant as a function of the position of the beam spot, the specific Br- peak 
intensity varies about a factor of 2 from the center to the border of the Si-wafer.  
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Fig. 7: Lateral distribution of Br by negative TOF-SIMS of bromosilane wafer. 

 

<TOF-SIMS of Alcohol wafer> 

The negative spectrum of the alcohol wafer obtained by reduction of the bromosilane wafer 
shows that the displacement of bromo functionality by alcohol functionality was successful 
(Fig. 8). Even if the results obtained are not quantitative, the peaks corresponding to 79Br and 
81Br decreased considerably by a factor of 30, showing that the reaction was sufficiently 
complete. The peaks at m/z=122.7 and 124.7 identified as SiO79Br and SiO81Br in case of the 
boromosilane wafer and at m/z=138.65 and 140.62 identified as SiO2

79Br and SiO2
81Br (Fig. 

6) have disappeared in the alcohol wafer (Fig. 8). 

Below m/z = 100 the intensity of small fragments is increased as the carbon hydrogen chain is 
now exposed to the beam. The OH- peak is elevated in comparison to the bromosilane wafer 
as well as short fragments of the carbon chain with C2HO- (m/z=41.15) and CHO2

-, C2H5O- 
(m/z=45.15) indicating the presence of alcohol functionality. The silicon oxide pattern is still 
present at comparable level and short chain fragments attached to SiO2-cluster, e.g  
(SiO2)2(CH2)2H are increasing. The positive spectrum proves the conversion of bromo func-
tionalities into OH groups by the presence of fragments characteristic of alcohol groups at 
m/z=31, 45, 59 representative of CH2=+OH, CH3-CH=+OH and C2H5-CH=+OH. 
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<TOF-SIMS of Nitrobenzoyl wafer> 

In comparison to the alcohol wafer, the negative spectrum of the nitrobenzoyl wafer presents 
new peaks characteristic of the nitrobenzoyl moiety (Fig. 9). In particular, at m/z=45.99, 
105.97, 121.96, 165.88 identified as NO2

-, C6H4NO-, C6H4NO2
- and -OOC-C6H4NO2

-. A pat-
tern from the whole molecule SiO2(CH2)11OCOC6H4NO2 down to NO2

- can be interpreted as 
the cleavage sequence starting from the whole molecule. 

 
 

Fig. 8: Negative TOF-SIMS spectra of alcohol wafer. 

 
 

Fig. 9: Negative TOF-SIMS spectra of nitrobenzoyl wafer. 
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<TOF-SIMS of Aminobenzoyl wafer> 

Amino groups are electron donating by resonance. This increases the electron density on the 
benzene ring, intensifying the negative charge. Contrary to this, nitro groups are electron 
withdrawing. This decreases the electron density on the benzene ring, lowering the negative 
charge. For these reasons, fragments from aminobenzoyl moieties and nitrobenzoyl moieties 
are expected to be to be different, as also found in this study.  

With this preparation step, the spectrum in the mass range above m/z > 100 the spectral 
feature are more complex (Fig. 10). We observe that peak at m/z=46 (NO2

-) is reduced in 
comparison to nitrobenzoyl wafer and C6H- and C6HO-, C6H5N- becomes prominent. In addi-
tion an increase in the PDMS contamination peaks (m/z=75, 89) compared to the nitrobenzoyl 
wafer is found. A new pattern is identified which belongs to a cleavage sequence from 
C6H4OOCONH2(CH2)8H- down to C6H-. The spectral features in the mass range above m/z > 
250 may be contributed to (SiO2)m(CH2)n

- cluster. This cluster may also contribute to the 
complex peak groups in the mass range below m/z = 250.  

 
 

Fig. 10: Negative TOF-SIMS spectra of aminobenzoyl wafer. 

 

<TOF-SIMS of Humic wafer> 

The negative TOF-SIMS spectrum of humic wafer is shown in Fig 11 and the negative loga-
rithmic TOF-SIMS spectra are shown in Fig. 12 for the different steps in the overall grafting. 
Differences occur between humic wafer and amino wafer. A peak forest can be seen which 
covers the entire mass domain with emphasis on elevation in the upper mass range. This is 
particularly true for humic acids that possess a large mass dispersion. Humic acids deposited 
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by jet-spray deposition gives the same mass repartition as humic acids immobilized by cova-
lent binding (not shown here). 

 
 

Fig. 11: Negative TOF-SIMS spectra of humic wafer. 

 
 

Fig. 12: Negative TOF-SIMS spectra of the wafers over different process steps. 

The negative TOF-SIMS spectrum of the humic wafer (Fig. 13) shows the same dominant 
spectral peak pattern but on top of a smooth mass distribution over a wide mass range. This is 
a fingerprint of the humic acid. The complex peak distributions of the aminobenzoyl wafer are 
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somehow cleaned up which may reflect the masking of the surface due to the humic acids. No 
prominent signal related to the covalent binding of the humic acid to the aminobenzoyl-wafer 
can so far identified.  

 
 

Fig. 13: Negative TOF-SIMS spectra of aminobenzoyl and humic wafers.  
 

<TOF-SIMS: Peak maximum of selected species as a function the stage of grafting> 

Fig. 14 shows the peak maximum of selected peaks as a function of the grafting stage. The 
total yield Ytotal, e.g. summing up the yield drops little from stage 2 to stage 4 (Fig. 14(a)). 
With stage 5, Ytotal increases more than 60% in combination with an increase in the complex-
ity of the spectrum. Adding of humic acid to the aminibenzoyl wafer gives a higher Ytotal but 
the increase is due to the smooth humic acid background. The fingerprint peaks of the silicon 
(SiO2)mH- and  (SiO2)nOH- show a flat maximum at the medium stages. The lower values at 
the bromo-silane and at the humic wafer reflect the masking with bromine and humic acid 
(Fig. 14(a)). 

The monomer and dimer bromine peak maximum decreases from the bromosilane to the alco-
hol wafer and remains at a very low level (Fig. 14(b)).  

The specifics of the aminobenzoyl and nitrobenzoyl functionality are shown in Fig. 14(c). 
NO2

- shows a sharp peak at the nitrobenzoyl wafer whereas C6HNH2
-, (C6HO-) and 

C6H3O2(CH2)4
- peaks at the aminobenzoyl wafer. Due to the medium mass resolution of our 

TOF-SIMS facility we can’t resolve NH2 from an O attachment.  

Fig. 14(d) shows the dependence of small fragments on the stage of grafting. Removing the 
bromine from the wafer exposes a more sensitive surface in respect to small fragments, cov-
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ering the surface with amino groups reduces the contribution of small fragments. The masking 
of the surface with humic acids is no additional source of small fragments. Fragments from 
within the long chain molecule have the same level after the removing of the bromine.  

 
 

Fig. 14: Maximum of selected peaks at different grafting stages by negative TOF-SIMS. The grafting stages are 
(2): Bromolilane wafer, (3): Alcohol wafer, (4): Nitrobenzoyl wafer, (5): Aminobenzoyl wafer, and (6): Humic wafer. 
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Fig. 15: Depth profiling of wafers at different stages of the grafting process. 
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<TOF-SIMS depth-profiles> 

Depth-profile mode (sequence of static and dynamic SIMS) is applied in order to obtain 
information on the stability of characteristic molecules at each stage of the grafting process. 
With increasing sputter flux the current surface layers will be damaged and partly removed. 
Due to the sensitivity of the molecules on the sputter process the yield of complex molecules 
should decrease in more elevated manner. The results are summarized in Fig. 15. 

Bromosilane wafer: With increasing sputter flux the bromine monomer and dimer peak inten-
sities decrease whereas the silicon-cluster intensity increases at low flux and saturate above 
1014 P.I./cm2. Unspecific peak intensities, e.g. of H- and C2H-

 show a maximum at about 0.5 x 
1014 P.I./cm2. With the removal of Br the underlying carbon hydrogen chain is exposed to the 
beam and results in an intermediate increase in short carbon chain fragments. At higher flux 
most of the spot area is damaged and the number of available chain fragments decreases. As 
the slope of Br- and C2H- is nearly the same above 0.5 x 1014 P.I./cm2 the source of CH2

- 
fragments is coupled to the removal of Br from the uppermost surface.  

Nitrobenzoyl wafer: There is a very steep decrease of the specific nitrobenzoyl species NO2
- 

and C6H4NO2
- at low flux. This reflects the damage and removal of the uppermost part of the 

grafting molecule.  

Aminobenzoyl wafer: The intensity of aminobenzoyl specific fragments decreases rapidly with 
increasing flux up to 0.5 x 1014 P.I./cm2. This decrease in intensity suggests that these are 
fragments of the grafting molecule and not a series like (SiO2)m(CH2)n

-
  which should behave 

like SiO2H-. 

Humic wafer: Again the intensity of aminobenzoyl specific fragments decreases rapidly with 
increasing flux up to 0.5x1014 P.I./cm2. All selected peak intensities decrease slightly with 
increasing flux reflecting the damage and removal of the humic acid layer on top of the 
grafting molecules. 

 

<Summary of TOF-SIMS results> 

The negative TOF-SIMS spectra change with every grafting step showing the modification of 
the surface in expectation with the applied chemical modification. The surfaces are homoge-
nously covered and closed. The complexity of the spectra increases with the aminobenzoyl 
wafer. The immobilization of humic acid results in a peak forest characteristic for the numer-
ous fragments generated by humic acids. 
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AFM results 

AFM Topometrix Explorer 

<Silicon wafer> 

The surface is relatively smooth with an average roughness (RMS) of 0.33 nm (Fig. 16). 
Typical height differences measured in a line scan (not shown) are in the range of <1 nm. The 
maximum height range is 3.96 nm due to the contamination of the surface with a few parti-
cles. To our knowledge, the observed surface structure is typical for an oxidized Si-surface. 

 

 
Fig.16: AFM of oxidized silicon wafer (topography) 

<Bromosilane wafer> 

Topographical (17a,c) and phase contrast (17b,d) images of the surface at two magnifications 
(scan size 1000 nm, 500 nm) can be seen on Fig. 17a,c and 17b,d, respectively. Darker color 
in the phase images indicates stronger tip-sample interactions. The average roughness (RMS) 
of the surface is in the range of 0.47 nm and thus slightly increased compared with step 1. The 
maximum range in image (a) is 9.3 nm due to a larger particle. Typical height differences 
measured in a line scan (not shown) are in the range of <1 nm. The surface structure can be 
described as “network-like” as we better see in the 500 nm-images. We also see a phase-
contrast pattern, partly corresponding with the topography pattern. This means that tip-sample 
interactions slightly vary between dark and light regions in the phase image (d). This may be 
an indication that the surface modification is not fully homogeneous (light color might indi-
cate interaction with hydrophobic bromoalkyl silane, dark color with the hydrophilic Si-wafer 
or not fully covered regions, but this is only an assumption). This silanization step is more 
successful than the immobilization with 3-glycidoxypropyltrimethoxysilane, where we found 
granular structures with height differences of 10-40 nm. 

<Alcohol wafer> 

Roughness (RMS) markedly increases to 2 nm (Fig. 18). Typical height differences of the 
major part of the surface are in the range between 2-4 nm. Maximum height differences are in 
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the range of 25 nm due to particulate structures onto the surface. In the bottom of the right 
image we see a larger region with particles. The marked increase of surface roughness might 
be due to formation of Si-O-Si-networks. The particulate structures on top of the functional-
ized surface might originate from the hydroxylation reagent (there is some indication from 
phase contrast images) and in particular could come from HgO residues. 

 

 
 

 
Fig. 17: Topographical phases (Figures a and c) and contrast images (Figures b and d) by AFM of silica wafer 

after silanization. 
 
 

 
 

Fig.18: Topographical phases at two resolutions (left and right) by AFM of alcohol wafers after solvolyse of 
bromosilane wafer. 

a a 

c c 

b 

d
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<Nitrobenzoyl wafer> 

In the 2.2 µm images the roughness (RMS) slightly decreases to 1.6 nm (compared with step 
3), the maximum height range is 19.8 nm (again due to some particulate structures) (Fig. 19). 
The surface structure appears more homogeneous than in the last step probably due to the 
removal of particulate contaminations. The structure again appears as a surface network. 

 

 
Fig.19: Topographical phases (left) and contrast images (right) of nitrobenzoyl wafers by AFM of wafers after 

reaction with p-nitrobenzoylchloride. 

<Aminobenzoyl wafer> 

Roughness (RMS) drastically increases to 2.9 nm (compared with step 4), the maximum 
height range is 25 nm (Fig. 20). The surface morphology markedly changes towards a granu-
lar structure. Surface coverage with this material seems to be relatively complete. It seems 
that the reduction step is relatively drastic. 

<Humic wafer> 

Going from step 5 to step 7 no principal change in surface topography is observed (Fig. 21). 
In step 7 the surface structure appears “smeared” which might indicate humic acid surface 
binding. This might also come from the contamination of the tip with attached humic acid that 
would reduce the image resolution. As these are the essential steps for humic acid surface 
binding, these steps are investigated with our new DI-AFM, presumably providing better 
image resolution (below). 

<DI-AFM> 

Again, there is no principal structural change going from step 5 to step 7 (Fig. 22). On top of 
the grains in step 7 some fine structure is seen that may indicate humic acid molecules. The 
roughness (RMS) slightly increases from 2.6 nm (step 5) to 3.0 nm (step 7).  
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 Fig.20: Topographical phases (Figures a and c) and contrast images (Figures b and d) by AFM of 

nitrobenzoyl wafer after reduction of the amino group. 
 

 

 
Fig.21: Topographical phases at two resolutions (left and right) by AFM of humic wafers after reaction with the 

diazonium spacer. 

<Summary of AFM measurements> 

From AFM analysis it can be conclude, that the functionalized surface is characterized by a 
granular morphology. The surface morphology appears more homogeneous than in the 
approach with 3-GPTMS (i.e., step 2). Generally, surface roughness increases from step 2 to 
step 7. An explanation for this observation may be the slow polymerization of the chlorosilane 

a b

c d
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compared with alkoxysilanes which is ongoing after step 2. The surface structures change in 
the different experimental steps from a “network-like” (step 2) towards a granular (or 
particular) morphology (step 5). Particle diameters do not vary significantly between step 5 
and 7 and thus adsorbed or covalently bound humic acid molecules are not distinguishable 
from the granular surface. Therefore, a binding of humic acid to the functionalized surface 
cannot be confirmed. 

 

200nm
           

200nm
 

100nm
            

100nm
 

Fig. 22:Topographical phases at two different resolutions of silicon wafers before (left) and after (right) reaction 
with humic acids by DI-AFM. 

 
Brief discussion 

For generation of self-assembled monolayers it is important to control mainly three parame-
ters, namely (i) silane chain length, (ii) reaction time, and (iii) temperature. A chain length of 
11 carbon silanes was chosen in order to provide sufficient freedom to the terminal functional 
group to react in a sterically unhindered fashion maintaining enough interaction energy 
between the chains to ensure a strong adsorption as noted by Bierbaum et al. (1995) and 
Brzoska et al. (1994). Reaction time for bromosilane grafting on silicon wafer was fixed to 3 
hours to efficiently cover the surface in order to prevent aggregates at the surface, as is the 

1 x 1 µm

510 x 510 nm 

a  Step 5 c  Step 7 Humic acid 

b d 
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case with longer reaction time. The optimal temperature depends on the chain length and 
varies from 0°C for n= 10 to 38°C for n=22, with a Tc shift of 3.5 ± 0.5 °C per additional 
methylene groups (Brzoska et al. 1994). For a chain length of 11 methylene groups, as used in 
this work, the optimal temperature is 4 °C. Consequently, this temperature was used in the 
present work. In the next step, displacement of bromide by hydroxide, mercury-assisted 
solvolyse was used. By this method, the bromine from 16-bromohexadecylsiloxane monolay-
ers was basically quantitatively removed. Contact angle decreased due to displacement of 
bromine by more polar groups and Br quantification by TOF-SIMS both verify the success in 
this process step. Thereafter, alcohol-terminated SAMs reacted with p-nitrobenzoylchloride to 
introduce a benzene ring. This step is necessary for subsequent immobilization of humic acids 
by diazotization method. The basis is that arene diazonium is a weak electrophile and is 
expected to react with highly reactive aromatic compounds (such as phenolic groups or terti-
ary amines) to give azoic compounds. Therefore, humic acids with its phenolic groups is 
expected to be bound to the nitrobenzoyl moietie by an azoic coupling. Reaction between 
arene diazonium cation and phenol occurs rapidly in weakly alkaline solution, where the 
phenolic functionality is on the form of a phenoxide ion. The phenoxid ion is more reactive 
with respect to electrophilic substitution than phenol, i.e. the protonated form. Nevertheless, 
pH must be maintained below 10 in order to prevent the formation of diazohydroxyde or 
unreactive diazotate (reaction between arene diazonium salt and hydroxide ion). 

Surface coverage with humic acid was verified in the final grafting step. A clear evidence for 
covalent attachment, however, is still pending. 
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Scheme1: The different steps of humic acids immobilization on silicon wafers 
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Scheme 2: Reaction steps involving the transformation of bromosilane immobilized on silicon wafer to prove its 
existence by ATR-FTIR. 
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Scheme 3: Quantification of the NH2 groups immobilized on silicon wafers. 

Dimethylaminobenzaldehyde 
Acetic acid 
Molecular sieve 4 Å 
50°C 

Hydrolysis 
Acetic acid 
37 °C 

Washing with 
absolute ethanol 

UV 350 nm 
Amount proportional to NH2 groups 

NaN3 
DMF 

LiAlH4 
ether 

Presence of N3 bands 
at 2100 cm-1 

Disappearance of  
N3 bands 

211



212



Annex 14 

Determination of Chemical Parameters for the Schlema-Alberoda Uranium  
Tailings Pile Migration Case Study 

 

 

N. Bryan 1 , D. Vopalka 2, P. Benes 2, K. Stamberg 2, K. Doubravova 2  

 

 

 

 

 

 

 

 

 

 

 

 
1 University of Manchester, Manchester, U.K.  

2 Czech Technical University, Prague, Czech Republic 

213



 

214



 
 
 
 
 
 
 

Determination of Chemical Parameters for the Schlema-Alberoda Uranium 
Tailings Pile Migration Case Study. 

 
N. Bryan 

University of Manchester, Manchester, U.K. 
 

D. Vopalka, P. Benes, K. Stamberg, K. Doubravova 
Czech Technical University, Prague, Czech Republic. 

 
 

 215



Introduction 
A central aim of environmental chemistry is to develop an understanding of processes at the 
microscopic level, and to develop speciation models to simulate that behaviour, which may be 
used with transport codes to predict the fate of pollutants on the field scale. In fact, one 
objective of this HUPA project is to develop a coupled chemical transport computer code, 
which includes the effects of humic substances, and then apply it to three field scale test 
cases: 
 

1. a deep hypothetical repository in a salt formation; 
2. a shallow, sandy hypothetical repository; 
3. a large pile of uranium mine tailings. 

 
This work concerns the third case study (U-tailings), which is based upon a real U-tailings 
pile at Schlema-Alberoda, near Dresden, Saxony, Germany. 
 
Environmental problems are inherently complex, and even apparently simple systems, such as 
a single metal ion interacting with a 'single' surface may be extremely complex. There have 
been considerable advances in computing power over the last few decades, unfortunately, in 
order to make calculations solvable in a reasonable time, the models used to simulate the 
chemistry of the system must be as simple as possible. The interaction between uranium and 
humic substances has been studied previously (e.g. Czerwinski et al 1994). However, the 
details of the interaction of uranyl cations with the material of the pile have not been 
modelled. Therefore, the objective here is to develop a simple model of this interaction, ready 
to use in the migration case study. Experiments were performed at the Czech Technical 
University, Prague and the data modelled at the University of Manchester. 
 
Background Speciation 
The seepage water that permeates the tailings pile contains concentrations of simple inorganic 
species, in addition to uranium and humic materials. The experiments were performed in 
simulated Schlema-Alberoda Water (SAW, Table 1), which contains the major components. 
Therefore, their effect has been taken into account.  
 
Table 1: Composition of simulated Schlema-Alberoda Water, SAW. 

Component Concentration mol dm-3

MgSO4 0.0175 
CaSO4 0.0091 

NaHCO3 0.00258 
 
Speciation calculations were performed using PHREEQE97 (developed as part of the 
previous E.U. HUMICS project for the UK Environment Agency) with the CHEMVAL VI 
database; the results are shown in Table 2. There are a number of species that have significant 
concentrations, in addition to the free uranyl itself. One approach would be to include all of 
these simple inorganic species 'explicitly' using the relevant CHEMVAL equilibrium 
constants. However, this would make the transport calculations prohibitively long. However, 
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given that the simple inorganic species have large total concentrations compared to uranium, 
the fractional composition of the solution will be a constant. Therefore, we may treat the 
effect of this background speciation as constant. Hence, if the experimental data (that include 
the effects) are fitted without explicitly treating the simple inorganics, then the resulting 
parameters will include the effect implicitly. If these 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 will treat all of the 
non-humic, solution phase uranium as UO2

2+
(aq). Given that the object of the case study is to 

examine the effect of humic substances, this will be acceptable. 
 
Table 2: Results of PHREEQE97 speciation calculations on SAW, showing the major species. 

SPECIES [UTOTAL] =  
9.7x10-06 mol dm-3

UO2
2+

(aq) 2.198x10-09

(UO2OH)+
(aq) 2.387x10-08

(UO2(OH)2)(aq) 5.299x10-07

(UO2(OH)3)
-
(aq) 2.614x10-09

(UO2CO3)(aq) 9.154x10-07

(UO2(CO3)2)
2-

(aq) 7.446x10-06

(UO2(CO3)3)
4-

(aq) 7.636x10-07

(UO2SO4)(aq) 1.314x10-08

(UO2(SO4)2)
2-

(aq) 2.819x10-09

 
Experimental Details 
Both experiments were performed using solid material from the Schlema-Alberoda Uranium 
Tailings pile. Both Equilibrium and time-series (kinetic) experiments have been considered 
here. Uranium solutions, mixtures of 235/238U and 233U tracer, of various concentrations were 
added to samples of Schlema-Alberoda material at various solution volume to mass ratios 
(V/M). However, there is also uranium already associated with the solid phase. Experiments 
have shown that the amount of this available/exchangeable uranium is about 1x10-4 mol kg-1, 
and this must be taken into account during the modelling. In the description below, unless 
otherwise stated, 'total uranium' or 'UT' refers only to the uranium added in the solutions 
during the experiments, and excludes that already associated with the solid.  
 
Equilibrium Model 
The equilbrium uptake of uranium after 335 hours equilibration time on Schlema-Alberoda 
Material, SAM, from the tailings pile was measured as a function of solid to solution volume 
ratio (V/M). The data for V/M = 20 ml g-1 are shown in Table 3. 
 
Table 3: Equilibrium uptake data for V/M = 20 ml g-1 (%age uptake as a function of added 
uranium conentration). 
[UTOTAL] (mol dm-3) 1.1x10-06 2.82 x10-06 4.54 x10-06 6.26 x10-06 7.98 x10-06

Uptake (%) 51.1 48.7 45.25 44.65 44.3 

 
The simplest equilibrium approach is to use a single equilibrium constant, K, 

]S].[M[

]MS[
K =   (1) 
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where [M], [S] and [MS] are the concentrations of free metal ion, free surface binding sites 
and metal ion bound to surface sites, respectively. If [ST] is the total surface site 
concentration, free and occupied,  
[ST] = [S] + [MS] 
then equation 1 may be rearranged to give, 

]S[]M[]S[K]MS[ TT

1111
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=   (2) 

and hence, if this is a suitable model, then a plot of (1/[MS]) vs (1/[M]) will be a straight line, 
with intercept (1/[ST]) and slope (1/K[ST]). Figure 1 shows this plot for the experimental data 
given in Table 3. Note: during these calculations, the total amount of metal ion that must be 
considered is the sum of that added in the solution plus the exchangeable uranium already 
associated with the solid, since at equilibrium, the two sources of uranium will be equally 
distributed in solution and on the solid. Clearly, the simple model simulates the behaviour 
adequately, for this data set at least. Linear regression provides values of [ST] = 1.20x10-5 mol 
dm-3 and K = 1.16 x105 dm3 mol-1. Given that V/M = 20 ml g-1, the site concentration of the 
solid is 2.38x10-7 mol g-1. The values calculated at V/M = 20 ml g-1 and an equilibration time 
of 336 hours were compared with other data at different V/M and times. The site 
concentration, [ST] was calculated for each system using the value obtained at V/M = 20 ml g-

1, and new values of K calculated. The results are shown in Table 4. 
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Figure 1: Plot of (1/[MS]) vs (1/[M]) for the experimental data in Table 3, V/M = 20 ml g-1. For 
each point, the total uranium is the sum of that added in the solution plus the exchangeable 
uranium already associated with the solid. 
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Table 4: experimental data and calculated values of K. 
Conditions Equilibration 

time hr 
Experimental 

uptake 
(%) 

[MS] 
mol dm-3

[M] 
mol dm-3

[S] 
mol dm-3

K 
dm3 mol-1

48 52.7 5.44E-06 4.89E-06 1.86E-05 5.98E+04V/M = 10 mg dm-3, [UTOTAL] 
=3.3x10-7 mol dm-3

168 59.4 6.13E-06 4.19E-06 1.79E-05 8.16E+04
48 47.7 9.40E-06 1.03E-05 1.47E-05 6.22E+04V/M = 10 mg dm-3, [UTOTAL] 

= 9.7x10-6 mol dm-3
168 51.1 1.01E-05 9.63E-06 1.40E-05 7.46E+04

 
The variation in the value of K, from 5.98x104 to 1.16x105 dm3 mol-1 may seem large, but 
given the complexity of the system and the necessary simplicity of the model, this sort of 
variation is to be expected. In fact, the data in Table 4 give a clue to the origin of the 
discrepancy: the values of K increase with time (48 and 168 hours) for the V/M = 10 ml g-1 
systems, and the highest value, obtained at V/M = 20 ml g-1, corresponds to an equilibration 
time of 336 hours. This suggests that the 48 and 168 hour data may not repesent a fully 
equilibrated system, and there are slow processes operating here. 
 
Kinetic Model 
A series of kinetic uptake experiments measured the sorption of uranyl as a function of 
exposure time (Table 5). These data were used to formulate a second, mixed equilibrium and 
kinetic description of the system. 
 
