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Foreword

The present report summarises the progress and the results obtained within the BMWi'-
Project “Migration of actinides in the system clay, humic substances, aquifer ”. This project
was conducted in the frame of a BMWi program directed towards the assessment of final
repositories / underground disposal facilities in deep geological formations for high-level nu-
clear waste. The work presented in this report is a continuation of the work within a former
BMWA? project performed in the years 1999 to 2003. These results are published in a Scien-
tific Report of the Forschungszentrum Karlsruhe, Report FZKA-6999 (2004).

Eight partners have been concerned in this project; seven of them have received funding and
one partner (FZK) has attended the project with its long experiences in the field of metal ion
interaction with humic substances and of clay sciences, but without financial support. All the
partners involved in this report are listed on page i.

The report contains an executive summary of the final reports prepared by the financially
supported partners. These final reports are enclosed as Appendices A - F. The executive
summary gives an overview of the covered topics and the obtained results without going into
details. Especially, the relationships among the different studies are pointed out. The elabo-
rated results are important contributions which can be introduced into safety assessments of
nuclear waste disposal in deep geologic formations.

' German Federal Ministry of Economics and Technology (Bundesministerium fir Wirtschaft und
Technologie)

2 German Federal Ministry of Economics and Labour (Bundesministerium flr Wirtschaft und Arbeit)
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Executive Summary

seems to mimic the behaviour of natural clay much better than pure kaolinite that is free of
organic matter.

5 Conclusions and Outlook

Within this joint project significant new results have been obtained concerning the humate
interaction of actinides and several lanthanides as redox-stable analogues, and the sorption
of actinides/lanthanides on kaolinite in absence and presence of humic acids. These results
are very important for some aspects of performance assessment of final repositories / under-
ground disposal facilities in deep geological formations, e.g., they can be introduced into
speciation modelling to describe the behaviour of actinide ions in environmental systems.
Also some progress has been obtained concerning the understanding of reaction mechanism
for humate complexation. This was achieved on one hand by a new approach using laser
fluorescence spectroscopy and on the other hand by applying quantum chemistry in the
framework of this the project.

The results of this joint project form a basis for the next step, investigations going from the
model system kaolinite to the natural clay system. For that, a new joint project entitled “Inter-
action and transport of actinides in natural clay with consideration of humic substances and
clay organics” has been launched, financially supported by BMWi°.

® German Federal Ministry of Economics and Technology (Bundesministerium fir Wirtschaft und
Technologie)
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Abstract

Objective of this project was the study of interaction processes between humic substances,
U(VI), Np(V) and kaolinite KGa-1b. It contributed to the attainment of a better process under-
standing, the improvement of the knowledge on the interaction of humic substances and
metal ions and the enhancement of the thermodynamic database.

With a synthetic humic acid (HA), N-containing functional groups of HA were characterized
by N-NMR spectroscopy. Based on these results, model studies of the influence of amino
groups on the complexation behavior of HA were performed. Spectroscopic studies with
amino acids show that the amino group do not contribute to the U(VI) complexation at pH 4.

The impact of kaolinite on the formation of HA and humic substance-kaolinite-sorbates was
studied in model syntheses. The results exhibit, that the presence of kaolinite during the syn-
theses mainly influences the yields on HA and their elemental compositions. Synthetic humic
substance-kaolinite-sorbates were isolated.

Under exclusion of CO,, the U(VI) complexation by HA was investigated at pH 7 by means of
the conventional time-resolved laser-induced fluorescence spectroscopy (TRLFS) and
TRLFS with ultrafast pulses. Complexation parameters for the ternary complex
UO,(OH)HA(I) were determined (logfo.1m: 14.89 + 0.54).

Studies of the Np(V) reduction in presence of HA with different functionalities under anaero-
bic conditions have shown that Np(V) is reduced to Np(IV) by HA. The redox capacity de-
pends on the HA functionality. Applying a modified HA it was verified that phenolic/acidic OH
groups play a dominating role in the Np(V) reduction.

