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Summary

Summary
The intention of this thesis was to characterise the effect of naturally occurring multivalent cations like
Calcium and Aluminium on the structure of Soil Organic Matter (SOM) as well as on the sorption
behaviour of SOM for heavy metals such as lead.
SOM is regarded as a polymer-like structure where macromolecules interact via organic functional
groups and form a network. As is known from polymer science some polyvalent cations are able to
form cross-links between the negatively charged functional groups. Therefore they substantially influence the degree of networking. Due to these cross-links side chain mobility of the organic molecules
decreases and the matrix becomes more rigid. To characterise the resulting rigidity of such a matrix
the glass transition temperature is determined with the Differential Scanning Calorimetrie (DSC). It
was shown that this method is also applicable for a wide range of soil samples to characterise the influence of water molecules on rigidity of SOM. Ca and Al are known as cross-linking agents and the
aim of the conducted experiments was to change the rigidity of SOM by changing the cation composition. In literature it is described that flexible regions of SOM were responsible for fast and linear sorption and desorption whereas rigid areas of SOM were responsible for slow desorption, hysteresis effects, and sequestration of contaminants.
The first part of this thesis describes the results of experiments in which the Al and Ca cation content
was changed for various samples originated from soils and peats of different regions in Germany. The
second part focusses on SOM-metal cation precipitates to study rigidity in dependence of the cation
content. In the third part the effects of various cation contents in SOM on the binding strength of Pb
cations were characterised by using a cation exchange resin as desorption method.
It was found for soil and peat samples as well as precipitates that matrix rigidity was affected by both
type and content of cation. . The influence of Ca on rigidity was less pronounced than the influence of
Al and of Pb used in the precipitation experiments. For each sample one cation content was identified
where matrix rigidity was most pronounced. This specific cation content is below the cation saturation
as expected by cation exchange capacity. These findings resulted in a model describing the relation
between cation type, content and the degree of networking in SOM. Furthermore, it was found that the
changes in matrix rigidity were well correlated to changes in hydrophobicity of the samples. That
gives evidence for changes in the conformation of the organic molecule. For all treated soil and precipitate samples a step transition like glass transition was observed, determined by the step transition
temperature T*. It is known from literature that this type of step transition is due to bridges between
water molecules and organic functional groups in SOM. In contrast to the glass transition temperature
this thermal event is slowly reversing after days or weeks depending on the re-conformation of the
water molecules. Therefore, changes of T* with different cation compositions in the samples are explained by the formation of water-molecule-cation bridges between SOM-functional groups. An increase of T* is correlated with storage time in former literature studies. These aging effects are also
observed in this study especially for Ca treated samples that gives further evidence for the interaction
of cations and water molecules in bridging. No influence on desorption kinetics of lead for different
cation compositions in soil samples was observed. Therefore it can be assumed that the observed
changes of matrix rigidity are highly reversible by changing the water status, pH or putting agitation
energy by shaking in there.
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Zusammenfassung
Ziel dieser Arbeit war die Beschreibung des Einflusses mehrwertiger Kationen auf die Struktur der
organischen Bodensubstanz (OBS) und das daraus resultierende Vermögen andere Kationen wie beispielsweise Blei in der OBS zurückzuhalten.
OBS verfügt über polymerähnliche Strukturen. Dabei wird davon ausgegangen, dass Makromoleküle,
die über ihre funktionellen Gruppen miteinander interagieren, ein Netzwerk bilden. Mehrwertige Kationen können die meist negativ geladenen funktionellen Gruppen miteinander verknüpfen und so
Einfluss auf den Grad der Vernetzung innerhalb der OBS nehmen. Durch diese Brücken kann die Beweglichkeit der Molekülseitengruppen eingeschränkt werden und die Matrix wird insgesamt starrer.
Diese Abnahme der Flexibilität ist über die Messung der Glasübergangstemperatur mit der Differential
Scanning Kalorimetrie (DSC) möglich. Die Anwendung dieser Methode für Bodenproben ist hinreichend bekannt. Sie diente bisher dazu zu zeigen, wie Wassermoleküle die Starrheit der OBS beeinflussen. In der Literatur werden die weichen / flexiblen Regionen der OBS mit schneller und linearer
Sorption und Desorption in Verbindung gebracht, während die starren Bereiche für langsame Prozesse
mit Hystereseeffekte und Sequestrierung von Schadstoffen verantwortlich gemacht werden.
Im ersten Teil dieser Arbeit wird die Kationenzusammensetzung in unterschiedlichen Torfproben und
einer organischen Auflage durch Variation der Aluminium- und Calciumgehalte verändert und die
Proben werden wie oben beschrieben mit der DSC charakterisiert. Der zweite Teil beschäftigt sich
spezifisch mit der Starrheit von Präzipitaten hergestellt aus gelöster OBS und verschiedenen Metallkationen. Im dritten Teil wurde versucht die zeitliche Abhängigkeit der Bleidesorption während eines
Schüttelversuches mit einem sauren Kationenaustauscher Harz abzubilden. Eingesetzt wurden hierfür
die bereits charakterisierten Bodenproben aus dem ersten Versuchsblock.
Eine Abhängigkeit der Starrheit in der organischen Auflage, den Torfproben und den Präzipitaten von
Kationenart und –gehalt konnte nachgewiesen werden. Dabei war der Effekt von Calcium insgesamt
weniger ausgeprägt als von Aluminium oder Blei. Für alle behandelten Proben konnte ein Maximum
in der Starrheit identifiziert werden, wobei die mögliche Sättigung für das jeweilige Kation noch nicht
erreicht war. Aus den Ergebnissen konnte ein Modell abgeleitet werden, dass den Zusammenhang
zwischen Kationengehalt und Vernetzung innerhalb der OBS beschreibt. Zudem wurde eine gute Korrelation zwischen der Starrheit in den Proben und ihrem wasserabweisenden Verhalten
(Hydrophobizität) gefunden, was auf strukturelle Änderungen bei der Ausrichtung der Moleküle hindeutet. Ein echter Glasübergang konnte mit der DSC in keiner der untersuchten Proben ermittelt werden. Gemessen wurde nicht der klassische Glasübergang sondern ein Stufenübergang, der in Zusammenhang mit Wassermolekülbrücken innerhalb der OBS gebracht wird. Dieser Übergang ist nicht
sofort sondern mit einer zeitlichen Verzögerung von Tagen oder Wochen in den Proben wiederkehrend. Das wird mit einer erneuten Ausrichtung und Bildung von Wassermolekülbrücken erklärt. Zusätzlich konnten bei den Proben Alterungsprozesse beobachtet werden, die bisher ebenfalls mit der
Ausbildung von Wassermolekülbrücken erklärt wurden. Diese Ergebnisse legen den Schluss nahe,
dass es eine enges Zusammenspiel zwischen Kationen, Wassermolekülen und funktionellen organischen Gruppen geben muss, dass zur Ausbildung von Wassermolekül-Kationen-Brücken führt. Ein
Einfluss der Vernetzung auf die Bleidesorption war nicht messbar, was erste Hinweise darauf liefert,
dass die ausgebildete Vernetzung durch Zugabe von Wasser in Zusammenhang mit zusätzlicher physikalischer Beanspruchung durch Schütteln und einer Abnahme des pH-Wertes schnell reversibel war.
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General Introduction

1.1 Tg and T* in Soil Organic Matter (SOM) a short review
SOM has a high influence on all soil functions since it is responsible for soil characteristics
like pH-value, oxidisation processes and nutrient release. The knowledge about the molecular
structure of SOM or Humic substances (HS) is of great interest in science for the last 30
years. The molecular structure gives information about central processes occur in soil environment e. g. nutrient storage and release, water interaction, carbon storage and degradation
(physical, chemical and biological), cation exchange, and sorption and desorption of contaminants.
For describing the molecular structure of humic substances two models were discussed in
literature:
1) HS are seen as macromolecular substances with polymer characteristics formed by
secondary abiotic or biotic synthesis reactions. (LeBoeuf and Weber 1997, Xing and
Pignatello 1997); (Swift 1999, Essington 2003)
2) HS are seen as supramolecular associations, aggregates, or micelles (formed in water
solutions) of low-molecular-mass organic molecules forming clusters by weak vander-Waals forces or hydrogen bonding (Von Wandruszka 1998, Piccolo 2001,
Simpson, Kingery et al. 2002, Sutton and Sposito 2005)
Schaumann, 2006 suggested that both views cannot be excluded for solid and dissolved SOM
(and NOM) and overall SOM (and NOM) “have to be treated as amorphous materials with a
certain degree of microcristallinity” (Schaumann 2006).
Amorphous materials are non-structured materials in contrast to crystallized structured ones
with a pronounced overall symmetry. One important characteristic of an amorphous material
is the so-called glass transition temperature Tg which is the specified temperature point where
the substance changes from a glassy (rigid) to a rubbery state. This thermodynamical process
could be regarded as second order transition and is explained by the uptake of energy as heat
by mobile side chains of macromolecules (e. g. polymers). The observed increase of heat capacity at Tg is linked to the degree of increasing mobility of the molecules in the network. The
glass transition temperature Tg correlates with the degree of rigidity in normal state that
means a matrix with a very high rigidity at room temperature would also has a higher Tg than
a matrix with a lower rigidity at room temperature. For example it is known that the uptake of
water has a plasticizing effect on organic polymers and therefore causes a higher mobility of
the side chains which is determined in DSC with a decreasing Tg for water wet samples.
In the following work the main characteristic of the samples to determine the rigidity of the
organic molecule network in SOM is the step transition-like glass transition temperature
named T*. Therefore we would like to describe and define it in this chapter by give a short

10

General Introduction

history of glass transition and step transition-like glass transition measurements in soil organic
matter and in natural organic matter (NOM).
Leboeuf & Weber (1997) observed a Tg for the first time for water-wet and dry isolated humic
acids (HA) in open aluminium pans(LeBoeuf and Weber 1997). By this thermo-dynamical
behaviour the idea of regarding SOM as high molecular organic polymers was underlined.
The results of the measurements were related to the so called distribution reactivity model
(LeBoeuf and Weber 1997) or dual reactive domain (dual mode) model (Xing and Pignatello
1997) which accounts for isotherm non-linearity and competitive sorption (Huang and Weber
Jr 1997). They differentiate SOM in two main regions described as a rubbery region responsible for linear sorption and desorption processes and a glassy region responsible for slow sorption and sequestration of organic chemicals. The relation of Tg and sorption hysteresis was
shown for phenanthren and some NOM where sorbents near or at their rubbery state tends to
show little to no desorption hysteresis (Leboeuf and Weber Jr 2000). Glass transitions were
also reported for fulvic acids (FA) derived from a stream (Young and Leboeuf 2000) whereas
the measured Tg of FA was lower than for HA in TM DSC (temperature modulated DSC).
This observation was explained by a less complex, less aromaticity, lower molecular weight
and thus, less likelihood to coil than HA which induces a higher mobility of the side chains.
The plasticizing role of water was demonstrated by LeBoeuf & Weber Jr, 2000, in synthetic
organic sorbents and in natural organic matter like Aldrich Humic Acid whereas the effect of
decreasing Tg due to water uptake of the samples was best pronounced. The authors explained
that phenomenon with the possibility of disruption of hydrogen bonds in the matrix as it was
observed for pyridine swelling of coal (Mackinnon, 1994). In several studies is shown that
glassy polymers and diagenetically altered kerogen and coal exhibit greater isotherm nonlinearity than rubbery polymers and young SOM (Johnson, Huang et al. 2001). Further investigation demonstrate that an important factor influencing the height of Tg are also the structural
modifications by diagenetic processes, Zhang et al. (2007) observed an increasing Tg in the
order of coals > charcoals, Type I and II kerogen > humic acid. Therefore Tg values were not
merely a function of aromaticity (Zhang, Leboeuf et al. 2007).
De Lapp et al. (2004) summarized the following evidences for the theory of macromolecular
mobility in NOM (DeLapp, LeBoeuf et al. 2004):
1. Increased attractive forces between molecules require more thermal energy to produce
molecular motion, where increases in Tg correspond directly with increases in a larger
cohesive energy density σp (Barton 1983)
2. The internal mobility of a macromolecule chain is primarily affected by the size of the
side chain...Generally, larger side-chain groups require greater activation energies to
move or rotate the chain (Eisenberg 1993)
3. Macromolecules possessing aromatic or parallel bonds in their backbone have extremely stiff bonds resulting in reduction of molecular mobility (Rosen 1993)
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4. Increases in the free volume of macromolecule alllows more room for the macromolecule rotate, resulting in a reduction in the Tg Thus, swelling of a macromolecule by a
thermodynamically compatible solvent will tend to increase the free volume and lower
the Tg. (Haward 1973, Barton 1983)
Although difficulties were seen for the observation of glass transitions in whole soil samples
because of the high heterogeneity of SOM possessing multiple transitions (LeBoeuf and
Weber Jr 1998) , in 2000, Schaumann & Antelmann reported signs for potential Tg also for
solid and unchanged SOM of an Ah horizon of a spruce forest. Although the plasticizing effect of water was not found for the determined sample a slightly higher Tg was observed for
the wet sample (Schaumann and Antelmann 2000). Further glass transitions in whole soil
samples were then reported by DeLapp et al. (2004).
In 2005 Schaumann & Leboeuf describe a non reversible glass transition in air dried peat
samples without a thermal pretreatment (no further removal of water) in a closed system, after
some days of storage the glass transition reappears (Schaumann and LeBoeuf 2005). By conducting a thermal pretreatment for the same sample a typical glass transition with very low
intensities was reported. So two transition types were present in the same sample depending
on the thermal pretreatment (inducing water evaporation) and on the manner of measurement
(sealed or open system). Thermomechanical Analyses (TMA) of the sample revealed a matrix
softening in the same temperature range as the observed water-dependent step transition in
DSC.
The observed phenomenon was explained with the hydrogen bond-based cross-linking model
(HBCL-Model), which relates to the formation of water molecule bridges (also known as
WaMB in recent literature) between the polymer side chains which reducing the side chain
mobility. Schaumann et al. assume that the time of reformation of the cross-links depends on
the diffusion time of the water molecules to the specific bridging sites in SOM which takes
longer than the cooling time in a DSC run of a subsequent heating cycle. Therefore the reappearance of Tg takes a SOM specific time period. By these experiments the special role of
water in SOM was demonstrated: Depending on the water content in the sample plasticizing
and anti-plasticizing (WC < 12 %) processes were observed. Anti-plasticizing effects of water
arises when water clusters in SOM expand the free volume and enhance the mobility of the
molecule chains.
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Glass transition in NOM

Glass transition-like step transition in NOM

occurence

In water-wet and water free samples (pre-heated) measured in a
open system (evaporation possible),
reappearance in subsequent heating
cycles

Only in water containing samples
measured in hermetically closed
systems, reappearance after a specific time period of storage at
ambient temperatures

Transition temperature

Tg = 17°C – 70°C (humic and fulvic
acids) (LeBoeuf & Weber, 2000;
Xing, 2007)

T* = 48°C – 68°C (depending
strongly on thermal history)

Intensities (in average)

∆ cp = 0,0XX (e. g. Aldrich HA
0,03 J g-1 °C-1)

∆ cp = 0,XXX

Mainly reported for

Extracted HA (Aldrich, Leonardite)
, FA, lignine, and biopolymers

Whole soil and peat samples with
high organic carbon contents ( >
5%, sample specific)

Possible explanations

Comparable NOM structure to high
molecular organic polymers, side
chain mobility of the macromolecule ( due to e. g., aromaticity, diagenetic processes)

Formation of water-bridges as
cross-links between the organic
side chains

Table 1: Comparison of the characteristics of the two determined step transitions in NOM and SOM, the
reported values are only given in average.

To distinguish both thermal processes from each other the non-reversible glass transition was
called as glass transition - like step transition (Hurrass and Schaumann 2005). Hurraß et al.
(2006) reported about glass transition-like step transitions in 52 out of 102 soil samples of
different soil types and horizons sampled from locations with different land-uses. For all these
samples no quantitative evaluation of the classical glass transition was possible because of
very low intensities. Furthermore for anthropogenic influenced soils only for a minority of the
samples a step transition was detectable. The authors concluded that not enough binding sites
for water molecule bridges were available in such heterogeneous samples. For the analyzable
samples a positive correlation was found between ∆cp and OM content (p<0,0001). In 2007,
Hurrass & Schaumann, demonstrated in several samples physical aging processes due to the
strengthening of cross-linking by water bridges in samples with a water-content below 10%.
An increase of Tg* of 5°C was observed during a time period of 7 months (Hurrass and
Schaumann 2007). Physical aging was formerly defined as structural relaxation process of
amorphous polymers below their glass transition temperature which causes reductions in
segment mobility, enthalpy and free volume (Struik 1978).. The described changes induce an
increase of the glassy character of the amorphous structure. Physical aging is also hypothe13
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sized to be responsible for the aging of contaminants in SOM and NOM (LeBoeuf and Weber
1997). Schaumann, 2006, concluded from the observations of aging in SOM and the found
transition temperatures T* and Tg as described above that there should be also at least two
mechanisms of physical aging in SOM whereas one of them is linked to water molecule
bridges in SOM (Schaumann 2006) and can be demonstrated by an increasing T* for samples
stored under constant humidity conditions (Hurrass and Schaumann 2007). At the time no
physical aging experiments were reported for NOM shown a classical glass transition.