Table 5: Experimental kinetic data, uranium sorbed onto the SAM surface as a function of time, 
which were used in formulation of the kinetic model. The sorbed concentrations correspond 
only to the uranium added in the solution, excluding the exchangeable solid phase uranium, 
although this uranium was taken into account in the calculations. All V/M have units of ml g-1 
and all concentrations, mol dm-3

Time 
(hr) 

V/M = 10 
[UT] = 9.7x10-6

V/M = 100 
 [UT] = 9.7 x10-6

V/M = 44.8 
[UT] = 9.7 x10-6

V/M = 20 
[UT] = 9.7 x10-6

V/m=44.8 
[UT] = 3.3 x10-7

V/m=10 
[UT] = 3.3 x10-7

1 3.07x10-06 5.51x10-07 1.02x10-06 1.82x10-06 5.89x10-08 1.42x10-07

2 3.53x10-06 5.95x10-07 1.3x10-06 2.05x10-06 6.77x10-08 1.45x10-07

4 3.65x10-06 6.23x10-07 1.39x10-06 2.16x10-06 6.68x10-08 1.49x10-07

24 4.1x10-06 9.8x10-07 1.48x10-06 2.94x10-06 8.05x10-08 1.52x10-07

96 4.89x10-06 1.11x10-06 1.93x10-06 3.59x10-06 8.98x10-08 1.85x10-07

168 5.49x10-06 1.21x10-06 2.32x10-06 3.62x10-06 9.41x10-08 1.94x10-07

336 5.92x10-06 1.36x10-06 2.17x10-06 4.48x10-06 1.16x10-07 1.88x10-07

 
Inspection of the data reveals that there must be at least two components, one fast and another 
slower. The transport code that will be used to make the migration case study predictions, 
k1D, is able to cope with mixed systems of equilibria and rate equations. Therefore, a simple 
two reaction mixed model was used to fit the kinetic data. 
 
The fast component was simulated using a simple equilibrium approach, i.e. 

M + S ⇔ MSFAST

Where M and S are the free metal ion and surface site, and MSFAST represents the 
concentration of metal bound in this 'fast' fraction. The concentration of MSFAST is calculated 
using a simple equilibrium constant, KFAST, 
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]S[]M[

]MS[
K FAST

FAST =  

The more slowly sorbing component was simulated with a simple, first order kinetic 
approach, i.e. 

M + S ⇄ MSSLOW

where MSSLOW respresents the 'slow' fraction. The change in the concentration of MSSLOW 
with time is caculated using two first order rate constants, kf and kb, 

]MS[k]S][M[k
dt

]MS[d
SLOWbf

SLOW −=  

For mathematical simplicity, the same surface site has been used for both fractions. In reality, 
they may be very different. However, this one surface site, two fraction approach is able to 
simulate the data adequately. The value of [ST] is not well defined by the kinetic data, since 
equilibrium has not yet been reached, but the data were consistent with the same value as for 
the simpler, equilibrium model, 2.38e-07 mol/g, and this value was used here. The values of 
kf and kb were obtained first, by fitting of the raw data. Data at the lowest added uranium 
concentration (3.3e-07 mol dm-3) were not used during the fitting of the parameters, because 
in these systems the amount of added uranium is small compared to that already associated 
with the solid, and hence, might be more prone to error. However, once the fitting was 
completed, the model was used to simulate all the systems, to test its range of validity. Figure 
2 shows the experimental data for the [UT] = 9.7x10-6 mol dm-3, V/M = 10 ml g-1 system 
plotted as the natural log of the percentage of free added metal left in solution vs time. If there 
were only a single, slow reaction, then this plot would be a straight line. However, the 
presence of at least one fast component results in a curve, especially at short times. However, 
it was found that at longer times, the data could be fitted with a straight line. 
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Figure 2: Experimental data (points) and model fit to longer time data (line) for [UT] = 9.7x10-6 
mol dm-3, V/M = 10 ml g-1 system  
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Figure 3: Experimental data (points) and model fit to longer time data (lines) for [UT] = 9.7x10-6 
mol dm-3, V/M = 20 ml g-1 system. 
 

One set of constants were able to simulate all of the longer time data: kf = 2x10-2 mol-1 dm3 s-

1; kb = 1x10-7 s-1. During all of the model calculations, the starting point, time=0, condition 
was that all of the added uranium was free in solution, and all the solid phase derived, 
exchangeable uranium was sorbed on the surface. Using a series of time steps, and the 
equations given above, these two sources of uranium sorb and desorb, respectively. In all the 
figures that follow, the [Usorbed] concentrations correspond to the sorbed uranium from the 
initial solution only, excluding the initial, exchangeable uranium, although this fraction was 
taken into account during the calculations. Figures 3 and 4 show the fit obtained with these 
values of kf and kb for two other systems, this time the data are plotted as the concentration of 
(added) uranium sorbed vs time. Two model lines are plotted, the lower one represents the 
model predicted concentration of (added) U in the slow fraction, and the upper line represents 
the same data plus some arbitrary constant offset, to allow comparison of the fit with the long 
time data. In both cases, the fit is good, even in the case of the low uranium concentration 
(3.3x10-7 mol dm-3) system (Figure 4), which was not used during the fitting. Hence, the 
model appears to work for all of the uranium concentrations. 
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Figure 4: Experimental data (points) and model fit to longer time data (lines) for [UT] = 3.3x10-7 
mol dm-3, V/M = 44.8 ml g-1 system. 
 

The arbitrary vertical offsets in Figures 3 and 4 represent the fast fraction, MSFAST. It was 
found by a process of trial and error that an equilibrium constant, KFAST, of 1.42x105  dm3 
mol-1 gave the best fit to the data. Finally, the values of KFAST, kf and kb were used together to 
produce an overall model fit to the experimental data (Figure 5). Given the inherent 
complexity of this system, the fit between model and experiment is good. 
 
Conclusions 
The two reaction kinetic model will be used to describe the interaction of the uranyl with the 
tailings material for the Schlema-Alberoda migration case study. Two components have been 
defined, one represented as an instantaneous equilibrium process and the other as a first order 
kinetic process. This is the simplest possible description of a very complex system. Certainly, 
the data do suggest that there are intermediate fractions between the fast and slow fractions 
defined in the model (see curve in plot at short times in Figure 2). However, the model is 
sufficient for the purposes of the transport calculations, since it is able to simulate the system 
adequately for reaction times in excess of 24 hours, and the transport calculations consider 
time periods of years.  
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Figure 5: Experimental data (points) and model fit (lines) for kinetic data: all V/M have units of 
ml g-1and all concentrations, mol dm-3; sorbed concentrations expressed as effective solution 
concentrations (mol dm-3). 

 
concentrations (mol dm-3). 
  

To summarise, the following reactions, equations and parameters will be used in the 
migration case study: 
To summarise, the following reactions, equations and parameters will be used in the 
migration case study: 
  
Fast component Fast component 

M + S ⇔ MSFAST M + S ⇔ MSFAST 

  

13510421 −== moldmx.
]S].[M[

]MS[
K FAST

FAST  

Slow component  
M + S ⇄ MSSLOW

 

]MS[k]S][M[k
dt

]MS[d
SLOWbf

SLOW −=  

kf = 2x10-2 mol-1 dm3 s-1; kb = 1x10-7 s-1. 
 

There will be a single surface site for both components, ST = S + MSFAST + MSSLOW = 
2.38x10-7 mol g-1 

 
Reference 
Czerwinski K.R., Buckau G., Scherbaum F., Kim J.I. (1994) Complexation of the uranyl-ion 
with aquatic humic-acid, Radiochimica Acta, 65, 111-119. 
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Introduction 
Humic substances control the biological and chemical availability of many pollutants, and 
particularly metal ions (Piccolo 2002). Metallic pollutants are amongst the most serious 
ecological issues; for example, weapons testing and releases from civil programmes have 
deposited 16x1015 Bq (≈ 6 tonnes) of Pu into the environment. 'Heavy metal' pollution (e.g. 
Hg, Cd) is also a serious issue. Because they coordinate metal ions so readily, it has been 
clear for some time that humic substances can affect transport and bioavailability. However, it 
has been shown that, as well as binding metals exchangeably, like any simple ligand (e.g. 
EDTA, citrate), they also have a non-exchangeable binding mode. Initial uptake is into the 
exchangeable fraction but, over time, a significant proportion is transferred into the non-
exchangeable. Transfer between exchangeable and non-exchangeable may be described with 
first order rate constants. In fact, there is a range of first order rate constants, ranging from 
instantaneous to very slow, and in particular, there is a clearly defined fraction, at the slow 
end of the spectrum of rates that may be described with a single first order desorption rate 
constant (King et al 2001). Metal bound in the exchangeable fraction might be transported 
with the humic, but will desorb instantaneously, if a sink (e.g. mineral surface) of sufficient 
affinity or concentration is encountered, i.e. it may be stripped from the humic and 
immobilised. However, once a metal ion is bound non-exchangeably, then it will remain 
entrapped within the humic structure, regardless of the affinity of any competing sinks, and 
will effectively transport with the humic (Keepax et al 2002). In fact, the only controls on the 
transport of the non-exchangeable metal will be any sorption of the humic itself and the metal 
ion desorption rate. Transport calculations have shown that the non-exchangeable fraction is 
the most significant contributor to environmental impact, and that, in many systems, only this 
fraction will be transported to any significant extent (Keepax et al 2002). Humic kinetics also 
affect bioavailability. It has been shown that Cu and Pb become less available with time, and 
Halim et al (2003) have attributed this to the movement of metal ions into ‘inner humic 
domains’. 
 
Clearly, humic kinetics and non-exchangeable binding are important issues. However, the 
vast majority of studies have addressed only the exchangeable interaction, and hence, we 
know more about its origin. Exchangeable binding strength is dependent upon metal ion 
identity; those of high charge density having the greatest affinity. Bryan et al (2000) have 
shown that this interaction is driven by the entropy change, which derives from the relaxation 
of the double layer, and most importantly, the dehydration of the metal ion. In the case of the 
non-exchangeable interaction, however, the range of first order (sorption/desorption) rate 
constants is fairly narrow, even for a wide range of solution conditions (Table 1). This 
behaviour would suggest that the kinetic effect is controlled by some property of the humic 
itself. Previous studies have identified likely contiguous metal binding sites on humic 
molecules, and these would appear to be largely bidentate: higher coordination numbers are 
only likely if there is rearrangement of the skeleton to bring functional groups from other 
parts of the humic (Bryan et al 1997). The binding sites are thought to be dominated by 
carboxylic acids, and in the case of copper (II), nitrogen (Jones and Bryan 1998). It seems 
unlikely that it is the specific, chemical interaction that is responsible for the kinetic effect, 

 228



since other polydentate carboxylate ligands, such as EDTA and citrate, do not show this 
behaviour. Also, the lack of variation in rate constant from metal ion to metal ion would 
suggest that it not the local interaction between metal ion and humic that is responsible. In 
fact, the only significant difference between humics and simple ligands is their large size in 
solution. 
 
Table 1: values of first order desorption rate for some systems (Keepax et al 2002) 

Metal Ion (and conditions) kb (s
-1) 

Eu(III), pH 4.5 1.2 x 10-6

Eu(III), pH 6.5 5.0 x 10-7

Co(II) 1.3 x 10-6

Am(III) 1.2 x 10-6

 
Unfortunately, humic substances are very complex, polydisperse materials (Jones and Bryan 
1998). Their molecular weight and size distributions and their conformations are not well 
understood, and before reliable predictions of humic behaviour will be possible, it is essential 
to have at least a basic understanding of their structure (Clapp and Hayes 1999, Piccolo 
2002). One of the biggest uncertainties (Clapp and Hayes 1999) is the true size of humic 
molecules: are humics macromolecular, or are they associations of smaller species? 
 
There are two, fairly contradictory conceptual models of humic structure in solution (Clapp 
and Hayes 1999): (1) Random Coil; (2) Self Association. 
 
The Random Coil Model 
Strictly speaking, the Random Coil Model treats the humic as a single contiguous molecular 
strand, which coils randomly with respect to time and space. This strand carries, along its 
length, charged and hydrated functional groups. It assumes a conformation, which is roughly 
spherical in shape and in which the distribution of mass is Gaussian about its centre. The 
solvent penetrates throughout the structure, and at the periphery exchanges freely with the 
bulk solvent. The colloid may be tightly or loosely coiled, depending upon several factors: the 
nature of the solvent; the extent of the solvent penetration; the charge of the colloid; the 
concentration of counterions; the surrounding pH (Hayes and Swift, 1978; 1990). At neutral 
to alkaline pH, the charged sites will be dissociated, giving rise to electrostatic repulsion 
within the colloid. In an attempt to reduce its electrostatic free energy, it will expand (and 
rearrange). Intramolecular expansion and solvation, together with intermolecular repulsion 
will keep these species in solution. Increasing I will reduce the repulsion and will lead to 
contraction. Adding specifically bound metal ions will reduce the magnitude of the charge, 
and hence, will also lead to contraction, as will protonation at lower pH. The colloid will 
shrink until the point where all the solvent is expelled and the flexible colloid has shrunk to its 
most collapsed state. In its original form, the Random Coil approach does treat the humic as a 
single molecular chain. However, given the complex and chaotic mechanisms of humic 
formation, it seems unlikely that humic colloids really have a single, contiguous chain (Clapp 
and Hayes 1999). In fact, Schulton and Schnitzer (1993) have found experimental evidence 
for significant cross-linking. Hence, it might be more realistic to think of the humic as having 
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a sponge like structure, which is cross-linked, but is still able to expand and contract to allow 
penetration by the solvent and small ions. The net effect is a penetrable, gel-like structure 
(Benedetti et al 1996). 
 
The Self-Association Model 
This hypothesis holds that the humic species observed in solution are actually aggregates of 
smaller monomers (Wershaw 1986, 1993; Piccolo et al 1996; Piccolo 1997; Conte and 
Piccolo 1999). The 'Self-Association' model (Piccolo 2002) treats humic substances as 
relatively small, but heterogeneous, molecules that reversibly self-associate into 
supramolecular aggregates, which are held together by weak interactions, such as van der 
Waals forces, π-π, CH-π and hydrogen bonds (Buurman et al 2002). Within these 
associations, the random and heterogeneous nature of the material leads to adjacent 
hydrophilic and -phobic regions (Buurman et al 2002). Originally, it was proposed that 
humics form aggregates with micelle-like properties, with hydrophilic parts on the outside 
and hydrophobic in the interior (Wershaw 1993), but Yates and von Wandruska (1999) have 
suggested that 'pseudo-micelles' may be formed, i.e. spontaneous aggregates that are not 
necessarily ordered, but which have hydrophilic and hydrophobic parts. It is likely that the 
aggregates would be loose and the solvent and small molecules would be able to penetrate in 
the same way as for a large 'Random Coil' macromolecule, and one can envisage that these 
associates too could have a penetrable, gel-like structure. The most important difference 
between the Random Coil and the Self Association models is that in the former the humic 
species are true, single macromolecules 
 
Evidence 
Given the big difference between these models, one might expect that one or the other could 
easily be ruled out. However, various authors claim evidence for both. A number of 
techniques have been used to probe humic structure, although heterogeneity means that the 
results are often inconclusive (Jones and Bryan 1998). In fact, it is characteristic of humics 
that different techniques give very different measures of molecular weight, and these 
differences are large (Piccolo 2002). Some techniques, such as ultracentrifugation, suggest 
that the average weights are of the order of thousands for fulvic acids and tens of thousands 
for humic acids (Jones and Bryan 1998), and humic acids certainly display many 
characteristics (e.g. flocculation and double layer properties) of macromolecular 
polyelectrolytes (Swift 1999). On the other hand, over the last decade, soft ionisation mass 
spectrometry, such as matrix assisted laser desorption/ionisation (MALDI) and electrospray 
ionisation (ESI), have seemed to support the self-association model. Both MALDI and ESI 
mass spectrometries give low average masses, with a distribution that has largely tailed off by 
M=2000, indicating that intrinsically high molecular weight material does not form a 
significant part of humic substances in solution (Stenson et al 2002). However more recently, 
Reemtsma and These (2003) and Stenson et al (2002) have found that much of the signal in 
the spectra is due to fragments, rather than 'true' molecular ions. Reemtsma and These (2003) 
have also found that the presence of small molecules may prevent the ionisation and detection 
of very large species. Given these recent developments, it is still possible that some part of 
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humic substances is, after all, truly macromolecular, and it is entirely possible that true 
macromolecules and associates coexist in solution. The fact that, despite decades of research, 
there can still be such fundamental disagreement about the nature of humic substances is 
indicative of their gross complexity. The only certainty is that large species do exist in 
solution, but their origin is unclear. 
 
Possible mechanisms for the origin of non-exchangeable binding 
For the Random Coil/Penetrable Gel Model, the humic has an open structure, which is 
penetrated by solvent and small ions. Therefore, metal ions could migrate into the interior and 
become hidden. Now, the exact mechanism by which they could become trapped is unclear. 
Choppin (1988) describes the metal ion moving from exchangeable (weaker) to non-
exchangeable (stronger) sites, i.e., the metal is required to move from one place on the humic 
to another. An alternative is illustrated in Figure 1: the metal binds at an exchangeable site 
within the humic, and initially, is available for further reaction. However, with time, the 
humic rearranges its structure, completely surrounding the metal ion. The metal is now 
surrounded by the humic organic skeleton, and a hydrophobic zone has been formed, isolating 
the metal from aqueous solution phase chemistry, and rendering it non-exchangeable.  

hydrophobic zone

MM

hydrophobic zone

MM

FIGURE 1: Possible 'Random Coil' mechanism for non-exchangeable binding. 

 
In the case of Self Association, metals could bind at a site on one of the smaller units, which 
make up the larger aggregates. Initially, that metal would remain exposed to the solution, and 
available for removal by surfaces or competing ligands. However, rearrangement of the humic 
aggregate could trap the metal within the structure of the aggregate, hiding it from the 
solution (Figure 2). If this is true, then one would expect a direct relationship between the 
rates of humic aggregation/disaggregation, and the observed metal ion non-exchangeable 
binding rates. 
 
Of course, self-association may just provide large, penetrated aggregates, which could entrap 
metal ions via a similar mechanism to that proposed for the Random Coil approach. If this is 
the case, then there would be no automatic relationship between the rates of 
aggregation/disaggregation and the metal ion rates themselves. 
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FIGURE 2: Possible 'Self-Association' mechanism for non-exchangeable binding 

 
Aims 
Although experimental evidence has been cited for and against self-association, there has 
been no quantitative theoretical investigation to determine whether or not humic species are 
likely to aggregate to any significant extent, let alone the likely rates of any such aggregation. 
The aim of this work is to examine the mechanism of aggregation of humic molecules in 
solution, and to develop a mathematical model to calculate their rates of aggregation and 
disaggregation The rates will be used to predict changes in the mass distributions of humic 
substances with time. In this way, the model will test whether a self association mechanism 
could explain the presence of large aggregates in solution. 
 
A second aim of this work is to search for a mechanism for the non-exchangeable binding of 
metal ions by humics. The aggregation predicted by the model will be compared with non-
exchangeable binding data to see if any link is apparent. 
 
Theoretical potential energy curves and aggregation rates 
To estimate the rates of aggregation or disaggregation, one must calculate the form of the 
potential energy curve as the two particles either approach to contact, or separate. There will 
be two forces acting on the pair of particles: 
 
(1) the repulsive Coulombic interaction that will tend to retard or prevent aggregation; 
(2) the attractive, Van der Waal's interaction that will promote aggregation. 
 
The first step in calculating the Coulombic interaction is to calculate the potentials at the 
surfaces of the two particles. There are two approaches to calculating the potential at the 
surface of a particle. One can treat the particle as an impenetrable sphere with charge arranged 
uniformly on the surface, or one can treat the structure as penetrable with the charge 
distributed across the structure, which is open to solvent molecules and small ions. It is 
thought that the large humic species in solution are penetrated, and hence the penetrable 
approach is more appropriate. However, mass spectrometry suggests that the small molecules 
that make up any aggregates probably have masses of only a few hundred. In this case, the 
impenetrable model is more realistic. Both methods have been used here. Whichever 
approach is to be used, the first steps are the same. 
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The potential around a charged colloid particle, ψ, will be governed by Poisson's equation 
(Tanford 1961): 

ε
ρ−

=ψ∇2   (1) 

where ∇2 is the Laplacian operator, ρ is the charge density, and ε is the permitivity.  ρ will 
vary with distance from the centre of the colloid, and will depend upon both the humic and 
counterion charges (Bartschat et al 1992). The concentration of any counterion, i, will be 
governed by a Boltzmann equation (Tanford 1961), 
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where ψr is the potential at a distance r from the centre of the colloid, k is Boltzmann's 
constant, T is absolute temperature, e is the charge of an electron, and [Xi

zi+]r and [Xi
zi+]BULK 

are the counterion charges at r and in the bulk solution, respectively. Combining equations 1 
and 2 gives the ‘Poisson-Boltzmann’ equation (Bryan et al 2000), 
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where NA is Avogadro's number and NIONS is the number of ion types, i, in the solution. This 
equation will describe the variation in ψ around any particle. At this point, the impenetrable 
and penetrable methods diverge. 
 
Impenetrable Method 
For the impenetrable approach, only one Poisson-Boltzmann equation is solved (eqn 3). 
According to Gauss' law, for a charged surface the potential gradient, dψ/dr, at the surface 
(r=R) is given by, 

ε
σ

−=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂

ψ∂

=Rr
r

  (4) 

Here, equation 3 actually describes the variation in ψ from the radius of gyration, not the 
surface itself. The radius of gyration, B, is the distance of closest approach for small ions 
(Stern Layer). However, the charge density within the Stern layer is zero, and so there 
equation 1, becomes, 

02 =ψ∇   (5) 
and hence, 
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Equation 6 forms the first boundary condition. The second is given by, 
∞→→ψ   r   as   0  r  

 
Penetrable Method 
In the case of the penetrable method, electrolyte penetrates the structure, and so a second 
Poisson-Boltzmann equation is required to describe the variation in ψ across the particle 
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itself. If β is the fraction of the particle volume accessible to solvent and small ions, then the 
potential in the interior, ψINTERIOR, is determined by, 
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where ρHUMIC is the charge density of the humic. In this case, the boundary conditions are 
(Bartschat et al 1992, Bryan et al 2000), 
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and, 
∞→→ψ   r   as   0  r  

 
In either case, penetrable or impenetrable, the equations are solved by a 'shooting' method using 
Runge-Kutta and modified Adam's numerical integration routines (Bryan et al 2000). From this 
point on, the method is the same, regardless of whether the particles are penetrable or 
impenetrable. In both cases, the magnitude and shape of the potential is dependent upon the 
humic charge: the potential at any point increases with increasing humic charge, but decreases 
with increasing ionic strength. In addition, the extent of the double layer is affected, shrinking or 
compressing as ionic strength increases. Using these equations, the potential generated by the 
humic charge as a function of distance from the center of each particle was calculated, although 
only the potential at the colloid/diffuse layer boundary, ψR, was carried forward. 
 
The methods of Hogg et al (1966) and Wiese and Healy (1970) were used to calculate the 
Coulombic interaction energy, ΦCoul, as a function of d, the surface-surface separation of the 
two particles (labelled 1 and 2; Figure 3). 
 

d

ψR1 ψR2

r

R2R1

 
 
 
 
 
 
 
 
 
 
 
 
 

PARTICLE 2 PARTICLE 1  

FIGURE 3: parameters used to calculate ΦCoul. Note, the particles may be dissimilar. 
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If R1 and R2 are the radii of particles 1 and 2 respectively, and ψR1 and ψR2 are their surface 
potentials, then the Coulombic interaction energy will be given by, 
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where the function, f(d), is defined by, 
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and κ is the ionic strength dependent Debye-Huckel parameter, 
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The attractive, Van der Waals interaction energy, ΦATT, will be given by (Hiemenz and 
Rajagopalan 1997) 
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Combining the repulsive, Coulombic and attractive, Van der Waals energies provides the total 
interaction energy, ΦT, 
ΦT = ΦCoul + ΦATT  (12) 
which may now be calculated as a function of particle separation. 
 
Figure 4 shows examples of total interaction energy plots along with the corresponding 
Coulombic and Van der Waals contributions. There are 3 general shapes of interaction 
profile. In the case where the Coulombic term dominates over the Van der Waals for all 
values of d, for example where the particles have high surface potentials, then the total 
interaction energy becomes increasingly positive (repulsive) as the particles approach (Figure 
4A). Under these conditions, it is not possible for a stable doublet to form when the two 
particles come into contact. Alternatively, in the case of low surface potentials, where the Van 
der Waals interaction dominates, then the interaction becomes steadily more negative 
(attractive) as the separation decreases (Figure 4B). In this case, a stable doublet will form 
and the process will be diffusion limited (fast). Finally, when the Coulombic and Van der 
Waals contributions are more evenly balanced, then the characteristic shape shown in Figure 
4C is obtained. The Coulombic interaction is a longer range effect than the Van der Waals, 
and therefore, initially the total interaction energy increases as the particles get closer, but at 
very short separations, the attractive contribution dominates, and the total becomes more 
negative. The result is that a potential well forms at small d, which is preceded by a 'Coulomb 
barrier'. In these cases, the particles may form a doublet when they come into contact, the 
stability of which will depend upon the depth of the potential well. However, the particles 
first must overcome the Coulomb barrier. The effect is that the aggregation process will be 
slow, and the rate will depend directly upon the height of the barrier. 
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FIGURE 4: the three types of potential energy profile: A - Coulomb dominated; B - Van der 
Waals dominated; C - balanced, giving a Coulomb barrier and a potential well. 
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For a system containing two distinct particle populations, 1 and 2, with particle concentrations 
(particles/m3) of N1 and N2 respectively. The rate of loss of particle type 1, via aggregation 
with particles of type 2 will be given by, 

121
1 N'kNNk

dt

dN
f ≈−=   (13) 

where kf is the forward, aggregation rate constant, its value depending upon the form of the 
total interaction energy profile. While the particle concentrations do not change significantly, 
kf and N2 may be combined to produce a pseudo first order rate constant, k'. 
 
Fast aggregation (diffusion limited) 
In the case of a profile of the type shown in Figure 4B (attractive interaction dominated), the 
rate of aggregation will be diffusion limited. In this case, kf, will be given by (Hiemenz and 
Rajagopalan 1997), 
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Slow aggregation (Coulomb barrier limited) 
In the case of a significant Coulomb barrier, kf, is given by (Hiemenz and Rajagopalan 1997), 
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where r is the separation of the particle centres (Figure 3, note r≠d), and ΦCoul(r)+ ΦATT(r) are 
the Coulomb and Van der Waals interaction energies at r respectively. 
 