The influence of HA on the U(VI) and Np(V) sorption onto kaolinite was investigated in batch
experiments. In dependence on the experimental conditions, HA effects the sorption and
consequently the mobility of U(VI) and Np(V). From studies of the U(VI) sorption onto syn-
thetic humic substance-kaolinite-sorbates it was concluded that the structure and functional-
ity of sorbed/associated humic substances considerably influence the sorption behavior of
U(VI). The structure of U(VI)-kaolinite-surface complexes in presence of HA was studied by
means of X-ray absorption spectroscopy and TRLFS and compared to those of U(VI)-
kaolinite-complexes.

Investigations of the migration of HA and U(VI) in the laboratory system kaolinite-water were
carried out in diffusion experiments. The migration of HA in compacted clay is governed by
diffusion and influenced by its colloidal properties. Humic substances exert an immobilizing
effect on the U(VI) transport in compacted kaolinite.
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Zusammenfassung

Ziel des Projektes war die Untersuchung von Wechselwirkungsprozessen zwischen Hu-
minstoffen, U(VI), Np(V) und Kaolinit KGa-1b. Es diente der Erzielung eines besseren Pro-
zessverstandnisses, der Erweiterung des Wissens Uber das Wechselwirkungsverhalten von
Huminstoffen mit Metallionen sowie der thermodynamischen Datenbasis.

Am Beispiel einer synthetischen Huminsaure (HS) wurden N-haltige funktionelle Gruppen in
HS mittels "°N-NMR-Spektroskopie charakterisiert. Basierend auf diesen Ergebnissen wur-
den Modelluntersuchungen zum Einfluss von Aminogruppen auf das Komplexbildungsverhal-
ten von HS durchgefiihrt. Spektroskopische Ergebnisse mit Aminosauren zeigen, dass die
Aminogruppe bei pH 4 nicht zur Komplexierung von U(VI) beitragt.

Der Einfluss von Kaolinit auf die Bildung von HS und Huminstoff-Kaolinit-Sorbaten wurde in
Modellsynthesen untersucht. Es wurde beobachtet, dass die Anwesenheit von Kaolinit bei
der Synthese von HS vorwiegend deren Ausbeuten und Elementzusammensetzungen beein-
flusst. Synthetische Huminstoff-Kaolinit-Sorbate wurden isoliert.

Unter Ausschluss von CO, wurde die U(VI)-Komplexierung mit HS bei pH 7 mittels konventi-
oneller zeitaufgeldster laserinduzierter Fluoreszenzspektroskopie (TRLFS) und TRLFS mit
ultrakurzen Pulsen untersucht und Komplexbildungsparameter fir den terndren Komplex
UO,(OH)HA(I) bestimmt (logBo.1m: 14.89 £ 0.54).

Untersuchungen zur Np(V)-Reduktion in Gegenwart von HS unterschiedlicher Funktionalitat
unter anaeroben Bedingungen haben gezeigt, dass Np(V) durch HS zu Np(IV) reduziert wird.
Die Redoxkapazitat ist von der Funktionalitdt der HS abhangig. Durch Einsatz einer modifi-
zierten HS konnte die dominierende Rolle phenolischer/acider OH-Gruppen fir die Np(V)-
Reduktion durch HS nachgewiesen werden.

Der Einfluss von HS auf die U(VI)- und Np(V)-Sorption am Kaolinit wurde in Batchexperimen-
ten untersucht. In Abhangigkeit von den experimentellen Bedingungen beeinflusst HS die
Sorption und folglich die Mobilitat von U(VI) und Np(V). Untersuchungen zur U(VI)-Sorption
an synthetisch hergestellten Huminstoff-Kaolinit-Sorbaten ergaben, dass Struktur und Funk-
tionalitat der sorbierten/assoziierten Huminstoffe einen wesentlichen Einfluss auf das Sorpti-
onsverhalten von U(VI) ausiben. Mittels Réntgenabsorptionsspektroskopie und TRLFS wur-
de die Struktur von U(VI)-Kaolinit-Oberflachenkomplexen in Gegenwart von HS bestimmt
und mit der von U(VI)-Kaolinit-Komplexen verglichen.