1.2 The role of multi-valent cations as cross-linking agents in SOM and
NOM
1.2.1 Characteristics of cations
Cations can be described by parameters like charge and ion radius. The quotient of those two
characteristics gives information about the binding affinity to exchange surfaces and correlates with the hydration energy of the cation.
Cation

ri / pm

z2/ri / pm-1

∆ Hh / kJ mol-1

Na+

116

0,0086

-

405

358

Mg2+

86

0,0465

-

1922

428

Ca2+

114

0,0351

-

1592

412

Al3+

67

0,1343

-

4600

480

Pb2+

133

0,030

-

1480

rh / pm

Table 2: Ion radius, Hydrationenergy (∆ Hh) and hydration radius of the cations considered in this thesis.
(Scheffer/Schachtschabel; and Blume 2010; Essington 2003 )

Smaller cations have a higher hydration energy and therefore a thicker hydration shell than
bigger cations of the same charge. Therefore bigger cations come closer to a surface then
smaller cations of the same charge. (Scheffer/Schachtschabel; and Blume 2010) .
Cations can be devided in ions which exist principally as hydrated cation, ions which exist in
a hydrated form and also as sparingly soluble hydroxide, and ions which only form stable
oxyanions. The form depends on the ionic potential (IP) of a cation defined as quotient of ion
charge (Z) and radius (r):
-

Ca2+, Mg2+, Pb2+ and Na+ have a small IP (< 0,03) and tend to remain hydrated

-

Al3+ and Fe3+ have a moderate to high IP (0,03 < IP < 0,1) and tend to strongly polarize water and promote hydrolysis

The presence of exchangeable Al3+ is therefore depending strongly on soil pH. In alkaline soil
with pH > 7 the so called base cations (readily exchangeable cations) are Ca2+, Mg2+, K+ and
14
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Na+ (dominated by Ca2+) whereas in acidic soils with pH < 6 Al3+ and the associated hydrolysis products AlOH2+ and Al(OH)2+ dominate the exchange phase charge, also Mn2+ could be
present in an exchangeable form in acidic soils. (Essington 2003)
In case of the surface complexation of cations it is to differentiate in outersphere and innersphere complexes. An innersphere complex is formed when no water molecules were between
the ion and the surface ligand. An outersphere complex is formed when the ion keeps its hydration shell and is only adsorbed by electrostatic interactions, the interceding water molecules prevent electron sharing (Essington 2003). In contrast innersphere complexes form coordinative bindings. Co-ordinative bindings (electron sharing) are known to be much stronger
than electrostatic interactions therefore cations bind by outersphere complexes can easily displaced with cations in the solution. (Scheffer/Schachtschabel; and Blume 2010)

1.2.2 Bonding characteristics to humic substances
Also for bindings with NOM the ability of cations to form inner- or outersphere complexes is
an important characteristic which gives information on the stability of such a complex. Kalinichev & Kirkpatrick, 2008, presented molecular dynamics computation which demonstrates
a strong innersphere complexation of Ca2+ with NOM supporting the idea of supramolecular,
Ca-mediated NOM aggregation (Kalinichev and Kirkpatrick 2007). For fulvates both innersphere and outersphere complexes with metal cations are known from spectroscopic determinations e. g., NMR, fluorescence, and x-ray absorption near edge (Essington 2003)1 . Innersphere complexation is linked to high energy binding sites. Although in a fulvate molecule
high energy binding sites are in the minority it appears to be the preferred binding mechanism
if the metal ion concentration is far below the fulvate concentration. Outersphere complexations are described as weak bonding between water and O-bearing ligands after saturation of
the high energy bonding sites also these low energy bonding sites were occupied by metal
cations if there are enough available. Complexes can be devided in monodentate, bidentate,
tridentate and polydentate complexes depending on the number of occupied positions of the
coordination sphere of the metal ion by the organic ligand. Outersphere complexes are
monodentate whereas innersphere complexes are often demonstrated bi- to polydentate bindings. Polydentate complexes can also be formed by hydrophilic functional groups of more
than one organic molecule. (Essington 2003)
It was shown that the CEC is directly related to the organic matter content of soil samples
(Batjes 1996). The exchange processes were influenced by the dissociation of the carboxylic
and phenolic functional groups in SOM. Especially in acidic soils with high organic carbon
content the cation exchange capacitiy is related so the functional groups of SOM (Kalisz and
Stone 1980). This fact includes high OM-surface horizons like Oe, Oa anf Of and peat soils
(Ross, Matschonat et al. 2008).

1
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The molecular configuration of a humic acid molecule is flexible and a function of the salt
concentration and pH of the aqueous environment. Due to a higher salt concentration and a
low pH a condensed form of the HA with a strong coiling resulting in globular aggregates and
ring like structures is expected (Essington 2003).
Due to the heterogenous distribution of different organic molecules in SOM depending on the
different pathways of formation it seems unlikely to consider all characteristics in one universal cation-SOM-binding model. A realistic approach is the observation of interactions between selected cations with isolated and purified humic substances for deriving binding models under changing conditions (pH, temperature, ionic strength). In literature several models
are available. In Scheffer / Schachtschabel, 2010, the Nica - Donnan model and Model VI by
Tipping, 2002 (Tipping, Rey-Castro et al. 2002), were described as the two main models:
The Nica-Donnan Model based on the NICA equation (Non-ideal-competitive adsorption
model) for binding of protons and metal cations derived by
-

Competitive Langmuir equation

-

Continuous affinity distribution

-

Low and high pKa for two different types of functional groups (carboxylic and phenolic groups)

-

Decription of electrostatic strength as s function of ionic strength

Human substances were described as a Donnan- gel with a negative charge and volume depending on the ionic strength. Reliable results were observed for the Nica-Donnan-model for
the discriptions of an extensive data set for the binding of metal cations (Ca2+, Cd2+, Cu2+,
Pb2+, and Al3+) to a purified peat humic acid (PPHA) at various pH values (Kinniburgh, Van
Riemsdijk et al. 1999, Koopal, van Riemsdiejk et al. 2001, Scheffer/Schachtschabel; and
Blume 2010).
Model IV consists of discrete affinity distributions. Proton and metal bindings were devided
in two groups because of their logK values which were homogeneously ranged around a mean
value. Electrostatic effects were considered by a Boltzmann factor which depends on charge
and ion strength.
Cation exchange processes are especially related to cations only forming outersphere complexes.

1.3 Effects of cations on soil and SOM properties
Regarding the last chapters it is suggested that there should be a relation between the structure
of SOM with its various types of charged molecules and cations in the soil solution. Cations
can act with charged functional groups of several molecules and consequently the whole molecular structure of the matrix is influenced. It can be assumed that both models of molecular
structure of humic substances, macro-molecular and supra-molecular, allow the interaction of
16
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cations in its matrix and it is hypothesized that bridges were formed between molecules and
consequently the rigidity of the matrix is influenced. In such a network the availability of contaminants but also of nutrients is less pronounced and SOM acts as accumulator for various
substances. But how stable is this network? Is molecular networking physically measurable?
The main objective of this thesis was to investigate the interactions between SOM and multivalent cations due to structural confirmations and to the effects of such a changed matrix e. g.
on the release of lead in the environment. Cross-linking effects of multi-valent cations were
discussed in connection to mineral organic associations (Kahle, Kleber et al. 2002, KögelKnabner 2002, Ellerbrock and Kaiser 2005, Weng, Koopal et al. 2005) , aggregate stability
and supramolecular nature of SOM. Simpson et al. purified a set of HA by removal of associated metals by liquid chromatography in combination with H-NMR by this aggregate disruption was demonstrated (Simpson, Kingery et al. 2002). Soil aggregation is enhanced by multivalent cations between humic acids and several clay particles of an Entisol (Piccolo and
Mbagwu 1994).
In presence of multivalent cations like Ca2+ DOM release of soils was obviously decreased as
reported by several authors (Römkens and Dolfing 1998, Shen 1999, Schaumann 2000, Oste,
Temminghoff et al. 2002). Such observations can be linked to coagulation and precipitation
effects of multivalent cations by bridging several organic molecules with each other. Temminghof et al. (1998) induced coagulation with Ca2+ and Al3+ in purified forest soil solutions
(Temminghoff, Zee et al. 1998). Lang et al., 2005, suggested by small-angle x-ray scattering
analyses cross-linking of Pb2+ in Pb-DOM colloids (Lang, Egger et al. 2005). Schaumann,
2006 suggested that “mulitvalent cations may increase the apparent molecular weight by the
formation of coordinative cross-links in dissolved and undissolved matter” (Schaumann
2006). In conclusion it can be hypothesized that cross-linking by multivalent cations is one
possible mechanism of supramolecular networking in SOM. Although cross-linking by multivalent cations were often discussed in literature to be responsible for observed effects on the
organic molecular matrix, the effects of cations were not shown in detail until now.

1.4 Objectives
The objective of this study was to understand the mechanism and effects of cations on soil
organic matter with special respect to the cross-linking hypothesis
High cross-linking in the interior of SOM should enhance a higher networking and therefore
i) a reduced mobility of the side-chains of macromolecules (macromelecular view), ii) a decreasing effect on the overall mobility of a smaller molecule embedded in the network (supramolecular view), or iii) a reduced mobility of smaller molecules by precipitation instead of
dissolution. In reference to these three mechanisms of postulated increasing rigidity by crosslinking of cations the influence of different contents and charge of cations should be obtained
in whole organic soil samples and in precipitates. Rigidity can be measured by the glass transition temperature Tg or the glass transition-like step transition temperature T* (WaMB Tran17
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sition) depending on the cross-linking mechanism with differential scanning calorimetrie
(DSC). It was hypothesized that
I) the overall rigidity of the organic matrix increases with increasing cation content in the
SOM due to decreasing side chain mobility and decreasing small molecule mobility,
especially for higher charged cations the increasing effects should be more pronounced than for lower charged cations
II) the role of water in cross-linking in SOM and also in precipitates developed as negligible for high cation contents and rigidity is analysable by Tg due to the strong coordinative cross-links of multivalent cations in comparison to the weaker bondings of
water molecule bidges
III) the effect of precipitation is more pronounced for higher charged cations and the rigidity of such a matrix is also stronger
IV) the desorption of metal cations like lead is kinetically restrained and therefore slower
under cation depletion conditions with a higher degree of cross-linking in the matrix

1.5 Experimental Programme
Experiments with Ca2+ and Al3+ as networking cations were conducted. Both cations were
known for their cross-linking characteristics and typically present in soils with high SOM. A
soil sample with a very high degree of SOM was chosen, which is described in detail in chapter 2. This sample was mainly used for all experiments to find mechanistically differences
depending on the manner of cross-link inductions. To have a closer look on the effects of
structural changes in SOM by different concentrations of multivalent cations the cross-linking
behaviour of Al3+ and Ca2+ was described as affecting the rigidity of solid SOM and of precipitates. Three elemental parts with specific determinations of rigidity in SOM (whole soil –
SOM sample and precipitates of a DOC-slolution originated from the same sample) and their
environmental effects like OC losses by dissolvation and lead desorption were discussed.
In the first part of this thesis hypotheses I and II were verified by determination of the rigidity
of whole samples in its natural compositon with varying cation contents (Al3+, Ca2+ and Na+).
Different methods of cation addition were used to check if there is a difference in the created
molecular network depending on the method of cation addition. Furthermore the effect of
cation depletion was investigated on samples with different naturally occurring cation compositions in SOM. In conclusion it was possible to derive a statement about the influence of the
cation content on the rigidity of the organic matrix.
In the second part hypothesis II) and III) were verified by forming precipitates with different
cations with changing Men+ / C ratios and by observations of the precipitation process and
rigidity of the precipitates. Precipitation is an important process in soils which keeps organic
substances and cations in the upper soil horizons. Stability of precipitates is one special focus
in soil sciences e. g. the bioavailability of precipitates. It can be assumed that also in the first
part of the experiments precipitation occurs during the tests but the process cannot be devided
18
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from other cross-linking processes taking place in the whole sample. A very different study
design is needed for analysing cross-linking effects in precipitates therefore these experiments
are described in an own chapter (Chapter 3).
In the third part hypothesis IV) is verified by conducting time dependend lead desorption experiments with cation-pretreated samples. So this part is focussed on the effects of the
stronger networking in the interior of SOM in contrast to the former chapters where the focus
was on the description of the cross-linking in the organic matrix. But the results of the former
chapters especially of chapter 2 where directly used for the experiments in the chapter 4.
As it is described each part of the thesis based on different experiments with its own hypotheses and discussion, therefore we decided to describe each part in an own chapter with introduction, materials & methods and results & discussion. So there is also the possibility for the
reader to concentrate on one chapter, if you are only interested in the molecular structure of
precipitates or in lead desorption choose the respective chapter.
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2

Influence of multivalent cations on Soil Organic Matter:
DSC experiments with solid samples (cation addition and
depletion in samples)

2.1 Summary
The intention of the study was to demonstrate the correlation between the networking of organic molecules in Soil Organic Matter (SOM) determined by its rigidity with the content of
cross-linking cations like Ca2+ and Al3+. The cation content of SOM was changed by addition
of cations and cation depletion as it is also take place under natural conditions. For the absorption experiments a batch and a percolation test system was used, but cation distribution was
better in the batch system (results of the parallels were more consistent) and therefore
matched better the requirements of that study. Ca2+ absorption in batch experiments was possible until a point near CECeff., in contrast Al3+ absorption exceeds this point clearly. Rigidity
was determined with Differential Scanning Calorimentry (DSC). For a Ca2+treated sample of
an organic layer of a spruce forest the maximum rigidity was determined at a point of about
65% saturation of the CECeff . Rigidity of all Ca2+ treated samples increases with time storaged under constant temperature and humidity conditions (aging). In case of addition of Al3+
to the same sample rigidity increases also to a maximum point but then no further changes in
rigidity can be observed. In relation to the cation concentration normalized to the specific
charge of the cations Al3+ absorption induces a stronger rigidity than Ca2+ absorption, this
difference vanished with conditioning time. The determination of hydrophobicity by contact
angle measurements demonstrates a clear correlation between hydrophobicty and increasing
rigidity of the samples which anticipated conformational changes of the molecular structure of
the SOM.
In contrast the effects of cation depletion on rigidity were less pronounced than expected.
Depletion of cross-linking cations was managed by the addition of Na+ and otherwise by the
treatment with an acid exchange resin (demineralization experiments). Demineralisation experiments were conducted to various SOM samples from different sample sites and the results
anticipate that the influence of the cations strongly depends on the sterical possibilities in the
molecular structure of the SOM. Based on the results a model on Ca2+ and Al3+ was deduced
to explain the correlation between matrix rigidity and cation status in SOM. In this model a
further uptake of Ca2+ in the network results in a higher mobility of the side chains of the organic molecules at the point of saturation in contrast for a further Al3+ uptake no changes in
the developed network can be observed and the formation of precipitates in the organic matrix
is postulated.
Measurable aging effects especially for Ca2+ treated samples demonstrate the important role
of water molecules bridges and water melocule ion bridges in the molecular network of SOM.
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2.2 Introduction
Multivalent cations are known to alter the structure, solubility and degradability of Soil Organic Matter (SOM) (Tipping, Woof et al. 1991, Skyllberg 1995, Christl and Kretzschmar
2007, Scheel, Dorfler et al. 2007). The dominant metal binding groups are thought to be carboxylic and phenolic groups of the organic molecules (Essington 2003). The following study
targets the behaviour of calcium and aluminium as cross-linking agents for SOM and its effect
on rigidity of the organic matrix.
Calcium and aluminium are both known for their ability to complex dissolved organic (DOC)
matter and to take part in cation exchange with soil organic matter (SOM). Interactions of
Ca2+ and Al3+with DOM are well known. In general a decrease in DOM is observed in attendance of Ca2+ or Al3+ (Shen 1999, Schaumann 2000, Oste, Temminghoff et al. 2002,
Gustafsson, Pechova et al. 2003). Opposite effects were observed in competition with other
cations: The binding of copper decreases in a Ca2+ - DOC solution (Iglesias, Lopez et al.
2003) but Zn sorption increases in attendance of Ca2+ and Al3+ in a soil solution (Gustafsson
and van Schaik 2003).
There also can be found an effect on mineralisation due to these cations. Large contents of Al
are thought to inhibit mineralization of Corg by flocculation, precipitation or toxic effects
(Grodzinska-Jurczak and Mulder 1997). A considerable decrease of DOC mineralisation was
found for solutions containing Al3+ with increasing initial Men+/C ratio up to 0.1 (Schwesig,
Kalbitz et al. 2003). In a field manipulation experiment in mature Norway spruce forest increased Al caused a pronounced decrease of DOC and a decrease of decomposition rate of
SOM of 30% – 40% (Mulder, De Wit et al. 2001).
The described effects could be explained by the binding particularities of Ca and Al. Fest et
al. describes the existence of metal-organic bonding with different strength and even different
types of bonding were discussed (Fest, Temminghoff et al. 2005). Calcium is known for forming innnersphere complexes with NOM carboxylate groups in contrast to magnesia or sodium
(Kalinichev and Kirkpatrick 2007). Calcium prefers high molecular weight (HMW) organic
acids for binding (Römkens and Dolfing 1998). Al also forms innersphere complexes with
NOM. At pH<4.2 most Al is complexed by OM in form of Al3+. Al3+ behaves as an exchanging trivalent “base forming” cation at a pH approximately 4.5 and below in organic horizons
(Skyllberg 1995, Johnson 2002). Ross et al. (2008) hypothesised also separate types of bonding for exchangeable Al3+ and strong organically complexed Al3+ resulting in a not exchangeable form. The transfer between these two forms is assumed to be kinetically restrained
(Bloom, Skyllberg et al. 2005). Small angle X-ray scattering (SAXS) suggested cross-linking
by Pb2+ in Pb-DOM colloids (Lang, Egger et al. 2005). Pointing out these abilities of Ca2+,
Al3+ and other multivalent cations obviously we expect bridging behaviour of these cations
between organic molecules in soil.
SOM can be regarded as a macromolecular matrix or from a supramolecular point of view
(LeBoeuf and Weber Jr 1998, Lu and Pignatello 2002, Schaumann 2006). Hysteresis and non21
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ideal sorption are tried to explain with this macromolecular models, which assume glassy and
rubbery domains (Huang and Weber Jr 1997, LeBoeuf and Weber 1997, Xing and Pignatello
1997). Due to this point of view SOM can be compared with a synthetic polymer. These models indicate that large parts of SOM are amorphous and their structure is not in equilibrium,
but changeable and dynamic. Multivalent cations are proposed to bridge free mobile side
chains of these macromolecules as described for polymer networks (Huber, Praznik et al.
1993, Belfiore, McCurdie et al. 2001) and reduce their mobility (Schaumann 2006). Referring
to the SOM model of a supramolecular structure (Piccolo 2002, Sutton and Sposito 2005)
cations are thought to be one possibility of bridging small molecules with each other and
forming an organic network where the mobility of the molecules is reduced (Simpson,
Kingery et al. 2002, Schaumann 2006, Mouvenchery, Kučerík et al. 2012). Independently
whether the mobility of molecular segments of macromolecules or of whole small molecules
in a network is reduced in both models a higher rigidity of the matrix can be postulated. The
degree of rigidity is measured with the differential scanning calorimetry (DSC) by the detection of a glass transition for amorphous substances. Glass transition temperatures were reported for isolated humic and fulvic acids (Leboeuf and Weber Jr 2000, Young and Leboeuf
2000) but also for whole soil samples (Schaumann and Antelmann 2000, Hurrass and
Schaumann 2005).
The detection of glass transitions in SOM supports the described model (Hurrass and
Schaumann 2005, Schaumann and LeBoeuf 2005). Up to now it is known that there exist two
types of glass transitions in SOM. One named the classical one which also occurs in synthetic
polymer systems and which is reversible in subsequent heating runs. The other one is only
observed in water containing samples measured in a closed systems, this type of transition
slowly reverse after days or weeks of storage depending on the sample (Hurrass and
Schaumann 2005, Schaumann and LeBoeuf 2005, Hurrass and Schaumann 2007). The described thermal behaviour of SOM can be characterized by the glass transition–like step transition temperature named in this work step transition temperature T*. The step transition behaviour can be explained by the hydrogen bond-based cross-linking (HBCL) model, which
proposed cross-linking by individual water molecules (Hurrass and Schaumann 2005,
Schaumann 2005, Schaumann and LeBoeuf 2005, Schaumann and Bertmer 2008). In addition
to the bridging by water molecules an influence of multivalent cations by cross-linking organic molecules on step transition characteristics consequently on matrix rigidity is assumed
(Schaumann 2006). Such assumptions are supported by experiments with fulvic acids complexed by Ca2+, Tb2+ and Al3+. Strong changes in intensity and absorption wavelength in fluorescence measurements for the Al3+ - fulvic acid complexes were found and the authors assume a more rigid matrix due to the results (Elkins and Nelson 2001).
Hurrass & Schaumann (2007) investigate the changes in moisture status on the thermal behaviour of SOM. The results of the study support the HBCL-Model and demonstrate a slowly
reversing T after a first heating cycle. More than 7 month were required for a complete reversibility of T*. The required reversing time was supposed to be equal with the time of form22
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ing water molecule bridges in the organic matrix. From these observations we generally assume that the development of an increasing rigidity or higher networking including conformational changes in a solid matrix are related to slow processes. Therefore we also take for the
formation of cation bridges slow processes in account. What means that not only the absolute
cation content influences the organic matrix but also the absorption mechanism plays an important role.
Due to the description on interactions of cations and SOM and formation of cross-links in
SOM the following hypotheses can be derived:
I.