Backward (Disaggregation) rates 
Once the forward rates have been calculated, they are used to calculate the backward 
rates.The depth of the potential well, ∆GAGG (Figure 5), is the free energy change associated 
with the aggregation process and (-∆GAGG will be that associated with disaggregation). It is 
determined at the same time as the potential energy profile. Consider a generalised 
aggregation reaction between two particles, X1 and X2, to give a third, X3, 
X1 + X2 ⇔ X3, 
The equilibrium constant, KAGG, is determined by ∆GAGG, 
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where N1, N2 and N3 are the concentrations of X1, X2 and X3, respectively. On the way to 
equilibrium, the change in N3 with time is given by, 
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where kf and kb are the forward and backward rate constants: kf has been determined by the 
method above and may be determined by, 

b

f
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k
K =   (18) 

 

igure 5: Example of a potential profile, showing the depth of the potential well, ∆GAGG

alues of Rate Constants 
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V
All real humic samples are
single value of kf that describes all the aggregation reactions that might take place. Rather, 
there will be a unique value of kf for each possible combination of particle types. The values 
of the rate constants that are obtained if typical humic parameter values (charge density etc.) 
are used have been discussed previously (Bryan et al 2003). Figure 6 shows the results for 
WBPHA2, a peat humic acid at pH 6 and I=0.1. In order to calculate a particular value of kf, it 
is necessary to define the two particle types, 1 and 2. The procedure adopted here was to 
define particle 1 (M1) first and then, in series, define each of the species in the distribution as 
particle 2 (M2). The figure shows the results of two such series of calculations, the first for a 
particle 1 mass (M1) of 500, and the second for M1 = 123,000. It is clear that the identity of 
particle 1 does have an impact upon the distribution of kf values. The kf profiles in Figure 6 
are examples of the two general types. For M1 = 500, the values increase with increasing 
particle 2 masses, because the small particles have very low surface potentials, and hence 
lower Coulomb terms. As the mass of particle 2 increases, the attractive, Van der Waals, term 
increases more rapidly than the Coulomb, and hence, kf and the rate of aggregation increases. 
When M1 = 123,000, however, because of the higher surface potential, the Coulomb term 
increases more rapidly than the Van der Waals, and kf generally decreases. That said, there is 
a slight increase in kf for very large values of M2, because, although there is an increase in 
surface potential with mass, the rate of increase is much lower at high mass, which is due to 
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the reduction in particle charge density. Therefore, the Van der Waals term becomes more 
significant. 
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FIGURE 6: calculated kf and k' distributions for two particle 1 masses, 500 and 123,000 for WBPHA2, 

 corresponding distribution of pseudo first order rate constants, k' 

here are certain characteristics of the metal ion-humate non-exchangeable interaction that 

 some cases, the behaviour predicted for the self-association mechanism is consistent with 

[HA]=10ppm, pH=6, I=0.1. 

Figure 6 also shows the
(k'=kfN2, eqn. 13). These values have been calculated using the particle mass distributions 
measured by ultracentrifugation (Bryan et al 2001a,b). Although the kf distributions are 
radically different, there appears to be much less difference for k'. The particle concentrations 
(N2) decrease very significantly with particle mass, in the case of WBPHA2 by a factor of 104 
between M=2000 and 123,000. Hence, this variation, which will be the same for both series, 
dominates over the much more modest changes in kf. 
 
T
any proposed mechanism must be able to explain (Keepax et al 2002; King et al 2001; 
unpublished data). Although there is a distribution of fast and intermediate desorption rates, 
there is a distinct, long lived fraction that accounts for a significant amount of the non-
exchangeable metal, and which has a discrete, single first order desorption rate constant. All 
metal ions show very similar rates of transfer from exchangeable to the longest lived non-
exchangeable fraction and similar rates of desorption. The rates are insensitive to pH, total 
metal ion concentration, humic concentration and humate/metal ion ratio. 
 
In
the experimental facts. For example, very little effect of pH is predicted by the model. 
Further, the origin of the rates is entirely 'physical' in nature and the chemical identity of any 
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bound metal ion would not have any effect, and therefore, at least for metal ions of the same 
charge, there would be no difference in predicted rates. However, there are a number of 
discrepancies between the predicted rates and experiment. The calculations predict that the 
first order rates of aggregation will vary greatly across the distribution of particle masses. 
There is certainly no evidence for a single, consistent aggregation rate, or a distinct long lived 
fraction with a single, first order desorption rate. The effect of humic concentration on the 
predicted rates is also anomalous: the model predicts increases in rates, where none is 
observed. The ionic strength effect is also problematic. A very large effect is predicted for 
aggregation rates, but no significant change is observed in experiments. The final problem is 
that the predicted association rates are too high. Only at the lowest ionic strength do the self-
association rates start to approach those of the real non-exchangeable fraction. Therefore, in 
some ways, the self association rates predicted by the model are consistent with the metal ion 
non-exchangeable fraction rates. However, in other ways they are not. In order for the self-
association mechanism to be responsible for the non-exchangeable behaviour, at least in the 
absence of some other, additional mechanism, then it must be consistent with all of the 
experimental data. In fact, even when the input parameters are allowed to vary, regardless of 
the charge or size selected, the mechanism was still unable to produce a single distinct 
fraction, or the correct ionic strength behaviour. 
 
Therefore, it seems unlikely that the self-association mechanism can be responsible for the 

alculating Mass Distributions 
onomers is a complex process. Even for an initial 

ethod 1: Single Monomer 
pletely disaggregated, population is monodisperse; i.e. all of the 

tion to produce trimers, X3, 

metal ion non-exchangeable behaviour. However, it is important to appreciate that although 
the modelling suggests no link between aggregation and non-exchangeable behaviour, it 
certainly does not imply that the self-association process itself will not take place. On the 
contrary, the model predicts that aggregation of the 'monomer' units within the mass 
distribution should take place. Hence, if the non-exchangeable behaviour occurs as a result of 
the collapse of the humic structure around a metal ion and the formation of a hydrophobic 
zone, then it may be that self-association provides the large species for this mechanism. 
 
C
The aggregation of a population of m
population of monomers all of the same mass, as aggregation proceeds, a large number of 
species of different masses develop. It is necessary to keep track of the concentrations of all of 
these species while the aggregation is taking place. Thus far, two methods for calculating 
mass distributions have been attempted: 'single monomer' and 'four monomers'. 
 
M
In this method the initial, com
individual molecules have the same mass and charge. Hence, at zero time, there is no 
aggregation, and all of the mass exists as isolated monomers, X1. The first step is for these 
monomers to aggregate to produce dimmers, X2, 
X1 + X1 → X2

which in turn will undergo a further aggrega
X2 + X1 → X3
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This process continues, producing further aggregates, Xn, where n is the number of monomer 

n XXX  

where n can take any whole number value, greater than 0, and kf(n) is the forward rate 

X nn +→ −  

where this time n takes any value greater than 1. If Nn is the concentration of species Xn, then 

units making up the aggregates. In this way, the model only allows aggregation steps where 
one of the reactants is a monomer; i.e. all aggregations take the form, 

f )n(k

11 +→+ n

constant. A rate constant is also defined for the disaggregation steps, 
)n(k b

11 XX

we may write down equations to describe the change in these concentrations with time. 
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he model uses these equations to calculate the change in all concentrations, Nn, with time. 

esults 
lts obtained with method 1 are shown in Figures 7 to 10: in all cases, the mass 

T
The model splits the total simulation time into discrete steps, the length of which it calculates 
such that no species will change by more than 5% over the step. In addition, the equations are 
not linearised, and the integrated forms are used to prevent the introduction of even small 
errors in the concentrations, which could be magnified over a large number of steps. 
 
R
The resu
distributions are plotted as particle concentrations, rather than mass concentrations; i.e. these 
are 'number distributions'. Figures 7 and 8 show the effect of time on the distribution for a 
monomer mass of 500 and a charge of 5 meq/g at I=0.1. The most significant result of the 
whole work is that the model does predict that aggregation will take place amongst a 
population of small molecules with realistic humic properties. The value of the Hamaker 
constant used in these calculations is 5.4x10-21 J, which is at the lower end of the range that 
might be expected for organic materials, such as humics. This value was chosen for the initial 
calculations, because it makes the predictions of aggregation conservative; i.e. the aggregation 
observed here is not an artefact caused by the selection of optimistic input parameters. The 
value of humic charge is also realistic, and is what would be expected at neutral pH. 
Therefore, it would seem that there is no reason why these small molecules may not self-
associate to give larger species. Of course, the size of the aggregates predicted here are still 
relatively small; significant concentrations only extend to approximately mass 5000, which is 
much smaller than some of the species that have been observed in real humic samples, which 
can be as large as 60,000, even in the absence of multi-valent cations (Bryan et al 2001a,b). 
However, these are only initial calculations for a single monomer mass. 
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The model predicts that an equilibrium will be established relatively quickly, and within a few 

 

igure 9 shows the effect of monomer mass on the distribution. The main figure shows the 

hundred seconds, a stable distribution has been produced. In fact, the log scale in the figures, 
necessary to show all the data, is slightly misleading. The majority of the aggregation, 
certainly in terms of the loss of free monomer happens very quickly, within the first second. 
The move from dimers and trimers to the final distribution takes longer. The shape of the final 
distribution is interesting, a maximum in the distribution is predicted, which shifts to an 
equilibrium position at an aggregate number of 4, or a mass of 2000. This may suggest that 
the balance between the repulsive forces and attractive forces, results in a most stable 
configuration: the repulsive forces will increase faster than the attractive with particle mass. 
However, this result must be treated with caution, since it may be a product of the fact that 
only free monomer is allowed to aggregate to increase particle mass. The effect is that in the 
model, the free monomer becomes highly reactive, compared with other species, and this may 
be responsible for the large depletion of very low mass material. 
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Figure 7: The effect of time on aggregation of monomers; monomer mass = 500, charge = 5

meq/g, [HA] = 10ppm, I=0.1. 
 
F
data plotted versus aggregate mass, whilst the inset shows the same result plotted versus 
aggregate number. The results show that aggregation is predicted regardless of monomer 
mass; i.e. there is nothing special about a mass of 500. Also, both monomer masses yield a 
maximum, but in different places. The larger mass monomer yields more massive aggregates, 
but the degree of aggregation (the number of monomers in an aggregate) is much smaller. 
This makes sense, because for a constant charge density, there will be lower repulsive forces 
between the smaller monomers, and so they will find it 'easier' to aggregate. However, the 
greater mass of the larger monomer means that it still produces more massive aggregates. The 
difference in the position of the maximum suggests that if this effect is not an artefact, then 
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the process will not always select a particular 'magic', most stable aggregate size. This is 
reassuring, because the distributions of large humic species in solutions have broad, 
featureless distributions, without peaks. 

Figure 8: The effect of time on aggregation of monomers; close up of low mass region. 
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Figure 10 shows the effect of reducing humic charge on aggregation. It has been shown that 
the sizes of humic species in solution increase as their charge is neutralised; for example, by 
the addition of multi-valent cations (Bryan et al 2001a,b). As the charge is neutralised, species 
of higher and higher mass are produced, but small species still remain, and in fact, make up a 
very significant part of the distribution, even when the charge has been almost completely 
neutralised. The net effect is that the distribution is 'pulled' to higher mass. The model shows 
a small shift in the maximum, from M=2000 to M=3000, however, the most significant 
change is in the concentration of the larger species, which increase significantly, though 
concentrations of the smaller aggregates have been maintained. There has been a very 
significant reduction in the concentration of the monomer, which has virtually disappeared 
from solution. This is almost certainly an artefact caused by the fact that all aggregations must 
involve it. That said, the general behaviour predicted by the model does seem to match 
qualitatively the real behaviour, although once again, the masses of these aggregates are much 
lower than for real samples. 
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Method 2: Four Monomers 
One criticism of method 1 is that it assumes that the initial population is uniform, or 
monodisperse. However, this is clearly not the case. Soft ionisation mass spectrometry 
suggests that the monomers actually have a distribution themselves, which seems  to have a 
maximum at a mass of a few hundred, but extending to approximately 2000 (ignoring 
possible problems of fragmentation and ionisation suppression). 
 
Method 2 uses a population of 4 different monomers: XA; XB; Xc; XD. Aggregates, Xa,b,c,d, are 
allowed to form from any combination of these, where a,b,c and d are the number of XA, XB, 
XC, and XD in the aggregate, respectively. For any aggregate, rate constants are defined that 
describe the four possible aggregation steps. 

d,c,b,a
)d,c,b,a(k

Ad,c,b,a XXX fA
1+⎯⎯⎯⎯⎯ →⎯+  

d,c,b,a
)d,c,b,a(k

Bd,c,b,a XXX fB
1+⎯⎯⎯⎯⎯ →⎯+  

d,c,b,a
)d,c,b,a(k

Cd,c,b,a XXX fC
1+⎯⎯⎯⎯⎯ →⎯+  

1+⎯⎯⎯⎯⎯ →⎯+ d,c,b,a
)d,c,b,a(k

Dd,c,b,a XXX fD  

where in all cases, a+b+c+d ≥ 1. Constants are also defined for the dissociations: 

Ad,c,b,a
)d,c,b,a(k

d,c,b,a XXX bA +⎯⎯⎯⎯⎯ →⎯ −1  

where a ≥ 2, and b,c and d may take any value; 

Bd,c,b,a
)d,c,b,a(k

d,c,b,a XXX bB +⎯⎯⎯⎯⎯ →⎯ −1  

where b ≥ 2, and a,c and d may take any value; 

Cd,c,b,a
)d,c,b,a(k

d,c,b,a XXX bC +⎯⎯⎯⎯⎯ →⎯ −1  

where c ≥ 2, and a,b and d may take any value; 

Dd,c,b,a
)d,c,b,a(k

d,c,b,a XXX bD +⎯⎯⎯⎯⎯ →⎯ −1  

where d ≥ 2, and a,b and c may take any value. These constants are used to calculate the 
changes in the concentrations of the aggregates, Na,b,c,d, with time, 
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                           +−+− −− Dd,c,b,afDCd,c,b,afC NN)d,c,b,a(kNN)d,c,b,a(k 11 11  

                           ++++ ++ d,c,b,abBd,c,b,abA N)d,c,b,a(kN)d,c,b,a(k 11 11  

                           −+++ ++ 11 11 d,c,b,abDd,c,b,abC N)d,c,b,a(kN)d,c,b,a(k  

                          [ ] [ ]( ) −+ BfBAfAd,c,b,a N)d,c,b,a(kN)d,c,b,a(kN  

                          [ ] [ ]( ) −+ DfDCfCd,c,b,a N)d,c,b,a(kN)d,c,b,a(kN  

                          ( ))d,c,b,a(k)d,c,b,a(k)d,c,b,a(k)d,c,b,a(kN bDbCbBbAd,c,b,a +++  

(21) 
 
The changes in the monomer concentrations themselves are determined by summing the 
positive contributions from the dissociation steps and negative contributions from the 
association steps for all aggregates. 
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Results 
Figures 11 to 13 show the initial results for method 2: as for method 1, the data are plotted as 
number distributions, but this time all the distributions are plotted versus particle mass, since 
particles of the same mass may now be made up of different numbers of monomers. Figure 11 
shows the effect of time upon the distribution. The most obvious difference between this 
result and that for method 1 (Figure 7) is that the aggregation is much faster. This is probably 
because of the very much large number of possible aggregation reactions that are permitted in 
this model compared to method 1 (compare equations 19 and 20 with 21). Also, smaller 
monomers are present in this system, which will have much smaller repulsive forces. The 
other obvious difference is that there is a definite periodic effect in this distribution that was 
not present for method 1. There is a pattern that repeats over a mass of 2000. This is clearly 
due to the mass 2000 monomer, and the separate diagonal lines represent families of 
aggregates with 1, 2 3 etc. mass 2000 monomers. 
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FIGURE 11: Effect of time on aggregation for I=0.1, charge = 5 meq/g and monomer masses of 
100 (XA); 200 (XB); 500 (XC); 2000 (XD) and concentrations of N1 = 0.88x1022; N2 = 0.59x1022; N3 = 
0.77x1022; N4 = 0.69x1020. 

 
Figure 12 shows a comparison between the results obtained with a different set of monomers 
and the original result. The mass 2000 monomer has been replaced with one of 1000, and the 
periodic pattern seems to disappear. In fact, it has been replaced by a less obvious pattern with 
a period of approximately 500 instead. There has also been a shift in the position of the 
distribution to lower mass, similar behaviour to that observed for method 1 (Figure 9). 
Clearly, the large monomers, even though they have low concentrations, have a major effect 
on the predicted size of the aggregates. Also, there is no definite maximum for the method 2 
distributions, although it is possible that the fine structure caused by the selection of the 
monomer set is masking any small maximum. 
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FIGURE 12: Effect of monomer population for I=0.1 and charge = 5 meq/g. Population 1: 
monomer masses of 100 (XA); 200 (XB); 500 (XC); 2000 (XD) and concentrations of N1 = 0.88x1022; 
N2 = 0.59x1022; N3 = 0.77x1022; N4 = 0.69x1020. Population 2: monomer masses of 100 (XA); 200 
(XB); 500 (XC); 1000 (XD) and concentrations of N1 = 0.88x1022; N2 = 0.59x1022; N3 = 0.77x1022; N4 
= 0.14x1021. 
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FIGURE 13: Effect of charge on aggregation for a monomer set of 100, 200, 500, 2000. monomer 
masses of 100 (XA); 200 (XB); 500 (XC); 2000 (XD) and concentrations of N1 = 0.88x1022; N2 = 
0.59x1022; N3 = 0.77x1022; N4 = 0.69x1020. 
 
Figure 13 shows the result of a change in charge density on the population distribution. The 
monomer masses and starting concentrations are the same as for Figure 11. The same 
qualitative effect is shown here as was predicted by method 1. There is a general shift to 
aggregates of higher mass, although there remain significant concentrations of smaller 
material. Again, this is the same general behaviour that has been observed in experiment 
(Bryan et al 2001a,b). 
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Conclusions 
A model has been developed that is able to calculate the rate constants for the association and 
dissociation of humic like molecules, and then calculate the mass distributions that would 
result. The magnitudes and distribution of rates strongly suggest that association/ dissociation 
is not directly responsible for the non-exchangeable binding of metal ions. However, the 
model does suggest that aggregation of small humic like molecules to produce aggregates 
should take place. Two methods, involving one and four monomers have been tested, and 
both predict aggregation. The model behaviour is qualitatively similar to real humic 
behaviour, in particular the effect of a reduction in charge density, which results in a shift to 
larger mass aggregates, whilst significant concentrations of the smaller species are 
maintained. The most significant difference between the model prediction and real data is that 
the model predicted aggregates are much smaller, by roughly an order of magnitude. A major 
limitation of the model (both methods) is that it is constrained to aggregation reactions that 
involve addition of monomers either to themselves or existing aggregates; aggregates are not 
permitted to aggregate. The result is that a long series of separate steps would be required to 
produce very large material, whereas in reality, there would be no such restriction. This may 
be the reason for the discrepancy between model and real humic species. This work has 
shown that self-association is possible, and in fact, should be expected. However, it does not 
prove that the large species that exist in solution must be aggregates and not true 
macromolecules. 
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Introduction 
The industrial scale exploitation of nuclear fission has led to the production of a range of artificial 
isotopes and elements, including fission products such as 90Sr, 99Tc and 137Cs and transuranium 
elements such as Np, Pu and Am. The geochemical behaviour of these is of interest because of 
the need to assess the radiological impacts of releases into the environment, but there are 
relatively few localities worldwide where these elements are present in sufficient quantity to 
allow detailed study. The authorised low level effluent discharges from the BNFL nuclear fuel 
reprocessing plant at Sellafield in North Western England into the Irish Sea have led to the 
labelling of nearby sediments with a range of isotopes, and it is possible to use this locality to 
explore the transport and geochemistry of these elements. (Cundy et al., 2002; Ridgway & 
Shimmield, 2002; Thomson et al., 2002).  
 
Construction of the Sellafield site began in 1947, initially to support the UK nuclear weapons 
programme, and discharges of low level effluents to sea commenced in 1952. There are complete 
records of activity discharged for many of the most important constituents of the effluents, such 
as 137Cs, Pu-α, 241Pu or 241Am, partial records for other constituents such as 99Tc or 237Np and 
essentially no information on radiologically minor but potentially useful species such as 236U 
(Gray et al., 1995). In addition, the separate components, 238Pu and 239,240Pu, which comprise Pu-
α, have been measured separately since 1978 and sediment core data have been used to 
reconstruct the historical discharge of 238Pu  from 1952 (Kershaw et al., 1990). As the functions 
of the Sellafield site have changed over time, from weapons-related activities to the reprocessing 
of civilian fuel, and as the burnup of the plant feedstocks has increased and effluent treatment 
improved, so the elemental and isotopic composition of the effluent discharges have also changed 
(Wilson, 1996). In general, discharges increased through the 1960s to reach maxima in the 1970s, 
before decreasing substantially in the first half of the 1980s. The 137Cs peak discharge was over 
5000 TBq yr-1 and that of total Pu over 50 TBq yr-1. Discharge levels since the mid-1980s have 
been trivial by comparison with the peak years.   
 
Discharge is via a pipeline direct into the Irish Sea. On release, the radionuclides primarily 
become associated with fine, suspended material to differing degrees, depending on their particle-
reactivity. More detailed descriptions of  relevant aspects of actinide speciation and particle 
reactivity can be found in Pentreath (1988), Clark et al. (1995) or Morris et al. (2000). As a 
result, all the actinides are significantly particle-associated, although solution transport is 
proportionately more important for those with relatively low Kd values; for example, Cs+, NpO2

+ 
or UO2

2+. 
 
The eastern Irish Sea basin is generally quite shallow, typically only 30 m deep, and as a result of 
tidal movement and currents, the fine-grained particles with their associated radionuclides are 
focused into a belt of muds and muddy sediments (the “mud patch”) which lies parallel to the 
coast (Hetherington, 1976; Pentreath et al., 1984; Kershaw et al., 1992; MacKenzie et al., 1994). 
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With time, some of the particulates have been redistributed by tidal processes or storm events and 
deposit in the intertidal areas of local estuaries, particularly the River Esk (Hetherington, 1978; 
Aston & Stanners, 1981; MacKenzie et al., 1994), but also the Wyre, 60 km south (Aston and 
Stanners 1981) and in the Solway Firth to the north (Jones et al., 1984). The intertidal sediments 
of the Esk estuary have been studied here. 
 
Actinide Experimental Data 
30 cm deep sediment cores (20 x 20 cm in area) were collected over a number of years from the 
intertidal saltmarshes of the Esk Estuary The concentrations of a suite of actinides and other 
radioisotopes have been determined as a function of depth in previous studies (Marsden 2003, 
Marsden et al 2001, Keith-Roach et al. 2001, Morris et al. 2000). 
 
The Model 
A model was developed with the aim of matching the observed sediment profiles quantitatively 
to discharge histories. The model is based on the assumptions that, once discharged to sea, the 
radionuclides become strongly associated with suspended particles which are focused into a 
region of fine-grained sediment offshore, the 'Mud Patch'. Here, the radioisotopes are mixed by 
bioturbation and diffusion. Each year, a fraction of the surface material in the mud patch is 
transported onshore and accumulates in the salt marsh. Therefore, material does not move direct 
from the end of the Sellafield pipeline to the salt-marsh site, but first becomes incorporated into 
the submerged mud patch, which acts as a buffer. With time, more material enters the top of this 
patch, and becomes mixed with the existing material via bioturbation. Therefore, since 1952 the 
depth concentration profile of the mud patch has been constantly evolving. The majority of the 
material arriving at the Salt Marsh has been scoured from the top of the mud patch by the action 
of tides, waves and storms etc. Unlike the mud patch, the salt marsh site is not subject to 
significant biotirbation, and as the marsh accretes, the history of arrivals is conserved. Hence, 
there should be a direct relationship between the concentration of activity at the top of the mud 
patch and the material arriving at the salt marsh at any given time, and a plot of mud patch 
surface activity vs time should have the same shape as a plot of activity vs depth at the salt 
marsh. 
 
Several authors (e.g. Woodhead 1988; MacKenzie et al., 1998) have suggested that bioturbation 
in the surface sediments of the Irish Sea will produce an effect analogous to simple diffusion. In 
this case, Fick’s Law may be used to calculate the movement of radionuclides through the mud 
patch: the vertical flux of material (dx/dt)z through a cross-sectional area A will be given by, 

( )
z

zz dz
xdADdt

dx ⎟
⎠
⎞⎜

⎝
⎛−= ][          (1) 

where Dz is the diffusion coefficient at depth z (strictly an apparent or pseudo-diffusion 
coefficient, since Fick’s Law is used here to simulate bioturbation only; this is not a chemical 
diffusion coefficient), [x] is the concentration of contaminant x at depth z, (d[x]/dz)z is the 
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concentration gradient at z and t is time. The model considers a hypothetical, homogeneous 
sediment column of total length zmax, split into N equal slices, each of depth ∆z (= zmax/N).  
 
Given that this mixing is due to bioturbation, it can only take place where the biota are active. 
Although many species may be active at shallow depths, the worm Maxmuelleria lankesteri is 
thought to be responsible for the majority of the observed mixing at moderate and greater depths 
(Kershaw et al., 1983; 1984; 1999). M. lankesteri is found up to 1.5 m below the sediment 
surface, so the model considers that mixing ceases at 1.5 m depth. The value of Dz will therefore 
decrease with depth. In the model, it is assumed that there is a constant diffusion coefficient in 
the top 10 cm of the sediment, followed by a linear decrease to zero at 1.5 m.  
 
For each boundary, i, between slices, the model calculates the amount of material, ∆xi, which will 
cross that boundary: 

z
xtADx i

ii ∆
∆

∆−=∆
][

         (2) 

where Di is the diffusion coefficient at boundary i, ∆[x]i is the difference in concentration 
between the two slices and ∆t is the length of the time step. Once all ∆xi have been calculated, the 
model then moves the appropriate amount of material across the boundary. This procedure is 
repeated for each time step, producing depth-concentration profiles with time. There is no 
restriction on the direction of movement (up or down), which is determined only by the sign of 
the concentration gradient.  
 
It is assumed that, at any time, the radionuclide activity concentration of the newly contaminated 
sediment, at the top of the column, will be proportional to the activity being discharged from 
Sellafield at that time. The constant of proportionality is unknown, so the model uses and 
produces relative concentrations only. The concentrations for each step are obtained by 
interpolation of the discharge data, obtained from Gray et al. (1995). It is assumed that material 
will be incorporated into the top slice by the same diffusion process that controls movement 
across the boundaries within the column, i.e. determined by equation 2. Here, ∆xi will be given 
by the difference in concentration between the top slice and the current concentration, as obtained 
from the discharge data, and so the amount of “new” material entering the system may be 
calculated at each time step. At each time step, new material enters the column from the top (z = 
0) only.  
 