Studien zur Migration von HS und U(VI) im Laborsystem Kaolinit-Wasser erfolgten in Diffusi-
onsexperimenten. Die Migration von HS im kompaktierten Ton wird durch Diffusion be-
herrscht und von ihren kolloidalen Eigenschaften beeinflusst. Huminstoffe tiben eine immobi-
lisierende Wirkung auf den Transport von U(VI) im kompaktierten Kaolinit aus.
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1 Introduction

The long-term risk assessment and conception of a future nuclear waste repository requires
detailed knowledge of the migration behavior of actinides. The migration of actinides in a
potential host rock formation as well as their transport after a possible release from the re-
pository in the aquifer has to be known for the selection of a suitable host rock. For that a
comprehensive and reliable thermodynamic database is necessary. A substantial database
is already available for salt as possible host rock formation, whereas for clay formations and
granite studies are still necessary.

The behavior of actinides in an aquifer system can be strongly determined by humic sub-
stances, organic macromolecules ubiquitous found in natural environments. Because of their
solubility in the pH range of natural waters, their ability for complex and colloid formation as
well as their redox properties, they can considerably influence the transport of actinides.
Most natural clays are closely associated with natural organic matter, e.g., humic acid- and
fulvic acid-like compounds, which can be mobilized from the clay. Both, organic compounds
associated with the clay as well as released from the clay are able to influence the migration
behavior of metal ions, such as actinides.

Aim of this project was to study basic interaction processes of actinides in the system clay-
humic substance-aquifer. The performed works tend to a better processes understanding as
well as to a completion of the thermodynamic database, which allows the formulation of more
realistic geochemical models and consequently, a more realistic long-term risk assessment.
The main focus was on the generation of thermodynamic data on the influence of humic ac-
ids (HA) on the migration of uranium and neptunium in clay formations. For these studies
kaolinite was chosen as model mineral. The performed investigations can be divided in the
synthesis and characterization of HA model substances as well as complexation, sorption
and migration studies.

In order to amend the thermodynamic database under environmentally relevant conditions,
interactions in the system actinide-HA-water were investigated. To that belong studies of the
U(VI) complexation by HA in the neutral pH range and of the redox stability of Np(V) in pres-
ence of different humic substances. The impact of HA on the U(VI) and Np(V) sorption onto
kaolinite as well as the U(VI) migration in compacted kaolinite was studied in batch and diffu-
sion experiments, respectively. For the future modeling of the U(VI) sorption onto kaolinite,
U(VI)-kaolinite-surface complexes in presence and absence of HA were spectroscopically
investigated.

A further aim of this project was the improvement of the knowledge of the interaction behav-
ior of HA with metal ions, which contribute to the specification of existing thermodynamic
models for the HA metal ion complexation. The influence of HA functional groups, other than
oxygen-containing, on the metal ion complexation by HA is widely unclear. Nitrogen-
containing HA model substances were synthesized and spectroscopically analyzed to iden-
tify nitrogen functional groups in HA. Based on these results first model investigations were
performed to study the influence of nitrogen-containing functional groups on the U(VI) com-
plex formation by HA. Furthermore, the impact of clay minerals on the formation of humic

28



Appendix A - Institut fur Radiochemie, Forschungszentrum Dresden-Rossendorf

substances and humic substance-kaolinite-sorbates and their properties was studied using
synthetic HA.

This research project was performed in collaboration with the R&D projects of the Universi-
ties of Mainz (02 E 9653), Saarbriicken (02 E 9683), Potsdam (02 E 9924), Minchen (02 E
9693), and Heidelberg (02 E 9703) and the Institute for Interdisciplinary Isotope Research
Leipzig (02 E 9663) that were funded by Bundesministerium fur Wirtschaft (BMWi). The pro-
ject partners worked in cooperation with the Institute for Nuclear Waste Management (INE),
Forschungszentrum Karlsruhe. Furthermore, the Institute of Radiochemistry (TU Munchen)
was an associated partner of the joint project.