Multivalent cations like Ca2+ and Al3+ induce coordinative cross-links in SOM which
results in a more rigid matrix

II.

An increasing content of cations effects an increasing rigidity, a decreasing content of
cations effects a decreasing rigidity

III.

Al3+ is more effective for rigidity than Ca2+

IV.

Structural conformations due to the formation of co-ordinative cross-links with multivalent cations are based on slow processes and therefore soft and slow absorption
mechanism influences matrix rigidity stronger (increasing effects) than abrupt changes
in cation status

V.

The aging effect due to water bridges for the cation treated samples is less pronounced
than for no-treated samples because of the higher saturation of cross-linking sites in
SOM

VI.

Conformational changes and aggregation often lead to a higher hydrophobicity of
samples, therefore samples with coordinative cross-links and a higher rigidity are
more hydrophobic than samples with lower rigidity

The investigation of the hypotheses is conducted with a solid soil sample and different cations
in varying concentrations and with different methods of cation addition. All samples were
analyzed with DSC for their matrix rigidity. In the following study are three central parts to
check the hypotheses: influence of cation de- and absorption on rigidity, influence of time on
rigidity and influence of the found rigidity on the hydrophobitcity of the samples.

2.3 Material and Methods
2.3.1 General strategy
Checking hypotheses I – IV)
To investigate the influence of multivalent cations on matrix rigidity the cation status of the
sample is to change and effects are to determine by DSC. The water content remains constant
for all samples at the timepoint of analyzing the rigidity in the matrix.
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There are two possibilities to change the cation status in a sample: to add or to reduce the
cations. More precisely it is always an exchange of cations whereby an addition means an
exchange of the desired cation like Ca2+ or Al3+ with other mono-, di- and perhaps tri-valent
cations but also with H+. A reduction means an exchange of metal cations in general with H+
(in the chosen procedure). Hence practical methods are recommended to do this in a way
nearest natural conditions with the objective to conduct homogenous results in cation content
and matrix rigidity. In the following a percolation (“soft” absorption of cations) and a batch
method (abrupt changes in cation status) for the absorption of cations were introduced and
discussed on the results. Also a method of demineralisation is conducted inducing cation depletion by acidic conditions observed during podsolation processes (Klitzke, Lang et al.
2008). According to the chemical differences of Al3+ and Ca2+ and also according to their different acting in SOM or soil solutions mentioned before also varying effects were assumed on
matrix rigidity of those multivalent cations.
Cation depletion was only conducted in a more radical way with an acididc exchange resin,
because we were focussed on condition were all exchangeable cations werr removed from the
samples and not on a stepwise decrease of cations in the sample.
Checking Hypothesis IV)
To control the influence of water bridging between organic molecules, samples were stored
for a longer time under constant humidity and temperature conditions. The question is if there
is an aging effect detectable although a part of the cross-linking sites are occupied by multivalent cations. No difference in T* measured at different time points is obtained if the crosslinking sites of water molecules and of cations are identical in SOM.
Checking Hypothesis V)
In literature hydrophobic effects are observed for air dried samples with a high amount of
SOM. Is there a correlation between a formation of a network in the interior of the SOM and
hydrophobic effects at the surface? For answering this question a selection of the treated samples were also investigated for their hydrophobicity.

2.3.2 Soil Samples: Preparation, characteristics and storage
Spruce Forest Soil
The soil sample used for the following experiments (addition of cations and demineralization)
was an organic layer from an 80 year old spruce forest in South Germany. Immediately after
sampling and homogenizing the sample was shock frozen and then stored in a freezer at minus 18°C. For the experiments the sample was unfrozen in a fridge and air dried. The water
content of the samples differs between 7 and 8% percent after drying. Then the sample was
sieved at 1 mm, some needles have to be collected manually from the samples and common
soil characteristics were determined (Table 3): Cation exchange capacity CEC was analysed
using barium chloride solution as it is described in DIN ISO 11260 (effective CEC = CECeff)
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and DIN ISO 13536 (potential CEC = CECpot). Gustaffson and Pechova (2003) confirm extraction with barium chloride is a good indicator for active Mg2+ and Ca2+ (Gustafsson Jon,
Pechova et al. 2003). Obviously there is a large difference between CECeff and CECpot for the
sample this is due to the high amount of Corg and the low pH and also reported for other high
organic and acidic forest soils (Ross, Matschonat et al. 2008). PH was measured in 0,1 M calcium chloride solution after 30 min. For further treatment the sample was stored in PE bottles
at room temperature.
pH

3,7 ± 0,1

Corg

CECpot

CECeff

WC

Ca2+

Mg2+

Al3+

/%

/mmolc
kg-1

/mmolc kg-1

/%

/mmolc
kg-1

/mmolc kg-1

/mmolc kg-1

43 ± 4

671 ± 50

303 ± 20

8±1

165 ± 10

43 ± 5

60 ± 3

Table 3: Common soil characteristics of the used organic layer from a spruce forest

After the described treatments (cation addition by percolation / batch experiments and demineralization experiments) the samples were dried in a drying chamber at 25°C for 4 days and
then stored in acryl glass desiccators at 20°C and 76% relative humidity, adjusted by saturated
NaCl - solution. The conditioning time depended on the objection of each experiment and is
found in each treatment description section of this work. During conditioning the samples
were stored evenly distributed in open petri dishes to assure the same conditions for all particles.
Peat samples
For the demineralising experiments two peat samples were used. One peat was collected from
Fuhrberg near Hannover in Middle Germany the other from the Heudorfer Ried in South West Germany, Hegau. The common soil characteristics are presented in Table 4.
pH

Corg /%

CECeff / mmolc·kg-1

Peat Fuhrberg

2.7

52 %

123

Peat Heudorfer Ried

5.8

25 %

680

Table 4: Common characteristics of the two peats

A special characteristic of the peat Fuhrberg is the fact that no microbial activity was measured, so no changes by microbial interaction can be anticipated. Furthermore much more information on this peat is found in (Jaeger, Shchegolikhina et al. 2010).

2.3.3 Preparative methodical study: developement of an optimized method
to load SOM samples with cations
The objective of these treatments was to add more specific cations (Ca2+ or Al3+) to the sample in a stepwise procedure to achieve several homogeneous samples with six different cation
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amounts. We want to prevent a cation uptake which exceeds the number of available exchange sites in the samples therefore the cation concentration in the solution was adjusted on
the maximum amount which can be absorbed by the samples. The final concentrations in the
sample should vary between the original concentration of the respective cation and the effective CEC. No formation of salt crystals in the samples was desired, because these cations have
no influence on the structure of SOM. We want to find out a method which results in a high
degree of cross-linking as described in chapter 2.2. On the one hand we want to achieve a
slow sorption of cations in percolation experiments with a slow flow-through, several percolation cycles with drying periods during the whole procedure and a slightly increasing cation
concentration in the solution at each percolation cycle. In our point of view such a method
would be near environmentally conditions. In contrast to the very slow percolation method we
decided to use a more abrupt method of cation addition which assures a more homogenous
distribution of the cations in the samples. Therefore the samples were shaken in a batch with
the cation solutions.
In the treated samples the effects of the cation content and of the method of addition on crosslinking in SOM should be determined. The experiments were in the same order conducted as
described below. At the end the batch experiments turned out to be most stable for further
measurements. Nevertheless it seems to be important to present also the non-succeeding methods to analyse the problems and to prevent failures for future research. However some of
the percolation results are quite interesting and should be discussed further on.
Percolation with small sample amounts
The background for using percolation for the addition of cations was to use a soft method
which did not alter the sample in a radical way (see hypothesis III). So observable effects can
be related to cation content not to mechanical influences as happened during shaking for example. We wanted to offer conditions for supporting the “growing” of cross-links in SOM
like it was reported for water molecule bridges in SOM depending on the pretreatment
(Hurrass and Schaumann 2005).
Therefore we decided to use a stepwise percolation procedure interrupted by drying phases
initiating further actions in SOM (e. g. effects of swelling and drying processes) and homogenous distribution of the cations in SOM.
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Figure 1: Procedure of percolation with Ca2+ solution for creating sample with different cation contents
and various degrees of cross-linking in SOM

For each percolation 3.5 g of the soil sample were filled in a 25 ml PE syringe used as column
and 100 ml solution were used for percolation. Three Ca2+ solutions (Ca(NO3)2*4 H2O ≥ 99%
p.a., Carl Roth GmbH) differing in concentration were used: 5 mmol l-1, 8 mmol l-1 and 10
mmol l-1.The percolations were conducted for at least two times and at most four times, each
of them took 1.5 hrs until the whole solution was running through the column. The procedure
is given in Figure 1. After the first percolation there was a drying phase for 3 days after that a
new percolation with a solution of the same concentration took place. During each percolation
cycle a short amount of the sample (few mg) was conditioned for 14 days and matrix rigidity
was measured with DSC. To minimize the losses of DOC we used soil solution from the same
sample as basis for the cation solutions (preparation is described in “Percolation with larger
samples amounts”). The cation concentration of the solution was measured before and after
passing the column to analyse the absorption of the soil sample and to calculate the soil concentration. An aliquote of the dried soil sample of each percolation step was extracted with
0,025M Ammonia – Ethylenediamine tetraacetic acid solution (EDTA  99%, p. a., Carl
Roth GmbH) for cation analyses. The percolations were conducted in duplicate.
Percolation with larger samples amounts
After having first experiences with percolation of a very small amount of sample we now tried
to percolate in larger quantities. Therefore 15 g of the organic layer was filled in a glass column (400 mm*20 mm, Lenz DIN 29/32, Duran glass) with PTFE valve. On the bottom of the
column a glass wool layer with a thickness of 2 cm between two glass fiber pre-filters (GF 92,
Schleicher & Schuell) were used to avoid the loss of soil particles during percolation. Solution
and soil were put alternately in the column by periodically stirring. Suspension was homoge-
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nized and air was removed. This procedure was stopped when the whole sample was saturated
with salt solution and no dry areas in the column were observed.
The solutions for percolation were prepared from a DOC solution of the spruce forest samples. Therefore 30 g sample (sieved on 2mm) and 750 ml deionized water were horizontal
shaken for 3 hrs. After shaking the suspension was filtered by pressure on 0.45 µm cellulose
acetate filters (Sartorius®). The Ca(NO3)2 was first dissolved in 100 ml deionized water and
then mixed with the DOC solution to prevent formation of precepitates.
Samples were percolated approximately for four times with a Calcium Nitrate (Ca(NO3)2*4
H2O ≥ 99% p.a., Carl Roth GmbH) solution. The first and second time with a concentration of
5 mmol l-1, the third time with a 8 mmol l-1 and the fourth time with a 12 mmol l-1 Ca2+ solution. This procedure is different to the percolation experiments before but it results from the
fact that after step 2 often no further increase in cation content of the samples was observed.
For each percolation 375 ml of Ca2+ solution was used. One percolation took 2 – 2.5 hours the
flow rate was 3 ml in average regulated by a flexible tube pump. Sometimes especially for
solutions with lower cation concentrations the flow stopped and the suspension in the column
had to be stirred.
Then the sample was removed from the column by compressed air. Remaining solution in the
sample was separated by vacuum filtration (589/2 Filter Paper Circles, ashless, Whatman®).
Each sample was dried for 48 hrs at 25°C in a drying chamber and after drying it was stored
at 20°C and 76 % relative humidity in a desiccator for 2 days. Before and after drying the
samples were weighed to determine the remaining water after percolation. Then the percolation procedure started again. After the whole treatment the samples were stored in a desiccator
at the described conditions. Finally there were four different treated samples, prepared in triplicates. One sample only was percolated with deionized water as control. The percolated solutions from each step were filtrated at 0,45 µm (Cellulose Nitrate Filter, Sartorius®) and analyzed for pH, Calcium and Dissolved Organic Carbon (DOC). An aliquote of the dried soil
sample was extracted with 0,025M Ammonia – Ethylenediamine tetraacetic acid solution
(EDTA 99%, p. a., Carl Roth GmbH) for cation analyses. After conditioning for 4 weeks soil
samples were measured with DSC.
Batch experiments
Samples were treated at pH 4 with calcium nitrate, aluminium nitrate and sodium nitrate solutions. 10 g of the original sample were spiked with 250 ml solution in 500 ml Duran glass
bottles. Altogether 8 different concentrations for Ca2+ (0.5, 1, 2, 4, 5, 8, 10 mmol l-1) and 7
different concentrations for Al3+ (0.05, 0.25, 0.5, 2, 4, 6, 8 mmol l-1) were chosen. Samples
treated with Ca2+ were prepared in triplicate, samples treated with Al3+ were prepared in duplicate. Another set of samples was treated in the same way with different Na+ salt solutions
(10, 50, 100 mmol l-1) and deionized water as control. Additionally one subsample of 10 g
was moistened with 10 ml deionized water, this correlates in average with the remaining wa28
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ter content of the samples after filtration. So this control does not lose any cations and organic
matter. The samples were shaken for 3 hours in a horizontal shaker. PH was monitored after
0,5 and 1,5 hrs and adjusted with 1 M HNO3 or 0.5 M NaOH to pH=4 if necessary. Then the
solution was separated by vacuum filtration for 10 minutes (589/2 Filter Paper Circles, ashless, Whatman®). The soil samples were weighed to calculate the amount of remaining water
and then the samples were dried and stored as described above.
The T* measurements took place after 4 weeks of conditioning for all samples. The Ca2+
treated samples were measured after 12 and 22 weeks, stored as described above, the Al3+
and Na+ treated samples were measured after 9 and18 weeks.

2.3.4 Demineralisation experiments
Demineralisation experiments were conducted with an acidic cation exchange resin (ion-resin
Amberlite® IR120, H+-Form, exchange capacity 2.3 mmolc g-1, Merck, Darmstadt) as formerly described in (Kaupenjohann and Wilcke 1995). For each experiment 2,5 g of the resin was
welded in a finely meshed polypropylene net (mesh size 72 µm). Each resin bag was then
washed in 10% HNO3 – solution for 30 min and rinsed with deionized water to remove DOC
and free acid. In preliminary tests measurable DOC fractions were found in blank samples.
The intention was to extract all changeable cations in SOM in exchange to H+ and to obtain
the effect on the structure of SOM after depletion. (Hypotheses I & II)
For each sample 2 g of the peat or organic layer and 50 ml water were mixed for 15 min in a
horizontal shaker in a 100 ml PE bottle. This procedure assures a complete wetting of all particles. After this “wetting procedure” the resin bags were added to the suspension and treated
in a horizontal shaker for 24 hrs.
In each sample the pH were controlled after 30 min. For all samples no adjusting of pH with
BaNO3 as described in Kaupenjohann & Wilke, 1995 were necessary because all pHs are near
or lower the required pH value of 3. This was also due to the fact that a highly decreasing pH
can be an indication for existing salts in the sample itself. So if the pH decreases it can be
assumed that not all extractable cations are absorbed to SOM but originated from soluble
salts.
At the end of the extraction the pH was measured and the resin bag was rinsed again with
deionized water because adhering particles had to be removed from the resin. The soil water
suspension was filtered for DOC measurements (0.45 µm; Sartorius®). The resin bags were
extracted in 50 ml HNO3 solution for 2 hrs. As control deionized water was used for the extraction. The extracted solutions were then analysed for Ca2+ and Mg2+ as described in 2.3.5.
The soil samples were treated as described in 2.3.2 and T* was determined by DSC. For the
samples of Fuhrberg and Heudorfer Ried only one sample was extracted, for the spruce forest
layer the experiments were conducted in duplicates.
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2.3.5 Chemical Analyses
The supernatant from the batch experiments were analyzed for pH, cation concentration and
DOC. Immediately after the batch procedure pH and DOC were measured. For determination
of DOC the solutions were filtrated with 0.45 µm cellulose nitrate filters (Sartorius®), before
the filters were flushed with warm deionized water to minimize contamination. The DOC
concentration was analyzed with a TOC Analyzer Multi C/N 2100 (Analytik Jena) after acidification and outgassing of inorganic carbon.
To calculate the absorption of the cations of the samples the solutions were analyzed for the
added cations (Al3+, Ca2+). Furthermore selected sample for Mg2+, Fe3+ and Mn2+ to calculate
the exchange in the soil sample. Ca2+ and Mg2+ were analyzed with Flame AAS (Perkin Elmer
4100; Varian AA 240 FS for Al3+) with an oxygen/acetylene flame, Al3+ with a nitrous oxygen / acetylene flame ( Varian AA 240 FS) and Fe3+ and Mn2+ were analyzed with Graphite
Tube AAS (Perkin Elmer 4100). In general a calibration curve was conducted by internal
standardisation (Standardaddition) or if no differences were identified between the curves by
an external standardisation in the same solution (e. g. EDTA or 10% HNO3). The solutions of
the controls were analyzed for Ca2+, Mg2+ and Al3+ to calculate desorption from soil.
To quantify the cations which were linked to SOM from each soil sample two aliquots (1.5 g)
were extracted with 40 ml 0,025M ammonium tetra acetate – ethylenediamine tetraacetic acid
solution (EDTA ≥ 99%, p. a., Carl Roth GmbH) at pH 4.6 for 3 hrs and then for 10 min with 1
M ammonium tetra acetate solution. The extracts also were further analyzed for Ca2+,Al3+,
Mg2+, Fe3+ and Mn2+with Flame or Graphite Tube AAS as described above to verify the results from soil solution measurements and to quantify total cation contents in SOM.
So for each sample there were two values for cation content available and a validation was
possible.

2.3.6 DSC measurements
Differential scanning calorimetry experiments were performed to characterize the thermal
behaviour of the treated samples and to quantify the level of cross-linking of SOM. Analyses
were performed with a DSC Q1000 (TA Instruments, Germany) with a refrigerated cooling
system (RCS) and nitrogen as a purge gas. All samples were abruptly cooled in the DSC instrument to -50°C and then heated with 10 K min-1 from -50°C to 110°C, followed by a
second abrupt cooling and subsequent heating cycle. Baseline was corrected with the TZero
technology® by TA Instruments.
Data were analyzed using Universal Analysis version 4.1 (TA Instruments). The glass transition like step transition temperature T* is indicated by an inflection point in the thermogram.
Operationally, three tangent lines were applied for the evaluation. The change of heat capacity
(∆cp = J g-1 K-1) was calculated from the height of the central tangent line. In the following
sections only the first heating cycle will be observed because the determined T* is a nonreversing thermal event (Schaumann and LeBoeuf 2005). The baseline correction applied by
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Hurraß & Schaumann was not applicable in this study due to significant thermal events in the
second heating cycle.
A total of 1-3 mg of the sample was placed into hermetically sealed Aluminum pans. 3 to 7
replicates were carried out depending on the quality of the resulting thermograms, so that for
each sample at least 3 significant transition temperatures were available.

2.3.7 Contact angle measurements
The contact angle measurements were conducted with the sessile drop method as described in
Diehl et al. (Diehl and Schaumann 2007). The samples are fixed by double sided adhesive
tape on a glass side (Bachmann et al., 2000b). Pictures were taken by a digital camera and
then were used for geometrical analysis of drop shape and calculation of the respective contact angles. The water drop forms a shape that depends on the interfacial tensions (ϒ) on the
three adjacent surfaces: solid (s), liquid (l) and vapour (v). the angle at the three phase contact
line between the solid-liquid (sl) and the liquid-vapour (lv) interface is called the contact angle,θ.