The experimental data from the mud patch and the model output profiles may be compared 
directly. To predict the salt marsh profiles, it is assumed that a certain (variable) depth, d, of 
material is resuspended, carried on shore and deposited. For each time step, the mean 
concentration in the slices down to depth, d, is calculated and plotted against time. This plot may 
be compared with the experimentally determined profile at the salt marsh.  
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There are two uncertain parameters: the magnitude of the diffusion coefficients and the 
resuspension depth d. Although there is agreement that bioturbation is analogous to diffusion, 
there is no consensus as to the correct value of the diffusion coefficient. The suggested values 
range from 9.5 x 10-8 to 5.7 x 10-6 cm-2s-1 (Woodhead 1988). In the case of resuspension depth, 
there are no published values.  
 

igure 1. Measured Pu salt marsh core activity profile (Bq kg ) and model predictions 

itial calculations were performed for 239,240Pu using a range of resuspension depths (d) from 1 
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In
to 20 cm, and diffusion coefficients at the top of the column from 9.5 x 10-8 to 5.7 x 10-6 cm-2s-1. 
Figure 1 shows the effect of varying resuspension depth, with constant D (= 9.5 x 10-8 cm-2s-1). 
The results with d = 1 cm  most closely resemble the discharge history and those with d = 20 cm 
the least. The top of the column will always resemble the discharge most precisely, since it has 
been in direct contact with the “new” material, and the diffusion process will tend to homogenise 
adjacent regions, the rate depending on D. As resuspension depth increases, more old material is 
included and the profile diverges from the discharge history. The d = 20 cm profile becomes 
increasingly smeared with time and less like the discharge history, as there will be increasing 
amounts of old material included. Indeed, if the general mechanism proposed here is correct, then 
the salt marsh profiles should most closely match the discharge data at depth and diverge as depth 
decreases, regardless of the values of resuspension depth or diffusion coefficient. The d = 20 cm 
plot least resembles the profile data, which is unsurprising, since this resuspension depth is 
perhaps unrealistic. The more realistic d = 1 and 3 cm plots are very similar and, in fact, it was 
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found that, for any resuspension depth < 6cm, the results, and indeed the goodness of fit, were 
relatively insensitive to d. 
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Figure 2. Sensitivity of predicted salt marsh profiles (relative activity concentrations) to diffusion 
coefficient (d  = 5 cm).  Results presented for (top to bottom) 239,240Pu, 241Am and 238Pu. 
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Figure 2 shows the effect of diffusion coefficient on predicted salt marsh profiles for 239,240Pu
241 238

, 

 the offshore mud patch and analysed for 
9,240 241 238

-6 -1

l d d charge data for 244Cm. However, a 244Cm profile at the salt marsh has 

Am and Pu respectively; in each case, d = 5 cm. For the Pu isotopes, the difference in fit 
does not seem very significant. However, in the case of 241Am, there is a much better match to the 
shape with the smaller diffusion coefficient (9.5 x 10-8 cm-2s-1). The higher diffusion coefficient 
has produced the profiles that most closely resemble the discharge, because the old material 
quickly moves further down the column and is protected from resuspension and subsequent 
incorporation into the salt marsh sediment profile. 
 

 the early 1980s, core samples were collected fromIn
23 Pu, Am and Pu (Kershaw et al., 1983). Figure 3 shows the relationships between these 
core data and model predictions for the two different diffusion coefficients (9.5 x 10-8 and 5.7 x 
10  cm-2s ). Figures 3a and 3b compare model and measured concentrations for 239,240Pu and 
241Am respectively, while Figure 3c shows the 239,240Pu/238Pu activity ratios. In all cases, the 
smaller diffusion coefficient gives a much better fit than the larger. Therefore, both salt marsh 
and mud patch data suggest that the most appropriate value for the diffusion coefficient is very 
close to 9.5 x 10-8 cm-2s-1. 
 

here are no pub ishe  isT
been determined (Marsden 2003). Therefore, we may use the model in reverse to calculate a 
discharge history for 244Cm, assuming that Cm is subject to the same bioturbation processes as 
the other isotopes, which seems reasonable. This time, a process of trial and error was used to 
produce a relative discharge history that, when used as input for the model (using d = 5 cm; D = 
9.5 x 10-8 cm-2s-1) gives a result that matches most closely the measured profile data. The 
constructed theoretical discharge history, relative of course, is shown in Figure 4. The predicted 
maximum discharges in 1969 and 1974 are earlier than those real discharge maxima for the other 
isotopes. However, Figures 1 and 2 show that for Pu and Am, although the model gives a good fit 
to the shape, there is a discrepancy between the positions of the model and real maxima, 
approximately 3 years. There should be a similar shift here, giving adjusted maxima at 1972 and 
1977, in line with the other isotopes. 
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Figure 3. Modelled profile distributions in the mud patch for a) 238,239,240Pu, b) 241Am and c) 239,240Pu/238Pu 
activity ratio. Data presented for D = 9.5 x 10-8 and 5.7 x 10-6 cm-2s-1.  
 

Conclusions 

A model has been developed that appears to be able to simulate and predict the movement of 
isotopes from Sellafield within the North Eastern inshore waters of the Irish Sea. The results 
confirm that the movement of isotopes within the off-shore mud patch may be simulated with 
simple diffusion constants, which simulate bioturbation down to a depth of 1.5 m. Moreover, the 
'best' value of diffusion constant is 9.5 x 10-8 cm-2s-1 in the top few centimetres, reducing linearly 
to 0 at 1.5 m. 
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Figure 10. Predicted discharge history for 244Cm  

 

There is a definite relationship between the top few (1-6) centimetres of the model mud patch 
profile and the depth profiles of the same isotopes at an inter-tidal site on the Esk estuary. This is 
strong evidence that the mechanism for the on-shore transport of radionuclides is on reactive 
particulates associated with the mud patch. There is a discrepancy in the model predicted activity 
peaks with depth at the inter-tidal site and the real data; the origin is unclear presently. The model 
has been used to estimate a discharge history for 244Cm. 
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Comparison of Dialysis, Electrophoresis, Ion Exchange and Ultrafiltration as Methods
for Analysis of Complexation of Europium with Humic Acid

Benes P., Stamberg K., Mizera J. and Prochazkova S.

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

Abstract

Four experimental methods for determination of humate metal ion interaction were tested:
equilibrium dialysis, free liquid electrophoresis, cation exchange and ultrafiltration. The
system studied was europium (2.3×10-7 - 5×10-4 M, labelled with 152Eu) and Aldrich humic
acid (2-60 mg/L), pH 4-6, ionic strength 0.01 or 0.1(NaClO4), solution age 1 and 7 d. For each
method, suitable experimental arrangement was found and problems or limitations were
identified based on experimental results obtained under comparable conditions. Particular
attention was paid to the effects of sorption of Eu and humic acid on vessel and apparatus
walls, shift of equilibrium in the system and method of evaluation of results, mostly expressed
as the degree of complexation (%EuHA). Results from dialysis, electrophoresis and ion
exchange were nearly identical and these methods can yield trustworthy humate complexation
data. Ultrafiltration gave incorrect data due to imperfect separation of complexed and
uncomplexed Eu forms. Conclusions drawn on individual methods will contribute for judging
published data obtained by the methods.
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Introduction

A basic condition for obtaining reliable thermodynamic data on metal/radionuclide
complexation with humic substances is the use of a well characterized method suitable for the
purpose. Lack in critical assessment of experimental methods used may be the reason for
frequent spread or contradiction of existing data, particularly for trace concentrations of
metals, where a number of experimental difficulties can be expected. Experimental methods
for complexation studies can be divided into three types:
    A. Direct methods based on determination of metal humate complex after its separation
from other metal species, e.g. dialysis, electrophoresis and ultrafiltration. These methods can
be subject to errors due to an incomplete separation, shift of equilibrium in the system and
sorption loss of metal or humic substance.
    B. Direct methods without separation, based on direct measurement of complexed and/or
uncomplexed metal species, for instance by ion selective electrodes or variety of
spectroscopic methods. These methods are less prone to the problems mentioned above, but
may have limited applicability or sensitivity.
    C. Indirect methods that analyse the effect of humic substances on metal behaviour in a
more complex process or system like ion exchange, solvent extraction or acidobasic titration.
Potential problems here are complexity of data analysis, relying on additional input data and
sometimes slow inherent shift of equilibrium.
      Knowledge of the problems associated with the use of individual methods is far from
sufficient, despite of rather large number of studies published (see, e.g., Weber 1988, Jones
and Bryan 1998). With the aim to enhance the knowledge necessary for improving confidence
in own and published results on radionuclide-humate interaction, we studied in detail the use
of four methods for analysis of complexation of europium with humic acid (HA). Equilibrium
dialysis, electrophoresis, ion exchange and ultrafiltration were tested. These methods belong
to the most frequently used methods of type A or C mentioned above. Europium was selected
as trivalent element often employed as an analogue of trivalent actinides, with a strong
sorption on available surfaces. The methods were tested in their radiotracer arrangement with
152Eu and the results obtained with them under similar conditions were compared.

Principles of the methods

Dialysis employs separation of uncomplexed metal Mfree and metal humate complex MHA by
diffusion through a membrane permeable only for Mfree. Distribution of metal is studied
between two solutions in reservoirs or cell compartments A and B separated by the
membrane, one of them (A) containing humic acid. In equilibrium dialysis, Mfree equilibrates
between the two compartments, MHA is retained in compartment A. Then A contains MHA
and Mfree in concentrations CMHA + CM, respectively, B contains CM. Degree of complexation
%MHA can be calculated as

                              %MHA = 100 CMHA /(CMHA + CM) = 100 (CA – CB)/ CB ,                     (1)
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where CA, CB  are equilibrium concentrations of the metal in compartments A, B, respectively.
      Three basic experimental arrangements of equilibrium dialysis have been described in the
literature: equilibrium dialysis with equal (Backes and Tipping 1987) and unequal (Benes and
Steinnes 1974, Weber 1988) volumes of reservoirs and equilibrium dialysis with ligand
exchange (Van Loon et al. 1992, Dierckx et al. 1994, Glaus et al. 1995). All three
arrangements use a surplus of indifferent electrolyte to suppress membrane (Donnan)
equilibria that could cause unequal distribution of uncomplexed metal. In equilibrium dialysis
with equal volumes of reservoirs (1:1), passage of  Mfree from reservoir A to reservoir B can
shift equilibrium between MHA and Mfree in the system or lead to error in determination of
%MHA due to dilution of Mfree. The shift or dilution are suppressed in equilibrium dialysis
with unequal reservoir volumes (X:1) where the volume of reservoir A is X times larger than
that of B. In this case an arrangement with floating dialysis bag (reservoir B) is often used
resulting in reduced sorption loss of metal and humic substance on walls of dialysis cell
(Benes et al. 1975, Shin et al. 1996, Lead et al. 1998). The sorption loss represents a principal
problem when working with low metal concentrations. Another problem is the narrow
analytical window of ordinary equilibrium dialysis as %MHA has to be in the range of 5-95%
in order that it can be determined with acceptable error.
      Both the problems can be solved by equilibrium dialysis with ligand exchange where a
second complexing ligand L is added to the system which forms a low molecular weight
complex MLn with the metal. The complex should easily penetrate dialysis membrane,
distribute equally between the reservoirs and compete with MHA complex. Formation of MLn

complex can shift the analytical window of the method to a desirable position and reduce
metal sorption on dialysis cell and membrane. However, evaluation of the metal humate
complexation by this method has to take into account constraints due to shift of equilibrium
and requires exact knowledge of stability constant of MLn complex. The method does not
solve possible general problems in the dialysis, which are the slow attainment of dialysis
equilibrium and partial passage of HA (and MHA) through the membrane. The equilibrium
dialysis with ligand exchange belongs among indirect methods of metal humate complexation
analysis and was not studied in this paper.
      Method of electrophoresis is based on different directions or velocities of migration of
metal humate complex and uncomplexed metal forms in an electric field. In this paper,
method of free liquid electrophoresis (Benes and Glos 1979) is used. The method compares
electrophoretic mobility of metal in solution in the presence and absence of humic substances
and assumes that only negatively charged metal humates are present. Then abundance of
metal humate complex can be calculated from the decrease of electrophoretic mobility
towards cathode upon addition of humic substances to the solution. Further details can be
found in Mizera et al. 2003 where the problems and errors of the method are discussed.
      In ion exchange method, the effect of humic substances on the distribution of metal
between solution and ion exchange resin is studied. Strongly acidic cation exchangers are
most frequently used (see for instance Norden et al. 1993, Lead et al. 1998, Brown et al. 1999,
Lenhart et al. 2000 and Gu et al. 2001). Then it is assumed that only cationic forms of metal
are sorbed whereas humate complexes which are negatively charged or neutral remain in
solution. For the use of the method, sorption isotherm of cationic forms of the metal on the

269



ion exchanger must be known for a given set of experimental conditions (pH, ionic strength,
temperature). This enables calculation of equilibrium concentration of the cationic forms and,
from the experimental value of distribution coefficient of metal in the presence of humic
substance, also the equilibrium concentration of MHA and %MHA.  The sorption isotherm is
often assumed to be linear (Bertha and Choppin 1978, Fairhurst et al. 1995) which is,
however, sometimes unjustified. The effect of sorption losses on reaction vessels remains
unexplored in this method. The method is indirect in principle and involves shift of
equilibrium between Mfree and MHA due to Mfree sorption on ion exchanger.
      Principle of the ultrafiltration method is separation of Mfree and MHA with a basic
assumption that the ultrafilter quantitatively retains MHA and lets Mfree to pass unretarded to
ultrafiltrate (e.g. Caceci 1985, Leonard et al. 1994, Shin et al. 1996, Nifanteva et al. 1999).
Fulfilment of this assumption is not easy as humic substances are heterogeneous in nature and
can contain a large proportion of low molecular weight components, and Mfree can be
adsorbed on the ultrafilter, particularly at very low concentrations. Thus the separation has
always to be carefully checked. Further problems may be associated with shift of equilibrium
due to sorption of metal on the walls of ultrafiltration cell and to the cumulation of humic
substances in the cell during ultrafiltration. The degree of complexation can be determined
from the concentration of metal in ultrafiltrate or from the increase of concentration of metal
in the solution remaining in the cell after ultrafiltration.

Experimental

Reagents, solution preparations and basic conditions of experiments
All the stock and working solutions were prepared from analytical reagents without further
purification and from ultrapure water (Millipore Milli-Q 50). Humic acid (HA) was purchased
from Aldrich (Na salt, tech., Lot No. 01816-054) and purified/protonated by the procedure
described in Kim et al. 1990. The lyophilized product was characterized by potentiometric
titration with NaOH, back titration of its mixture with excess of Ba(OH)2 (proton exchange
capacity PEC = 7.0 mol/kg), thermogravimetric analysis and FTIR spectroscopy (Mizera et al.
2003). It was dissolved in 0.1 M NaOH under nitrogen, adjusted to pH 6 and concentration
500 mg/L, and stored in refrigerator. A preparation of 152Eu with minor admixture of 154Eu
was obtained from Polatom (Swierk, Poland) and had specific activity of  132 GBq/g.
      Working solutions were mixed in polythene bottles from water and (in the following
order) stock solutions of HA, NaOH or HClO4, NaClO4 and Eu3+ (usually labelled with 152Eu)
in 0.01 M HClO4 to obtain required pH and composition of solution and initial concentration
of HA and labelled europium. Solutions with pH 6 contained also MES at concentration 1×10-

3 mol/L. After adjustment of pH by dropwise addition of HClO4 or NaOH the solutions were
stored in dark for 24 h or 7 d (pre-equilibration time), their pH was measured and, if
necessary, readjusted. The sorption loss of Eu during pre-equilibration was evaluated by
measurement of activity of solution aliquot at the beginning and end of pre-equilibration.
     All the experiments were carried out at room temperature, 18 - 25°C. In order to allow
better comparison of the methods and elucidation of their possible drawbacks, the following
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basic conditions were set for the experiments: pH 4 and 6, ionic strength I = 0.01 and 0.1
(both the parameters can affect the degree of complexation and extent of sorption losses) and
so called loading of HA with Eu defined as the initial Eu concentration in solution (CEuo, for
dialysis, electrophoresis and ultrafiltration) or equilibrium concentration of Eu in solution
(CEu3+ + CEuHA, for ion exchange) divided by one third of the total proton exchange capacity
of HA in the solution (CHAo×PEC/3) equal to 0.01, 0.1 and 0.5 or, multiplied with 100, 1%,
10% and 50 %. It is worthwhile to note that so defined loading is not the actual loading as the
total proton exchange capacity is not the actual capacity (at pH 4 and 6 only a part of
exchange groups of HA is dissociated – Mizera et al. 2003) and the initial or equilibrium
concentration of Eu is not the concentration of Eu bound to HA. However, so defined loading
can be easily checked and still represents a useful parameter which can affect formation and
properties of metal humate complexes and thus also their analysis. Finally, the two times of
pre-equilibration may disclose sensitivity of a method to the strength of the bond of metal to
HA or to a slow dissociation of EuHA, both possibly depending on the pre-equilibration.

Instrumentation and procedures
Activity of all samples collected in the experiments was counted in glass vials using a well-
type NaI(Tl) crystal with a single-channel analyzer. Absorbance in selected samples was
measured with a spectrophotometer at 254 nm.
      Three experimental arrangements of equilibrium dialysis (ED) were tested. In all of them,
solution A had the same initial composition as solution B except for Eu and HA that were
added only to solution A. The first arrangement (ED 1:1) employed membrane SpectraPor 7
with molecular weight cut-off (MWCO) value 1 kDa and dialysis cell consisting of two
equivolume (20 mL) compartments filled with 15 mL portions of solution (Benes 1967). The
stirring was realized by shaking the cell along the plane of membrane held between the
compartments. Activities of 1 mL samples of solutions taken in regular time intervals from
both compartments through filling holes were measured. The second arrangement (ED 20:1)
used a floating bag made of Visking dialysis tubing with MWCO 10-12 kDa, which was tied
on both ends and filled with 10 mL of solution B. Stirring was realized by magnetic stirring of
solution A in polythene bottle. Only one sample of solution B was taken after 6-14 d dialysis
from the cut bag. In the third arrangement (ED > 25:1) dialysis bag was made of SpectraPor
Biotech CE tubing (MWCO 500 Da, flat width 16 mm), clamped on both sides, filled with 3
mL of solution B and suspended in 230 mL solution A in a narrow polythene bottle covered
with plastic foil. Two bags were placed into one bottle and the stirring was done magnetically.
Solution for dialysis labelled with 152Eu was prepared directly in the dialysis bottle, left to
pre-equilibrate for 24 h, then two bags were placed into it and dialysis continued for 6 days.
Then one bag was withdrawn, replaced by a fresh bag, opened and sampled for measurement
of activity and absorbance. Dialysis was continued for another 6 days when the remaining
bags were opened and sampled. 1 mL samples were also taken from solution A after its
preparation and at the beginning and end of each dialysis.
      The free liquid electrophoresis was studied in electrophoretic cell consisting of three parts
(anodic, central, and cathodic) filled with identical solutions of stable Eu except for the
central part which also contained radiotracer. From redistribution of the radiotracer caused by
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migration of charged Eu species in the electric field, the cathodic and anodic mobilities of Eu
were calculated (see Mizera et al. 2003 for details). The experiments were run at constant
current of 2.2 mA at I = 0.1, 1 mA at I = 0.01, with corresponding voltage of 250-350 V, at
room temperature, for 1 hour at I = 0.1, 2 hours at I = 0.01. Each electrophoretic experiment
was carried out in duplicate.
      Ion exchange method was realized in batch arrangement using strongly acidic cation
exchanger Amberlite IR-120 in Na form (grain size 0.4-0.6 mm). 0.1 g of swelled and
centrifuged ion exchanger was equilibrated in polythene bottle with the pre-equilibrated
labelled solution containing HA at phase ratio (V/m) 500 mL/g for 90-100 h. Then the phases
were separated by sedimentation and solution was sampled for determination of activity of
non-adsorbed Eu. Similar experiments were carried out in the absence of HA for
determination of Eu sorption isotherm.
      Ultrafiltration was made in two identical stirred ultrafiltration cells (Amicon Model 8050)
using two types of ultrafilters: Millipore YC 05 (cellulose acetate, MWCO 500 Da) and
Millipore PLAC 04310 (regenerated cellulose, MWCO 1 kDa). The procedure used enabled
detailed evaluation of Eu sorption during the ultrafiltration. First 50 mL of pre-equilibrated
solution were transferred into UF cell and left to equilibrate with the cell and ultrafilter for 2h
under continuous stirring. 1 mL solution samples were taken at the beginning and end of the
equilibration. Their activities (a0 and a1) served for determination of Eu sorption loss (a0 – a1).
Then ultrafiltration was conducted applying nitrogen pressure (up to 0.37 MPa) unless 10
approximately 1 mL portions of ultrafiltrate were collected in measuring glass vials. The
exact volume of the portions was determined by weighing, their activities (af,i) indicated the
course of Eu passage through ultrafilter and the sum of the activities (Σaf,i  = a4) was used for
evaluation of Eu retention. The solution remaining in the cell after ultrafiltration was sampled
(a2), discarded and the cell was briefly rinsed with water. Then the cell was desorbed with 50
mL 0.1 M sodium oxalate for 2 h (desorbed activity a3), the cell was disassembled and its
lower part beneath the filter (including outlet tubing which was clamped for this purpose) was
desorbed with two 5 mL portions of 1 M HCl for 15 and 60 min (activities of 1 mL portions
a5 and a6, respectively). In order to study distribution of adsorbed Eu between the cell and
ultrafilter and to check efficiency of the ultrafiter desorption, in some experiments the
ultrafilter was withdrawn after the cell rinsing and its activity was measured. The same was
done after desorption of reassembled cell. The measured activities were corrected to enable
their comparison with total activity in the system (49 a0).
      Results of ultrafiltration were expressed as percentage of Eu retained in the cell (%R),
which was calculated from the activity passed through the filter

                                         %R1 = 100 – 100 (a4 + 5a5 + 5a6) / a1Vx                                                              (2)

or from the activity remaining in the cell

                               %R2 = 100 – 100 [a1V1 - a2(V1 - Vf  - Vx)] / a1(Vf  +Vx).                             (3)

Here V1 , Vf  and Vx are: initial  volume of solution (48 mL), total volume of ultrafiltrate and
volume of space below the filter, respectively.
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Results and discussion

Dialysis
The first experiments were carried out using equilibrium dialysis with equal volumes of
compartments (1:1). A large sorption of Eu was observed (up to 30%) both on the membrane
and the cell. The increase of Eu concentration in compartment B was very slow and did not
reach a steady value even after 360 h. This was probably due to the sorption of Eu on the
walls of compartment B and/or slow passage of EuHA complexes through the membrane
(MWCO 1 kDa). Another possible reason, slow dissociation of EuHA complexes due to shift
of equilibrium in the system, is less probable as other methods indicated that the dissociation
is rather rapid (Stamberg et al., this technical progress report, method of ion exchange below).
Whatever is the reason, the slow establishment of equilibrium makes the arrangement tested
unsuitable for the purpose.
      Equilibrium dialysis with volume ratio 20:1 used reservoir B in the form of bag made of
Visking cellophane. In this case the main problem was penetration of HA (and probably also
EuHA) into the bag, as determined by spectrophotometric measurements at 254 nm.
Establishment of dialysis equilibrium was very slow also here. Therefore further experiments
were carried out with 500 Da membrane at the volume ratio 230:6. Penetration of HA through
this membrane was small. From the activity and absorbance measured in the samples of
solutions taken from reservoirs A and B, the following data were calculated: sorption loss (in
%) of Eu (SEu) or HA (SHA) and passage of Eu into the dialysis bag expressed as the ratio of
the volume activity in reservoir B (dialysis bag) to the actual or initial activity in reservoir A
(dialysis vessel) – B/A or B/A0. The data are presented in Table 1 for all the conditions studied
and represent results of single experiments or averages of two or three repeated experiments.
In case when two data are separated by slash, the data before the slash is valid for dialysis
time of 6 d, the data behind the slash is for 12 d. Their comparison indicates whether
equilibrium was established or not.
      The passage of Eu into the bag (B/A or B/A0) is the main parameter needed for calculation
of %EuHA. Its first expression (B/A) takes into account sorption losses of Eu on the dialysis
vessel and the bag, the second one (B/A0) neglects the sorption. Since the sorption losses of
Eu were rather large and, consequently, significant differences between B/A and B/A0 were
found (Table 1), it is important to decide which of the values determined should be used for
calculation of %EuHA.
      As can be seen from Table 1, the values of SEu and SHA depend on solution composition
and age (i.e. time of pre-equilibration) in a rather similar manner, which suggests that Eu is
sorbed predominantly or at least significantly as EuHA. Sorption of Eu3+ should be
suppressed by the increase in ionic strength (Beneš and Majer 1980), which is obviously not
the case. The form in which is Eu sorbed is important for evaluation of dialysis results.
Significant sorption of Eu3+ would remove it from solution in reservoir A and diminish
concentration of Eu3+ available for dialysis. Neglect of such sorption would result in an
incorrect increase of %EuHA calculated from B/A0. On the other hand, adsorbed EuHA can
remain in equilibrium with Eu3+ in solution whose concentration in reservoir A need not be
affected by EuHA sorption. Then the use of B/A0 can represent better alternative for
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calculation of %EuHA than the use of B/A, as the correction for sorption would lead to
unjustified decrease of the values of %EuHA. The correlation between SEu and SHA,
particularly at 1% and 10% loading, seems to support correctness of the latter approach.
      Two other findings support conclusion that the use of B/A0 is better. First, Eu sorption
equilibrium is not established in the first 7(6) days contact between solution and dialysis
vessel (bag) as the sorption increases in most cases up to 13(12) days. (The apparent decrease
of sorption after 7(6) days found in two cases was caused by a non-compensated averaging of
repeated experiments.) Correction for the increasing Eu sorption will cause an apparent
increase in Eu passage even in case when dialysis equilibrium has been established. This
undoubtedly happened in all the cases when B/A increased with dialysis time while B/A0

remained approximately constant (Table 1). Second, the values of %EuHA calculated from
B/A0 agree well with results obtained using other methods (see Table 4 below). In contrast,
similar values calculated from B/A were unrealistically low in cases where a large difference
between B/A and B/A0 was found. This seems to corroborate that Eu is sorbed in dialysis cell
predominantly as EuHA complexes that remain in equilibrium with Eu3+ in solution.
Consequently, values of B/A0 were used for further evaluation.