2 Kaolinite

Within the framework of the joint project kaolinite KGa-1b (IN 47907-2054) from the Clay
Minerals Society Source Clays Repository (Washington County, Georgia) was used as
model mineral. Kaolinite KGa-1b is a well-crystallized kaolin, which was selected to replace
the exhausted stock of kaolinite KGa-1. A comprehensive summary of the origin and analysis
of kaolinite KGa-1b is given by Costanzo and Guggenheim (2001).

Kaolinite KGa-1b was characterized with regard to its structure, mineralogical and elemental
composition, cation exchange capacity (CEC), and surface area within the project (Kre-
pelova, 2006a) and the data were compared to literature. In the following some characteris-
tics of kaolinite KGa-1b are summarized.

The grain size of KGa-1b amounts to 57.8% < 2 ym and 32.0% < 0.5 ym. The total organic
carbon (TOC) content for unprocessed KGa-1b was determined to be 231 ppm (Pruett and
Webb, 1993). Kaolinite KGa-1b is moderately hydrophilic and has a large negative & potential
(-49.2 mV at pH 7.3-7.5, 1: 0.015 M; Wu, 2001). The point of zero charge (p.z.c.) and point of
zero net proton charge (p.z.n.p.c.) are reported to be 6.0 (Redden et al., 1998) and 5.1+0.2
(Sutheimer, et al., 1999) or 4.99 + 0.03 (Schroth and Sposito, 1997), respectively.

Figure 2.1 shows the XRD spectrum of kaolinite KGa-1b which was measured with a Bruker-
AXS D5005 powder diffractometer. The spectrum shows typical reflections for kaolinite.
There is a peak at diffraction angle 25, which belongs to TiO; in the form of anatase. The
spectrum is comparable with those reported in literature (e.g., Chipera and Bish, 2001). The
measured FTIR spectrum of kaolinite KGa-1b (not shown) exhibits the typical spectrum for a
well-crystallized kaolinite. The assignment of absorption bands (Kfepelova, 2006a) matches
the literature data very well (Madejova and Komadel, 2001).
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Fig. 2.1: XRD spectrum of kaolinite KGa-1b.

The chemical composition of KGa-1b was measured by ICP-MS (ELAN 6000, Perkin Elmer)
after acidic digestion (HNO3:HCI:HF = 3:1:1) in a microwave oven (Multiwave, Perkin Elmer).
Table 2.1 summarizes selected data in comparison to literature values.

The cation exchange capacity (CEC) of kaolinite KGa-1b was determined by the compulsive
exchange method (Sumner and Miller, 1996). The value determined in this work amounts to
1.8 meq/100 g. It is slightly lower than that reported with 3.0 meg/100 g by Borden and Giese
(2001). This differences could be caused by the application of different method for the de-
termination of CEC. Furthermore, due to the omnipresent impurities, it is generally difficult to
determine true CEC values of clay minerals.

The surface area of kaolinite KGa-1b was determined by BET measurement (Oberflache-
nanalysator SA 3100, Beckman Coulter). It amounts to 11.8 m?g. This value agrees very

well with the data reported by Pruett and Webb (1993).

Kaolinite KGa-1b was used without any pre-treatment for the experiments described in this
report.
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Tab. 2.1: Chemical composition of kaolinite KGa-1b (selected data) in com-
parison to literature.

Compound/Element This work Literature (Pruett and Webb, 1993)
(wtte) Untreated KGa-1b < 44 ym

Al,O; 47.85 39.2

SiO, 42.98 451

TiO, 1.45 1.66

Fe,0; 0.27 0.21

Cao <0.06 0.03

K20 0.01 0.02

U (ppm) 3.69 1.96 (Kogel and Lewis, 2001)

3 Natural and synthetic humic acid reference mate-
rials

As in the previous projects (Pompe et al. 2000a, Sachs et al., 2004), commercially available
natural HA from Aldrich (AHA; Aldrich, Steinheim, Germany) was used as reference material
for natural HA. Before use, the sodium salt of AHA (Batch H1, 675-2) was purified by re-
peated dissolution with 0.1 M NaOH (0.01 M NaF) and precipitation with HCI according to the
purification method described by Kim and Buckau (1998). AHA batch A2/98 was applied,
whose purification is described in detail in (Sachs et al., 2004).