Figure 2: A sessile drop fitted as ellipsoidal cap showing the vectors of interfacial tensions, ϒ, at the dropedge, the observable contact angle θapp and elliptical parameters a, b, h necessary to calculate θapp and
drop volume V (Diehl and Schaumann 2007).

Observing a high contact angle means a surface with a high hydrophobicity.

2.4 Results and Discussion
2.4.1 Cation addition by percolation and by batch experiments
Percolation with low sample amounts: Cation content and T*
From the first percolation with small sample amounts results 18 samples (including the duplicates) treated with varying cation concentrations and with a varying number of percolations
(2 – 4 times).
The cation content of the samples was analyzed by EDTA extraction and Flame AAS as described in capter 2.3.5.
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As seen in Figure 3 the cation uptake of the samples was higher than expected. The Ca concentration in the samples ranged between 320 and 400 mmolc kg-1. These values exceed the
effective CEC of 300 mmolc kg-1. The objective of the cation addition was to achieve samples
with Ca2+ contents ranging in uniformly distributed intervals between the original Ca content
and the CECeff. This distribution was not achieved. Referring to the exceeded CECeff on the
one side the formation of inorganic salts in the samples is expected on the other side due to
the different experimental design in the procedure of cation exchange in CEC (over top shaking and centrifugation) and in the conducted percolation it is to consider that DOC losses are
higher for the CEC method than in the percolation method and available sorption sites for
cations are lost in the CEC method. We assume that both effects are responsible for the exceeding cation concentrations in the samples.
Most of the samples show an analyzable step transition in the first heating cycle. A change of
heat capacity of 0.1 – 0.3 Wg-1K-1 in a temperature range of 58°C – 64°C can be obtained for
the treated samples. This is a typical temperature range for samples with a high amount of
SOM (Schaumann, 2005; Hurrass & Schaumann, 2005). The observed step transition is non
reversible, what means in the second heating cycle no step transition in this temperature range
can be obtained. However there is a step transition at 71°C until 74°C with a very low change
of heat capacity (0.01 – 0.04 Wg-1K-1) in the second heating cycle. This event can be identified for all treated and also untreated samples but no changes can be obtained in dependence
from the cation content or percolation cycle. In the first heating cycle the described step transition is not visible because it is overlaid by the described more intensive step transition.
Referring to the characteristics of the step transition the thermal event can be identified as
glass transition-like step transition temperature T*. T* of the samples is related to the same
samples analyzed for Ca2+ in Figure 3. It is well pronounced that all treated samples show a
significant higher step transition temperature than the original sample. But there are also differences between the samples treated with different percolation solutions though the Ca2+
concentration in the samples are very similar.
Samples treated with a Ca2+ solution of 5 mmol l-1 are all show higher T* on average than the
samples treated with solutions of higher concentrations. Especially the 5 mmol samples with
lower Ca2+ contents demonstrate the highest T*. The samples treated with the highest Ca2+
concentration in solution show the lowest increase in T*. The slope of T* increases in the
following order 10mmol treatment < 8 mmol treatment < 5 mmol treatment. Hence it can be
concluded that T* is not only dependent on the cation content in the sample but it also depends on the manner of addition: low concentrations in the solution promote a higher matrix
rigidity of the SOM. By this result hypotheses III is supported in which the mechanism of
absorption is related to structural conformations which are proposed to play an important role
in the development of cross-links in the interior of the organic matrix. In hypotheses III it was
postulated that abrupt changes of the cation status in the sample would have a lower effect on
rigidity than slower changes.
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Figure 3: Step transition temperature T* in dependence of the Ca2+ content of the sample and the concentration of the used percolation solution (5 mmol, 8 mmol, 10 mmol) after 4 weeks conditioning.

No influence on T* was observable for the number of percolation cycles independently from
the used percolation solution. Considering the higher number of drying and rewetting processes which is suggested to enhance conformational changes (Simpson, Kingery et al. 2002,
Schaumann 2006) an effect was expected.
However with regard to the same samples aged for nine months under constant conditions in a
desiccator the differences between the treated samples vanished.
As shown in Figure 4 the overall standard deviation of T* increases for all samples from
.1.0°C to 2.6 °C. Therefore the quality of linear regression of the values decreases and the
increase of T* is not as significant as it was at the 4 weeks measurements. The mean values of
the treated samples are closer to each other than after 4 weeks conditioning time. Also the
clear differences between the original sample and the treated samples shown in Figure 3 are
not demonstrated anymore. Only the order of the increase of T* between the different treated
samples is still the same but much not significant.
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Figure 4: Step transition temperature T* in dependence of the Ca2+ content of the sample and the concentration of the used percolation solution ( 5 mmol, 8 mmol, 10 mmol) after 9 months conditioning.

The concentration of the percolation solution have an influence on T* by regarding a short
time period, but after a longer time period this increase vanished. Hence, conformational
changes induced in the samples percolated with a 5 mmol l-1 solution are also took place in
the other samples but some more conditioning time is needed for these changes. Generally the
overall increase of T* demonstrated a high influence of water-bridges which were suggested
to be responsible for matrix aging in SOM (Hurraß & Schaumann, 2005). The role of water is
deeper discussed in the following chapters.
Percolation with larger sample amounts: DOC, Cations and T*
The central variation in the experimental design of percolation with larger samples amounts
in comparison to the percolation with small amounts was the change of the cation concentration in the percolation solution at percolation step 3 and 4. Nevertheless as seen in Figure 5
the use of higher concentrated solutions in the last percolation steps did not effect the cation
content in the soil samples. It is demonstrated that the main uptake of Ca2+ took place at the
first two cycles then no further significant uptake can be observed. Especially for the third
cycle it cannot be excluded that there is a decrease of Ca2+ in the samples. Due to the results
of the analyses of the percolation solution this also can be obtained for the 4. cycle. In conclusion after the second percolation cycle a constant Ca2+content in the samples can be assumed
for further percolations independently from the Ca2+ concentration in the solution. This observation is in line with the results of the percolation with smaller amounts. In the second percolation the cation uptake is much lower and did not exceed the CECeff. It can be assumed that
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this is caused by the slower flow through and the higher amount of percolation solution in
relation to the sample amount (3.5 g / 100 ml versus 15 g / 370 ml) at the first percolation
experiment. Furthermore the samples were drained after the treatment at the second percolation so the remaining Ca2+ solution was lower than in the first experiments.
The differences between the results of the analyses of the percolation solution and the results
of the measurements of the EDTA extracts are also shown in Figure 5. For the first three percolation cycles the values of the replicates are very similar only for the fourth percolation step
the values show a significant difference. Regarding the laboratory praxis no reason for this
difference can be identified. But in conclusion the values do not change the general trend of
the curve. In the following figures only the results of the EDTA extraction were considered
because a better comparability of the results between the different experiments in this thesis is
warranted in this way.
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Figure 5: Ca2+ contents in the treated samples from the mass balance analyses in the percolation solution
and from EDTA extract from the samples itself
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Figure 6: Cation content of the samples after each percolation cycle during the addition of Ca2+, the pecolation cycles and its concentration are given at the x-axis. The content was measured by EDTA extraction
of an aliquot of the samples.
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In the EDTA Extracts additional cations were analysed to identify the main exchange partners
of Ca2+. This knowledge is very important for a correct interpretation of the DSC results. For
example no increase on T* can be assumed if Ca2+ is changed with other cross-linking
cations. As it is seen in Figure 6 mainly Mg2+ is in exchange with Ca 2+ also a small amount
of Mn2+ exchanges with Ca2+. The amount of H+ ions, Na+, and K+ involved in the exchange
processes in acidic soils (Ross et al. 2008) is unknown but can be expected because the
amount of Ca2+ in the samples is clearly higher than the losses of Mg2+ and Mn2+. As what is
known about the cross-linking or complexing effects of all available exchange cations
(Kalinichev and Kirkpatrick 2007) there no decreasing effects on T* by exchanging mechanism are expected.
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Figure 7: Losses of organic carbon during the percolation cycles, averages from all treated samples (standard deviation based on the individual values). It is stated that the values are related to the losses of DOC
at the specific percolation step, what means the oberall loss of DOC for the sample percolated for four
times is the sum of the values in each step.

The losses of DOC decreased with an increasing number of percolations and an increasing
Ca2+concentration in the solution as shown in Figure 7. This result was expected because
within several leaching processes the fraction of dissolved carbon should be reduced. Furthermore higher cation concentrations in the solution should prevent high losses of DOC (e. g.
(Römkens and Dolfing 1998, Schaumann 2000)).
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Figure 8: T* of the different treated samples of each percolation cycle and for the control

In Figure 8 the determined T*of the different percolation cycles are shown. In contrary to the
first percolation no relation is recognizable between concentration of the percolation solution
and step transition temperature. There is also no difference between the number of percolation
cycles. The standard deviation of the temperature is very high in some cases the value is 3°C
and higher therefore no significant differences are recognizable even to the control percolated
with DOC solution. In general all treated samples show in average a higher T* than the control, the control and the original non treated sample show always similar values. Also in this
experiment there is a lack of calcium content between 160 and 220 mmolc / kg and therefore a
Ca2+ content of uniformly distributed intervals was not achieved.
Looking at Figure 8 there is a downward drift recognizable for T* of higher Ca2+ concentrations in the sample.
This observation is underlined when the results of two percolation designs are compared with
each other independently of the used solutions and the number of cycles. A decrease of T*
can be observed for the treated samples. As it is shown in Figure 9 the linear fit gives a decreasing tendency with a low significance ( p = 0.2). However it is to be mentioned that the
results from the first percolation are to be analyzed carefully because the Ca2+content exceeds
the CECeff and the amount linked to SOM cannot be differentiated to the amount possibly
available as salt crystals.
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Figure 9: Decrease of T* with higher Ca2+contents in the samples.

So it is to be dicussed further on if the relationship of higher cation content and less matrix
rigidity can be confirmed by more results on cation treated samples. In consequence to the
decrease of T* there also should be an increase between Ca2+ contents of 160 and 220 mmolc
kg-1.
For both percolation designs some problems in the performance of the experiments can be
identified. No constant Ca2+ contents in the duplicates or triplicates were achieved (differences of ± 20 mmolc kg-1)High deviations in T* of the same treated samples referring to
deviations of the original samples and to literature data (Schaumann, 2005) make general conclusions and statistical evaluations difficultIt is to point out that for the whole
thesis the creation and description of cation treated samples is only the first step, more important is to know something about the effects of cations in SOM. For such experiments a large
treated and homogeneous sample amount is necessary.

Batch experiments: DOC, Cations and T*
Batch experiments were performed to solve these problems of heterogenity. This method of
cation addition was not preferred at the beginning of the study because it can be stated as a
relatively hardsh method further from natural processes than percolation and leading to an
abrupt change of the cation status and mechanical stress. But the formerly used percolations
do not show a high influence of the experimental design (different percolation solutions, wetting and drying procedures between the stepwise percolation show no influence on T*). The
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Batch experiments were conducted with NaNO3, Ca(NO3)2, and Al(NO3)3 solutions. The used
solution concentrations were partly lower than for the percolation experiments to create samples especially in a concentration range where an increase of T* is anticipated due to the results from the percolation experiments.
The cation content of samples increase with increasing concentration of the respective cation
in the solution and approaches a cation-specific maximum. The maximum content of Ca2+
(270-300 mmolc kg-1) is reached by treatment with an initial concentration of 5 mmol kg-1 in
the solution. The CECeff is not exceeded thus no no salt crystals are expected to be in the
samples. It can be assumed that all accessible exchange sites in SOM are saturated with Ca2+.
There was no significant difference between the results of the analyses of the soil solutions or
of the EDTA extractions of the soil samples. In comparison to the percolation experiments
there are now also samples with 160 to 220 mmolc / kg Ca2+ and the standard deviation is now
only ± 10 mmolc kg-1.
The exchange partners of Ca2+ are the same as in the percolation experiments determined.
Ca2+ mainly replaces Mg2+ from its exchange sites, which is indicated by a decrease of Mg2+
in the samples from 40 mmolc kg-1 to almost 0 for high Ca2+ solutions. The amount of Manganese decreases from 10 to 4 mmolc kg-1, whereas Al3+ and Fe3+ in the samples were constant even for the highest concentrated Ca2+ solutions.
Similar results were measured for the exchange with Na+ (not shown): Ca2+ and Mg2+ were
exchangeable with Na+ and their content decreases with increasing Na+ concentration in the
solution. Due to analytical problems it was not possible to measure Na+ directly in the batch
solution or the EDTA extracts (EDTA was used as sodium salt). Therefore the following estimation is made based on the results of Mg2+ and Ca2+ concentrations in the batch solutions
after treatment (see Table 5).
Na+ conc. initial solution / mmolc l-1

Ca2+ loss in treated
samples / mmolc kg-1

Mg2+ loss in treated
samples / mmolc kg-1

Estimated Na+ sorption
of samples / mmolc /
kg-1

10

16 ± 1

8,3 ± 0,5

~ 24

50

40 ± 3

21,5 ± 1

~ 60

100

58 ± 4

27,6 ±1

~ 90

Table 5: Estimated results for Na+ sorption during batch experiments on losses of Ca2+ and Mg2+

It can be concluded that at least 90 mmolc kg-1 are presented in the samples treated with the
highest Na+ concentration. It is assumed that this value is underestimated because not all exchange partners were considered in the calculation. According to the results of Ca2+ - sorption
of the samples it was shown that more than a double of Ca2+ was absorbed without analyzing
an adequate exchange partner (see Figure 6). It is probable that these exchange sites were occupied with cations like potassium or H+ which were not considered in the cation analyses.
40

Influence of multivalent cations on Soil Organic Matter: DSC Experiments with solid samples

The content of Al3+ and Fe3+ is constant for all Na+ treatments and at the same level as in the
original sample. Na+ does not act as a cross-linking agent because the ion only forms outersphere complexes with NOM which were known as weak and unspecific bindings (Sutton and
Sposito 2005, Kalinichev and Kirkpatrick 2007). So these treated samples are also can be defined as further controls for the experiments with Al3+ and Ca2+.
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Figure 10: Cation exchange during absorption of Al3+ in dependence on different concentrations in the
initial salt solutions; standard deviations are derived from the analytical methods in percent.

The absorption of Al3+ is more linear in the determined concentration ranges and no sorption
limit is detectable as it was determined for the absorption of Ca2+. The Al3+ content exceeds
the measured CECeff with barium chloride. It is not possible to eliminate the formation of inorganic Al3+ precipitates totally so we do not know exactly, whether all Al3+ cations are located at the exchange sites of the samples. But inorganic precipitation at a pH of 4 is nearly
negligible (Ross, Bartlett et al. 1991, Skyllberg 1994, Ross, David et al. 1996, Skyllberg
1999, Johnson 2002, Ross, Matschonat et al. 2008). It is more probable that Al3+ changes with
cations which would not change with Barium. Direct comparisons between Al3+ and Ba2+
binding capacities to organic matter were not found in literature. But generally Ba2+is known
for its efficient exchange characteristics due to its high ratio of charge to hydrated radius
(Ross, Matschonat et al. 2008). A weak exchange with Iron which was not obtained for the
exchange with Ca2+ indicates that exchange with Al3+ cations is more radical than with a divalent cation. Besides the potential CEC averages 600 mmolc kg-1 so there exist more exchange
sites in the soil as the determination with the BaCl2 method for the CECeff indicates and the
amount of exchanged H+ ions is not known.
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The two control samples, one treated with deionized water in batch like the other samples and
one only humidified, are not significantly different in cation content from the original sample
(EDTA-Extraction). For the control treated in batch a loss of Ca2+ of 4,5 to 6 mmolc kg-1 can
be calculated from the Ca2+ concentration in soil solution after treatment. So these values are
only about 3% of total cation content and for that the difference is lower than the standard
deviation of measurements of EDTA Extraction. It is also taking into account that there is a
higher loss of organic carbon and probably the ratio of organic carbon to cation content does
not change.
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Figure 11: DOC in the soil solutions after treatment in dependence of increasing initial Ca2+ ( ) and Al3+
(○) concentrations in batch solutions and in comparison to the control sample only treated with deionized
water (□). Linear regression with p = 0.08 for Al3+ and p = 0.1 for Ca2+.

For all treatments with cation solutions the DOC decreases with increasing initial cation concentration. As it is seen in Figure 11 there is a high decrease of DOC in solution and in consequence a lesser loss of OC from the samples by treatment even with very low concentrated
salt solutions in comparison to the control solution. A significant difference between Al3+ and
Ca2+ solutions was also determined. The progression of the curves is linear with a slight decreasing slope of -0.012 mg DOC / kg / mmolc Ca2+ and -0.019 mg DOC / kg / mmolc Al3+ in
the experimental system. So Al3+ is more effective in retaining organic matter from soil than
Ca2+ in spite of the lower concentrations normalized to cation charge. The total loss of SOM
of the original sample calculated from DOC, soil amount and Corg is about 0.5% for the control sample and accordingly lower for the samples treated with salt solutions. In comparison to
the percolation experiments the DOC loss in batch is significantly higher: using for first percolation a solution of 5 mmol l-1 there was an OC loss of nearly 1 mg kg-1 observed, using for
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Heat Flow / W g-1

batch experiments a 5 mmol l-1 solution an OC loss of nearly 1,5 mg kg-1 results. So this
shows that percolation is softer method than batch experiments.

Temperature / °C
Figure 12: Representative DSC thermograms of the first heating cycle of samples treated with Ca2+; a)
reference sample only humidified, Ca2+ content is 160 mmolc kg-1, b) treated sample, Ca2+ content is 175
mmolc kg-1, c)treated sample, Ca2+ content is 220 mmolc kg-1

For all treated and untreated samples there is a step transition in the first heating cycle with a
change of heat capacity of 0,1 -0,3 Wg-1K-1 and in a temperature range of 56°C up to 64°C.
This thermal event is non-reversing, what means in the second heating cycle there is no step
transition in this temperature range. However there is a thermal event at 69°C to 72°C with
very low intensities. This event is reproducible for all samples but there is no trend for increasing or decreasing values of T* identifiable. Representative thermograms for the first
heating cycle are shown in Figure 12.
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Figure 13: DSC results from Ca2+ treated samples in batch experiments and in percolation experiments
(see chapter 0), changes of T* with differences in Ca2+ content.