Table 1:  Results of dialysis (10 mg/L HA, 6d/12 d experiment) as a function of loading, pH, ionic
strength and age of solution – see text for explanations

Loading
(%)

pH I
Age
(d)

SEu

(%)
SHA

(%)
100B/A 100B/A0

Eu3+
eq

(%)

1 4 0.01 1 21.6/23.2 - /12.7 1.0/1.7 0.8/1.3 1.3±0.2
1 4 0.01 7 29.4 46.3 1.5/ - 1.1/ - 1.1±0.2
1 4 0.1 1 44.1/55.9 - /45.5 9.8/12.3 5.5/5.3 5.4±0.2
1 4 0.1 7 56.2 57.9 11.8/ - 5.1/ - 5.1±0.2
1 6 0.01 1 7.4/8.6 - /0 0.3/0.4 0.3/0.4 0.4±0.2
1 6 0.01 7 14.2 6.5 0.8/ - 0.7/ - 0.7±0.2
1 6 0.1 1 11.7/16.2 - /12.7 0.3/0.5 0.3/0.4 0.4±0.2
1 6 0.1 7 23.2 18.5 0.5/ - 0.4/ - 0.4±0.2

10 4 0.01 1 20.3/26.1 - /33.9 5.2/5.3 4.1/3.9 4.0±0.2
10 4 0.01 7 27.0 33.9 4.7/ - 3.5/ - 3.5±0.2
10 4 0.1 1 16.6/22.9 - /15.2 23.0/22.1 19.2/17.1 18.2±1.8
10 4 0.1 7 17.6 15.2 20.1/ - 16.6/ - 16.6±1.8
10 6 0.01 1 12.2/15.2 0/10.3 0.1/0.1 0.1/0.1 0.1±0.1
10 6 0.01 7 19.1 - 0.1/ - 0.1/ - 0.1±0.1
10 6 0.1 1 16.6/9.2 8.3/9.1 0.8/0.8 0.6/0.7 0.7±0.2
10 6 0.1 7 28.9 - 1.0/ - 0.7/ - 0.7±0.2

50 4 0.01 1 30.5/60.7 29.9/89.3 54.7/94.1 38.0/37.0 37.5±2.0
50 4 0.01 7 47.0 60.0 69.6/ - 36.9/ - 36.9±2.0
50 4 0.1 1 32.1/24.1 69.1/41.0 70.5/84.4 48.0/64.1 64.1±5.0
50 4 0.1 7 24.1 41.0 75.3/ - 56.8/ - 56.8±5.0
50 6 0.01 1 19.0/33.2 10.1/ - 3.2/1.3 2.6/0.9 1.8±0.2
50 6 0.01 7 23.6 18.1 3.2/ - 2.4/ - 2.4±0.2
50 6 0.1 1 35.4/46.2 14.8/32.2 24.7/33.4 15.9/14.4 15.1±1.0
50 6 0.1 7 46.2 45.8 34.4/ - 15.0/ - 15.0±1.0

      Very important condition for the use of the equilibrium dialysis method is establishment
of equilibrium, where the concentration of Eu3+ in reservoir B is the same as in reservoir A.
Control experiments carried out with 8×10-7 M Eu at pH 4 in absence of HA have shown that
Eu concentration in dialysis bag was equal to 93% of Eu concentration in dialysis vessel after
6 days and 100% after 12 days (sorption loss was only 2.8 and 5.9%, respectively).
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Comparison of B/A0 values after 6 and 12 d indicates (Table 1) that in 7 out of 12 cases these
values are virtually equal, in most of other cases the values only moderately increase after 6 d.
Thus the establishment of dialysis equilibrium can be assumed after 6 or 12 d and the
equilibrium concentration of Eu3+ (in %, Eu3+

eq in Table 1) was taken as equal to B/A0 after 12
d or it was calculated as the average of B/A0 values after 6 and 12 d. The error attached
represents an assessed uncertainty due to measurement and other experimental errors. The
loss of Eu from reservoir A caused by diffusion of Eu3+ into dialysis bag is mostly negligible
in this respect (1.3-3.9% of Eu3+

eq). Considering the possibility of further small increase of Eu
concentration in the bag after 12 d contact and of partial sorption of Eu3+, the values of
%EuHA calculated from Eu3+

eq data obtained must be regarded as maximum possible values.

Electrophoresis
Electrophoretic mobilities towards cathode (u+) and anode (u-) of Eu were measured as a
function of pH (4 and 6), I (0.01 and 0.1) and initial concentration of Eu (3×10-8 – 1×10-4 M)
in aqueous solutions containing 10 mg/L HA (Mizera et al. 2003). The solutions were aged
for at least 1 d before the experiments. In a separate series of experiments, the effect of the
aging (l h – 3 months) on the mobility of 1-2×10-5 M Eu at pH 4 and I = 0.01 was studied and
found negligible. Values of u+ obtained were used for calculation of %EuHA by means of
equation
                                                  %EuHA = 100 (1 – u+/u0)                                                      (4)

Fig.1:  Percentage of Eu bound to HA determined by electrophoresis as a function of pH, ionic
strength and initial concentration of Eu in aqueous solutions containing 10 mg/L HA. Vertical dashed
lines denote 1%, 10% and 50% loading of HA with Eu .
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where u0 is electrophoretic mobility of Eu3+, determined in absence of HA in solution of pH 3
at I = 0.01 (u0 = 5.74×10-4 cm2 V-1 s-1) or I = 0.1 (u0 = 4.58×10-4 cm2 V-1 s-1). The results are
shown in Fig.1. The dependencies of %EuHA on the initial concentration of Eu were curve-
fitted and the values corresponding to 1%, 10% and 50% loading were interpolated for
comparison with results of the other methods (see Table 4 below). The errors attached
represent estimated uncertainty due to sorption of Eu in the electrophoretic cell.The
radiotracer arrangement of free-liquid electrophoresis belongs to non-invasive speciation
methods (Benes and Majer 1980) as it does not disturb equilibria in solution. However,
several assumptions are made when %EuHA is calculated using equation (4):
     1) EuHA complexes are only negatively charged or neutral, 2) isotope exchange between
Eu3+ and EuHA is slower than separation of these species by electromigration, 3) presence of
other Eu forms (other complexes, pseudocolloids) can be neglected.
      Whereas fulfillment of assumptions 1) and 3) represents no problem in conditions of our
experiments, assumption 2) depends on kinetic stability of EuHA complexes. A higher kinetic
lability could result in retardation of cathodic mobility of Eu and thus lead to specious
increase of %EuHA. It has been shown previously (Mizera et al. 2003) that this can happen at
higher loading and low pH values. Consequently, the values of %EuHA calculated using
equation (4) represent the maximum possible abundance of EuHA complexes. The effect of
kinetic lability can be assessed from the comparison of results of electrophoresis with those
obtained by other methods (see below).

Ion exchange
The sorption isotherm of Eu3+ on the cation exchanger was determined by measurement of
equilibrium concentration of Eu3+ in solution after contacting ion exchanger with solution of
initial concentration 7.13×10-4 M Eu3+ at V/m ratio 400-2000 mL/g, pH 4 and I = 0.01 or 0.1.
Two non-linear isotherms were obtained, which were numerically fitted by Langmuir
equation. Parameters of Langmuir isotherm determined in this way were used in the
subsequent calculations of Eu complexation with HA.
      In the ion exchange method, basic problem of obtaining data on %EuHA for comparison
with other methods is difficulty in carrying out experiments at pre-determined loading of HA
with metal. Initial concentration of metal in solution decreases by up to several orders of
magnitude due to metal uptake on ion exchanger. Therefore the following approach was
adopted: Two series of experiments (each experiment in duplicate) were conducted for each
set of conditions (pH, ionic strength, pre-equilibration time), one with fixed initial
concentration of 1×10-5 M Eu3+ and varying concentration of HA (2-60 mg/L), one with fixed
concentration of HA (10 mg/L) and varying concentration of Eu3+ (1×10-5-5×10-4 M). The
primary data obtained was equilibrium concentration of Eu in solution (CEu3+ + CEuHA). From
this concentration, %loading was determined:

                                     %loading = 100 (CEu3+ + CEuHA)/ (CHAo×PEC/3).                               (5)

CEu3+ and CEuHA were calculated from the equilibrium concentration of Eu using balance and
Langmuir equations. The resulting values served for calculation of the values of %EuHA.
Fig. 2 illustrates typical dependence of the calculated data on the initial concentration of Eu3+
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for the basic set of conditions studied. Time of pre-equilibration had no significant effect on
the results. It means that the pre-equilibration did not lead to formation of EuHA complexes
unable of dissociation after addition of ion exchanger to the system.

                                         A                                                                           B

  

                                          C                                                                           D

Fig. 2:  Results of ion exchange experiments with 7 d old solutions containing 10 mg/L HA.
A: pH = 4, I = 0.1;  B: pH = 4, I = 0.01;   C: pH = 6, I = 0.1;   D: pH=6, I = 0.01

      As can be seen in Fig.2, the span of values of %loading obtained does not fulfill the
requirements for comparison of %EuHA with other methods (1%, 10% and 50%). Therefore
the missing data were calculated from stability constants of EuHA complexes derived from so
called charge neutralization model (Czerwinski et al. 1994) and defined as

                                                   KC = CEuHA / (CEu3+ × CHAfree)                                               (6)

 %

Log CEu0

%

Log CEu0

% %

Log CEu0 Log CEu0
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where CHAfree  is equilibrium concentration of free (uncomplexed) HA in solution. Values of
logarithms of the constants derived from the experimental results were plotted as function of
log (CEu3+ + CEuHA) and linear dependence was obtained (see Fig. 3):

                                                   log KC = a×log (CEu3+ + CEuHA) + b                                      (7)

Fig. 3:  Linear dependence expressed by equation (7) for pH 4 and I = 0.01.

Parameters a and b, together with coefficients of linear regression, characterizing the
dependence for different conditions (pH, I) are presented in Table 2. From the values of the
coefficients it follows that the linearity of the dependence is good, the worst fit was achieved
in the case depicted in Fig. 3. Slope of the linear function, showing the effect of Eu
concentration on KC, increases with increasing pH and I.

Table 2:  Parameters a and b and the values of regression coefficient Rk for dependence expressed
by equation (7).

Conditions Parameters

pH I a b
Rk

4 0.01 -0.957 0.314 0.41
4 0.1 -1.75 -4.67 0.98
6 0.01 -2.14 -4.50 0.90
6 0.1 -2.63 -7.79 0.92

      Stability constants used for calculation of %EuHA were calculated from equation (7) for
the values of equilibrium concentration of Eu corresponding to the desired %loading. CHAfree

was calculated from the balance of HA in solution. The calculation of stability constants in
some cases involved extrapolation of validity of Eq.(7) beyond the range of experimental
values for which it was determined. Accuracy of the extrapolation is unknown. Consequently,
the values of %EuHA calculated in the described way and used for comparison (see Table 4

Log (CEu + CEuHA)
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below) are presented here without an error. It can be only judged that the standard deviation
of the values does not exceed a few percents. A better possibility of using the stability
constant approach is to calculate conditions for experiments leading to desired values of
%loading and to carry out the experiments. This approach is rather time consuming and
therefore it was not used.
      In all the calculations made it was assumed that no significant sorption of HA and EuHA
on the walls of reaction vessel took place. Significant loss of HA and EuHA due to the
sorption could lead to errors in calculation of KC and %EuHA. Considering the effect of
presence of ion exchanger, the sorption of EuHA would be very difficult to measure.
However, comparison of the values of KC obtained here with literature data and of the
calculated %EuHA with results of other methods (Table 4 below) seem to indicate that the
effect of such a loss was very small.

Ultrafiltration
The study of ultrafiltration aimed at verification of basic assumption of the method and at
analysis of effects due to Eu sorption on the cell and ultrafilter. Therefore two ultrafilters with
different MWCO and two methods of evaluation of results were compared. The experimental
procedure enabled detailed analysis of Eu behaviour in the system. In order to check the
efficiency of separation, parallel experiments were run with different initial concentration of
Eu in presence (10 mg/L) and absence of HA, under conditions comparable to those used in
the other methods. From evaluation of about 60 experiments with 1 d old solutions, the
following conclusions were drawn.
      Sorption losses of Eu during the equilibration of solution with cell and ultrafilter for 2 h
ranged from 0 to 37.5 %, depending on pH and composition of solution. Lower losses were
usually found in the presence of HA (0-12.5 %), whose dependence on pH and ionic strength
was different than that in the absence of HA. This points to different mechanisms of the
sorption. Eu was probably sorbed mostly as EuHA in the presence of HA and the low sorption
probably did not significantly affect concentration of Eu3+ in solution (cf. the similar
conclusion for dialysis). Thus the effect of the sorption loss need not be important.
      However, desorption of Eu after ultrafiltration  (measured as a3) was in most experiments
larger than the sorption loss, expressed as a0 – a1. The ratio a3/(a0 – a1) reached up to 10-20,
increased with increasing concentration of Eu and with addition of HA. This finding shows
that additional sorption of Eu can take place during ultrafiltration, which leads to a decrease in
activity remaining in the cell (a2) and thus to large errors in calculation of retention %R2 using
Eq. (3). Comparison of activities of ultrafilters with the desorbed activities (a3) indicated that
Eu sorption on ultrafilters accounted only for a small part of the sorbed/desorbed activity: 1.7-
20 % in absence of HA and 7-29 % in its presence.
      The effect of sorption in ultrafiltration is often assessed from the change in concentration
of metal/radionuclide in ultrafiltrate with increasing volume of the ultrafiltrate, when an
increase in the concentration is usually atributed to a decrease in sorption of the metal/
radionuclide on ultrafilter and on cell beneath the ultrafilter, due to saturation of the
corresponding surfaces. Such increase in activity was observed in a part of our experiments,
whereas in other experiments a trendless variation of activity or even its pronounced decrease
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was found. The decrease, which occurred only in the first 1-3 portions of the ultrafiltrate (1-3
mL), is very difficult to explain. Measurement of activity desorbed from the cell beneath the
ultrafilter (a5 and a6) has shown that mostly less than 20 % of Eu which passed through the
ultrafilter was adsorbed on the cell. Nevertheless, such measurement and efficient desorption
are necessary since the activities are needed for calculation of retention using Eq. (2).
Efficiency of the desorption was proved by measurement of activity of bottom part of the cell.
      The sorption and desorption can cause serious problems in evaluation of ultrafiltration
results. Unsatisfactory balance of activity calculated from all samples taken during
ultrafiltration, which significantly deviated from expected 100 % (85-108 %) in a large part of
experiments, pointed to an incomplete desorption of adsorbed Eu in some cases and to
unexpected excessive desorption, probably of Eu adsorbed in preceding experiments, in other
cases. These phenomena, the incomplete desorption and the “memory of cell” effect, together
with the additional sorption during ultrafiltration (cf. above), manifested themselves when the
retention values obtained by calculation using Eqs. (2) and (3), i.e. %R1 and %R2, were
compared. In most of the experiments, %R2 was much smaller than %R1, mainly due to the
last effect and concomitant decrease of a2. When the calulation of %R2 was corrected by
inclusion of special terms taking into account the additional sorption losses and the deficit of
activity balance or the excessive desorption, agreement within a few percent was achieved
between %R1 and %R2. For this reason, only values of %R1 were considered for further
evaluation of ultrafiltration.
      %R1 is less sensitive to sorption loss of Eu than %R1 but it can be affected by sorption of
Eu3+ on ultrafilter and upper part of cell. Its apparent increase due to Eu3+ sorption can be
approximately corrected only when HA is absent. Another source of error in the calculation of
%R1 is the unexplained drop in activity of ultrafiltrate at the beginning of ultrafiltration (see
above). The sometimes recommended omitting of the first portions of ultrafiltrate from the
calculation of retention is not compatible with the correction for sorption used in Eq. (2). We
calculated that the drop could cause a decrease in %R1 only for a few percent in some of our
experiments. Furthermore, its effect can be compensated by the effect of the sorption of Eu3+.
      The values of %R1 obtained are presented in Table 3 for all the conditions studied and for
two ultrafilters in the presence and absence of HA. They unequivocally show that Eu is
strongly retained by both the ultrafilters also in absence of HA, when it can exist in solution
only as Eu3+ or pseudocolloids formed by sorption of Eu3+ on colloidal or larger particles
present as impurities. The retention cannot be explained as an error due to sorption of Eu3+ in
cell since a cumulation of Eu in the solution in cell was observed (a2 was larger than a1) in the
corresponding experiments, and the values of %R2 corrected for Eu sorption were close to
%R1. At least part of Eu is retained as Eu3+. This follows from the significant retention of Eu
at its highest concentration, when the abundance of pseudocolloids should be low (Benes and
Majer 1980), and from the fact that the retention by 500 Da ultrafilter was mostly higher than
that by 1 kDa ultrafilter, although pseudocolloids should be retained quantitatively by both the
ultrafilters. The possibility of retention of low molecular weight forms of Eu was corroborated
by control experiments when 86 % retention of Eu by 500 Da ultrafilter and 39 % by 1 kDa
ultrafilter were observed from solution of 0.1 M sodium oxalate, where Eu oxalate complexes
predominated.
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Table 3:  Retention of Eu (%R1) in ultrafiltration of solutions containing 10 mg/mL HA (values in
brackets were found in absence of HA

Conditions of experimentsCEu0

(M)
Filter
(Da) pH 4 , I = 0.01 pH 4 , I = 0.1 pH 6 , I = 0.01 pH 6 , I = 0.1

2.3x10-7 500 93.8 (92.4) 94.1 (90.9) 92.2 (94.7) 93.8 (92.6)
2.3x10-7 1000 80.0 (51.7) 79.7 (37.1) 90.9 (82.7) 94.1 (82.9)
2.3x10-6 500 92.3 (79.1) 88.5 (21.6) 94.6 (28.9) 88.3 (79.9)
2.3x10-6 1000 64.9 (16.7) 27.9 (17.0) 73.1 (21.7) 71.4 (32.2)

1.15x10-5 500 86.4 (74.0) 44.8 (75.9) 21.6 (41.8) 31.0 (44.3)
1.15x10-5 1000 62.1 (11.8) 26.5 (79.4) 43.0 (44.9) 41.8 (41.4)

      Retention of Eu from solutions containing 10 mg/L HA was mostly higher than that in
absence of HA but, depending on conditions, the difference was not always large and even
opposite relation was found at the highest concentration of Eu. The basic assumption of
ultrafiltration method was not confirmed in our case and therefore %R1 found cannot be
considered equal to %EuHA. Despite of this, the values of %R1 determined in the presence of
HA using 1 kDa ultrafilter are compared in Table 4 with data on %EuHA obtained by the
other methods. As can be seen the values are significantly lower than those of %EuHA,
although they should be higher due to the retention of Eu3+. This probably points to the
passage of a part of EuHA through the ultrafilter.
      In conclusion, ultrafiltration with the ultrafilters used here was not found suitable for
determination of %EuHA. The main reason was insufficient separation of complexed and
uncomplexed forms of Eu. Therefore the effect of pre-equlibratiom (ageing) of solution was
not studied in this case. Nevertheless, the procedure used enabled minimalisation of some
complications such as shift of equilibrium during ultrafiltration, and detailed elucidation of
the effect of sorption. Some of our findings, however, still remain unexplained.

Comparison of methods
Data on %EuHA obtained by dialysis, electrophoresis and ion exchange, together with
retention (in brackets) of Eu by ultrafiltration are compared in Table 4. The data are valid for
1 d old solutions but they can be used  also for complexation in 7 d old solutions as the effect
of time of pre-equilibration on %EuHA was found negligible. None of the methods compared
is therefore affected by slowing down of dissociation of EuHA, which could be caused by
ageing of the complexes. Such effect could be expected mainly in electrophoresis or ion
exchange, where the kinetics of dissociation of EuHA might affect electrophoretic mobility of
Eu or establishment of ion exchange equilibrium.
      As can be seen from Table 4, a good agreement among the results of dialysis,
electrophoresis and ion exchange methods is observed particularly when %EuHA is close to
100 %. With the increase of loading and the decrease in %EuHA, spread of the data slightly
increases. Retention in ultrafiltration is, with one exception, significantly lower than the
corresponding values of %EuHA. Following conclusions can be drawn from the comparison.
      As shown in the discussion of dialysis, its results enable calculation of maximum possible
values of %EuHA. Application of corrections for sorption of Eu3+ in dialysis cell and for
dialysis disequilibrium, if possible and needed, would lead to decrease of calculated %EuHA.
However, %EuHA values from dialysis are the same as or lower than those obtained by ion
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exchange and electrophoresis. This can be regarded as confirmation that dialysis results were
evaluated correctly and the method can yield reliable data on %EuHA.

Table 4:  Comparison of %EuHA values obtained by dialysis (DIA), electrophoresis (EP) and ion
exchange (IE) with retention of Eu (%R1) in ultrafiltration (UF, in brackets) through 1 kDa ultrafilter.

Loading (%) pH I DIA EP IE UF

1 4 0.01 98.7±0.2 99.3±0.6 99.1 (80.0)
1 4 0.1 94.6±0.2 97.2±0.7 99.7 (79.7)
1 6 0.01 99.6±0.2 99.6±0.3 99.7 (90.9)
1 6 0.1 99.6±0.2 98.7±0.3 100.0 (94.1)

10 4 0.01 96.0±0.2 98.8±0.9 91.9 (64.9)
10 4 0.1 81.8±1.8 88.3±2.7 82.6 (27.9)
10 6 0.01 99.9±0.1 99.4±0.4 99.5 (73.1)
10 6 0.1 99.3±0.2 97.6±1.7 99.5 (71.4)
50 4 0.01 62.5±2.0 78.9±3.9 64.6 (62.1)
50 4 0.1 35.9±5.0 35.1±2.0 34.7 (26.5)
50 6 0.01 98.2±0.2 95.1±2.2 95.7 (43.0)
50 6 0.1 84.9±1.0 94.5±2.5 84.0 (41.8)

      Similar conclusion can be drawn on electrophoresis. Calculation of %EuHA from cathodic
mobility of Eu also leads to its maximum possible values. Suppression of the mobility due to
isotopic exchange between Eu3+ and negatively charged EuHA complexes, which is more
probable at high loading, can result in apparent increase in %EuHA. This probably happened
at 50 % loading and pH 4, I = 0.01 or pH 6, I = 0.1, where higher values of %EuHA were
obtained by electrophoresis than by the other methods. In other cases electrophoresis yielded
comparable data, so that kinetic lability of EuHA complexes did not have any significant
influence on the results.
      The values of %EuHA presented for ion exchange were recalculated from stability
constants determined using the method for a broader range of conditions. Their good
agreement with data obtained by direct determination using dialysis and electrophoresis
confirms that the procedure used was correct. The ion exchange method seems to be
independent of strong effects of Eu sorption on reaction vessel.

Conclusions

Three methods of those tested can yield trustworthy humate complexation data, if performed
and evaluated well: equilibrium dialysis with floating bag, free liquid electrophoresis and
cation exchange. All three methods can be well realized in radiotracer arrangement. Basic
disadvantage of the dialysis is the long time needed to achieve equilibrium. This method and
electrophoresis can be affected by a sorption of uncomplexed metal on the cell, which would
tend to increase the degree of complexation determined. The similar effect can be due to
retardation of electrophoretic mobility of radiotracer by isotope exchange with unlabelled
species. Thus the values of %MHA determined by both the methods represent a maximum
possible degree of complexation in the system. An important issue in the use of ion exchange
method is that the isotherm for the distribution of uncomplexed metal ions between solution
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and ion exchanger is adequately investigated and a suitable model is used for evaluation of
results.
      With ultrafiltration it is difficult to find an ultrafilter capable of quantitative retention of
the metal humate complex and quantitatively permeable for the uncomplexed metal. This was
not achieved in the present study. Significant problems can also be due to sorption of
uncomplexed metal on the cell and ultrafilter. Thus ultrafiltration based humate complexation
data need to be interpreted with great caution.
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Modelling of Kinetics of  Complexation and Decomplexation of Eu(III) with Humic Acid

Stamberg K., Benes P,  Mizera J., Vopalka D. and Prochazkova S.

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

Abstract

The kinetics of complexation and decomplexation reactions between Eu(III) and Aldrich
humic acid (HA) was investigated as a function of pH (pH 4, 5, 6, 7 and 8) in the system
Amberlite IR-120(Na) – Eu(III) – HA (I = 0.1). When the complexation reaction was studied,
Eu(III) labelled with 152,154Eu was added to the mixture of Amberlite IR-120 + aqueous
solution of HA and the concentration of Eu in solution (=EuΣ) was measured as a function of
time. In the case of decomplexation study, Amberlite IR-120 was added to the preequilibrated
(appr. 80 hours) solution of Eu(III) + HA. In addition to this, sorption kinetics of Eu3+ on
Amberlite IR-120 was determined in the absence of HA. Derivation of kinetic differential
equations of  the complexation/decomplexation was based on the reactions of Eu3+ with so-
called strong (HAS) and weak (HAW) carboxylic groups of HA and on a  new complexation
model (Štamberg et al. 2003):  a.Eu3+ + HASp- ↔ EuaHAS(p-3.a)- , b.Eu3+ + HAWp- ↔
EubHAW(p-3.b)- The kinetic equations have the classical form:  dEuaHAS /dt = k1.[Eu]a.[HAS] –
k2.[EuaHAS], dEubHAW/dt = k3.[Eu]b.[HAW] – k4.[EubHAW] (at pH ≤ 4, only the reaction
with HAS takes place). Kinetic model of complexation/decomplexation reactions used for the
evaluation of experimental data and for the simulation calculations is based on the balance
equation: - dEuΣ/dt = - dEu3+/dt + a.(dEuaHAS/dt) +  b.(dEubHAW/dt); dEu3+/dt is substituted
by the  kinetic equation of sorption of Eu3+ on Amberlite IR-120 (the film diffusion model is
used).
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Introduction

The kinetics of complexation (C) and decomplexation (D) reactions between Eu3+ and Aldrich
humic acid (HA) was investigated as a function of pH (= 4, 5, 6, 7 and 8) in the system
Eu(III) – HA – Amberlite IR-120(Na), I = 0.1. Derivation of kinetic differential equations was
based on the reactions of Eu3+ with so called strong (HAS, more acidic, fully dissociated at pH
4) and weak (HAW, less acidic, fully dissociated at pH 7) carboxylic groups of HA formulated
in accordance with the our complexation model MMWM (Mean Molecular Weight Model)
(Štamberg et al., 2003). Kinetic model used for the evaluation of experimental data and
simulation calculations includes these differential equations in the classical form applicable
for reversible reactions and the film diffusion model of sorption of Eu3+ on Amberlite IR-
120(Na).