In addition to AHA, synthetic HA type M42 (batch M145) and "C-labeled HA type [“C]M42
(batch M170 and M180) were used as synthetic HA reference materials (Pompe et al., 1998;
Sachs et al., 2004). HA type M42 was synthesized starting from a mixture of xylose, glutamic
acid and water. The "C-labeled HA type M42 was prepared according to the unlabeled
product, however, applying "“C-labeled glutamic acid as precursor substance. The synthesis
of HA type M42 and [*C]M42 is described in detail in (Sachs et al., 2004). Table 3.1 summa-
rizes main properties of the applied HA. Further details on the HA characterization are given
by Sachs et al. (2004).
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Tab. 3.1: Main characteristics of the HA applied in this project according to
Sachs et al. (2004).

Elemental composition

HA C H* N S 0° Ash  Moisture
(%) (%) (%) (%) (%) (%) (%)
AHA
586+0.1 3.0+0.1 08+0.1 3.8+0.1 235+0.1239 7.9
(batch A2/98)
M42
56.1+03 41+01 44+0.1 - 26.8+0.3 0.11 84
(batch M145)
Functional groups
COOH°® PEC Phenolic/acidic OH ¢
HA
(meq/g) (meq/g) (meq/g)
AHA
4.49+0.14 4.60 + 0.08 3.1+0.1
(batch A2/98)
M42
3.76 £ 0.09 3.51+0.07 20+0.2
(batch M145)
[“CiM42
3.63+0.03 3.55+0.05 not measured
(batch M170)
[“CIM42
3.59 +0.01 3.36 £ 0.53 not measured
(batch M180)
Specific Activity ("C)
[“CiM42
2.38 MBq/g
(batch M170)
[“CiM42
17.0 MBqg/g
(batch M180)

2 Corrected for the water content of the HA. ” The oxygen content was calcu-
lated from the difference to 100% in consideration of the ash and moisture
content of the HA. ° Determined by calcium acetate exchange (Schnitzer and
Khan, 1972). ® PEC: Proton Exchange Capacity. Determined by potentiometric
titration. ° Radiometrically determined (Bubner and Heise, 1994).
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In addition to AHA and M42, further natural and synthetic HA were used for the study of the
Np(V) reduction in presence of HA as well as for some sorption studies. For the description
of these humic materials see the corresponding chapters 9 and 11, respectively.

4 Nitrogen-containing humic acid model sub-
stances: synthesis and characterization by "°N-
NMR spectroscopy

Humic substances contain nitrogen, although in very different and occasionally very small
amounts (e.g., 0.8-4.3% N in HA; Stevenson, 1994). It is very probable that the nitrogen in
humic substances is derived from amino acids or peptides as biochemically induced frag-
ments of proteins. Its fixation takes place during humification and occurs in several ways
(Ziechmann, 1994). One possible way is the condensation of reducing sugars and a-amino
acids (melanoidin formation), which is used for the synthesis of HA-alike substances (e.g.,
Pompe et al., 2000a). The nitrogen associated with humic and fulvic acids cannot be ac-
counted for in known compounds. It occurs in different types of linkages such as in form of
free amino groups (-NH;), open chain groups (—NH-, =N-), and as part of heterocyclic rings (-
NH- of indole and pyrrole, -N= of pyridine) (Stevenson, 1994).

To which extent nitrogen-containing functional groups contribute to the complexation process
of HA with metal ions is widely unknown so far and not considered in thermodynamic models
describing the HA-metal ion-complexation. Up to now the complexation behavior of humic
substances is mainly attributed to their oxygen-containing functional groups. In order to elu-
cidate the impact of nitrogen-containing functional groups on the HA complexation behavior,
metal ion complexation studies with suitable nitrogen-containing model compounds has to be
performed and the results of these studies have to be compared with those obtained with
corresponding oxygen-containing substances. In order to get more detailed information on
the kind of nitrogenous functionalities in HA, synthetic HA type M1 (Pompe et al., 1996;
Pompe et al., 2000a) was '°N-labeled and characterized by solid-state ®N-NMR spectros-

copy.