For Ca2+ treated samples there were found glass transitions like step transitions in a range of
56°C to 60°C. For the percolation results a different method of identification of T* was used
in the DSC thermograms therefore a direct comparison of the data were not possible before
correction of the results. After correction it was shown that the resulting temperatures were
lower than before but the relation to each other was very similar. Therefore only data for direct comparisons were evaluated with the new method not all shown data the former chapters.
As it is demonstrated in Figure 13 the percolation data and the batch data on T* complement
one another. The overall standard deviation is about ± 0,75 °C in average this result is in line
with deviations reported in literature for DSC measurements of soil samples (Schaumann and
Antelmann 2000) and much better than achieved with the percolation samples. T* increases
with increasing Ca2+ content in the soil until 200 mmolc kg-1 above 200 mmolc kg-1 there is no
significant change of T* to determine. The optical impression that T* decreases with higher
Ca2+ content which is supported by the results of the second percolation experiment. Figure 13
gives the impression that there is a specific cation content which induces a high rigidity of the
SOM matrix if the Ca2+ content is lower or higher the matrix is softer and therefore T* is
lower.
The increase between the reference samples and the higher concentrated samples averages
1,5°C. There is no effect on T* for the two controls at all, so the assumption that the determined increase is caused by the treatment with water can be excluded. But it is to be mentioned that the control of the percolation experiments show a lower T* than the controls of the
batch experiments this can also be observed for the untreated original samples used for the
two experiments. It is not possible to clear up the reasons for this phenomenon completely but
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it is important to mention that the two original samples were treated after sampling in the
same way but defrozen on different points of time and perhaps there is an unknown influence
affects these differences. However, this example demonstrates the importance of having controls for each experiment and for each charge of the sample.
The Na+ treated samples do not show any changes with increasing Na+ concentration in the
used solutions also the standard deviation of T* is the same as for the controls and the Ca2+
treated samples. There is also no further decrease of T* obtained as it could assumed by examining the graph of T*for Ca2+ in Figure 14 although a fraction of Ca2+ was exchanged via
Na+.
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Figure 14: Glass transition like glass transition temperature in dependence on Ca2+ content and Al3+ content in soil samples after 4 weeks conditioning at 20°C and 76% humidity.

For Al3+ treated samples T* ranges from 58°C to 62°C (Figure 14). The standard deviation is
in average 0,3°C, this is a very low deviation for DSC measurements of original soil sample.
The deviation is lower than the deviations of the controls and of the Ca2+ treated samples.
This observation indicates that Al3+ has a homogenizing effect on the molecular structure of
SOM. T* increases with increasing Al3+ content of the samples. Furthermore the maximum
T* for Al3+ treated samples (62°C) is higher than maximum T* for Ca2+ treated samples
(60°C). The curve shape at the beginning is similar to the results of the Ca2+ treated samples:
A high effect is noticeable for the samples with relatively low Al3+ concentrations and than a
less distinct increase for higher concentrations can be observed. No significant difference is
found for the last samples with concentrations higher than 300 mmolc kg-1. A possible explanation is that there are no sorption sites in SOM anymore, because the effective CEC is exhausted and Al3+ is bond in inorganic precipitates. Furthermore it is a similar effect as with
Ca2+ treated samples so there is probably a saturation point for cross-linking sites in SOM.
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Models
Summarizing the results described up to now and comparing to the hypotheses derived in
chapter 2.2 the following conclusions are possible:
→ The observed changes are all linked to the glass transition-like step transition temperature T* which is related to the occurrence and effects of water and will discussed after
the presentation of the aging results
→ Hypotheses I (induction of higher rigidity by Ca2+ and Al3+) is supported by all experiments
→ Hypotheses II (increasing cation content effects increasing rigidity) is not supported in
the complete concentration range. Maximum rigidity is achieved before all sorption
sites are occupied with the used multivalent cations and decreases for Ca2+ after
achieving the maximum
→ Hypotheses III (Al3+ is more effective than Ca2+) is supported, the same mol content of
Al3+ induces a higher rigidity, this is in line with results of Nebbioso & Piccolo
(Nebbioso and Piccolo 2009), they observed a higher molecular rigidity for HA – Al
bindings than for HA – Ca bindings by 13C cross-polarization magic angle spinning
(CP-MAS) and 1H-diffusion order spectroscopy (DOSY) spectra
→ Hypotheses IV) (abrupt changes of cation state versus slow / soft changes) is only
supported by percolation 1 and is discussed below
According to the different effects of Ca2+ and Al3+ on rigidity in SOM the following molecular models were derived on the observations and the state of the art about cation bindings in
organic matter to explain the differences.
In Figure 15 a simplified model is shown which considers the described observations of the
cation addition experiments in three stages of networking (I – III) due to Ca2+. In Figure 15 a
simplified model is shown which considers the described observations of the cation addition
experiments in three stages of networking (I – III) due to Ca2+.
II

46

Matrix Rigidity

Influence of multivalent cations on Soil Organic Matter: DSC Experiments with solid samples

Sterical Requirement:
Availibility of sorption
sites which give the
possibility of bridging
between the functional
groups of the molecules
2+

+ Ca

III

2+

+ Ca

I

Loss of multiple linked cation bridges
for the absorption of more cations,
matrix rigidity decreases
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multiple linked cation bridges

Cation Content

Figure 15: Simplified model for the relation of absorption of Ca2+ and the rigidity of SOM influenced
by cross-linking between the functional groups of different molecules.

I) Low content of crosslinking cations: Ca2+ is bond on sorption sites which provide inner-sphere complexes to a maximum number of co-ordination partners for a energetically stable binding between Ca2+ and the functional groups of the organic molecules.
But not all of these preferred binding sites are occupied, because of a missing number
of multivalent cations (in this case: Ca2+). Matrix rigidity is low.
II) Increasing content of Ca2+: All of the preferred binding sites are now occupied by
Ca2+, strong interactions provoke a rigid matrix (no side chain mobility, embedding of
small molecules in the matrix)
III) The ratio of Ca2+/functional groups of organic molecules increases and further uptake
of Ca2+ effects a distribution of cations to the available binding sites in SOM. It is postulated that bidentate bindings are energetically preferred in comparison for polydentate bindings for a two-valent cation. Further co ordination of the cation with water is
possible and the mobility of the side-chains increases. It is suggested by computational
calculations that other sites in the co-ordination sphere of the cation are now coordinated by water molecules (Aquino et al., 2010). Further discussion of this point
follws after the results of the aging experiments.
Referring to state II and the results in the first percolation it cannot be completely excluded
that there is an influence of the mechanism of the exchange process on the resulting rigidity
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(hypotheses IV: abrupt changes of cation state versus slow / soft changes). That would mean
that state II is not only depending on the cation content as postulated in the model and that for
higher contents also bindings as described for state II are possible. No final conclusions are
possible to the reliability of percolation 1 because in percolation 2 the observed effects for
samples treated with lower-concentrated solutions were not found.

Matrix Rigidity
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III

3+

+ Al

+ Al3+

I

No more absorption of
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Figure 16: Simplified model for the relation of absorption of Al3+ and the rigidity of SOM influenced by
cross-linking between the functional groups of different molecules. In contrast to Ca2+ further addition of
cations on the matrix do not lead to a less rigidity determined with T*.

Modelling the behaviour in rigidity for samples with Al3+ is more difficult because no computational calculations exist for Al binding to NOM. From literature it is known that Al form
strong innersphere binding with the functional groups of NOM and induce conformational
changes (Kalinichev and Kirkpatrick 2007).
I) This state is similar to Ca2+ - SOM modelling the ow content of multivalent cations induces polydentate complexes with the functional groups of SOM
II) The increasing content of Al3+ induces an increasing rigidity by a higher number of
polydentate bindings. Due to the higher charge of Al3+ it is assumed that Al3+ also can
bind functional groups over a longer distance than Ca2+. In literature for binding to
Al3+ also conformational changes of NOM were observed (Elkins and Nelson 2002,
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Kalinichev and Kirkpatrick 2007, Nebbioso and Piccolo 2009) and have to consider in
our model. The formed bindings are supposed to be very strong.
III) Though the cation content of the soil sample increases no changes in rigidity can be
observed. The constant rigidity is related to the assumption that the formed polydentate complexes are energetically preferred to bindings with a lower number of binding
partners. But it is unknown in which way the other Al3+ cations are bind to the matrix.
No hints in literature were found supporting other possibilities of binding than to the
functional groups of SOM. The formation of Al-Hydroxids (inorganic precipitates) is
negligible for pH < 4,2 (Ross, Matschonat et al. 2008). However in the model Al is
shown as an inorganic precipitate with an unknown binding partner.
Increasing T* related to cross-linking by cations was reported also by Luo et al. (Luo, Zhang
et al. 2008) who observed an increasing sorption capacity and non-linearity for samples
treated with Al3+ and Ca2+ solutions during sorption of phenanthren in contrast to samples
treated with Na+ solution. T* increases in the same range as reported here. The authors concluded based on the results further evidence of the dual mode distribution model (Xing and
Pignatello 1997). Same observations were also reported for interactions of heavy metals
(Cu2+, Ni2+ and Pb2+) in the same soils and phenanthren sorption (Luo, Zhang et al. 2010). But
it is to mention that the OC contents samples were rather low in comparison to the here determined samples. For further discussions it is also to mention that the determined changes in
T* are much lower than changes observed in Tg for organic polymers due to co-ordinative
cross-links by metal ions. Here the changes average between 10 and 150°C (Belfiore,
McCurdie et al. 2001).
Aging:
As it was shown for the samples of the first percolation cycle aging effects in rigidity occurs
after a conditioning time of several months. also the batch samples were measured at different
time points to observe aging effects as demonstrated (postulated) in literature (Schaumann,
2005, Hurraß & Schaumann, 2005). In the following the different cation treatments were
shown in own figures to assure an adequate view.
The phenomenon of aging of SOM due to water molecule bridges can be determined in a significant increase of T* (e. g. Hurraß & Schaumann, 2005). In this study for all treated and
untreated samples T* increases during the time of conditioning independently on treatment
method and cation. This can also be observed for the controls without any treatment.
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Figure 17: Step transition temperature for Ca2+ treated samples in batch 4 weeks and 6 months after the
treatment.
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Figure 18: Step transition temperature for Na+ treated samples in batch, 4 weeks, 13 weeks and 22 weeks
after the treatment.
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Figure 19: Step transition temperature for Al3+ treated samples in batch; 4 weeks, 13 weeks and 22 weeks
after the treatment.

For samples treated with Ca2+ solution the effect of aging averages 2°C in 6 months so it is
even greater than the effect of Ca2+ absorption (1,5° C after batch treatment with Ca2+ solution
for the rigid samples). For the Na+ treated samples the aging effect ranges also between 1 and
2°C in nearly 6 months. Only for the Al3+ treated samples the effect of aging in nearly 6
months is with 1°C in average weaker than the increase because of the sorption of Al3+ from
solution. For Al3+ treated samples there are very similar results of T* between the samples
conditioned for 13 weeks and for 22 weeks. The differences of T* between the conducted
cation treatments especially between Ca2+ and Al3+ vanished after a time period of 6 months,
the maximum T* of the Al treated samples after 6 months is 62,4 °C the maximum T* for
Ca2+ treated samples is 62,2 and the maximum of Na+ treated samples is 60,4°C. So the samples treated with cross-linking cations still show a higher rigidity than samples treated with
non-cross-linking cations like Na+.
All curve shapes are still comparable to the shapes of the first results after 4 weeks conditioning for all samples. For Ca2+ the decrease for a higher content in the samples seems to be better pronounced than before. The standard deviation of the measurements after aging decreases
for the Ca2+ treated samples; for Al3+ and Na+ treated samples they are still the same but it is
to consider that for these samples the deviation is also for the first measurements relatively
low.
Water molecule bridges were postulated in the HBCL-Model (see Introduction, chapter 2.2)
and related to the glass-transition-like step transition temperature as also reported for the
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treated samples. The occurrence of changes in T* due to a changing cation status in the matrix
demonstrates a relationship between water molecules and cations between the organic molecules. In chemistry a relationship between water and cation is described by the hydration shell
of the free cation in a solution. Stabilization by water clusters in SOM and by cation bridges
was shown by computational calculations (Aquino, Tunega et al. 2009, Aquino, Tunega et al.
2011, Schaumann and Thiele-Bruhn 2011) for selected functional groups. In reference to this
calculations mono- and bidentate bindings of Ca2+ to organic functional groups are possible
and depending on water content and environment (unpolar or polar). Water molecules were
included in the coordination shell of the cations in these complexes. Computational calculation for Al3+ shows the higher bridging power of aluminum
The results show strong evidence that the observed rigidity is linked to the interaction of
cations and water which complexity is unknown at this point of time. The pronounced aging
for Ca2+ treated samples, Na+ treated samples and the untreated samples is related to conformational changes of water molecules in a way of forming bridges between molecules as described by Schaumann & Bertmer, 2008 or calculated by Aquino, 2009. Due to the results of
Al3+ treated samples it is assumed that Al3+ induces the conformational changes of the water
molecules in a faster manner because of its higher binding strength. Computational calculation for Al3+ shows the higher bridging power of aluminum and supports the described observations (Aquino, Tunega et al. 2014) Only slight changes were possible eventually based on
the lower diffusity of the water molecules in the organic matrix.

2.4.2 Wettability / repellency of the treated and untreated samples
In order to achieve further information on differences between untreated and treated samples,
contact angle measurements were conducted which is a direct measure for hydrophobicity of
the samples. Hydrophibicity is linked with the surface structure of the SOM. The results of the
contact angle measurements of the treated and untreated samples show a curve shape similar
to the results of the step transition temperature. For Al3+ and for Ca2+ treatments the contact
angle increases in comparison to the control sample and with increasing cation content in the
sample. The increase is stronger pronounced at lower concentrations. At higher cation concentrations the curve flattens and decreases in average for Al3+ and for Ca2+ treated samples.
Again the Al3+ treated samples show a more pronounced effect than the Ca2+ treated samples.
The outcome of a correlation for the step transition temperature T* and the contact angle of
the sample, irrespective of the mode of treatment (Ca2+ or Al3+), is a clear linear correlation
(p<0,001). This result indicates that the rigidity and flexibility of the organic matrix in SOM
correlates with the hydrophobic and hydrophilic behaviour of the SOM surface, respectively.
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Figure 20: Contact Angle of the Ca2+ und Al3+ treated samples after 4 weeks of conditioning in relation to
the cation content.
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Figure 21: Correlation of T* with contact angle for all treated and untreated samples with different cation
solutions in batch experiments.
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Diehl & Schaumann, 2007 identified two possible processes responsible for changes in hydrophobicity of soil samples by analysing the activation energies, EA, during the rewetting
procedures. One process is mainly based on physic-chemical or pure physical changes and
linked with differences in the percentage of charged functional groups of the repellent and
wettable samples, whereas the other process is based on chemical reactions and linked with
conformational changes of organic molecules at the surface during the drying procedure.
Caused by an increase of H-bonds and ester linkages hydrophilic functional groups from the
surface are orientated towards the interior of the SOM matrix leading to a lower number of
hydrophilic domains at the surface. It can be assumed that referring to the second process also
cations are able to induce conformational changes by linking outstanding hydrophilic groups
into the interior. An increasing T* represents a higher rigidity and thereby a more complex
network in SOM as it is discussed in the former chapters. It is probable that the formed cation
bridges in the interior also involves molecules of outstanding groups in this process.
For Ca2+ treated samples the contact angle shows also a slight decrease (not significant) as it
also can be observed for T* of samples with Ca2+ contents near the CECeff. Referring to the
model described in Figure 15, a Ca2+ content near CECeff induces less cross-linking and according to the results of contact angle measurements leads to a higher degree of outward orientated hydrophilic groups caused by a reduced number of bonding partners in the interior.
For Al3+ treated samples the contact angle seems to be consistent for the samples with a high
content (above CECeff). As discussed in the last chapter it is assumed that Al3+ has different
(small precipiation or more exchange sites in SOM (as discussed Al3+ perhaps occupied more
exchange sites from the potential CEC) due to its stronger binding strength therefore no conformational changes were required for absorbing more Al3+ cations.
Schaumann et al. (2013) found also an influence of cation bridges on the wettability of peat
and soil samples which can lead to a higher water repellency. Nonetheless, in this study no
difference was found between Al and Ca treated samples. (Schaumann, Diehl et al. 2013)
To achieve more information on wettability and cation content of a sample with high SOM
and to validate the desbribed model of conformational changes it is recommended to control
the wettability status for the aged samples. Due to the described model an increase for Ca2+
treated samples and none or only a slight increase of the Al3+ treated samples is postulated.
It is to mark out that for a sample from a humic layer the influence of SOM is more pronounced than for more mineral samples so this result is hardly to transfer for soils with a
higher amount of inorganics / minerals.

2.4.3 Influence of demineralisation on matrix rigidity
In the former chapters (batch experiments) samples were described which were treated with
Na+ this indicates a loss of multi-valent cations like Ca2+ and consequently a decrease of matrix rigidity. Decreasing matrix rigidity was not found for the Na+ treated samples, the rigidity
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was consistent. This should be verified for more samples and for the use of a different method
which enables a stronger demineralization than exchange with monovalent cations.
Demineralization was conducted with the known spruce forest layer samples also used for the
cation additions, a peat sample from Fuhrberg and a peat sample from Heudorfer Ried. The
samples are described in chapter 2.3.2. Demineralization was conducted as described in 2.3.4.
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Figure 22: Step transition temperature T* before and after demineralisation of the three samples. Box
plots were created by at least 6 T* values for each sample.

As it is seen in Figure 22 the samples from the spruce forest and from Fuhrberg act in a similar way. The exchange of cations to H+ causes a slight decrease of T* of about 2,5°C for the
spruce forest sample and 1,5° C for the Fuhrberg sample. In contrast the sample from Heudorfer Ried acts different after demineralisation T* increases for nearly 3°C. Looking for an explanation for this unexpected behaviour it is helpful to consider the characteristics of the samples before and during demineralization:
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CECeff

Fuhrberg

3,40

51,6

50,2

4,01

2,82

123

Heudorf

8,37

955

26

6,2

2,6

680

Spruce Forest

162

38

4,4

2,76

303

2,51

Table 6: Sample characteristics and behaviour during the demineralization procedure with the acid cation
exchange resin.

With reference to the sample characteristics the sample from Heudorf differs evidently from
the two others. The Heudorf sample features a very large content of Ca2+ which exceeds the
effective cation exchange capacity of the sample measured with BaCl2. The presence of Casalts in the sample is very probable. This fact is also complemented by the strong pH decrease
during the demineralization procedure. It can be assumed that most exchange sites in SOM of
Heudorf are occupied with Ca2+ before the demineralisation experiment.
In contrast the sample from Fuhrberg shows the lowest Ca2+ content and also a low CECeff for
the relatively high organic carbon content of 52 %.
What we know from the cation absorption experiments is that there is a specific concentration
of Ca2+ where T* shows a maximum then T* decreases slightly with increasing Ca2+ content.
This maximum can be determined on a value of 220 mmolc kg-1 for Ca2+ which corresponds to
a CECeff saturation of 72,6%. That means the spruce forest sample was demineralised in a
condition where the maximum rigidity was not yet achieved because of the lower Ca2+ content. Transferring this to the other two samples it means that for Heudorf the point of maximum rigidity is exceeded because of the very high saturation of the CEC with Ca2+ the rigidity would be less pronounced; for Fuhrberg that would mean that the point of maximum rigidity is not yet achieved because of the low Ca2+ content (42,3 % of CECeff) similar to the
spruce forest sample but eventually less rigid. So it could be concluded that before demineralization the spruce forest sample was the sample nearest its specific rigidity maximum. But
this does not automatically mean that the spruce forest sample is the most rigid sample of
those three. As it is seen in Figure 22 in absolute values the Fuhrberg sample is the most rigid
sample due to a T* of 63 – 65°C. In our opinion this can be related to sterical reasons e. g. to
sites with a higher number of cross-linking water molecule bridges. Each soil sample has its
own specific point of rigidity. It is not possible to conclude nor from the cation content to the
rigidity of the SOM matrix neither from the rigidity to a predicting cation content.
So after demineralization the spruce forest sample shows the highest / most pronounced decrease of T* the decrease for the Fuhrberg sample is less pronounced. Similar results for
Fuhrberg were also reported by Mouvenchery et al. where also cross-linking induced by
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cation bridges has a low relevance (Kunhi Mouvenchery, Jaeger et al. 2013). So this would
support the prediction that the spruce forest sample is nearest at its specific rigidity maximum
and therefore the decrease because of demineralisation is more pronounced than to the Fuhrberg sample. For the Heudorf sample the demineralisation leads to a higher rigidity of the
sample because of the lower rigidity at the beginning due to high cation content. It can be
assumed that after the demineralisation the cation content of the samples is very low why the
rigidity of Heudorf is significantly increases is not fully explained by the model of the specific
maximum rigidity point because there could also be the possibility that there is no change in
rigidity. But it is important to point out that rigidity of SOM depends also on the formation of
water-bridges. Hence it can be assumed that for each sample the number of sites where water
molecule bridges can cause cross-linking effects is specific and perhaps the Heudorf sample is
rich in sites like this and after the demineralisation these sites are no more occupied by
cations. Due to the experiments it is not possible to exclude the effects of water-bridges on the
rigidity of the matrix.