1 Theory – kinetic model

The complexation (and decomplexation, in the opposite direction) reactions with HAS and
HAW groups, based on MMWM, can be described by Eqs. (1) and (2). Simultaneously, if
cation exchanger is present, sorption of Eu3+ takes place (Eq. (3)).

        a.Eu3+ + HASn- ⇔ EuaHAS(n-a.3)-      a = 1, 2, 3,...., amax ,  amax = ⏐n/3⏐                (1)
      b.Eu3+ + HAWm- ⇔ EubHAW(m-b.3)-    b = 1, 2, 3, ...., bmax,  bmax = ⏐m/3⏐               (2)
          Eu3+ + 3.RNa ⇔ R3Eu + 3.Na+1                                                                          (3)

Here the symbols denote:
a, b, amax, bmax  ... stoichiometric coefficients, the subscript max refers to the maximum value,
                              i.e., to the formation of neutral complexes;                
n, m ... total charge of dissociated  carboxyl groups per one average  molecule of HA, 
              depending on pH (if pH ≤ 4 then m = 0 and b = 0);
R ... functional groups, -SO3

-, of the strong acid cation exchangers.
The reactions (1) and (2) are regarded as reversible chemical reactions and corresponding
kinetic equations (4) and (5) can be written:

      d[EuaHAS(n-a.3)-]/dt = k1.[Eu3+]a.[HASn-] – k2.[EuaHAS(n-a.3)-]                           (4)
    d[EubHAW(m-b.3)-]/dt = k3.[Eu3+]b[HAWm-] – k4.[EubHAW(m-b.3)-]                        (5)

where k1, k2, k3 and k4 are the rate constants, and molar concentrations of individual
components in aqueous solution at time t are given in square brackets.
The kinetic model used for the evaluation of experimental data obtained in the presence of
HA and Amberlite IR-120 is based on the balance equation of sorption (6) and balance
equation (7) describing the changes in total concentrations of Eu(III) species in solution, EuΣ,
in the course of C/D reactions, both in the differential:

d{Eu3+}/dt = - (V/m).d[Eu3+]/dt                                                                            (6)
- d[EuΣ]/dt  = - d[Eu3+]/dt + a.d[EuaHAS(n-a.3)]/dt + b.d[EubHAW(m-b.3)]/dt           (7)

(V is the volume of solution, m is the mass of Amberlite IR-120 and {Eu3+} denotes the
concentration of Eu3+ in ion exchanger.)
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In the system studied, two (Eqs. (1) and (3)) or three (Eqs. (1), (2) and (3)) reactions take
place and therefore the same number of differential equations, expressing the interactions of
individual reactions, are needed. First it is the differential equation (6) describing the kinetics
of sorption reaction (3). On the basis of the evaluation of sorption experimental data obtained
in the absence of HA, the so-called film diffusion model (8) with the equilibrium (9) and
balance equations (10) and (11) are used:

          y[3]′ = d[Eu3+]/dt = - (m/V).KFD.([Eu3+] – [Eu3+]eq)                                                  (8)
                         [Eu3+]eq = {Eu3+}/(KL.(Qmax – {Eu3+}))                                                      (9)

{Eu3+} = (V/m).([Eu]0 – [EuΣ]) + {Eu3+}0 = (V/m).([Eu3+]0 – [Eu3+]) + {Eu3+}0       (10)
              [Eu3+] = [EuΣ] – a.[EuaHAS(n-a.3)-] – b.[EubHAW(m-b.3)-]                         (11)

where KFD is the total kinetic coefficient, KL and Qmax are the coefficients of Langmuir
equation (9), [ ]0 and { }0 are the starting concentrations at t = 0.
Then, in the presence of Amberlite IR-120, the kinetics of C/D reactions is described by Eqs.
(12) and (13) obtained by rearrangement of Eq. (7):

y[1]′ = - d((a/(a+b)).[EuΣ])/dt = a.(k1.[Eu3+]a.[HASn-] – k2.[EuaHAS(n-a.3)-])                            
                                                                                                - (a/(a+b)).y[3]′           (12)

y[2]′ = - d((b/(a+b)). [EuΣ])/dt = b.(k3.[Eu3+]b.[HAWm-] – k4.[EubHAW(m-b.3)])                        
                                                                                                 – (b/(a+b)).y[3]′           (13)

The concentrations of [Eu3+], [HASn-] and [HAWm-] are substituted from Eqs. (11), (14) and
(15), respectively:

                              [HASn-] = [HASn-]0 – [EuaHAS(n-a.3)-]                                            (14)
                            [HAWm-] = [HAWm-]0 – [EubHAW(m-b.3)-]                                        (15)

If pH ≤ 4 then b = 0 and the system is described by differential Eqs. (8) and (12).
Numerical Runge-Kutta method of the fourth order was used to the solution of differential
equations. In order to make possible evaluation of the experimental data and acquirement of
the values of rate constants k1 – k4, this procedure was incorporated into a non-linear
regression numerical code based on the Newton multidimensional method. Our own
numerical codes were constructed for these purposes.

2 Experimental

Kinetic experiments No. 1-12 were carried out by batch method at different values of pH,
contact time, t, and mass of centrifuged swollen Amberlite IR-120 in Na-form, m, see Table 1.
The common conditions were: (i) ionic strength I = 0.1 (0.1 mol/L NaClO4), (ii) solution with
starting concentration of Eu(NO3)3, [Eu]0 = 1x10-5 mol/L labelled with 152,154Eu, (iii)
concentration of HA, mHA = 10 mg/L, (iv) initial volume of aqueous phase, V = 0.10 L.
When the kinetics of C-reactions were determined by means of so-called C-experiments (see
Table 1), the stock solution of Eu(III) was added to the mixture of Amberlite IR-120(Na) +
solution of HA and NaClO4 at time t = 0. The solution was sampled at given time and the
concentration of Eu, [EuΣ], was determined.
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The kinetics of D-reactions (see D-experiments in Table 1) were studied in the same way, but
at time t = 0, Amberlite IR-120(Na) was added to the preequilibrated (approx. 80 – 90 hours)
solution of Eu(III) with HA (+ NaClO4).

Table  1: Conditions of kinetic experiments

Exper. No.
type of experiment:
C – complexation

 D – decomplexation
pH

mass of Amberlite IR-120, m
(kg)

phase ratio, V/m
(L/kg)

1 C 4 0.0002 500

2 D 4 0.0002 500

3 C 5 0.0002 500

4 D 5 0.0002 500

5 C 6 0.0002 500

6 D 6 0.0002 500

7 C 7 0.0005 200

8 D 7 0.0005 200

9 C 8 0.0005 200

10 D 8 0.0005 200

11 - 4 0.0002 500

12 - 7 0.0002 500

Sorption kinetics of Eu3+ on Amberlite IR-120(Na) in the absence of HA was also studied -
see Exps. No. 11 and 12 in Table 1.
The sorption of Eu(III) on the walls of PE vials used in the kinetic studies was found
negligible.

3 Results

All experimental points and calculated dependencies expressed as ([EuΣ]/[Eu]0).100 [%] =
f(t) are presented in Fig. 1 (C-experiments and Exp. No. 11 and 12) and Fig. 2
(D-experiments).

Sorption kinetics of Eu3+ on Amberlite IR-120 in the absence of HA
Results of experiments No. 11 and 12 were evaluated by means of six kinetic models differing
in the type of rate-determining step of sorption process, namely: mass transfer, film diffusion,
inert layer diffusion, diffusion in reacted layer and chemical reversible reaction of the first
order. In this way the values of kinetic coefficients of individual models were obtained by
fitting the experimental data. The quality of fitting was evaluated using statistical quantities χ2

and Q (Press et al., 1989): it holds that the fit is good if 1 < χ2 ≅ 40 and 1 ≤ Q ≅ 1x10-5 –
1x10-6.
In accordance with the theory of ion exchange kinetics on strong acid cation exchangers
(Marinsky, 1966), the film diffusion model (8) was found to be the best for both experiments
No. 11 and 12. The following values of KFD and quantities χ2 and Q were obtained:
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                Exp. No 11 (pH = 4): KFD = 7.82 ± 0.15 min-1, χ2 = 7.68, Q = 0.66
                Exp. No 12 (pH = 7): KFD = 7.66 ± 0.09 min-1, χ2 = 42.30, Q = 6.63x10-6

Their arithmetic mean, KFD = 7.74 min-1, was used in the calculation of sorption kinetics in
the absence of HA, see Figs. 1 and 4, and for the evaluation of all C/D experiments.

Fig. 1:  Kinetics of Eu sorption, ([EuΣ]/[Eu]0).100 [%] = f(t), under the conditions of C-experiments and
in  the absence  of HA.  1 – Exp. No.1,  2 – Exp. No. 3, 3 – Exp. No. 5,  4 – Exp. No. 7, 5 – Exp. No. 9,
6 – Exp. No. 11 and 12 (in the absence of HA). Individual points – experimental data.

Fig. 2: Kinetics of Eu sorption, ([EuΣ ]/[Eu]0).100 [%] = f(t), under the conditions of D-experiments.
1 – Exp. No. 2, 2 – Exp. No. 4, 3 – Exp. No. 6, 4 – Exp. No. 8, 5 – Exp. No. 10. Individual points –
experimental data
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Kinetics of C/D reactions
Before proper evaluation of experimental data, it is necessary to determine the input data
needed for the solution of differential equations, namely, the stoichiometric coefficients, a and
b, and – if the data of D-experiments have to be evaluated – the concentrations of Eu species,
[Eu3+], [EuaHAS(n-a.3)-] and [EubHAW(m-b.3)-], in the preequilibrated solution of given pH. The
data were calculated by means of the MMWM complexation model and are summarised in
Table 2.

Table  2: Results of speciation calculations – concentrations of Eu species and mean values of
stoichiometric coefficients for different pH.

Stoichiometric coefficient [Eu3+] [EuaHAS] [EubHAW]
pH

a b (mol/L) (mol/L) (mol/L)

4 1.03 - 4.00x10-6 6.00x10-6 -

5 10.00 2.74 1.09x10-8 9.00x10-7 3.61x10-7

6 10.09 6.32 9.12x10-9 9.84x10-7 3.63x10-9

7 10.10 7.28 1.40x10-8 9.86x10-7 3.75x10-9

8 10.10 7.39 1.67x10-8 9.86x10-7 3.34x10-9

Determination of rate constants k1 to k4 using the non-linear regression procedure was
complicated by the fact, that the number of rate constants which can be determined, depended
on the values of stoichiometric coefficients and therefore they were taken not only from Table
2, but also the lower values had to be used (see the guessed values of a and b in Table 3). The
results are presented in Table 3 and in Fig. 3; in Table 3, the corresponding values of χ2 and Q
can be found, too.

Fig. 3: The dependences of rate constants, log k1 – log k4, of C/D – reactions on pH. C-experiments
(•), D-experiments (□), regression (—) (k1 – [min-1mol-aLa], k2 – [min-1], k3 – [min-1mol-bLb], k4 – [min-1]).

-4

-3

-2

-1

0

3 5 7 9
pH

lo
g

 k k1

k2

k3

k4

292



From the results it can be seen that the values of k1 and k3, i.e. the rate constants of
complexation (forward) reactions, are approximately independent of pH:
                               k1 ≈ 1 min-1.mol-a.La,    k3 ≈ 0.1 min-1.mol-b.Lb

This holds only for stoichiometric coefficients used to the regression procedure. But, if we
still take the relatively high standard deviations of k1 and k3, the values of which express the
small sensitivity, e.g., of [EuΣ] to the changes of k1 and k3, then the assumption of their
constancy or their standardisation in the system studied seems to be tolerable. Contrary to k1

and k3, the values of k2 and k4 are significantly pH dependent (see Fig. 3).
The values of all constants point to the higher rates of C-reactions and D-reactions on
carboxylic groups HAS than on HAW and to the higher rates of C-reactions as compared with
D-reactions.
The course of results of C- and D-processes, accompanied by the sorption on ion exchanger,
was analyzed by simulation calculations using the determined values of rate constants.
Results, shown in Figs. 4(A, B), 5(A, B, C) and 6, elucidate: (i) the kinetics of complexation
of Eu3+ with HAS and HAW groups, (ii) the kinetics of sorption of Eu3+ in the presence and in
the absence of HA, (iii) time-dependencies of concentrations of EuΣ, Eu3+ and Σ(EuaHAS +
EubHAW) in liquid phase.

Fig. 4A: The results of simulation calculations of C-experiment No. 3. The concentration of Eu species
is expressed in [%] of [Eu]0.  1 – [EuaHAS(n-a.3)- ],  2 – [EubHAW (m-b.3)- ],  3 – {Eu3+} in the presence of
HA, 4 – {Eu3+} in the absence of HA, 5 – [Eu3+],  6 - Σ([EuaHAS(n-a.3)- ] + [EubHAW (m-b.3)- ], 7 – [EuΣ ], 8
– experimental data.
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Table  3: Results  of evaluation of kinetic C- and D- experiments: rate constants k1 – k4.  Guessed values of stoichiometric coefficients are marked by c), and
fixed initial values of kinetic coefficients by a). χ2 and Q represents statistical quantities mentioned in the text.

Stoichiom.  coeff. k1    ±    σ k2    ±    σ k3    ±    σ k4    ±    σCalcul.
No.

Exper.
No.

Type of
exper. pH

a b (min-1mol-aLa) (min-1) (min-1mol-bLb) (min-1)
χ2 Q

1 1 C 4 1 - 8.27E-1 1.57E-4 1.21E-2 2.32E-6 - - - - 22.0 2.08E-2

2 2 D 4 1 - 1.00 a) - 1.15E-2 3.83E-6 - - - - 15.3 2.93E-1

3 1 C 4 2  c) - 1.00 8.12E-1 1.24E-2 3.42E-6 - - - - 21.5 2.84E-2

4 2 D 4 2  c) - 9.55E-1 7.36E-2 1.22E-2 4.22E-6 - - - - 51.0 8.17E-7

5 3 C 5 2  c) 1  c) 1.13 1.2E-1 1.15E-2 3.38E-6 4E-1  ? 2.68E-1 4.11E-3 2.90E-4 12.8 3.04E-1

6 3 C 5 10 2.74 1.00 a) - 3.10E-2 1.42E-2 8.92E-2 9.32E-3 2.10E-3 1.81E-4 19.0 8.85E-2

7 4 D 5 10 2.74 1.00 a) - 8.46E-3 4.38E-6 1.22E-1 6.89E-3 8.83E-4 1.16E-4 12.1 3.51E-1

8 5 C 6 3  c) 2  c) 9.23E-1 9.38E-1 3.08E-3 1.22E-4 9.79E-2 5.10E-1 9.26E-3 2.60E-3 1.74 1.00

9 5 C 6 8  c) 3  c) 1.00 a) - 7.98E-3 4.85E-6 9.33E-2 6.04E-4 1.56E-3 9.97E-7 1.79 1.00

10 5 C 6 10.10 6.32 1.00 a) - 9.50E-3 2.45E-3 0.10 a) - 2.45E-3 1.74E-4 2.38 1.00

11 6 D 6 10.10 6.32 1.00 a) - 5.78E-3 1.23E-5 0.10 a) - 1.10E-3 2.52E-6 17.0 1.97E-1

12 7 C 7 10.10 7.28 1.00 a) - 4.80E-3 1.37E-3 0.10 a) - 1.01E-3 3.10E-4 2.79 1.00

13 8 D 7 10.10 7.28 1.00 a) - 6.08E-3 1.09E-5 0.10 a) - 4.33E-4 9.37E-7 20.0 9.36E-2

14 9 C 8 10.10 7.39 1.00 a) - 2.95E-3 6.42E-6 0.10 a) - 3.53E-4 9.86E-7 1.53 1.00

15 10 D 8 10.10 7.39 1.00 a) - 3.01E-3 1.83E-6 0.10 a) - 1.96E-4 1.75E-5 3.83 1.00
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Fig. 4B: The results of simulation calculations of C-experiment No 7. The concentration of Eu species
is expressed in [%] of [Eu]0. 1 – [EuaHAS(n-a.3)- ], 2 – [EubHAW (m-b.3)- ], 3 – {Eu3+} in the presence of HA,
4 – {Eu3+} in the absence of HA, 5 – [Eu3+], 6 –- Σ([EuaHAS(n-a.3)- ] + [EubHAW (m-b.3)- ], 7 – [EuΣ ], 8 –
experimental data.

Fig. 5A: The results of simulation calculations of D-experiments No. 2 and 5 The concentration of Eu
species is expressed in [%] of [Eu]0. 1 – [Eu3+], 2 - Σ([EuaHAS(n-a.3)- ] + [EubHAW (m-b.3)- ] (if pH ≤ 4 then
[EubHAW (m-b.3)- ] = 0), 3 – [EuΣ ], 4 – experimental data.
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Fig. 5B: The results of simulation calculations of D-experiments No 6 and 8. The concentration of Eu
species is expressed in [%] of [Eu]0. 1 – [Eu3+], 2 - Σ([EuaHAS(n-a.3)- ] + [EubHAW (m-b.3)- ], 3 – [EuΣ ], 4 –
experimental data.
Fig. 5C: The results of simulation calculations of
D-experiment No 10. The concentration is
expressed in [%] of [Eu]0, 1 – [Eu3+], 2 –
Σ([EuaHAS(n-a.3)- ] + [EubHAW (m-b.3)- ]), 3 – [EuΣ ], 4
– experimental data.
296
Fig. 6: The results of simulation calculations of
D-experiment No. 10. The concentration is
expressed in [%] of [Eu]0. 1 – [EuaHAS(n-a.3)- ], 2 –
[EubHAW (m-b.3)- ], 3 – {Eu3+} in the presence of
HA, 4 – {Eu3+} in the absence of HA.



4 Conclusions

1. The use of ion exchange method for the study of Eu3+ complexation with carboxylic
groups of HA is complicated by the fact that ion exchange affects the complexation
process. After some time the complexation is always reversed to decomplexation – see
Figs. 4A and 4B.

2. The rate constants of decomplexation, k2 and k4, decrease with the increasing pH while
the complexation rate constants, k1 and k3, are virtually independent of pH – see Fig. 3.

3. The kinetics of sorption of Eu3+ on cation exchanger is retarded in the presence of HA.
The C- and D- reactions are the rate-determining step of the sorption especially at pH ≥ 7
– see Figs. 4 – 6.

4. C- and D- reactions taking place on HAS groups are faster than those on HAW groups in
the whole pH interval studied – see Figs. 4 – 6.
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Summary 
 To facilitate investigations of the influence of humic acid on the migration of americium in 
and around nuclear waste repositories we have chemically immobilized humic on silica gels. 
Release of trivalent elements from humic substances has been investigated by a batch method use 
of the derivatized silica gel with 0.1 M NaClO4 solutions at different pHs. The effect of 
occupation of binding sites has also been investigated. The release behavior of Am is analyzed.  
 
Key words: humic acid, americium, release from binding site, 
 
Introduction 

Humic substances form complexes with a wide variety of metal ions and thus mediate their 
bioavailability, biotoxicity and transport in the biosphere. A detailed understanding of the 
influence of humic substances on the speciation of metal ions is beyond our reach owing to the 
complicated, heterogeneous and variable nature of these polydispersed, polyelectrolytic 
substances. Thus to predict humate-mediated movement of transuranic radionuclides through the 
environment, it is necessary to understand the chemistry of the interactions of transuranic 
elements with humic substances in fine detail. 
 Americium-241 is a major component of the long-lived radionuclides produced in 
reactors, and as such its environmental behavior has been the topic of many studies. Extensive 
research over the years has established that humic substances play an important role in the 
geochemical cycling of americium (Choppin, 1992). The effects of different experimental 
methods, pH, humic acids of different origin, ionic strength, and formation of mixed complexes 
have been studied.  

However, humic acid in the environment is not confined to the aqueous phase, often 
adsorbing to inorganic surfaces and colloids. Investigations with actinide and lanthanide ions, and 
transition metal ions verify the humic coating of these surfaces is an important component in metal 
ion sorption. From these studies pH and ionic strength are important terms in describing the 
sorption-desorption of metal ions to humic-coated surfaces, similar to results from aqueous 
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complexation studies. From an investigation of the literature it can be seen that binding-sorption 
processes have been investigated in details, but release-desorption or binding reversibility data are 
rare. Consequently an improved understands of the release-desorption process and a larger 
database for modeling can be achieved. 
 
Experimental 
Materials and methods 
 Silica gel (Polygoprep Si-300, 20 µm, BET surface area 100 m2/g) was obtained from 
Macherey-Nagel. Humic acid was purchased from Aldrich Chemical Co. Ltd. and purified by the 
method of Kim et al., 1990. 3-Aminopropyltriethoxysilane and 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride were purchased from Aldrich Chemical Co. Ltd. Humic acid was 
immobilized on silica gel (SiO2-HA) by using previously described procedure (Szabo et al., 1992; 
Bulman et al., 1997, Koopal et al., 1998. The specific surface area of the prepared solid phase 
was determined by BET method and are given in Table 1. C, H and N analyses of HA-SiO2 were 
conducted on an automatic CHNS-O analyzer (see Table 1). The IR spectra of the prepared silica 
gel was recorded using a NICOLET 5PC FT-IR Spectrometer. 241Am was determined by liquid 
scintillation (LC) counting in a Packard Tri-Carb 2550 liquid scintillation counter. The proton 
exchange capacity of the immobilized HA was determined by potentiometric titration (Table 1). 
 Stock solutions of Nd(III) were prepared by dissolving Nd(NO3)3 in 0.1 mol l-1 NaClO4 
and diluted as needed to concentrations 10-6 - 2 10-3 mol l-1 with 2-morpholine-ethane sulfonic 
acid (MES) or 4-pyridineethane sulfonic acid (PES) buffer (10-3 mol l-1 ). Kim et al., 1989 and 
Buckau et al., 1992 have shown that these buffers does not alter the complexation of Am(III) by 
humic substances.  
 
Binding/Sorption experiment  
 The binding of Am-Nd by the immobilized humic acid was examined at pH 4, 5 and 6 in 
0.1 M NaClO4 containing 1-200 x 10-6 mol l-1 concentration of Am-Nd by batch method. 
Accurately weighed quantities of the gels, typically about 100 mg, were added to the buffered (pH 
4-6) 0.1 mol l-1 NaClO4 solutions containing of different concentrations of Nd spiked with 241Am 
(300 Bq; (2.34 ⋅10-9 g; 9,6 ⋅10-12 mol). The resulting suspensions were shaken at room 
temperature for 48 h. The concentrations of Nd-Am in a clarified aliquot, which was collected by 
centrifugation, were measured by LC. The amount of nuclides bound by the solid phases was 
calculated and the isotherms were plotted. The maximal binding capacity (Bmax) of SiO2-HA was 
calculated from the one site binding isotherms: 
 

q = BmaxK�[Mz+] / (1 + K�[Mz+])             (1) 

where q is the amount of Mz+ bound and Bmax is the maximum binding capacity. The free 
concentration of Mz+ is presented as [Mz+]. The symbol K� is an association constant often 
referred to as the binding strength. 
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Releasing/desorption experiment 
 Desorption was conducted following sorption. Seven different sorbed Am-Nd 
concentrations were used for each pH. At the end of 48 h sorption, nine-tenths of the supernatant 
of each sample was replaced by the same volume of 0.1 M NaClO4 whose pH had been adjusted 
to that samples. The suspensions were shaked for 48 h. Following the same procedure as for 
sorption, the samples were centrifuged and the activity measured. The desorption step was 
repeated eight times. The concentration of Am-Nd retained by the gel in the suspension after each 
desorption step was calculated according to the following equation: 
 

qi = qi-1 � (Ci �Ci-1/10)/W                  (2) 
 

where qi is the concentration of Am-Nd remaining on the gel at the end of ith desorption step 
(µmol/g); qi-1 is the concentration of Am-Nd remaining on the gel at the end of (i-1)th desorption 
step (µmol/g); Ci is Am-Nd concentration in the solution at the end of the ith step (µmol/L); Ci-1 
is Am-Nd concentration in the solution at the end of the (i-1)th desorption step (µmol/L), and W 
is the solid concentration in the suspension (g/L). 
 
Results  
 The characteristics of the prepared silica gel are shown in Table 1. From C, H, and N 
analyses of SiO2-HA it has been established that the gel has average humic substances contents of 
19.3 mg g-1 solid matter. The extensive coating of humic substances on the derivatized silica gels 
will minimize the areas for interaction of 241Am(III) by any silanol binding sites remaining on the 
silica gel. In addition, Bulman and Szabo, 1991, studies have demonstrated only slight uptake of 
241Am(III) species by un-derivatized silica gels.  
 On the basis of the well recognized analogue chemistry of Nd(III) for Am(III) (Moeller, 
1970) it is likely that the complexing capacity measured of SiO2-HA for Nd(III) will be quite 
similar to their complexing capacity for Am(III).  
 
Determination of maximal binding capacity (Bmax) of humic acid immobilized on silica gel 
 Typical binding isotherms (solid phase concentration vs. liquid phase concentration in 
equilibrium) of Am-Nd(III) by SiO2-HA at different pH values in 0.1 mol l-1 NaClO4 are presented 
on Fig. 1. The complexation of Am-Nd(III) by humic acid immobilized on solid support leads to 
an increase of metal binding on the surface until the saturation of the complexing sites occurs 
under the experimental conditions. From these binding isotherms it has been possible to calculate, 
see Table 1, the maximal binding capacity Bmax (expressed in mol g-1 solid phase) using equation 1. 
As seen in Table 1 and Fig. 1., Bmax increases with increasing pH (4 to 6). This increase with pH is 
likely to result from an increase in the number of ionized carboxylic binding sites. A similar 
phenomenon has been reported by Cacei, 1985, Kim et al., 1991 and Moulin et al., 1992. 
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Table 1. Characteristics of the used SiO2-HA 

 

 SiO2-HA 
Substrate content (mg g-1 ) 19.3 ± 1.2 
Proton exchange capacity (meq/g solid matter) 0.0673 
Maximal bindig capacity (µmol g-1): 
at pH 4 
at pH 5 
at pH 6 

 
14.81 ± 1.02 
16.25 ± 0.78 
18.39 ± 0.94 

BET surface areaa (m2 g-1) 74 ± 8 
  

aThe surface area of the parent silica gel is 100 m2 g-1 

 

Figure 1. Binding isotherm of SiO2-HA for Am-Nd(III) in 0.1 mol l-1 NaClO4 at pHs 4, 5 and 6. 

Release of Am from humic acid binding sites 
 To understand the release behaviour of Am from humic acid, we chose seven different 
loaded humic acids ranging from 0.5 to 98 % at pH 4-6 to conduct desorption experiments as 
described previously. Here a new method is suggested, which is the step-by�step batch 
experiment modeling Am removal from the binding site of HA. The results are given in Figure 2-4 

0 10 20 30 40 50 60
0

5

10

15

20

pH 4
pH 5
pH 6

Ce [µmol⋅ l-1]

C
s [

µm
ol

⋅g
-1

]

304



 5

at pH 4, 5 and 6 respectively. 
 The release of Am from the binding sites at different pHs exibits several marked 
differences: principally the release of Am from HA increases with either increase pH or higher 
metal loading. From an investigation of the highly loaded HA, it can be concluded that there is a 
minimum of two binding sites on HA. In case of low loaded HA the amount of release of Am is 
determined by the stability constant of Am-humate. Suprisingly high desorption was obtained in 
case of 96% loaded Am-humate, 49%, 23% and 12% at pH 4, 5 and 6 respectively. This study 
shows that Am could be mobilized easily from HA by changing pH. It is also evident that the 
release of Am from HA depends on the occupation of the binding sites. 
 
 

 

Figure 2. Release of Am(III) from humic acid binding sites at pH 4 with 0. M NaClO4 
 
 
Acknowledgments 
 This work was supported by either European Commission, EC Contract No. FIKW-CT-
2001-00128 or Hungarian-Japanase bilateral cooperation, JAP-12/98. 
 