4.1 Synthesis of a "*N-labeled humic acid

®*N-labeled HA type M1 (['*N]M1) was synthesized from 3.4 g xylose (Merck), 1.0 g "N-L-
phenylalanine (Berlin Chemie), 0.5 g glycine (Merck), and 8 mL water. This mixture was re-
fluxed in a nitrogen stream for 10 h. The HA-like melanoidin fraction was separated from the
reaction mixture as described in (Pompe et al., 1996), dialyzed against purified water (dialy-
sis tubes Thomapor®, exclusion limit MWCO < 1000, Roth), and lyophilized. For comparison,
an unlabeled HA type M1 was synthesized under identical conditions, however, using non-
labeled L-phenylalanine (Merck) as starting material. Table 4.1 summarizes the elemental
composition and the functional group content of the synthesized HA. The FTIR spectra (FTIR
spectrometer Spectrum 2000 GX, Perkin Elmer; KBr method ) are shown in Fig. 4.1.
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Both batches of HA M1 and ['°N]M1 show comparable elemental compositions, functional
group contents and FTIR spectra indicating a high reproducibility of the synthesis when L-
phenylalanine or "°N-L-phenylalanine are used as precursor substances.

Tab. 4.1: Characterization of HA M1 and ["°N]M1.

Elemental composition

C (%) H (%) N (%) S (%) O (%) ?
M1

63.07 £ 0.08 5.69+0.18 5.44 +£0.01 - 25.81+0.10
(batch
S1/05)
[°*NIM1

62.76 £ 0.13 5.67 £0.17 543+0.01 - 26.15+0.30
(batch
S2/05)

Functional groups

COOH (meq/g) ® PEC (meq/g) °
M1

+ +

(batch 1.50 £ 0.06 1.74 £ 0.22
S1/05)
[°*N]M1
(batch 1.49 + 0.01 1.84 +0.12
S2/05)

? The oxygen content was calculated from the difference to 100%. ° Determined by
calcium acetate exchange (Schnitzer and Khan, 1972). ° PEC: Proton Exchange
Capacity. Determined by potentiometric titration.
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Fig. 4.1: FTIR spectra of synthetic HA type M1 and ["°N]M1.

4.2 NMR spectroscopic characterization of the '*N-labeled humic acid type M1

To identify nitrogen-containing functional groups, HA type ['°N]JM1 was analyzed by "*N-NMR
spectroscopy. Solid-state ’N-NMR measurements were carried out by Dr. E. Brendler (Insti-
tute of Analytical Chemistry, TU Bergakademie Freiberg) using the technique of cross polari-
zation with magic-angle spinning (CP/MAS). The "N-NMR spectra were recorded on a
Bruker Avance 400 MHz WB spectrometer equipped with a 7 mm probehead. Contact times
of 1 and 5 ms, repetition rates of 1 or 3 s, and rotation frequencies between 4 and 7 kHz
were applied. The samples were filled into 7 mm ZrO, rotors. Chemical shifts were measured
relative to nitromethane (= 0 ppm). For comparison, spectra of [°N]-L-phenylalanine and
unlabeled HA type M1 were recorded. The peak assignment is based on data collections for
"®N-NMR chemical shifts of organic compounds and humic substances (e.g., Berger et al.,
1992; Bortiatynski et al., 1996).

Fig. 4.2 shows the '"N-NMR spectrum of "N-L-phenylalanine. The spectrum shows one
resonance signal at -336.3 ppm. This signal is attributed to the NH, group of phenylalanine. It
agrees very well with literature data (neutral form of phenylalanine: -335.0 ppm; Berger et al.,
1992).
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Fig. 4.2: ®N-NMR spectrum of ["°*N]-L-phenylalanine (4 kHz; contact time: 1
ms; repetition time: 3 s).