2.5 Conclusion
For all experiments where the cation status of the samples is changed by the multivalent cations Ca2+ and Al3+ (I) the induction of co-ordinative cross-links in SOM was proven by effects in matrix rigidity.
However hypotheses II was not fully supported because the absorption experiments show that
an increase of Ca2+ and Al3+ do not necessarily lead to an increase of rigidity. The same behavior was observed for the decrease of cations by demineralization in different samples. Therefore it is to consider that the degree of rigidity strongly depends on the former saturation of
the CEC with multivalent cations and on the conformational conditions (e. g. character of the
dominating molecules). Piccolo and Nebioso, 2009, find out that saturated and unsaturated
long chain alkanoic acids in HA were preferentially involved in metal complexation with Al
and Ca whereas hydrophilic or mobile humic components were relatively low affected by the
complexations (Nebbioso and Piccolo 2009). Hence we suggest that each sample has its specific maximum point of rigidity due to the bridging of multivalent cations linked with the
overall exchange capacity for cations in the SOM.
Changes in rigidity and in hydrophobicity of a spruce forest sample were more pronounced
for Al than for Ca and are therefore enhancing research results concerning the binding
strength and the ability of these cations to change the molecular structure (Elkins and Nelson
2001, Nebbioso and Piccolo 2009) (III). The high binding strength is also demonstrated by
observing the DOC losses during the experiments which were lower for treatments with Al3+
even for very low concentrations in the solution. The assumption of conformational changes
induced by Al3+ absorption of the samples is further underlined by the results of the wettability measurements. An abrupt increase of hydrophobicity even for low absorption was observed
for the Al3+ samples. For samples treated with Ca2+ a softening of the matrix is anticipated for
concentrations near CECeff due to the results for T* and for the decreasing contact angle in the
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wettability experiment. This indicates that Ca2+ is not able to cause a lasting effect on conformational changes or the structure of SOM. The network of SOM reacts always flexible on
the given conditions in slight in- or decreases of rigidity. For Al3+ at point near CECeff no further changes were observed. Nevertheless it is not possible to provide a chemically based description of the hypothesized molecular conformations which were affected by metal absorption or water molecule bridges. Therefore the described models are only based on evidence.
Overall the results suggest that conformational changes due to the enhancement of absorption
mechanism like drying and rewetting only have a slight influence. Observed differences between the samples vanished after a time period of conditioning hence these processes are of a
minor importance of the effects by coordinative cross-links of multivalent cations in SOM
(see also Hypothesis IV).
The rigidity increases over time especially for samples treated with Ca2+, Na+ and water.
These observations enhance the importance of water molecules in SOM: an interaction of
water molecules and multivalent cations for bridging processes between organic molecules is
a requirement for the observed effects in matrix rigidity by the glass transition-like step transition temperature T*.
Altogether it is to mention that effects of the multi-valent cations in rigidity were observable
but do not indicate revolutionary changes in the molecular conformation of the matrix. The
changes do not exceed more than 3°C in average for changes in the cation status and all in all
7°C for changes in cation status + aging process in comparison to the original sample at the
beginning. For changes in the water status of samples more than 10°C difference was found.
But no conclusion is possible which effects in sorption or degradability are meant by the observed rigidity changes. From the wetting experiments we know that the hydrophobicity increases with increasing rigidity. Further research is necessary to describe the effects of rigidity for soil specific characteristics and functions.
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3

Influence of several multivalent cations on structural characteristics of DOM based precepitates

3.1 Summary
Precipitates with Ca, Al and Pb cations were formed of a DOC solution from an acidic organic layer from a spruce forest sample. The precipitates were analysed for their thermal behaviour with a Differential Scanning Calorimetry (DSC) depending on the Men+/C ratios in the
solutions. For all samples a transition step temperature (T*) can be identified known to be
caused by cation-water-molecule bridges. Highest T* were found for Al up to 66°C as maximum. Pb and Ca generally show transitions at lower temperatures at 55°C to 60°C. Al and Pb
were the two cations with the best pronounced precipitation. For Ca2+ neither the precipitation
was well pronounced nor the step transition was easy to identify. For all samples T* decreases
at high Men+/C ratios, which indicates a less rigidity of the organic matrix if a high content of
metal cations is present. The temperature range of T* and the characteristic of the step transition is comparable to the experiments with the whole soil sample in chapter 2. No reversible
step transition can be identified with the used DSC procedure, but the observed step transition
has a reversing character which means that after several weeks the step transition reappears in
water containing samples. In water free samples no thermal event can be detected. The resultss show the appearance of cation – water-bridges in precipitates and the influences of several cations on the occurring matrix rigidity due to the forming bridges. For further research it
would be interesting to know if the measured rigidity correlates with biological and chemical
stability of the precipitates.

3.2 Introduction
It is suggested that multivalent cations induce co-ordinative crosslinks in soil organic matter
(SOM) (Schaumann 2006). These cross-links induce the rigidity of the matrix. Rigid or glassy
areas in SOM are linked with non-linear sorption and hysteresis effects in literature (LeBoeuf
and Weber 1997, Xing and Pignatello 1997). Therefore SOM is described as polymer matrix
consisting of macromolecules. In contrast Picollo et al., 2002, viewed SOM as a supramolecular network consisting of small molecules forming condensed aggregations. Schaumann,
2006, suggested that independently from the point of view SOM behaves as a amorphous matrix which structure is not in equilibrium, but changeable and dynamic. The detection of a
glass transition temperature in isolated humic and fulvic acids (Young and Leboeuf 2000) and
in whole soil samples (Schaumann and Antelmann 2000) enhances this suggestion. In the
meantime two types of glass transitions were detected for SOM (Schaumann 2006). The first
one is linked to the classical type also known for polymers and in the majority found in isolated humic and fulvic acids (Zhang, Leboeuf et al. 2007) or in NOM samples (DeLapp,
LeBoeuf et al. 2004, Zhang and LeBoeuf 2009). This transition is reversible in subsequent
heating cycles during measurements with the differential scanning calorimetry (DSC). The
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second type of transition is not reversible in a subsequent heating cycle but the disappeared
step transition reappears after a specific time of conditioning. This type only appears in water
containing samples and is measured in a hermetically sealed system (no water evaporation is
possible) (Schaumann and LeBoeuf 2005). The transition is named glass transition-like step
transition temperature T* (Hurrass and Schaumann 2007). The observations are explained
with the formation of water molecule bridges between the organic molecule segments (HBCL
model = Hydrogen Bond based Cross-Linking model) .Up to now the HBCL model is further
enhanced by experiments with proton NMR relaxation and proton wideline NMR
(Schaumann and Bertmer 2008) and computational calculations (Aquino, Tunega et al. 2008).
The formation of water molecule bridges is supposed to be a slow process and therefore aging
effects are detectable in the thermal behavior of SOM (Hurrass and Schaumann 2007). For a
peat sample conditioned over a time period of several weeks T* increases (Schaumann 2005).
Also for polymers a physical aging is known dependent on the thermal history but for these
materials aging is visible as an endothalpic overshoot arising at the glass transition point.
Hence Schaumann, 2006, suggested two types of step transitions in DSC for the two types of
aging for SOM.
The effects of different cation contents on the rigidity in SOM should also be detectable in
DOM precipitates formed with multivalent cations. The formation of precipitates is described
as one process reduces the dissolvation of SOM and consequently enhances the stability of the
soil aggregates. Therefore the loss of organic carbon is reduced in soils with higher metal
concentrations (Römkens and Dolfing 1998, Shen 1999, Oste, Temminghoff et al. 2002,
Herre, Lang et al. 2007, MartÃ-nez and MartÃ-nez-Villegas 2008). Especially for Al precipitates a higher stabilization of SOM is suggested (Grodzinska-Jurczak and Mulder 1997,
Mulder, De Wit et al. 2001, Schwesig, Kalbitz et al. 2003). Stabilisation of SOM is discussed
as a possibility for a sink for atmospheric CO2 to reduce green house gas emissions (von
Luetzow, Kogel-Knabner et al. 2008). Therefore the understanding of stabilisation processes
of SOM is of a great importance facing increasing temperature and hence increased microbial
activity in the soil.
In this study it is suggested that DOM precipitates also i) show a detectable and analyzable
glass transiton like step transition temperature comparable to the findings in the whole soil
sample from where the DOC solution originated from. It is further hypothesized ii) that the
content and the manner of multivalent cations have an influence on the rigidity and furthermore iii) the rigidity is stronger for trivalent cations like Al3+. Besides we suggested that iv)
the precipitates are comparable with cross-linked polymers and hence show a reversible transition type one in water-free samples. We hypothesized also v) aging effects for the created
samples.
To verify the hypotheses we create solutions with different metal / OC ratios with the multivalent cations Ca2+, Pb2+ and Al3+ and conduct DSC measurements with the developed precipitates of the solutions.
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3.3 Material and Methods
3.3.1 Sample properties and preparation
The required DOC solution was derived from an organic layer from an 80 year old spruce
forest in South Germany. Immediately after sampling and homogenizing the sample was
shock freezing and then stored in a freezer at -18°C. For the experiments the sample was unfrozen in a fridge and air dried. The water content of the samples differs between 7 and 8%
percent after drying. Then the sample was sieved at 1 mm, some needles have to be collected
manually from the samples and common soil characteristics were determined. The common
characteristics are shown in table 7.
pH

Corg
/%

CECpot
/mmolc
kg-1

CECeff
/mmolc kg-1

WC
/%

Ca2+
/mmolc
kg-1

Mg2+
/mmolc kg-1

Al3+
/mmolc kg-1

3,7 ± 0,1

43 ± 4

671 ± 50

303 ± 20

8±1

165 ± 10

43 ± 5

60 ± 3

Table 7: Common characteristics of the organic layer from a spruce forest used as base sample for DOC
desorption in the experiments

3.3.2 Preparation of the DOC solution
For the precipitation in the fraction of SOM which is bound by interactions with cations in the
organic matrix is most important. Therefore we developed a new method for the retrieval of
DOC in solution. In experiments with an acid exchange resin to demineralize the soil samples
(chapter 2.3.4 and 2.4.3) high losses of DOC can be determined due to the depletion of cations. Now this in the former experiments unwished side effect we use to produce our DOC
solution for the precipitation experiments. By this method we postulate that especially the
dissolvable organics bound to multivalent cations would be set free because the resin exchanges these cations with H+.
100 g of the spruce forest soil sample, 50 g exchange resin (Amberlite ®, IR-120, H+ Form)
and 700 ml deionized water were filled in a 1 l glass bottle (Duran®) and mixed overnight in
an overtop shaker. After shaking the resin-soil solution was filtered by pressure over cellulose
nitrate filter (Sartorius®, pore size 0,45 µm). The filters were rinsed before with moderately
warm water to reduce DOC losses of the filter material. The filtration took three hours with a
pressure of about 2 bar. The derived DOC solution was measured for the exact concentration
and then diluted with deionized water to in average 133,3 mg l-1 (11 mmol l-1). This concen-

tration was chosen to achieve a concentration of 10 mmol l-1 in the final DOC – metal
solution. The generated solution was used immediately after extraction for the experiments because we want to prevent changes due to microbial activity without using methods of conservation which possibly have an influence on the sample characteristics.
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3.3.3 Formation of the precipitates in metal solutions
The investigated cations Ca, Pb and Al were prepared in solution from the respective nitrate.
Nitrates were used because the chloride salts form strong inorganic precipitates with Pb (L =
2 * 10-5 mol l-1; schwarzer Riedel). For further investigations with DSC an amount of several
milligram precipitate was required which assures a complete covering of the bottom of the
Aluminum sample pans for at least 3 replicates. Therefore useful Men+/C ratios for the experiments were testes in preliminary experiments. Al-DOM-precipitation depends on Al3+/C
ratio and on pH in the solution (Scheel, Dorfler et al. 2007). It is known that at pH ≥ 4,2 the
formation of Al(OH)3 dominates the Al speciation (Gustafsson 2001). Nierop et al. (2002)
observed visible flocculation above an Al/C ratio of 0,1 (Nierop, Jansen et al. 2002). Hence,
we started at this ratio. Also for Pb visible flocculation was observed at a Men+/C ratio of 0,1
only for Ca the beginning ratio has to be higher. In conclusion the ratios shown in Table 8
were used in the experiments.
Al 3+/C

Pb2+/C

Ca2+/C

mmol mmol-1

mmol mmol-1

mmol mmol-1

0,1

0,1

0,5

0,5

0,5

1

1

1

2

2

3

3

5

5

5

10

10

10

Table 8: Men+/C ratios obtained in the different cation solutions for precitpitation

For precipitation exactly 10 ml of the metal solution and 90 ml of the DOC solution were
mixed in 100 ml glass bottles (Duran®) and sealed with PTFE coated PBTscrew caps. As
control 10 ml deionized water instead of metal solution was added. After a first shaking the
pH was measured and if necessary adjusted to a value of 3,5 with 0,5 M, 1 M or 2 M NaOH
or with 0,3% HNO3, respectively. The original pH of the solution before the adjustment
ranges from 2,9 to 3,6. Then the solutions were shake over night in an over top shaker for a
complete homogenisation. After shaking the samples were stored in a refrigerated incubator at
5° C for another night. The temperature was chosen to prevent changes by microbial activity
in the solutions. At this time the solutions had a rest and the flocculation is not disturbed by
shaking. For filtration of the solutions at a pore size of 0,45 µm a Sartorius® Vaccum Filtration construction were used with a cellulose nitrate filter at the top and among a glass fibre
filter (Whatman®, GF 6, Ø 47 mm) to improve the filtration flux. The filters were rinsed before filtration with moderately warm deionized water to prevent contaminations.
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3.3.4 Chemical analyses of the filtrate solution
The filtrates were measured for pH, DOC and cations in the solution. PH and DOC measurements took place immediately after ending the filtration. DOC concentration was analyzed
with a TOC Analyzer Multi C/N 2100 (Analytik Jena) after acidification and out gassing of
inorganic carbon.
An aliquot of each solution was diluted in a ratio of 1:1 with 10% HNO3 for conservation and
later analyses of the cations.
To calculate the loss of cations in the solution (and to calculate the cation content in the precipitates) the cation concentration in the solution was analyzed. Calcium was analyzed with
Flame AAS (Perkin Elmer 4100) with an oxygen/acetylene flame and a wavelength of 422,7
nm, Al3+ with a nitrous oxygen / acetylene flame ( Varian AA 240 FS) and with a wavelength
of 308,2 nm, and lead was analyzed with Graphite Tube AAS (Perkin Elmer 4100) with the
following furnace program and a wavelength of 283,3 nm:
Temperature

Time

20° C
90° C

30 sec

110° C

30 sec

400° C

20 sec

1800° C

5 sec

2600° C

3 sec

Table 9: Graphite tube heating program for lead analysis in AAS

In general a calibration curve was conducted by internal standardisation (addition of an aliquote of the standards to each sample). For the described analyses no differences were identified between the curves by an external standardisation in the same solution (10% HNO3) and
an internal standardisation therefore for further analyses only external standardisation were
conducted. The solutions of the controls were analyzed for Ca2+, Pb2+ and Al3+.

3.3.5 Preparation, storage and DSC measurements of the precipitates
After filtration the precipitates were adhered to the surface of the cellulose nitrate filters. With
a spatula the precipitates were carefully scraped off and filled directly into the DSC pans. It is
to mention that in preliminary experiments we dried first the precipitates on a glass surface
and then transferred into the DSC pans, but this procedure turned out to be inefficient due to
the difficult handling of the very small amounts of dried precipitates. Therefore we filled it
directly into the pans and prevent losses by that. The samples in the open DSC pans were
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dried for 4 – 5 days at 25°C in the drying oven. By weighing the pans before and after the
drying procedure the water content of the wet samples can be calculated. After weighing the
open pans were stored in a dessicator over silica gel. After drying the precipitates formed dry
highly agglomerated clusters and the bottom of the pans were not homogenous covered with
sample this causes trouble during DSC measurements because no consistent heat transfer to
the sample is assured. Therefore the dried precipitates were carefully pestled with a spatula
before measurements.
The samples were conditioned for 14 days and then the aluminium pans were hermetically
sealed. The analyses were conducted with DSC Q1000 (TA-Instruments, Germany) with a
refrigerated cooling system (RCS) and nitrogen as a purge gas. The measurements took place
in several procedures to receive results on the characteristic of the step transition and the aging behaviour of the samples. It is not possible to measure the classical glass-transition and
the step transition due to water molecule bridges with one DSC procedure. So, after a first
characterization of all samples in “measurement 1” one part of the samples was measured by
“measurement 2” and one part by “measurement 3”. For these “follow – up” measurements
always three replicates with the best pronounced transitions were chosen. Unfortunately there
were not enough replicates to use every ratio for each kind of measurement. The used samples
are given the
Procedure

Rationale

First characterization of all samples, the method is fitted to observe glass-transition like
→ All samples were abruptly cooled in
step transition temperature, which means the
the DSC instrument to -50°C and then
effects of water molecule bridges on rigidity
heated with 10 K min-1 from -50°C
can be observed
to 110°C, followed by a second abrupt cooling and subsequent heating
cycle. Baseline was corrected with
the TZero technology® by TA Instruments.

Procedure 1 (all samples):

Procedure 2 (samples with an ME / C ratio of This procedure is appropriate to detect re0,1, 1, 5 and 10(only Ca)):
versible glass transitions, therefore all water
14 days after the first measurements one is removed from the sample. After the defraction of the samples were measure again scribed drying procedure the samples were
not able anymore to show a WaMB transition
by the following procedure:
and it was not possible to use them in proce→ Punching of three small holes (Ø 1 dure 3. The precipitates of the Me/C ratios of
mm) in the lids of the sample pans
2 and 3 for all cations and 10 for Pb and Al
→ Drying in the oven overnight at were formed when the results of measure105°C to remove all water, weighing ment 2 for most ratios were available and it
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was obvious that no differences between the
different ratios were found. Consequently,
→ DSC measurement with a changed
measurement 2 was not conducted anymore
heating and cooling programme startfor the ratios 2, 3 and 10.
ing with a heating step of 105°C for
30 min (to make sure that all water is
removed from the samples), then beginning with the programme as described above for the first procedure
before and after the drying procedure

Procedure 3 (samples with a Me / C ratio of If water-molecule bridges are responsible for
2, 3 and 10(only Pb and Al)
the measurable matrix rigidity the measured
glass-transition like step transition vanished
→ After the first measurements in herin a subsequent heating cycle, but after a
metically sealed pans as described in
longer time period the glass-tansition like
procedure 1 further measurements
step transition reappears, which is explained
were conducted with selected pans afwith the reconfiguration of the water moleter 6 weeks and 8 weeks (in general
cules. This process should also be shown for
we selected pans where a pronounced
the precipitates. So it seems not necessary for
step transition is visible and mathethe interpretation of the results to conduct
matically analyzable)
this measurement for the whole concentration range.
Table 10: Explanation of the used procedures for characterising the precipitates by DSC.