 

0 1 2 3 4 5 6 7 8 9
50

75

100

125

0.5% loaded
1.3 % loaded
3.4 % loaded
6.7 %loaded
33% loaded
60 %loaded
96 % loaded

number of new batches introduced

Am
 re

m
ai

ni
ng

 b
ou

nd
 b

y 
H

A 
(%

)

305



 6

 
Figure 3. Release of Am(III) from humic acid binding sites at pH 5 with 0. M NaClO4 
 
 

Figure 4. Release of Am(III) from humic acid binding sites at pH 6 with 0. M NaClO4 
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Abstract 
To facilitate understanding the chemistry of the interactions of radionuclides with humic acid 
(HA) in microscopic scale, we have immobilized humic acid on silicon wafers. In this 
communication, we present a simple protocol to immobilise humic acid on silicon wafer 
surface. A trifunctional silane reagent 3-aminopropyltrimethoxysilane (APTES) was used to 
modify the surface of silicon wafers and appeared to be able to strongly attached soluble 
humic acid through their carboxylic groups to solid support. Humic acid, anchored in a 
following incubation step, were proved to be able to bind Am(III). 
 
Key words: humic acid, silicon wafer, americium, atomic force microscopy 
 
Introduction 
 Humic substances are among the most widely occurring natural organic products on the 
earth's surface. It has been recognized for sometime that humic materials have a major role in 
the transport and sorption of metal ions in the environment. Additions to our understanding of 
the structure and the nature of metal-ion binding sites of humate are still a laudable goal even 
though there have already been many investigations of the nature of the binding of metal ions, 
particularly those of the transuranic ions. The chemistry of the interactions of radionuclides 
with humic acid (HA) needs to be understood in details so that humate-mediated migration of 
radionuclides through the environment can be predicted. To achieve such a data in 
microscopic scale, several detective techniques, such as atomic force microscopy (AFM), 
chemical force microscopy (CFM), nuclear microprobe analysis (NMA) and X-ray 
photoelectron spectroscopy (XPS) can be used to measure intermolecular forces and to 
visualize the surface morphology. 
 The main aim of this work was to provide humic material with specific properties in 
order to study with different spectroscopic techniques, the complexation behaviour of surface 
bound humic acid in microscopic scale. Namely, humic acid has been immobilised on silicon 
wafers in order to mimic surface bound humic substances in natural aquatic systems.  
 
Experimental 
Materials 
3-aminotriethoxysilane, hydrogen peroxide, hydrochloric acid, ammonium hydroxide, 
toluene, sodium acetate and N-(3-dimethylaminopropyl)-N�-ethyl-carbodiimide hydrochloride 
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(EDC) were purchased from Aldrich. The purified and characterised Aldrich humic acid was 
obtained from Technical University of Prague. 241Am was obtained from AEA Technology. 
Silicon wafer polished on one side was purchased from Plano GmbH. The silicon wafers were 
cut into pieces of approximately 1 cm by 2 cm before cleaning and modifying. The remaining 
chemicals were obtained from commercial sources and were used without purification. 
 
Apparatus 
Atomic force microscope (NanoScope III, Digital Instrument, USA) was used in contact 
mode for imaging silicon wafer samples with and without modification. In the image 
processing only auto-flattening was used. The radioactivity of 241Am bound on the silicon 
wafers was determined by gamma-ray spectrometer NK-350 with a NaI(Tl) scintillator an 
NZ-138 well-type detector shield (GAMMA, Hungary). 
 
Immobilization procedure 
The chemical procedure for preparation of immobilized humic acid on silicon wafer based on 
Unger 1978, Szabó et al., 1992; Koopal et al., 1998 and Wei et al., 2000 work. Illustration of 
the procedure is showed in Figure 1. The process was performed as follows: (i) degreased 
ultrasonically in chloroform, rinsed with water; (ii) activated-oxidized in alkaline solution 
(1:1:5, v/v, NH4OH:H2O2:H2O) for 5 min and 5 times water rinse; (iii) activated-oxidized in 
acidic solution (1:1:5, v/v, HCl:H2O2:H2O) for 5 min and 5 times water and methanol rinse, 
designated �activated� and stored for later comparison with the modified wafers; (iv) silanised 
by immersing in 1% APTES/toluene solution for 2 h; (v) curing for 20 h under vacuum at 130 
0C; immobilization of HA in alkaline �alcoholic solution and water rinse; (vi) end-capping of 
remaining NH2 groups in acetate solution at pH 10 with EDC for 4 h, washing and heating at 
110 0C. The final product was stored on air. 
 
Calculation of quantity of HA immobilized on wafer 
The quantity of HA immobilized on wafer was determined thorough Am(III) sorption 
investigation. The cleaned, amino-modified and immobilized HA wafers were loaded with 
Am(III) from 0.01 M NaClO4 at pH 6 for 24 h. After loading the wafers were washed with 
distilled water and measured in gamma spectrometer to determine the surface-bound 
americium. The quantity of immobilized HA on wafers was calculated use of Kim and 
Cherwinski (1996) idea. Namely, loading capacity (LC) of HA for metal ion can be expressed 
as: 

where 
z is the charge of the complexing metal ion 
(Mz+) is the maximal amount of metal ion complexed by HA (mol/wafer) 
(PEC) is the proton exchange capacity of HA (eq/g HA) 
(HA) is the quantity of HA (g/wafer). 
Rearrange that equation to calculate the quantity of HA on the surface 
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Figure 1. Flow diagram of the preparation of the immobilized humic acid on silicon wafer 
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Results 

Wafer samples with identical reaction history were examined by AFM in contact 
mode. Images of the activated, amino-silylated and HA immobilized wafer surfaces taken in 
height mode (xy=2x2µm; z=6nm) are shown in Fig 2-4. 3D visualization facilitates the 
comparison of morphologies of pre-treated and original wafer samples as shown in Fig. 5.  

The activated wafer surface was clean (Fig. 2.) with a surface roughness (RMS) of 
0.274 nm. The RMS value of the silylated wafer sample was 0.520 nm, about double so high 
as the RMS roughness (0.274 nm) of the underlying native surface sample (Fig 3.). The 
surface of silanized silicon-wafer is fully covered by small, bell-shaped precipitates whose 
diameters are in the range of 3-5 nm as the section analysis shows. The application of humic 
acid resulted in a smoother surface (Fig. 4) than was noticed on the silanized silicon wafer. 
The roughness (RMS) is 0.371 nm. The morphology of HA surface covered by hemi-
spherical particles is converted into an irregular surface topography. Instead of small bell-
shaped precipitates with average diameter of 2.4 nm (which covered the surface uniformly) in 
this case on the surface there are bigger products with an average diameter of 2.8 nm 
sporadically. 
 
 
 

Figure 2. 2D AFM image of activated silicon wafer 
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Figure 3. 2D AFM image of amino-silanized silicon wafer 

 

 
Figure 4. 2D AFM image of HA immobilized HA on silicon wafer 
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Activated silicon wafer 
 

 
Amino silanized silicon wafer 

 

Immobilised HA on silicon-wafer 
 

Figure 5. 3D AFM image of silicon wafer samples. 
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 The quantity of HA immobilized on wafer was determined thorough Am(III) sorption 
investigation in 0.01 M NaClO4 at pH 6 (Fig. 6.). From Fig. 6. It can be concluded that the 
HA immobilized on silicon wafer binds more Am (III) than either silanised or activated 
silicon wafer. To calculate the amount of HA immobilized on the silicon wafer, loading 
capacity equations were used with an assumption that LC is 0.8 for HA at pH 6. Substituting 
the PEC (5.4 mmol/g) and the measured Am (specific activity: 3.062 1013 Bq/mol) activity 
(22.3 Bq/wafer) into the equation we have got that the amount of immobilized HA on the 
surface is 5.1 10-10 g/wafer (1,3 10-10 g/cm2). 
 
 

 
Figure 6. Binding of Am(III) on different silicon wafers at pH 6 in 0.01 M NaClO4 
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Abstract

The complexation of the uranyl ion with humic acid is investigated. Excess amounts of U(VI)
is used and the  concentration of the humic acid complex is determined by solubility
enhancement over the solid phase. pH is varied between 7.5 to 7.9 in 0.1 M NaClO4 under
normal atmosphere and room temperature. The U(OH)+ concentration is determined from the
U(VI) solubility between pH 4.45 and 8.62 in absence of humic acid. The effective humate
ligand concentration (EHLC) is used as described in (Buckau 2004). Only a limited range of
data can be used for determination of the complexation constant because of flocculation or
sorption of the humic acid upon progressive complexation. Analysis of the complex formation
dependency with pH shows that the dominant interacting species in the concerned pH range
are either UO2(OH)+ or (UO2)3(OH)5

+. The complexation constant is evaluated to be logß =
6.20 ± 0.02 if presence of (UO2)3(OH)5

+ is not regarded. Including the latter species and
assuming that the interacting species is still the mono-hydroxo ion, the stability constant
becomes about 0.6 log units higher. Interaction with the (UO2)3(OH)5

+ ion is not considered,
despite such a complex cannot be entirely excluded. The complexation constant has about
same number as found for the humate complexation of the non-hydrolyzed uranyl ion, or
significantly higher if the UO2OH+ ion concentration is deduced under regard of coexistence
of the (UO2)3(OH)5

+ ion. Consequently, the hydrolysis of the non-complexed uranyl ion shows
basically the same or a higher complexation constant as the hydrolysis of the humate com-
plex. This indicates that the humate complex does not occupy several coordination places of
the uranyl ion. The same or higher numbers found for the humate complexation strength of
the hydrolyzed and non-hydrolyzed uranyl ion, with the nominal charge of +1 and +2, respec-
tively, indicates that the hydroxyl ion may be involved in the complex stabilization. Final
evaluation of data will require direct determination of species involved.

pspasch@ucy.ac.cy
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Introduction

Humic and fulvic acids complex actinide ions. Ternary complexes with hydroxo or carbonate
ions are also formed. In the present work, the concentration of the reacting uranyl mono-
hydroxo ion and the humate complex is determined from thermodynamic solubility data and
the solubility enhancement due to humate complex formation. The interpretation of humate
complexation data depends on assumptions made with respect to the complexation process.
Direct measurement of the humate ligand concentration is difficult in the hydrolyzing range
of strongly complexing highly charged actinide ions. A suggestion for a consistent description
of the effective humate ligand concentration, including the pH neutral range, is given in
Buckau 2004. The humate ligand concentration as given in that work is used for interpretation
of the present data.

Experimental

The solubility of U(VI) is studied in 0.1 M NaClO4. U(VI) solutions were prepared by disso-
lution of UO2(NO3) 6H2O (Merck Co) in aqueous 0.1 M NaClO4. UO2(OH)2(s) was prepared
by evaporation of a U(VI) solution at pH 3 under normal atmospheric conditions at 25 oC.
The yellow precipitate was separated from the solution washed with bidestilled water, dried
and characterized by UV-Vis, FTIR spectroscopy and x ray difraction (Guiner method). For
solubilty studies UO2(OH)2 solid was conducted with pure 0.1 M NaClO4 solutions or
NaClO4 solutions containing 0.1 g/L humic acid. Humic acid solutions were prepared from
humic acid isolated from Gorleben groundwater (Gohy-573), purified and characterized as
described elsewhere (Kim et. al 1990).

Solubility measurements were carried out in 0.1 M NaClO4 under normal atmospheric condi-
tions at 25 oC. pH was varied by addition of 0.1 M NaOH or 0.1 M HClO4, respectively.
Following three days equilibration time pH was measured by using a glass electrode (Ross
type, Orion Co) and the analytical U(VI) concentration in solution was determined spectro-
photometrically (Cary 5, Varian Co) by means of arsenazo III according to a method
described elsewhere (Savvin 1961) and by Inductively Coupled Plasma-Atomic Emmision
Spectroscopy (Lamda 40, Perkin Elmer Co). The molar extinction coefficient for the U(VI)-
Arsenazo(III) complex at 650 nm was estimated to be 61000 ± 1500 L mol-1cm-1.

Results and discussion

The solubility of U(VI) as a function of pH is shown in Fig. 1 (data given in Table 1). The
solubility data are fitted with hydroxo and carbonate species, resulting in the constants given
in Table 2. The data are in an acceptable range (Reiller 2004). In Fig. 2, the resulting relative
distribution of different uranyl species is shown. In the pH range of interest, charge neutral
and negative species are dominant. For the purpose of humic acid complexation, the cationic
species UO2

2+ and UO2(OH)+ could be considered. As seen in Fig. 3, the concentration of the
uranyl mono-hydroxo ion is more than two orders of magnitude higher than that of the uranyl
ion, and as shown below, in this pH range the hydrolysis species dominates the humic acid
interaction and not the non-hydrolyzed uranyl ion. The important numbers for the present
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work thus are (i) the solubility of U(VI) in absence of humic acid, and (ii) the concentration
the UO2(OH)+ ion, both in the pH range where the humic acid induced solubility enhancement
is studied (pH 7.5 – 7.9). These data form the basis for evaluation of the humic acid complex
concentration by solubility enhancement and the concentration of the complex forming uranyl
mono-hydroxo ion. As further discussed below, alternatively the data may be evaluated by
regard also of the (3,5) species ((UO2)3(OH)5

+). In this case the postulated concentration of the
(1,1) species (UO2OH+) is lower and both (1,1) and (3,5) are in similar species concentrations
(NEA-TDB). In principle, one could also consider complexation between humic acid and the
(3,5) species. Such a complex, however, is not considered in this paper.

Fig. 1: Solubility of U(VI) over UO2(OH)2 solid phase as a function of pH in 0.1 NaClO4 under normal
atmosphere. Experimental data are given in Table 1 and the fitted curve with associated constants is
given in Table 2.

Table 1: Solubility of U(VI) over UO2(OH)2 solid phase as a function of pH in 0.1 M NaClO4 under normal
atmosphere (pCO2=-3.5).

pH log[U(VI)] pH log[U(VI)] pH log[U(VI)] pH log[U(VI)]

4.45 -2.89 5.53 -4.37 6.64 -5.92 8.10 -3.99
4.79 -3.42 5.57 -4.91 6.74 -6.03 8.20 -4.24
4.84 -3.30 5.72 -4.83 7.25 -6.00 8.20 -4.17
4.90 -3.85 5.98 -5.31 7.36 -6.03 8.43 -3.27
5.01 -3.84 6.13 -5.64 7.45 -5.71 8.43 -3.31
5.05 -3.71 6.32 -5.85 7.48 -5.63 8.48 -3.30
5.33 -4.33 6.50 -5.51 7.74 -5.43 8.62 -3.43
5.46 -4.26 6.59 -5.62 7.98 -4.90
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Table 2: Solubility product, carbonate complexation constants and hydrolysis constants for the UO2
2+

ion. Solubility product refers to amorphous UO2(OH)2(s).

logKsp logß
110 120 101 102 103

-21.7 8.3 14.9 8.5 15.1 19.5 This work
(± 0.3) (± 0.2) (± 0.3) (± 0.3) (± 0.3) (± 0.1)

-22.18 ±0.09* 8.8 16.2 8.4 17.0 22.5 Reiller 2004

Mean value for results from Kramer 1992, Meinrath 1993. Meinrath 1996 and Kato 1996. Other values in this line
from Reiller 2004.

Fig. 2: Uranyl ion pecies distribution from solubility data deduced from data shown in Fig. 1 and Table 1.

The effective humate ligand concentration ([EHLC]) is used as described in (Buckau 2004)
and is shown in Fig. 3. It increases only slightly with increasing pH in the range investigated.
The concentration of U(VI) in presence of 100 mg/L humic acid is also shown. Starting at pH
7.9, a considerably solubility enhancement is seen compared to the solubility without addition
of humic acid. As expected from the increase in the concentrations of ions considered for
humic acid complexation with decreasing pH, also the solubility enhancement in presence of
humic acid increases. Below pH 7.6, however, a relative drop in the U(VI) concentration is
observed. Simultaneously, flocculation or sorbtion of humic acid on the uranium solid phase
is visually observed. The decrease in solubility enhancement below pH 7.6, therefore, is not
regarded for calculation of the U(VI) humic acid complexation constant (see below).

The complexation behavior is evaluated based on data deduced from the results shown in Fig.
3. The individual experimental data for different pH values are given in Table 3, i.e. the total
uranium concentration including solubility enhancement from humic acid complexation
([U]tot), the calculated concentration of the uranyl mono-hydroxo ion ([UO2(OH)+]), the
EHLC (from Buckau 2004) and the concentration of uranium complex (as the solubility
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enhancement in presence of humic acid). Evaluation based on complexation with the uranyl
ion (UO2

2+) results in a pH dependent stability constant much higher than found in the non-
hydrolyzing range. Furthermore, the concentration of such a complex should increase by two
orders of magnitude per unit decrease in pH. This is not the case (Fig. 3). Consequently, data
are evaluated for the interaction with the uranyl mono-hydroxo ion (UO2(OH)+). In Table 3,
the resulting complexation constants and “degrees of ligand loading” are given for the indivi-
dual pH values investigated.

Fig. 3: Concentrations of relevant uranyl species calculated by the data from Table 1, solubility curve
without addition of humic acid, enhanced uranium solubility in presence of 0.1 g/L humic acid and
effective humic acid ligand concentration from (Buckau 2004). In these calculations no polynuclear
species are regarded.

As mentioned above, below pH 7.6 humic acid flocculates/sorbes on the U(VI) solid phase.
This is reflected in the variation of logß and the degree of ligand loading with U(VI) as shown
in Fig. 4. In the absence of a solid phase, flocculation of the humate complex by the trivalent
actinide ion Am3+ is not observed until the loading of the humate ligand approaches ligand
saturation. This indicates that in the presence of the U(VI) solid phase, sorption is the reason
for decrease of humic acid in solution. Evaluation of the stability constant (disregarding
values at pH 7.50 and 7.52) results in logß = 6.20 ± 0.02 (L/mol).
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Table 3: Data from the uranyl humate complexation study at different pH values: The measured total
U(VI) concentration, the uranyl mono-hydroxo ion concentration calculated from thermodynamic data
(cf. Table 2), the effective humate ligand concentration (EHLC) (from Buckau 2004) and the
uranium(VI) humate concentration by the difference between total measured concentration and sum of
ionic species from thermodynamic data (Table 2) (solubility enhancement in presence of humic acid).
From these data, the individual complexation constants and fractions of EHLC complexed with U(VI)
(“loading”) are calculated. Data at pH 7.50 and 7.52 are affected by sorption/flocculation of humic
acid.

pH log[U]tot log[UO2(OH)+] log[EHLC] log[U-HA] logß U-HA/EHLC
(in mol/L) (in mol/L) (in mol/L) (in mol/L) (in L/mol)

7.50 -4.71 -6.81 -3.81 -4.74 5.94 0.12
7.52 -4.63 -6.83 -3.82 -4.66 6.05 0.14
7.60 -4.58 -6.91 -3.81 -4.61 6.18 0.16
7.63 -4.58 -6.94 -3.81 -4.61 6.21 0.16
7.77 -4.64 -7.01 -3.80 -4.70 6.17 0.13
7.90 -4.70 -7.21 -3.80 -4.83 6.22 0.09

Fig. 4: Complexation constant and degree of humate ligand loading as a function of pH (data from
Table 3). The data below pH 7.6 are effected by loss of humic acid in solution with increasing ligand
loading as also visually observed during the experiment.

In Fig. 5, the species distribution is shown for conditions comparable to those used in Fig. 2,
however in the presence of 100 mg/L humic acid. It is found that the two humic acid
complexes of the uranyl ion regarded dominate the species distribution up to a pH of about 8.
At higher pH values the anionic di- and tri-carbonate species become dominant.
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Fig. 5: U(VI) species distribution as a function of pH with 0.1 g/L humic acid in 0.1 NaClO4 under normal
atmosphere. The regarded humic acid complexes UO2HA and UO2(OH)HA dominate the species distribu-
tion up to pH of about 8.

In Fig. 6a, the stability constant for the uranyl mono-hydroxo humate complex is shown in
context with the two different routes for obtaining this complex, starting with the non-com-
plexed uranyl ion. Given that the complexation strengths of the humate ligand with both the
hydrolyzed and the non-hydrolyzed uranyl ions are basically indistinguishable, the hydrolysis
of the uranyl humate complex is deduced to be of the same strength as the hydrolysis of the
non-complexed uranyl ion. Somewhat different number are obtained if the coexistence of
(UO2)3(OH)5

+ species are regarded (cf. NEA-TDB). Evaluation of solubility data with this
species regarded results in a decrease in concentration of the UO2(OH)+ of about 0.6 loga-
rithmic units. Still assuming that the mono-hydroxo species is the dominant humate complex,
this leads to a corresponding increase in the stability constant of about 0.6 logarithmic units.
The results from such an evaluation are shown in Fig. 6b.

As a first approach one would expect the humate complexation constant for the uranyl mono-
hydroxo complex to be weaker than that of the non-hydrolyzed uranyl ion. The same is the
case for comparison of the hydrolysis of the uranyl humate complex compared to that of the
non-complexed uranyl ion. In Fig. 7, the stepwise hydrolysis constants for the uranyl ion (data
in Table 4) are compared with the hydrolysis of the uranyl humate complex (cf. Figs. 6a-b).
Looking at the stepwise hydrolysis constants, the expected decrease is found for progressive
occupation/charge compensation with an increasing number of charged ligands replacing
hydration water in the equatorial plane of the uranyl ion. Especially the third stepwise
hydrolysis constant is very weak reflecting the formation of a negative complex.

As already mentioned above, in the case of hydrolysis of the humic acid complex, the
hydrolysis constant is of the same strength as the first hydrolysis constant of the non-com-
plexed uranyl ion. Depending on the type of complex with the carboxylic functional groups of
humic acid, one could rather expect a lower number, especially for subsequent hydrolysis
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after bidentate binding or binding with several carboxylic functional groups of the humic acid.
A final conclusion on the nature of the humic acid metal ion complexation is not possible
from this study, but it could indicate a limited number of complexing groups and a limited
coordination number. On the other hand, humic acid has a large density of oxygen functional
groups in addition to the proton exchanging ones (Buckau 2004). Enhancement of the binding
via hydrogen bonds of the hydroxo group entering to form the ternary complex could also be
possible. A final conclusion will require thorough comparison with other ternary humate
complexes and spectroscopic data.

Fig. 6a: Stability constants for the different routes from the non-complexed uranyl ion to the uranyl
mono-hydroxo humate complex. Hydrolysis of the uranyl humate complex is deduced from the other
data. Data used originate from the use of only mono-nuclear species in the evaluation. Regard of the
polynuclear species (UO2)3(OH)5

+ is shown in Fig 6b.

Fig. 6b: Stability constants for the different routes from the non-complexed uranyl ion to the uranyl
mono-hydroxo humate complex. Hydrolysis of the uranyl humate complex is deduced from the other
data. The concentration of UO2(OH)+ is calculated under the assumption of coexistence of (UO2)3(OH)5

+

for evaluation of solubility data. The calculated concentration of the uranayl mono-hydroxo species is
about 0.6 log units lower and the calculated stability constant correspondingly about 0.6 log units
higher. Results without regard of the polynuclear species (UO2)3(OH)5

+ is shown in Fig 6a.
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Fig. 7: Comparison of the stepwise hydrolysis constants for the uranyl ion and the hydrolysis of the
uranyl humate complex. For data evaluation without regard of (UO2)3(OH)5

+, hydrolysis of the humate
complexed uranyl ion does not deviate significantly from hydrolysis of the non-complexed zranyl ion. If
(UO2)3(OH)5

+ is regarded for data evaluation, the corresponding hydrolysis constant of the uranyl
humate complex becomes significantly stronger than for the first hydrolysis of the non-complexed
uranyl ion.

Table 4: Hydrolysis of Uranyl ion.

logß (cumulative) logK(stepwise)
Species Exp. Data Model1) Exp. data Model1) Exp. Data Model1)

(Zero IS) (Zero IS) (0.1 M2)) (0.1 M2)) (0.1 M2)) (0.1 M2))

1,1 8.75 8.75 8.37 8.37 8.37 8.37
1,2 15.85 16.48 15.25 15.88 6.88 7.51
1,3 21.75 21.84 21.16 21.25 5.91 5.37
1,4 23.6 21.3 23.2 20.9 2.1 (-0.31)3)

1: NCRM (Neck Charge Repulsion Model) Calculated for maximum distance, i.e. 180, 120 and 90 degree angle for 2,
3 and 4 hydroxo ligands, respectively.

2: NaClO4
3: Value too low because permutation of yl- oxygen axis not regarded.

Summary and conclusions

The hexavalent uranyl ion forms strong complexes with humic acid in the non-hydrolyzing
range. In this study it is shown that also strong ternary complexes are formed in the pH
neutral range. Data show the existence of humic acid complexes with the first hydrolysis
species. Alternatively one could consider complexation with the (UO)3(OH)5

+ ion. The
complex most probably formed is found to be UO2(OH)HA. The stepwise stability constant
for humate complexation of the uranyl mono-hydroxo ion is shown to have a complexation
constant of logß = 6.2, the same complexation constant as found for the humate complexation
of the non-complexed uranyl ion. Comparison of the stepwise hydrolysis constants for the
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non-complexed uranyl ion and the uranyl humate complex shows that both processes have
interaction constants of logß = 8.4. Regarding presence of, but not complexation with, the
(UO)3(OH)5

+ ion, the uranyl mono-hydroxo complexation constant becomes increased by
about 0.6 log units. The results indicate that the humate complex of the uranyl ion does not
occupy a large number of coordination sites and does not lead to a charge neutralization of the
uranyl ion. Another possible impact could be enhancement of the complexation strength by
hydrogen bonding to neighboring oxygen functional groups of the humic acid. Further studies
are required in order to resolve the exact coordination of the humate complexes of the uranyl
and the mono-hydroxo uranyl ions.
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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 mass spec-
troscopy as a function of temperature elevation up to 240 °C, and UV/Vis spectroscopy. Mass
spectroscopy is conducted under inertgas atmosphere in order to avoid burning with air oxy-
gen. UV/Vis spectra are measured after storage of humic acid solution (pH=6.0, I=0.1 M
NaClO4) at temperatures up to 95 °C. The reversibility of changes is also studied by UV/Vis
spectroscopy after subsequent storage at room temperature. Already at 50 °C release of water
is observed from dried humic acid with a peak around 60°C.  A second large water release is
found with the maximum around 100 °C. Above 100 °C also carbon dioxide is released,
followed by release of carbon monoxide above 130 °C. The carbon monoxide and dioxide
releases show two distinct maxima at around 180 and 210 °C. The UV/Vis spectra show an
increase in the absorption towards short wavelengths with increasing temperature and storage
time. Already at 60 °C, considerable changes occur after storage for one week. At 95 °C the
change in the spectral feature after 24 h is in the order of that found for 1 week storage at 80
°C. After storage at elevated temperatures, the changes in the spectra remain even after 1
week of storage at room temperature. Release of water, carbon monoxide and carbon dioxide
at high temperature is certainly related to oxidation with the high oxygen inventory in humic
acid. The nature of the water release and changes in the UV/Vis spectra at lower temperature
is not fully clear. Further experiments, including complexation properties, fluorescence spec-
troscopy and IR-reflection spectroscopy at elevated temperature are under consideration.