A "N-NMR spectrum of HA ["°N]M1 is depicted in Fig. 4.3. The spectrum shows different
resonance signals between —150 and —350 ppm indicating the presence of various nitrogen-
containing functionalities in the HA structure. It is dominated by signals at —223, —258, and -

322 ppm.
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Fig. 4.3: ">N-NMR spectrum of HA ['°N]M1 (5 kHz, contact time: 1 ms; repe-
tition rate: 3 s).
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In order to verify that the measured NMR signals are real resonance signals and no spinning
side bands, the HA sample was measured at different rotation frequencies (Fig. 4.4). The
main signals and shoulders in the spectra obtained with 5 and 7 kHz (contact time 5 ms) are
nearly identical. Thus, it was concluded that the signals are real >N chemical shifts of the
synthetic HA.

-223.2
-253.3
-309.3

250 350 -450 -550
(ppm)

150 50 50 -150

Fig. 4.4: " N-NMR spectra of HA ["°N]M1 measured at different rotation fre-
quencies (solid line: 5 kHz, dashed line: 7 kHz; contact time: 5 ms; repeti-
tion rate: 3 s).

The recording of "°N-NMR spectra is based on an indirect magnetization method. Thereby,
the protons of a sample are excited and transfer their magnetization to the N nuclei by irra-
diating the resonance frequencies of '"H and °N during a contact time tcp, which results in an
enhancement of the "°N signal. In general, the enhancement maximum for proton free envi-
ronments is found at longer tcp than for proton carrying groups. To distinguish between pro-
ton-free, heterocyclic and proton-rich nitrogen in the HA, the sample was measured with dif-
ferent contact times. Figure 4.5 shows the spectra of HA [°N]M1 recorded with 1 and 5 ms
contact time. The increase in the contact time results in an intensity increase of the signals
between -150 and —200 ppm. In contrast to that, the signals at —255 ppm and about —315
ppm have higher intensity at shorter contact time. From that it can be concluded, that the
chemical shifts up to =200 ppm are due to hydrogen-free heterocyclic structural elements,
whereas the others can be ascribed to amide and/or amino groups.
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Fig. 4.5: ""N-NMR spectra of HA [°N]M1 measured at different contact
times (solid line: 1 ms, dashed line: 5 ms; 5 kHz; repetition rate: 3s).

Based on the peak assignments given in the literature (Bortiatynski et al., 1996), the main
resonance signals in the spectra of HA ['"°N]M1 can be attributed to NH in pyrroles, indoles
and/or amides (-220 ppm), NH in amide structures (-255 ppm), and to primary and secon-
dary amines (NH, NH,, -315 ppm). The shoulders between —150 and —200 ppm can be as-
cribed to N-substituted pyrroles and/or indoles or heterocyclic -N= sites in these compounds.
Comparable types of nitrogen were already found for condensation products of xylose, gly-
cine and water synthesized with varying reaction times (Benzing-Purdie and Ratcliffe, 1986).

Free NH, groups of amino acids exhibit resonance signals between —325 and —350 ppm
(Bortiatynski et al., 1996). The ""N-NMR spectra of ["°N]M1 show a broad unresolved signal
in this spectral range, which is more intensive at lower contact time. This broad signal could
be a result of overlapping chemical shifts of primary and/or secondary amines and terminal
amino acid groups.

The ">N-NMR spectrum of unlabeled HA M1 is shown in Fig. 4.6. Due to the low natural a-
bundance of N, the signal-to-noise ratio of this spectrum is very low, even after 36 h of
measuring time. However, a resonance signal at —254 ppm with a shoulder at about -220
ppm was observed. These signals correspond to the main peaks in the spectrum of HA
['>N]JM1 and can be attributed to NH in heterocyclic and amide structures.
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Fig. 4.6: ®N-NMR spectrum of HA M1 (4 kHz; contact time: 1 ms; repetition
rate: 1 s; measuring time: 36 h).