All data were analyzed using Universal Analysis version 4.1 (TA Instruments). The glass
transition temperature Tg and the glass transition like step transition temperature T* is indicated by an inflection point in the thermogram. Operationally, three tangent lines were applied
for the evaluation. The change of heat capacity (∆cp = J g-1 K-1) was calculated from the inflection point between the tangent lines.
In the following sections for most samples only the first heating cycle will be observed because the determined T* is a non-reversible thermal event (Schaumann & LeBoef).
Some thermograms of the calcium treated samples could not be analysed without further corrections of the received heat flow curve of the samples. In Figure 23 the heat flow curve for
the Ca-precipitates is shown, although the derivation of the heat flow looks normal the curve
shows a strong decrease until 40°C and then at about 80°C a strong increase, between 40 and
80°C a thermal event is observable. For analyzing this thermal event by applying the required
tangent lines and receiving the inflection point of the step transition a rotation of the curve is
required. By this correction method the heat capacity of the sample changed but the transition
temperature is still the same.

65

Influence of multivalent cations on structural characteristics of DOM – cation precipitates

heat flow (W/g)

derivative heat flow (W/(g·°C))

0,01
W/g

Ca/C 0,5 II

0

20

40

Exo ab

60

80

100
Universal V4.1D TA Instruments

temperatur (°C)

Figure 23: Heat flow curve of a DSC measurement of a Ca-precipitate, no tangent lines can be applied and
no inflection point is received.
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Figure 24: Corrected heat flow curve of the same sample by turning the curve in the plane with the TA
instruments program, the inflection point is now analysable

All Ca samples were corrected by the shown method.
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3.4 Results and Discussion
3.4.1 Qualitative observations, analyses of the filtrate and water content of
the samples
In Table 11 the observation during and after the precipitation experiments were presented as
evidence on the quality of precipitations.
Ca precipitation

Al precipitation

Pb precipitation

First visible precipitation at a
Men+/ C ratio of 0,5

First visible precipitation at a
Men+/ C ratio of 0,1

First visible precipitation at a
Men+/ C ratio of 0,1

Only slight sedimentation of the
flocculation after the rest period
in a defrigirator, solution is
cloudy and brown

Pronounced sedimentation;
solution is light brown until
clear

Pronounced sedimentation;
solution is light brown until
clear

Colour of precipitate after filtration:

Colour of precipitate after filtration:

Colour of precipitate after filtration:

Greyish - brown

Brown

Dark brown

With increasing Men+ / C ratio
the samples get lighter

With increasing Men+ / C ratio
the samples get lighter

Water content of the wet samples about 93 – 94 %, slight
decrease for Ca2+/C = 10 to
about 91 %

Water content of the wet samples about 95 %, slight decrease
for Al3+/C = 5 to about 91 %

Water content of the wet samples about 95 %, no trend in
different ratios observable

pH after treatment about 3,7 –
3,8

pH after treatment about 3,7 –
3,8

pH after treatment about 3,7 –
3,8

Table 11: Optical and analytical observations of parameters during and after the precipitation process
for the three cation – DOC solutions Ca2+ - DOC, Al3+ - DOC and Pb2+ - DOC

As Al3+ and Pb2+ were acting very similar in precipitation observations for Ca2+ are often conspicuously different. Precipitation with Ca2+ is not as visible as for the other two cations demonstrated by weaker sedimentation of Ca precipitates and a cloudier solution after the rest
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period. No differences were found in pH of the solution which was adjusted at the beginning
of the precipitation process to 3,5 between the different Men+/C ratios or the used cations.
For Ca2+ and Al3+ the water content in the wet precipitates decreases for higher Men+/ C ratiossolution, for Pb2+ the water content remains the same for all ratios. For the later air – dried
samples (25°C in a drying chamber) which were further dried for 105°C the water content of
the dry precipitates was calculated. Also here differences between the cation treatments were
observed. For Pb the water content ranges until a ratio of 1 at about 7%, for a ratio of 5 the
water content ranges about 3-4%. No changes for Ca precipitates were observed between the
different ratios the water content ranges about 6 %. The water content of the Al precipitates is
significantly higher, the content ranges about 10 % until a ratio of 1 and ranges about 16 %.
for a ratio of 5.
The shown masses in Figure 25 are only a rough estimation because the masses were calculated from the initial weights in the DSC pans and losses during handling with the precipitates
cannot be excluded.

Wet precipitate / mg

500

Pb-Precipitates
Ca-Precipitates
Al-Precipitates

400
300
200
100
0

0

2

4

6

8

10

n+

Me / C

Figure 25: Amounts of wet precipitates originated during flocculation process in solutions of different
Men+ / C ratios with Ca2+, Pb2+ and Al3+

Nevertheless first trends were observable. So the weaker precipitation process with Ca2+ is
underlined by the observation of the less precipitated mass for each ratio, which is about only
20 % of the mass precipitated by the two other cations. The masses for Ca precipitate range
about 40 to 55 mg as for Al and Pb precipitates the masses range about 150 to 420 mg. a weak
increasing trend for Ca precipitate mass is observed for the Ca2+/C ratiossolution of 5 and 10.
Though Pb2+ is lower charged than Al3+ all in all Pb2+ is as same effective as Al3+. But for Pb
precipitation no observable increasing or decreasing trend dependent on the chosen Pb2+/ C
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ratiosolution is demonstrated. In contrast Al precipitate masses increase abruptly for the Al3+/C
ratiosolution of 0,1 to 2 and then there decrease for higher ratios.
A better specified parameter for effectiveness in precipitation is the measurement of the DOC
losses (Figure 26).

120

DOC in filtrate / mg l
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Figure 26: DOC losses of the solution after the precipitation in duplicates with Ca2+, Pb2+ and Al3+ in different Men+ / C ratios.

Interestingly no pronounced differences were found for the effects of Al3+ and Pb2+ until a
Men+/C ratiosolution of 3. Then for an increasing concentration of Al3+ in solution the losses of
DOC decrease what means a fewer amount of precipitate arises. In contrast for Pb2+ the solution remains at the low DOC level also for higher Pb2+ concentrations. Therefore it can be
assumed that for high Men+/C levels Pb is more effective in precipitation than Al. Comparing
our results for Al precipitation at the ratios 0,1 and 0,5 with the results of Scheel et al. (2007)
it is seen that at a ratio of 0,1 41% of the DOC was precipitated whereas in Scheel et al.
(2007) 36,4% (Oa horizon of a spruce forest, pH 3,8) was precipitated, at a ratio of 0,5 55,8%
was precipitated, in Scheel et al 43,1% at a ratio of 0,3 was precipitated. The higher precipitation in our experiments could be related to different sample characteristics but also to the different mechanism of DOC release in attendance of the acid cation exchange resin. The lowest
effect on precipitation was observed for Ca2+ based on the losses of DOC in the solution
which is conform to the shown precipitation masses.
For an estimation of the Men+/C ratio in the precipitates also the loss of cations in the solution
after the precipitation procedure is to be known. Unfortunately a correlation of the loss of
cations in the solutions with the loss of DOC can only be conducted for the very low Men+/C
ratios (until a ratio of 1). For the higher tiered solutions the standard deviations of the analyses
are in the same range as the cation losses therefore the values are not reliable and will not
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Figure 27: Cation – Organic carbon ratio for the three lowest Men+/C ratios in precipitation experiments,
due to high analytical standard deviations and in relation to the absolute concentration low losses of
cations for the higher tiered Men+/C ratios no Men+/C ratios in precipitates were calculated for these.

As it is shown in Figure 27 the highest Men+/C ratio in the precipitate for the three lowest
cation concentrations can be observed for Al3+. Although we observed in general a similar
behaviour of Al and Pb in precipitation at low Men+/C ratiossolution, it is now contrary: no
change in Pb2+/C ratio in the precipitates can be observed. For the precipitates induced by
Ca2+ no significant trend is observed according to high deviations between the duplicates. But
nevertheless there is the optical impression that the Ca2+/C ratio in the precipitate is higher for
a ratiosolution of 1 than of 0,5. The Ca2+/ C ratio in the precipitates ranges between Pb and Al –
ratios. No differentiation between inorganic and organic precipitations is possible based on
the conducted measurements therefore the high precipitation of Al3+ could be also caused by
inorganic precipitations. But due to the low pH value to prevent those kind of precipitation
and the fact that also in the control no inorganic precipitations were found this possibility is
unlikely realistic. Hence we have to assume that all disappeared Al3+ in solution is bound in
OM in the precipitates. At the time we have no explanation for the low losses of Pb and the
comparative high losses of Al3+. It seems that much more Al can be bind to OC than Pb. It can
be also assumed that Pb is not only precipitated with DOM but also bind as readily soluble
complexes in a greater extent than Al3+.
Our Al/C ratios in precipitates exceed the ratios reported by Scheel et al. (2007). Scheel et al.
reported a maximum ratio of 0,1 at pH 3,8. We explain the higher Al/C ratios by the process
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of DOC release because especially DOC with binding sites for cations was dissolved with our
method and therefore more cations can be bound by precipitation.
Referring to the low reliability of the cation analyses and therefore the missing data on
Men+/C ratios in the precipitates for the higher ratios in following discussion we will only
refer to the initial Men+/C ratios in the solution and to the measured DOC values after precipitation.

3.4.2 DSC results
Results in hermetically sealed pans:
As described in procedure I all samples were measured after 14 days in hermetically sealed
pans with DSC and two cooling and heating cycles were conducted for each measurement.
The resulting heat flow curves of the two heating cycles differ significantly from each other.
In the first heating cycle for each precipitate a thermal event is identified as step transition
described for soil samples especially for samples with a high content of SOM as described in
chapter 2. Also the measured step transition temperature of the precipitates is in the same
range as measured for soil samples of 53°C – 65°C.
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In the second heating cycle the thermal event observed in the first cycle disappeared and no
abruptly changes in heat flow can be identified (Figure 28 and Figure 29).
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Figure 28: First (left) and second (right) heating curve of Al-precipitates (Men+/C ratio = 2) in hermetically
sealed pans. No analyzable thermal event in the second heating cycle (continuous line: Heating flow;
dashed line: derivation of heat flow).
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Figure 29: First (left) and second (right) heating curve of Pb-precipitates (Men+/C ratio = 2) in hermetically sealed pans. No analyzable thermal event in the second heating cycle (continuous line: Heating flow;
dashed line: derivation of heat flow).

According to the non-reversing character of the step transition we assumed that the observed
thermal event in the first heating cycle is similar to the so named step transition like glass
transition temperature T*. Therefore in the following sections we will discuss the results of
T* for the created precipitates.
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Figure 30: DSC curves and glass transition – like step transition temperature T* of Pb-DOM precipitates
produced in solutions with different Men+/C ratios. With increasing ratio the samples develop an enthalpic
overshoot since for some curves (Pb/C 10) no step transition temperature can be analyzed because the step
has become a peak.
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Figure 31: DSC curves of Al DOM precipitates produced in solutions with different Men+/C ratios.
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Figure 32: Step transition like glass transition temperature T* in dependence of the initial Men+/C ratio in
solution for the cation-DOM precipitates, standard deviations for T* based on the results for the number
of pans for each sample ( 4 -8).

The Al-precipitates show the highest T* for all prepared precipitates. For the first three solutions with the lower Al3+/C ratiossolution T* of the Al precipitates increases up to about 66°C,
between a Al3+/C ratiosolution of 1 and 4 there seems to be maximum for T*, for the Al3+/C ratiossolution of 5 and 10 T* decreases slightly to 62°C in average.
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Generally, T* of the Pb precipitates ranges between the temperatures of Ca and Al precipitates. Nearly for all Pb2+/C ratiossolution T*averages about 60°C, only for a Pb2+/C ratiosolution of
1 T*increases significantly to about 65°C. It is to mention that this result appeared for the
duplicates which were measured 3 and 4 times (number of the analyzable heat curves) with
DSC, respectively. We cannot exclude the possibility that these values are outliers but according to the other measured characteristics in the solution of these samples like pH or DOC no
hints were given that something was going wrong during the precipitation procedure. At the
time we have no explanation for this behaviour in DSC. Again the Pb2+/C ratiossolution of 2, 3
and 4 show a T* of about 60°C, for the Pb2+/C ratiosolution of 10 a significant decrease of T* is
observed to about 54°C.
The highest differences in T* for increasing Men+/ C ratios are observed for the Caprecipitates. For the lower Ca2+/ C ratiossolution of 0,5 and 1 T* ranges in most cases between
55 – 58°C whereas a weak trend of an increase can be assumed between a Ca2+/ C ratiosolution
of 0,5 and 1 than for a Ca2+/ C ratiosolution of 5 and 10 T* ranges between 49 and 53°C which
is significantly lower. Furthermore it is to be mentioned that the thermal events for the precipitates of the lower Ca2+/ C ratiossolution were only weak pronounced and for a Ca2+/ C ratiosolution of 0,5 all four curves have to be turned for defining a T*. We assume that the difficulties in analyzing the heating curves for the Ca precipitates are also linked with the low masses
of precipitate available for the measurements. This caused only a heterogenous coverage of
the bottoms in the DSC pans and hence an unbalanced heat transmission during the measurements. Nevertheless the values can be classified to be reliable because of a sufficient amount
of replicates for each duplicate.
It is to discuss why we found only a step transition like glass transition in the precipitates and
no real glass transition as for examples Leboeuf & Weber (1997) find it in humic and fulvic
acids (LeBoeuf and Weber 1997). T* is connected with cross-linking by water-bridging in
SOM. As mentioned in chapter 3.4.1 all precipitates contain measureable water contents
therefore water molecule bridges in the OM cannot be excluded for the precipitates. Especially for the Al precipitates the water content was significantly higher than for the Ca- and
the Pb precipitates which correlates with the high T* for Al precipitates. But for higher Al3+/C
also the water content increases and T* decreases. Furthermore the water content of the Ca
precipitates is higher than for the Pb precipitates but although T* of the Pb precipitates is
higher. Therefore a direct correlation between water content in the precipitates and matrix
rigidity cannot be achieved by this data. We want to point out that the interaction with water
molecules is diverse and there should be an influence of the cations on the formation of water
molecule bridges inside the precipitated OM which cannot be demonstrated by two dimensional correlations.
Creating a ranking of rigidity according to the measured T* of the precipitates the Al precipitates are the most rigid for nearly all Me+/C ratios followed by the Pb precipitates and at the
end the Ca-precipitates. It can be assumed that Al is the best cross-linking agent of those three
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because of the higher charge, also Pb is a good cross-linking agent because of its charge and
high molecular mass.
Regarding the Men+/ C ratios in the precipitates for Al both T* and the Al3+/ C ratioprecipitate
increases. That means a high content of Al in an organic precipitate induces also a high degree
of cross-linking in the organic matrix. For the Pb precipitations T* only increases for a Pb2+/
C ratiosolution of 1 but for this ratio no changes in Pb content related to C content can be observed. Trusting the value of T* that would mean that in spite of the Pb content in the precipitates are still the same the manner of binding is different in such a way that cross-linking is
higher than in all the other precipitates. This sounds really unlikely. Because of the difficulties
in the Pb cation measurements for this inconsistence no conclusive explanation is possible.
For the Ca precipitates a slight increase can be observed for the Ca2+/C ratio in the precipitates and also for the rigidity of the samples. Therefore it can be assumed that an increasing
Ca content in the precipitate induces also a higher cross-linking is the interior. For all cations
a decreasing DOC loss was observed for the higher Men+/C ratiossolution. We concluded that a
high cation amount also can cause a dissolvation of precipitates by the formation of organometal complexes. That means the precipitate itself is less stable and not as good cross-linked
as at a lower concentration of cations. The results for T* underline the hypotheses for all
cations. T* decreases for the highest Men+/C ratiosolution of 10 which is correlated with a lower
rigidity in these samples.
Results in open pans
As described in procedure II of the DSC methods chapter, the thermal behavior of an amount
of the precipitates should be determined for completely water free samples therefore the precipitates were dried at 105°C.
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Figure 33: DSC heating curves of an Al precipitate (Men+/ C ratiosolution = 1) before (left) and after (right)
complete removal of water by drying at 105°C: no analysable thermal events can be detected anymore.
The vertical curves in the left picture originated from the cooling cycle before and cannot be excluded
technically. The heating curve received before cooling shows a pronounced melting peak around 0° C
which is also a hint for the higher water content of the samples.
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In Figure 33 the thermal behaviour of a sample is shown before and after the complete remove of water. As seen in the left picture the water causes a pronounced melting peak around
0°C and also a pronounced step transition is measured for the Al precipitate. No analyzable
thermal events were measured for the water-free Al precipitate, neither observed for the heat
flow curve itself nor for the derivation of the heat flow. This observation was made for all
precipitates independently which cation was used for precipitation and which Men+/ C ratio
was adjusted in solution.
We want to point out that this result underlines the observations on the thermal behaviour of
the samples in the second heating cycle during the first measurements described above.
Schaumann et al. (2006) hypothesized the breaking of the water molecule bridges due to the
high temperatures in the first heating cycle and therefore the vanishing of the step transition in
the second heating cycle. These results demonstrate that there should be an interaction between water bridging and cations and it can be concluded that cation bridging itself induces
no signals in DSC in the measured temperature range.
Multiple measurements
Schaumann et al. (2005) describes that the glass transition like step transition temperature T*
has a reversing character. It means the step transition disappears in a directly following
second heating cycle, but reappears after some days of storage. This effect is related to the
kinetically retained reorganization of the water molecules in the organic matrix. We also observed the disappearance of the step transition in the second heating cycle as mentioned
above. Hence we controlled the presence of a reappearance by measuring specific samples
after a time period of 6 weeks after the first measurement and after 2 weeks of the second
measurement. The measurements were only conducted for Al and Pb precipitates with Men+/
C ratiossolution of 2 to 10 because for Ca precipitates the samples amounts were highly limited
and therefore not available for this experiment.
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Figure 34: Heating curves of Pb precipitates (Pb2+/ C ratiosolution= 2) measured after 2 weeks conditioning
(solid line), after 6 weeks after the 1 measurement (long dash) and after 2 weeks after the 2. measurement
(short dash). T* is given of inflection point of the step transitions.
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Figure 35: T* for Pb precipitates created in different Pb2+/ C ratiossolution in duplicates and measured after
2 weeks of conditioning, re-measured six weeks after the 1. DSC measurement and 2 weeks after the 2.
DSC measurement to control the reappearance of T*.