*pspasch@ucy.ac.cy

333



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 CO0.5H (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 (DH and DS) 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 mass spectroscopy. Furthermore, the change in UV/Vis spectra
of dissolved humic acid is studied at different temperatures and storage times, including
reversibility by subsequent storage at room temperature.

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). Mass spectroscopic quantification of water, carbon dioxide and
carbon monoxide released from humic acid under temperature elevation up to 240 °C under
inertgas is done by a setup described in Costa et al. 2000. The temperature-programmed
desorption (TPD) experiments were conducted in a specially designed flow-system with a
humic acid sample amount of 150 mg. The temperature of the reactor was increased from
25oC to 240oC, using a thermal gradient of 15 °C/min. He was used as a carrier gas for
released gases. Analysis of the gas effluent stream from the reactor was done by online quad-
rupole mass spectrometer (Omnistar, Balzers) equipped with a fast response inlet capil-
lary/leak valve (SVI 050, Balzers) and data acquisition systems. The analyzer response was
calibrated against standard mixtures. The mass numbers (m/z) 15, 28, 44 and 46 were used for
NH3, CO, CO2 and NO2 quantification, respectively. Prior to temperature elevation and efflu-
ent gas analysis, the samples were pretreated and the sample chamber cleaned by He flow for
30min at 25oC.

UV/Vis spectroscopy is conducted with solutions of 12 mg/L humic acid at pH 6.0 (10-3

mol/L MES buffer) in 0.1 M NaClO4. Solutions are kept in water bath for storage at different
temperatures (±0.1 °C).

Results and discussion

In Fig. 1, the release of water, carbon dioxide and carbon monoxide is shown as a function of
temperature elevation up to 240 °C. Release peaks can be identified at five different tem-
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peratures (cf. Fig. 1). The release of water, carbon dioxide and carbon monoxide at tempera-
tures above 100 °C can be related to oxidation with the humic acid oxygen inventory. The
amount of oxygen would be sufficient for oxidation of basically the whole hydrogen inven-
tory if no other reactions would occur. This, however, is not the case. An indication for
exhaustion of the oxygen inventory is the progressive generation of carbon monoxide above
about 140 °C. At around 240 °C, the decomposition process ceases, and one may expect a
residue of thermally stable hydrocarbon. Comparison with UV/Vis spectroscopy results
(below) leads to the conclusion that the second release of water with a peak around 100 °C is
an irreversible process with combustion of hydrogen with the humic acid oxygen inventory
resulting in the formation of water. The main question arising from the results shown in Fig. 1
is to which extent the first release of water with a peak around 60 °C is a reversible or irre-
versible process, i.e. a release of structurally bound hydration water or the result of chemical
conversion of the humic acid.

Fig. 1: Release of water, carbon dioxide and carbon monoxide monitored by mass spectrometry upon thermal treatment of
Goh-573(HA) under inertgas atmosphere.

The UV/Vis absorption of humic acid solution after 24 h at room temperature (25 °C), 80 °C
and 95 °C is shown in Fig. 2. The difference between the room temperature spectrum and the
spectrum at 80 °C is small but significant and well reproducible. At 95 °C, the spectrum
shows a considerable change with strong increase towards shorter wavelengths. The UV/Vis
spectra of humic and fulvic acids are basically featureless. They show a nearly exponential
increase in absorption towards shorter wavelengths (Fig. 3). Plotting the logarithm of the
absorption against the wavelength, the deviation in the characteristics of the UV/Vis absorp-
tion with the changes at 95 °C becomes emphasized (Fig. 3).

335



Fig. 2: UV/Vis spectra of Gohy-573(HA) solution after storage at different temperatures for 24 hours.

Fig. 3: Logarithm of UV/Vis absorption of Gohy-573(HA) solution after storage at different temperatures for 24 hours (cf.
Fig. 2).

In Fig. 4, the impact of storage time at elevated temperature is shown. At 60 °C, basically no
change is seen after 24 h (not shown). After one week, however, the spectrum has changed in
comparable magnitude with a storage at 80 °C for 24 h. Similarly, the change in the spectrum
at 80 °C after one week storage time is comparable to that after 24 h storage time at 95 °C.
This shows that rearrangements take place already at 60 °C, however, the kinetics is relatively
slow compared to higher temperatures.
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Fig. 4: UV/Vis spectra of Gohy-573(HA) as given in Fig. 1 (24 h storage time). In addition, influence of 1 week storage time
at 60 and 80 °C.

The reversibility was investigated by bringing samples down to room temperature (25 °C)
after the storage at elevated temperatures. In no case the original spectra were obtained but the
spectra remained unchanged (therefore no spectra shown). This includes storage at 25 °C for
as long as one week of the sample kept at 80 °C for 24 h.

Summary and conclusions

Above 40 °C, release of water is observed with the dry humic acid sample. To which extent
this release with a peak at around 60 °C is associated with structural changes or only release
of structurally bound water remains open. A second large water release with the maximum
around 100 °C appears to be associated with combustion of backbone hydrogen and oxygen
followed by decomposition above 100 °C under the release of carbon dioxide and finally
carbon monoxide above around 140 °C. The UV/Vis spectroscopic study shows that rear-
rangement of dissolved humic acid takes place already at 60 °C. With increasing temperature
the expected increase in conversion velocity is found. The changes are “irreversible” within
the time scales investigated, i.e. up to one week of subsequent storage at room temperature.

The results are of preliminary nature. With respect to investigations of the temperature
dependency of metal ion humate complexation, it shows the need to be aware of possible
changes in the humic acid structure already at 60 °C. From a more generic point of view
further studies are required, including the response to changes in pH (especially high pH) and
follow up of decomposition of solid samples by IR spectroscopy. The use of fluorescence
spectroscopy as a very sensitive indicator to structural changes is also considered.
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Abstract 
 
 
Clay is foreseen both as back-fill material and host rock for nuclear waste disposal. It contains 
organic matter that can be released and form dissolved organic matter (DOC). Part of this 
DOC consists of humic and fulvic acids. Humic substances in natural water are present in the 
form of humic colloids, consisting of the organic entities, associated mineral structures and 
complexed metal ions. These humic colloids can play a major role in the radionuclide 
migration in natural aquifer systems (Choppin 1992). Cement may be present in a nuclear 
waste repository as a waste form or as part of engineered structures. In case of water 
intrusion, cement dissolution will, amongst others, lead to high pH values (initial pH>13). On 
a short time scale, a minor fraction (few percent) of the clay organic matter is dissolved. With 
prolonged contact time with alkaline solution, the hydrophobic clay organic matter becomes 
chemically converted and a large portion (up to around 50 % after about 1.5 years) is forming 
hydrophilic humic and fulvic acids (Claret et al, 2003). In this paper, humic and fulvic acids 
initially released from Callovo-Oxfordian and Opalinus Clay under near-field high pH 
conditions are quantified and characterized. Furthermore, their complexation with Cm3+ is 
investigated. The humic and fulvic acids are characterized by Asymmetrical Flow Field-Flow 
Fractionation (AFFFF) and Near Edge X-ray Absorption Fine Structure (NEXAFS) 
spectroscopy. The complexation with the Cm3+ ion is studied by Time Resolved Laser 
Fluorescence Spectroscopy (TRFLS). 
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Methods and results

Clay samples origin and extraction of humic and fulvic acids

Callovo-Oxfordian clay samples from three different depths from the boreholes EST 104
samples (447, 494, 516 m below surface) and one Opalinus shale sample (579.19-579.45 m)
are studied. The origin of the clay organic matter, identified by biomarkers, in the Oxfordian
series (447 m depth) is mainly of terrestrial origin, whereas organic carbon in the Callovian
(494-516 m) series is mainly of marine origin (Landais et al, 1999). The organic matter
present in the Opalinus clay formation is of a mixed terrestrial marine origin (Mazurek et al,
2002).

The total organic carbon (TOC) concentration in the Bure clay is ~1.3 wt% (independent of
depth) whereas only < 0.4 wt% is found in the Opalinus clay sample (Taubald et al, 2000;
Claret et al, 2002). Humic and fulvic acids are extracted using slightly modified International
Humic Substances Society protocol. The different amounts extracted are given in Table 1. No
humic acid was found in the Opalinus clay sample.

Table 1: Total organic carbon (TOC) in clay samples and the fraction of TOC extracted as humic acid
(HA) and fulvic acid (FA).

Sample* TOC HA or FA Sample* TOC HA or FA
(weight %) (% of TOC) (weight %) (% of TOC)

447 HA / FA 1.4 5.2 / 1.3 516 HA / FA 1.4 7.1 / 0.5

494 HA / FA 1.4 5.2 / 1.2 OPA FA 0.4 1.1
*447, 494 and 516: Respective depths of samples from the Bure site. “OPA FA”: fulvic acid extracted from Opalinus
clay.

Characterization of humic and fulvic acids

UV/VIS

The UV/Vis spectra of the samples are shown in Fig. 1 (left part). The absorption is
normalized to the DOC content. The large differences in this “specific absorption” reflect
differences in the humic substances. It also, however, reflects the presence of non-absorbing
organic compounds (cf. below). In the right part of Fig. 1, the spectra are scaled and grouped
for similar absorption behavior. The figure shows that the humic and fulvic acids form
different groups, however, all humic acids show very similar spectral form. The same is true
for the different fulvic acids.
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Fig. 1: UV/Vis spectroscopy of humic and fulvic acid samples, normalized to the DOC concentration
(left part) and scaled to comparable magnitudes for comparison of spectral features(right part).

The fulvic acids 494 FA, 516 FA and OPA FA, however, show very low specific absorptions.
Given that the relative absorption curve shapes are so similar for all fulvic acids of the present
study (cf. Fig. 1, lower part), the low specific absorption may indicate the presence of non-
absorbing organic constituents. In order to clarify this issue, asymmetrical flow field-flow
fractionation was applied.

Asymmetrical Flow Field-Flow Fractionation

Fulvic acids are characterized by the size distribution at pH 9.1 in 0.005 mol/L Tris buffer.
The size distribution of the sample 447 m from the Bure site shows the typical features of
fulvic acid (Fig. 2). The other Bure samples of marine origin, contrary to the sample from 447
m depth of terrestrial origin, show a bi-modal distribution. The first peak with the smaller
particles agrees with fulvic acid in general and also with the fulvic acid from the fulvic acid
from 447 m depth (terrestrial origin). The second peak shows larger particles that of atypical
size for fulvic acid. The same bi-modal distribution is found for the fulvic acid from the
Opalinus clay.

The results support the indications from UV/Vis spectroscopy, namely that, with exception
for 447 FA, there are additional components in the fulvic acid samples. These components are
obviously of organic nature (lowering the specific UV/Vis absortion) and are larger in size.
Aiming at identifying the nature of the samples, they were also characterized by STXM.
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Fig. 2: AFFFF of fulvic acid samples (parallel samples).

NEXAFS

NEXAFS spectra were obtained using Scanning transmission X-ray microscopy (STXM)
performed at the beam line X1A (NSLS) operated by the State University of New York at
Stony Brook. The principle of the method is described in (Jacobsen et al, 1991). For the
comparison all NEXAFS spectra were baseline corrected and normalised prior to peak fitting.
The spectra were then de-convoluted following the protocol described in (Schafer et al,
2003). The resulting distribution of carbon in different functional groups is given in Table 2.

Table 2: Distribution of carbon as different functional groups determined by NEXAFS.

% carbon in functional structures
Sample* Quinone Aromatic Phenol Aliphatic Carboxyl Carbonyl
447 HA 9.7 19 15.5 16.3 25.7 13.9
494 HA 5.9 16.8 11.9 17.7 30.8 17.0
516 HA 6.9 19.3 13.5 18.3 26.7 15.4
447 FA 7.8 19.1 13.9 18.1 28.3 13.6
494 FA 7.6 15.4 11.7 17.9 30.3 17.1
516 FA 2.2 7.3 4.4 26.5 38.9 20.7
OPA FA 0 9.7 0 28.9 39 22.4
*447, 494 and 516: Respective depths of samples from the Bure site. “OPA FA”: fulvic acid extracted from Opalinus
clay.

In all samples, the largest individual peak is from carboxylic groups. This peak area is also
bigger for fulvic acids compared to the humic acids. The composition of humic material is
related to the originating material and history (Rice et al, 1991). The humic acids show no
strong trend with the differences in origin. For the fulvic acids, however, aliphatic, carboxyl
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and carbonyl functional group increase with depth, with a corresponding decrease in the other
groups. This reflects differences in marine and terrestrial originating organic material (Flaig
1972; Nissenbaum et al, 1972). The Opalinus fulvic acid has a comparably low content of
oxygen containing functional groups. This reflects the history of this sample, namely higher
burial temperature compared to the Bure samples (80°C instead of 40°C (Landais et al, 1999;
Mazurek et al, 2002)) which may lead to deoxygenation processes and possibly also
polymerisation.

Complexation behavior

The complexation behavior was studied using Time Resolved Fluorescence Spectroscopy
(TRFLS). By this method metal ion speciation can be done with respect to both emission band
shape and fluorescence decay behavior. Investigations were conducted at 5.7<pH< 6 to avoid
metal ion hydrolysis and thus restrict the number of species involved to the humate/fulvate
complex and the non-complexed Cm3+ ion. In addition, results can be readily compared to of
published data. The Cm concentration in the humic acid samples was 0.2 mmol/L, whereas 0.1
mmol/L was used for fulvic acid samples. The emission spectra show the characteristic shape
of humate and fulvate curium complexes with peak maximum around 600 nm, compared to
593.8 nm for the non-complexed Cm3+ ion. (Fig. 3) (Czerwinski et al, 1996; Kim et al, 1996).
The Cm(III) fluorescence shows a shift from 593.8 nm of the non-complexed Cm3+ ion to
about 600 nm for the humic and fulvic acid complexes (Fig. 3). Whereas for humic acid all
Cm(III) is complexing, for fulvic acid free Cm(III) aqua ion is still present . Therefore, the
relative peak areas of the two species in the different spectra are evaluated by peak
deconvolution (Table 3). Quantification of the two respective Cm(III) species is done by
estimating the relative fluorescence intensity of the fulvate complex to be a factor of four
higher than that of the non-complexed Cm3+ ion (Buckau et al, 1992) (Table 3). The total
fulvate ligand concentration in the individual samples is calculated using a complexation
constant of 5.86 L/mol (Buckau et al, 1992). Finally, based on a proton exchange capacity of
6 meq/g fulvic acid and a carbon content of 45 %, the loading capacity is calculated (Buckau
et al, 1992). In the latter calculation it is assumed, that all the dissolved organic carbon is
fulvic acid. As can be seen from these numbers, the DOC normalized fulvic acid ligand
concentration decreases with increasing depth of the samples and is also very low in the OPA
FA sample. The Cm(III) loading capacity expected for fulvic acid at the concerned pH and
ionic strength is between about 50 and 63 % (Kim et al, 1996). The number found for the 447
FA is exactly in the expected range. Contrary to this, the numbers for the other samples are
too low.

The question arising is: What is the nature and role of the organic matter co-extracted with
fulvic acid of marine origin, lacking the humic matter typical absorption in the visible range,
appearing in the form of larger particles (from AFFFF) and with a different carbon
functionality distribution (especially high aliphatic content)? The specific absorptions at 300
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and 400 nm and the Cm fulvic acid ligand concentrations, both normalized to the carbon
(DOC) concentration of the respective samples, are plotted against each other in Fig. 4.

Table 3: Cm(III) complexation results with fulvic acid samples at pH 5.6 – 6 in 0.2 mol/L
NaClO4.

Sample DOC1) Cm3+ CmFA Cm3+ CmFA FA(tot)2) LC3)
(mg C/L) (rel. peak area)(rel. peak area)(10-8 mol/L)(10-8 mol/L)(10-6 mol/L)

(%)
447 FA 8.7 0.075 0.925 2.45 7.55 4.54 58.0
494 FA 8.7 0.17 0.83 4.50 5.50 1.83 23.3
516 FA 10.4 0.32 0.68 6.53 3.47 0.805 8.6
OPA FA 6.6 0.45 0.55 7.66 2.34 0.466 7.9
1) DOC: Dissolved Organic Carbon;  2) Calculated with a complexation constant of 5.85 (L/mol);
3) LC: Loading Capacity, calculated for an assumed FA proton exchange capacity of 6 meq/g FA

Fig. 3: Fluorescence spectra of Cm(III) with the different humic and fulvic acids. Vertical lines represent
the positions of the two components humic/fulvic complex and the non-complexed Cm3+ ion (cf.
reference spectrum).
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Fig. 4: Specific absorption at 300 and 400 nm of the fulvic acids plotted against the specific Cm-
fulvic ligand concentration.

In both cases, the specific absorption at 300 and 400 nm correlate with the total Cm fulvate
ligand concentration. The data allow for zero ligand concentration at zero absorption. Two
groups of fulvic acids can be observed (447 and 494 FA and 516 and OPA FA). They ,
however, show distinct differences in the magnitude of the correlation. This shows that the
observed complexing function is directly related to the fraction of the organic material that
absorb in the visible range. The difference is that the specific absorption of the complexing
516 FA and OPA fulvic acid fraction is higher, or alternatively, the observed complexing
function is lower. The latter deserves special attention. For this reason the composition of
carbon functionalities of the different fulvic acids is shown in Fig. 5 as a function of the Cm
fulvate ligand concentration observed by TRLFS.

As seen in Fig. 5, the structural composition of the two fulvic acids 447 FA and 494 FA is
relatively similar, with a trend towards a lower content of chromophoric quinone-type, C=C
bonds and phenolic structures. In the 516 FA and OPA FA, the content of these chromophoric
constituents is significantly lower. This is especially true for the OPA FA that has also
experienced higher burial temperatures. It therefore appears as if the distinctly different
correlations between the Cm fulvate concentration as observed by TRLFS in the fulvic acids
of terrestrial origin and those of marine influence (516 FA and OPA FA) is related to the
more efficient energy transfer from chromophoric groups with the former ones. To which
extent the high content of carboxylic groups not adjacent to non-aromatic/chromophoric
groups do not contribute to complexation or is simply not observed by TRLFS cannot be
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determined from the present data. This would require additional studies, preferentially also by
other speciation methods and with larger quantities of fulvic acids.

Fig. 5: Relative NEXAFS peak areas for different carbon functionalities plotted against the DOC
normalized fulvic acid ligand concentration from Cm(III) complexation study, relative to that of the
fulvic acid 447 FA. The guiding lines make use of the average values for the MHM 516 FA of marine
origin and the opalinus clay originating fulvic acid OPA FA.

Summary and outlook

Up to about 8 % of clay organic matter that can be rapidly released (standard IHSS protocol
conditions) as humic and/or fulvic acid from Callovo-Oxfordian argillite or Opalinus clay
under conditions potentially relevant for water intrusion in a clay nuclear waste repository.
Characterization shows that especially in the Callovo-Oxfordian original features of the
organic matter, reflecting terrestrial and marine origin, are preserved in the humic and fulvic
acids. Fulvic acid influenced by marine origin shows a separate size peak, atypical for fulvic
acid of terrestrial origin. It also shows a low content of chromophoric carbon functionalities.
Cm(III) is complexed by both the humic and fulvic acids. The method used for the
complexation studies results in a complexation behavior for the fulvic acids of terrestrial
origin as reported in the literature. The fulvic acid derived from marine influenced sediments
show a less efficient complexation. This may, however, also be the result of lower energy
transfer efficiency with decreasing content of chromophoric groups. In the latter case, the
method used would underestimate the complexation behavior and thus underestimate the
potential impact on radionuclide migration. The present study is made with total fulvic acid
amounts in the mg range. Verification of the exact complexation behavior of the 494, 516 and
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OPA FA would require larger amounts of material not presently available and preferentially,
application of complementary speciation methods.

Acknowledgements

The results presented in the present paper were collected during a work supported by a Marie
Curie fellowship of the European Commission programme “Nuclear Fission“ under the
contract number FIKW-CT2002-50509. ANDRA and NAGRA are also acknowledged for
making respectively the MHM site clay and the Opalinus Clay from Benken samples
available. We are grateful for beamtime allotment by BNL/NSLS. Spectromicroscopic data
were collected using the X1-A1 STXM developed by the group of Janos Kirz and Chris
Jacobsen at SUNY Stony Brook, with support from the Office of Biological and Environ-
mental Research, U.S. DoE under contract DE-FG02-89ER60858, and from the NSF under
grant DBI-9605045. The zone plates were developed by Steve Spector and Chris Jacobsen of
Stony Brook and Don Tennant of Lucent technologies Bell Labs with support from the NSF
under grant ECS-9510499.

References

Buckau, G., Kim, J. I., Klenze, R., Rhee, D. S. and Wimmer, H. (1992) A comparative Spectroscopy Study
of the Fulvate Complexation of Trivalent Transuraniums Ions. Radiochimica Acta, 57, 105-111.

Choppin, G. R. (1992) The Role of Natural Organics in Radionuclide Migration in Natural Aquifer
Systems. Radiochimica Acta, 58-9, 113-120.

Claret, F., Bauer, A., Schafer, T., Griffault, L. and Lanson, B. (2002) Experimental investigation of the
interaction of clays with high-pH solutions: A case study from the Callovo-Oxfordian formation,
Meuse-Haute Marne underground laboratory (France). Clays and Clay Minerals, 50, 633-646.

Claret, F., Schafer, T., Bauer, A. and Buckau, G. (2003) Generation of humic and fulvic acid from
Callovo- Oxfordian clay under high alkaline conditions. Science of the Total Environment, 317,
189-200.

Czerwinski, K. R., Kim, J. I., Rhee, D. S. and Buckau, G. (1996) Complexation of trivalent actinide ions
(Am3+, Cm3+) with humic acid: The effect of ionic strength. Radiochimica Acta, 72, 179-187.

Flaig, W. (1972) Biochemical factors in coal formation. Pp. in: Advances in Organic Geochemistry (H. R.
Von Gaertner and H. Wehner), Pergamon Press, Oxford

Jacobsen, C., Williams, S., Anderson, E., Browne, M. T., Buckley, C. J., Kern, D., Kirz, J., Rivers, M. and
Zhang, X. (1991) Diffraction-limited imaging in a scanning transmission x-ray microscope.
Optics Communications, 86, 351--364.

Kim, J. I. and Czerwinski, K. R. (1996) Complexation of metal ions with humic acid: Metal ion charge
neutralization model. Radiochimica Acta, 73, 5-10.

Landais, P. and Elie, M. (1999) Utilisation de la géochimie organique pour la détermination du
paléoenvironnement et de la paléothermicité dans le Callovo-Oxfordien du site de l´Est de la
france. Etude de l´Est du bassin de Paris, Edition EDP Sciences, 35-61.

Mazurek, M., Elie, M., Hurford, A., Leu, W. and Gautschi, A. (2002) Burial History of Opanilus Clay.
Proceeding of the international Conference Clays in natural and engineered barriers for
radioactive waste confinement., Reims, pp. 101-102.

349



Nissenbaum, A. and Kaplan, I. R. (1972) Chemical and isotopic evidence for the in situ origin of marine
humic substances. Limnol. Oceanogr., 17, 570-582.

Rice, J. A. and Maccarthy, P. (1991) Statistical Evaluation of the Elemental Composition of Humic
Substances. Organic Geochemistry, 17, 635-648.

Schafer, T., Hertkorn, N., Artinger, R., Claret, F. and Bauer, A. (2003) Functional group analysis of
natural organic colloids and clay association kinetics using C(1s) spectromicroscopy. Journal de
Physique IV, 104, 409-412.

Taubald, H., Bauer, A., Schafer, T., Geckeis, H., Satir, M. and Kim, J. I. (2000) Experimental investigation
of the effect of high-pH solutions on the Opalinus Shale and the Hammerschmiede Smectite.
Clay Minerals, 35, 515-524.

350


	Foreword
	Table of contents
	EXECUTIVE SUMMARY
	Annex 1 Vertical Exchange of Gorleben Fulvic Acids of Different Origin
	Annex 2 Migration Case Gorleben
	Annex 3 Approach for Physico-Chemical Interpretation of An(III) and An(VI) Humate Complexation.
	Annex 4 Comparison of humic colloid mediated transport of plutonium studied by column experiments with tri- and tetravalent actinide experiments
	Annex 5 NIR Spectroscopic Study on the Influence of Phenolic OH Groups on the Neptunium(V) Humate Complex Formation
	Annex 6 Sampling and Characterization of Rock Material from Uranium Mining Waste Rocks for Study and Modeling of Release and Migration of Uranium
	Annex 7 Neptunium(V) Sorption onto Granite and its Mineral Constituents in the Absence and Presence of Humic Acid
	Annex 8 Molecular size and mass distributions of humic substances measured by AFFFF and TOF-SIMS
	Annex 9 Isolation and characterization of new batches of Gohy-573 humic and fulvic acids
	Annex 10 X-ray Photoelectron Spectroscopy of HUPA organic substances: natural and synthetic humic compounds
	Annex 11 Prognosticating the humic complexation for redox sensitive actinides through analogy, using the charge neutralisation model.
	Annex 12 Characterisation of fulvic acids by Electrospray with Quadrupole / Time-of-Flight Mass Spectrometry
	Annex 13 Self-Assembled Monolayers of Aminosilanes Chemically Bonded onto Silicon Wafers for Immobilization of Purified Humic Acids
	Annex 14 Determination of Chemical Parameters for the Schlema-Alberoda Uranium Tailings Pile Migration Case Study
	Annex 15 Mechanistic Modelling of Humic Substance Aggregation Processes
	Annex 16 Modelling the Transport of Actinide Elements in the North-Eastern Irish Sea
	Annex 17 Comparison of Dialysis, Electrophoresis, Ion Exchange and Ultrafiltration as Methods for Analysis of Complexation of Europium with Humic Acid
	Annex 18 Modelling of Kinetics of Complexation and Decomplexation of Eu(III) with Humic Acid
	Annex 19 Release of americium from humic acid binding sites studied by desorption experiment using immobilized humic acid silica gel
	Annex 20 Preliminary results for preparation and characterisation of immobilised humic acid on silicon wafer
	Annex 21 U(VI) Mono-Hydroxo Humate Complexation
	Annex 22 Initial studies on temperature impact of humic acid
	Annex 23 Complexation properties of Humic and Fulvic Acids extracted from Callovo-Oxfordian and Opalinus Clay