The "N-NMR spectra show that the amino groups of [°N]phenylalanine are for the most part
transformed into different heterocyclic and amide nitrogen functions. From the linewidth of
the resonances can be concluded that no single, defined compound is formed but a hetero-
geneous, amorphous material.

Nevertheless the interpretation of the ">N-NMR spectra is difficult and not clear in each case.
The resonance signals are broad due to a distribution of bond length and angles at nitrogen
in the above mentioned chemical environments. In addition to that, signals in one resonance
range can be assigned to different nitrogen-containing structures. However, from our studies
it can be concluded that the nitrogen in synthetic HA type M1 can be attributed to pyrrole
and/or indole like N, amide N, primary and/or secondary amine N, and possibly N in terminal
amino acid groups. Our obtained data agree well with nitrogen structures for natural organic
matter discussed in the literature (e.g., Stevenson, 1994).

In conjunction with literature data for natural organic matter, these NMR results represent a

base for the suitable selection of model ligands to elucidate the impact of nitrogen functional-
ities on the metal ion complexation behavior of HA.
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5 Synthesis of humic substances in presence of
kaolinite and formation of humic substance-
kaolinite-sorbates

Clay minerals are able to bind manifold organic compounds at their outer surfaces or within
the interlayers. Depending on the clay type, organic compounds are bound by intercalation,
complexation, solvation, and ion exchange (Lagaly, 1993).

Most natural clays are closely associated with natural organic matter. If organic compounds
are mobilized from the clay rocks, they can influence the sorption behavior of metal ions,
such as actinides. Claret et al. (2003) described the generation of humic and fulvic acid-like
compounds from Callovo-Oxfordian clay under alkaline conditions, which could be an impor-
tant source of complexing mobile organic matter, which probably influences the mobility of
actinide ions. In addition, clay minerals can catalyze the formation of humic substances. Ta-
guchi et al. (1986) found that montmorillonite is able to promote the formation of humic sub-
stance-like melanoidins from glucose and glycine or alanine.

The objective of our work was to study the influence of kaolinite KGa-1b on the formation of
synthetic HA and their properties. Furthermore, we investigated the formation of humic sub-
stance-kaolinite-sorbates as model compounds for natural organic matter-containing clays.

5.1 Synthesis of humic acid type M1 and M42 in presence of kaolinite

HA type M1 (Pompe et al., 1996) and M42 (Pompe et al., 1998) were synthesized in pres-
ence of kaolinite KGa-1b based on their standard synthesis methods. For synthesis of HA
type M1 the following two methods were applied.

Method A): 17 g xylose (Merck), 5 g phenylalanine (Fluka), 2.5 g glycine (Merck), 2 g kaolin-
ite, and 40 mL water were refluxed in a nitrogen stream for 10 h. The solid reaction product
was separated by centrifugation and ground with ethanol and ether. The HA-like melanoidin
fraction was extracted from the solid product with 2 M NaOH under nitrogen atmosphere and
precipitated by 2 M HCI. The HA precipitate was dialyzed against purified water (dialysis
tubes Thomapor®, exclusion limit MWCO < 1000, Roth) and lyophilized. The remaining
NaOH insoluble solid fraction containing kaolinite and an alkaline less or not soluble
melanoidin fraction was repeatedly washed with Milli-Q water and then lyophilized. A syn-
thetic HA type M1-K(A) and a humic substance-kaolinite sorbate M1-KS(A) were obtained as
synthesis products.

Method B): Method B starts with a diluted reaction mixture. 17 g xylose, 5 g phenylalanine,
2.5 g glycine, 2 g kaolinite, and 200 mL water were boiled under reflux in a nitrogen stream
for 10 h. After separation, the solid reaction product was ground with ethanol and ether,
washed with water, dialyzed (dialysis tubes Thomapor®, exclusion limit MWCO < 1000,
Roth), and lyophilized. Then, synthetic HA M1-K(B) was isolated by alkaline extraction, how-
ever, using only 0.1 M NaOH, and acid precipitation with 2 M HCI. The remaining NaOH in-
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