As it is seen in Figure 34 and Figure 36 after different time periods a step transition generally
reappears this is in line with the results of Schaumann et al. for soil samples. For Pb precipitates grown in a ratiosolution of 2 the values are very similar for the first and second measure77
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ments (Figure 34). This is comprehensible because a time period of 6 weeks should be sufficient for the matrix to achieve the same rigidity as observed at the first measurement. Two
weeks after the second measurement the rigidity seems not as much pronounced as before
referring to the water bridge model this means not all water molecules were reorganized in the
organic matrix during this shorter time period. Also these observations are in line with
Schaumann et al. But as shown in Figure 35 these observations was only made for Pb precipitates created with a Pb2+/C ratiosolution of 2, the other Pb2+/ C ratiossolution are not in line with
these observations. For a ratio of 3 no trend is observable and for a ratio of 10 one duplicate is
outstanding of the others with a very low and due to the heating curves very weak pronounced
step transition (T* = 41°C) so there is a relatively high probability that this sample is not very
reliable and therefore can be marked as an outlier.
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Figure 36: Heating curves of Al precipitates (Al3+/ C ratiosolution= 3) measured after 2 weeks conditioning
(solid line), 6 weeks after the 1 measurement (short dash) and 2 weeks after the 2. measurement. T* is
given as inflection point of the step transitions.

In Figure 36 heating curves for Al precipitates created in a solution with a Al3+/ C ratio of 3
were presented. These 3 curves show nearly parallel shapes but with a shifting of the step
transition temperature T* to higher temperature. According to the water bridge model that
would mean that after each DSC measurement the water molecules reorganized in a relatively
short time and in a matter which induces a more rigid matrix than before. This is not in line
with the until now hypothesized slow reorganisation of the water molecules and it seems
probable that unknown processes (melting and solidification of the matrix? Chemical reactions? Formation of aldehyds? Oxidative Drying? Resinification?) induce these results. Furthermore it is important to mention that in the second heating cycle directly after the first no
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effects were observed for the precipitates with a higher T* as also measured for the other precipitates measured for a first time after conditioning. The described characteristic during multiple measurements for the Al precipitate basing on a ratiosolution of 3 cannot be completely
underlined by the measurements for the Al precipitates based on a ratiosolution of 2 and 10
(Figure 37).
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Figure 37: T* for Al precipitates created in different Al3+/ C ratiossolution and measured after 2 weeks of
conditioning, re-measured six weeks after the 1. DSC measurement and 2 weeks after the 2. DSC measurement to control the reappearance of T*.

For a ratiosolution of 2 the thermograms were not analyzable for the measurements of 2 weeks
after the 2. measurement. For a Al3+/ C ratiosolution of 10 the precipitates show the highest rigidity 6 weeks after the first measurements and not as discussed for the Al precipitates with a
ratiosolution of 3 for the precipitates measured 2 weeks after the second measurement.
But it is to mention that for all multiple measurements of Al precipitates the resulting values
for T* are significantly higher in the second and the third measurement than in the first measurements. The responsible process is unknown at the moment and cannot be explained by the
water bridging model.

3.5 Conclusion
The experiments demonstrate a very similar thermal behaviour of DOM precipitates and SOM
in soil samples. A step transition like glass transition was obtained for the DOM precipitates
in the same temperature range as it was obtained for soil samples independently of the used
Men+/ C ratio in the solution and the used cation. This observation is fully in line with hypothesis I. These results show that the induced cation – water molecule - DOM bindings are also
present in undisturbed soil samples and the molecular structure seems to be result in the same
rigidity range. It supports the assumption that also the molecular structures are very similar.
Al and Pb precipitates demonstrate a high stability / rigidity of the formed DOM precipitates,
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both cations can be described as good cross-linking agents due to their ability of formatting
precipitates. The hypothesized influence of concentration and manner of the cations on the
rigidity (Hypothesis II) was supported for this thermal event.
Ca precipitates show a less rigidity and Ca2+ itself shows a less pronounced ability of forming
precipitates than the other two cations. Therefore it can be assumed that Ca2+ only plays a
minor role in forming precipitates in acidic soils. However it is to consider that there is more
Ca2+ available at neutral pH values and therefore the role for Ca2+ of precipitation in natural
soils is not negligible. Comparing the behaviour of Ca2+ in the whole soil samples with it in
the precipitates it is to conclude that the affinity of Ca2+ to be sorbed to exixting exchange
sites seems to be higher than the tendency of forming precipitates.
It is important to consider that high cation concentrations do not automatically induce high
precipitation rates. Especially for toxic cations like Pb2+ and Al3+ it is to consider that higher
amounts of the cations lead to a decreasing precipitation and hence to a depletion of the cations in deeper horizons or to absorption in living organisms. Therefore the results support
field observations where high cation contents induces the dissolvation of metal-organic precipitates by destabilization of the organic matrix e. g. by colloidal metals (Klitzke and Lang
2009). Here shown as decreasing T* for high cation contents in the precipitates. Otherwise in
soil with very low cation concentrations a stabilization of the organic matter by increasing the
cation content is conceivable. All in all it depends on the overall cation and rigidity status of
SOM.
The measurements furthermore demonstrate the important role of water molecules in rigidity
measurements of SOM. No signals were obtained in water-free precipitates in the observed
temperature range and hypothesis III can be neglected for our measurements. It is to add that
at higher temperatures deformations of the organic molecules are anticipated. Therefore to
detect real glass transitions for strong bindings between the organic functional groups and the
cations without the interaction of water molecules DSC is not an applicable method.
The results of the aging experiments are inconsistent for the various concentrations and it is
not possible to derive a final conclusion. The results indicate that the repeated processes of
heating and cooling change the structure of the organic matrix over a longer time and the influence of the cation-water-molecule-bridges cannot be divided from other chemical
processes.
Further scientific discussion is necessary if the measured increasing rigidity is also in line
with stability of the formed precipitates. That would mean that the samples with the highest
rigidity are also the samples with the highest stability against microbial degradation or other
changing environmental parameters.
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4

Is there an influence on lead sorption / desorption by different cations inducing stable molecular networks in SOM? A
search

4.1 Summary
The aim of the study was to demonstrate a correlation between forming of co-ordinative
cross-links by multivalent cations in SOM and a kinetically retained desorption of lead (Pb).
Therefore pre-treated samples with Calcium (Ca) and Aluminum (Al) cations were contaminated with Pb until reaching a concentration of about 300 mg/kg which is a naturally occurring background concentration. Before and after desorption the rigidity of samples were characterised by the step transition temperature T*. Desorption experiments were conducted with
an acidic cation exchange resin and desorbed lead was measured at different time points. An
increase of rigidity was clearly demonstrated for the cation treated samples before the beginning of desorption. However, no significant effects were observed in the desorption behaviour
of lead for the samples. The amounts desorbed were very similar for each sample at the specific timepoints. Results for losses of DOC and T* of the desorbed samples also show no differences related to the pre-treatment of the samples. Surprisingly there was still a constant
increase of Pb desorption after 24 hrs, which is explained with a swelling effect of the SOM
during the experiment. It is concluded that the used method was possibly too harsh to find any
effect or in a different way: the reversibility of the induced changes was higher than expected.

4.2 Introduction
Soil Organic Matter (SOM) is known for a high sorption capacity for lead. Especially in forest
soils lead is sorbed by organic layers (Sauve, McBride et al. 1998). A close correlation is
found between the C-content of a soil and the immobilizations of lead (Watmough,
Hutchinson et al. 2004). But there are also transport forms of lead with dissolved organic matter (DOM) like Pb-organic complexes (Ge, Sauvé et al. 2005) and mobile Pb colloid associations (Kretzschmar, Borkovec et al. 1999, Denaix, Semlali et al. 2001).
Lang et al. found a high colloidal stability for Pb-organic agglomerates by SAXS curves
formed at pH 4 (Lang, Egger et al. 2005).
During sorption Pb is in competition to other cations like Fe and Al (Pinheiro, Mota et al.
2000, Tipping, Rey-Castro et al. 2002, Titeux, Brahy et al. 2002). The known influences on
Pb-sorption and desorption are pH ,ion-strength (Pinheiro, Mota et al. 2000) and the concentration of competing cations in the soil solution (Koopal, Van Riemsdijk et al. 2001). Not
much is known about the influence of the structure of SOM on Pb-sorption and desorption
processes.
In field studies (Klitzke and Lang 2007) lead released from soils during cation depletion
processes in acidic soils. Therefore the authors deduced a connection between the binding of
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base cations in SOM and the depletion of lead. For multivalent cations the formation of coordinative cross-links in SOM is postulated (Lu and Pignatello 2004). It is hypothesized that
these cross-links induce complex networking in SOM and therefore a higher stability and
glassiness of the matrix.
In chapter 2 the changes in matrix rigidity for different cation contents were observed in an
organic spruce forest layer. The rigidity was measured by the glass transition-like step transition temperature. This method originates from the polymer science in which each substance
has its specific glass transition temperature demonstrating the degree of rigidity of the polymer matrix. Glass transition temperatures were also reported for isolated humic and fulvic
acids (Leboeuf and Weber Jr 2000, Young and Leboeuf 2000) but furthermore for whole soil
samples e. g. (Schaumann and Antelmann 2000, Hurrass and Schaumann 2007). SOM can be
regarded as a macromolecular matrix or from a supramolecular point of view (LeBoeuf and
Weber 1997, Lu and Pignatello 2002, Schaumann 2006) and the occurrence of a glass transition in NOM supports the suggested similarity with synthetic polymers. Up to now it is
known that there exist two types of step transitions in SOM. One named the classical one
which also occurs in synthetic polymer systems and which is reversible in subsequent heating
runs. The other one is only be observed in water containing samples measured in a closed
systems, this type of transition slowly reverse after days or weeks of storage depending on the
sample (Hurrass and Schaumann 2005, Schaumann and LeBoeuf 2005, Hurrass and
Schaumann 2007). The described thermal behaviour of SOM can be characterized by the
glass transition–like step transition temperature named in this work step transition temperature
T*. The step transition behaviour can be explained by the hydrogen bond-based cross-linking
(HBCL) model, which proposed cross-linking by individual water molecules (Hurrass and
Schaumann 2005, Schaumann 2005, Schaumann and LeBoeuf 2005, Schaumann and Bertmer
2008). The results in chapter 2 and chapter 3 of this thesis indicates additionally the forming
of cation-water-molecule bridges between the functional groups of the organic matter. These
bridges can be postulated in whole soil samples and also in metal-organic precipitates forming
in soil solutions. The models were supported by computational calculatios e. g. (Aquino,
Tunega et al. 2008).
Hysteresis and non-ideal sorption are tried to explain with this macromolecular models, which
assume glassy and rubbery domains (Huang and Weber Jr 1997, LeBoeuf and Weber 1997,
Xing and Pignatello 1997) but furthermore it can also be assumed that inorganic toxicants like
lead were released in the soil solution during the dissolution of existing networks. The factors
influencing the stability of those networks are widely unknown but it is to assume that I) the
more rigid a network is, the stronger the lead cations are also linked in the network. That
would mean that in a molecular organic matrix with a high degree of coordinative cross-links
desorption of lead should be kinetically retained and therefore slower than in a less crosslinked matrix. In the following study the stability of those networks is characterized and their
ability of lead binding is analyzed.
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Therefore the Al and Ca treated samples were used as investigated in chapter 2. A correlation
between cation composition and rigidity was demonstrated for these samples. Further treatment with lead was planned to achieve a background contamination as it is occurred in environmental samples. A cation depletion was simulated with an acid cation exchange resin. At
specific time points desorption of lead was determined.

4.3 Material and Methods
4.3.1 Preparation and storage of the samples
The soil sample used for the study was an organic layer from an 80 year old spruce forest in
South Germany. The main characteristics of the sample are shown in Table 3, preparation of
the sample after sampling is described in chapter 2.3.2. For further treatment the sample was
stored in PE bottles at room temperature.
pH

3,7 ± 0,1

Corg

CECpot

CECeff

WC

Ca2+

Mg2+

/%

/ mmolc
kg-1

/ mmolc
kg-1

/%

/ mmolc
kg-1

/ mmolc
kg-1

43 ± 4

671 ± 50

303 ± 20

8±1

165 ± 10

43 ± 5

Table 12: Common soil characteristics of the used organic layer from a spruce forest

Samples were treated at pH 4 with calcium nitrate, aluminium nitrate and lead nitrate solutions in various concentrations (see Table 13). 20 g of the original sample were mixed with
500 ml solution in 500 ml Duran glass bottles. Altogether 4 different concentrations for Ca2+ (
2, 4, 8, 16 mmolC l-1) and 4 different concentrations for Al3+ (1,5, 3, 6, 12 mmolC l-1) were
chosen. These concentrations based on the results of chapter 2.4.1. It is assured that with this
method cation concentrations were available in an equal distribution between the original cation concentration and the CECeff. One control was treated in the same way with 500 ml deionized water. At the end 9 different treated samples were available for desorption experiments.
The cation loss of the control sample was lower than the standard deviation of the analyzes.
Therefore the measured cation values for control and original sample were the same.
Sample

Cation concentration in solution / mmolc l-1

Resulting cation
content in soil /
mmolc kg-1

Ca-1

2

169

Ca-2

4

203

Ca-4

8

240

Ca-8

16

320
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Al-0,5

1,5

108

Al-1

3

144

Al-2

6

220

Al-4

12

365

Control

0

See original Table
12

Table 13: Concentrations of the basic samples conducted for Pb spiking. The cation contents were calculated from the analyses of the solutions after the treatment.

The samples were shaken for 3 hours in a horizontal shaker. PH was monitored after 0,5 and
1,5 hrs and adjusted with 1 M HNO3 or 0.5 M NaOH to pH=4 if necessary. Then the solution
was separated by vacuum filtration for 10 minutes (589/2 Filter Paper Circles, ashless, Whatman®). The soil samples were weighed to calculate the amount of remaining water and then
the samples were dried in a drying chamber at 25°C for 4 days and stored in closed PE bottles
at room temperature for further treatments.
For contamination with Pb2+ 16 g of the samples were spiked with 160 ml lead nitrate solution
of 0,1 mmol l-1 and were shaking over night in a 250 ml Duran® Bottle. In preliminary experiments with this treatment a Pb concentration of 300 mg kg-1 was achieved in the samples.
The amount of solution was lower than during the other cation addition procedures to reduce
the DOC losses during the treatments. After shaking the samples were treated, filtrated and
dried as described above. The dry samples were then stored in acryl glass desiccators at 20°C
and 76% relative humidity, adjusted by saturated Na+ - solution. During conditioning the
samples were stored evenly spread in open petri dishes to assure the same conditions for all
particles.
After two weeks of conditioning desorption experiments were conducted.

4.3.2 Desorption experiments
Desorption experiments were conducted with an acidic cation exchange resin (ion-resin Amberlite® IR120, H+-Form, exchange capacity 2.3 mmolc g-1, Merck, Darmstadt). For each
experiment about 1,5 g of the resin was welded in a finely meshed polypropylene net (mesh
size 72 µm). Each resin bag was then washed in 10% HNO3 – solution for 30 min and rinsed
with deionized water to remove DOC and free acid. In preliminary tests measurable DOC
fractions resulting from the resin were found.
For each sample 2 g of the organic layer and 50 ml water were treated for 15 min in a horizontal shaker in 100 ml PE bottles. This procedure assures a complete wetting of all particles
which show a high hydrophobicity. After this “wetting procedure” the resin bags were added
to the suspension and treated in a horizontal shaker for 1 to 24 hrs.
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In each sample the pH were controlled after 30 min. As described in Kaupenjohann & Wilke
(1995) it is necessary to adjust the pH at 3 with BaNO3 (Kaupenjohann and Wilcke 1995). In
this case it was possible to delete this step because all pH values were near or lower the required pH value of 3. A highly decreasing pH can be an indication for existing salt crystals in
the sample. So if the pH decreases it can be assumed that not all extractable cations are linked
to SOM. In the described procedure the decrease was moderate because the naturally occurring pH ranges around 3,5.
At the end of the extraction the pH were measured and the resin bag was rinsed again with
deionized water because adhering particles had to be removed from the resin. The soil water
suspension was filtered for DOC measurements (0.45 µm; Sartorius®). The resin bags were
extracted in 50 ml HNO3 solution for 2 hrs. As control deionized water was used for the extraction. The extraction were then analysed for Pb2+ as described in 2.3.5.
The extractions were conducted in duplicates for each desorption time, the chosen desorption
times were 1h, 3h, 8h, 24h, 96h. Unfortunately it was not possible only to change the resin
bags at the mentioned time points. The losses of SOM particles which remain in the bags were
significantly too high in relation to the treated sample amount. In preliminary tests a change
of the bag material did not improve the results therefore we decided to use for each time point
separate samples.

4.3.3 Chemical analyses
The following chemical analyses of the solutions were conducted at the different steps of the
procedure:
1) Samples treated with Al3+ solution and control: Al, DOC in the solution after shaking
Samples treated with Ca2+ solution: Ca, DOC in the solution after shaking
2) Samples treated with Pb solution: Pb for controlling absorption and DOC, Al for the
Al treated samples to control eventually losses
3) Analyzing the extract of the exchange resin for Pb
Analyzing the soil solution of desorption for DOC
For the determination of DOC the solutions were filtrated with 0.45 µm cellulose nitrate filters (Sartorius®), before that the filtration filters were flushed with warm deionized water to
minimize contamination. DOC concentration was analyzed with a TOC Analyzer Multi C/N
2100 (Analytik Jena) after acidification and outgassing of inorganic carbon.
To calculate the sorption of cations of the samples the solutions were analyzed for the added
cations (Al3+, Ca2+). Ca2+ was analyzed with Flame AAS (Perkin Elmer 4100; Varian AA 240
FS for Al3+) with an oxygen/acetylene flame, Al3+ with a nitrous oxygen / acetylene flame (
Varian AA 240 FS). In general a calibration curve was conducted by internal standardisation
(Standardaddition) or if no differences were identified between the curves by an external
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standardisation in the same solution (e. g. EDTA or 10% HNO3). The solutions of the controls
were analyzed for Ca2+ and Al3+ to calculate desorption from soil.

4.3.4 DSC measurements
To characterize the rigidity of the treated SOM matrix Differential Scanning Calorimetrie
(DSC) measurements were conducted. All samples were characterized after the first absorption of the base cations, directly before the desorption experiment and after drying and conditioning for the samples after desorption experiments.
Analyses were performed with a DSC Q1000 (TA Instruments, Germany) with a refrigerated
cooling system (RCS) and nitrogen as a purge gas. All samples were abruptly cooled in the
DSC instrument to -50°C and then heated with 10 K min-1 from -50°C to 110°C, followed by
a second abrupt cooling and subsequent heating cycle. Baseline was corrected with the TZero
technology® by TA Instruments.
Data were analyzed using Universal Analysis version 4.1 (TA Instruments). The glass transition like step transition temperature T* is indicated by an inflection point in the thermogram.
Operationally, three tangent lines were applied for the evaluation. The change of heat capacity
(∆cp = J g-1 K-1) was calculated from the height of the central tangent line. In the following
sections only the first heating cycle will be observed because the determined T* is a nonreversing thermal event (Schaumann and LeBoeuf 2005). The baseline correction applied by
Hurraß & Schaumann was not applicable in this study due to significant thermal events in the
second heating cycle (Hurrass and Schaumann 2007).
A total of 1-3 mg of the sample was placed into hermetically sealed Aluminum pans. 3 to 7
replicates were carried out depending on the quality of the resulting thermograms, so that for
each sample at least 3 significant transition temperatures were available.

4.4 Results and Discussion
In chapter 2 the outcome of the treatment with multivalent cations is described in detail therefore in this chapter focussed on the results of the Pb desorption and not on the cation absorptions in general.
Lead and DOC losses during desorption
No significant differences or trend can be observed for the determined samples in desorption
experiments of lead. Even for the original samples no difference is found to the Pb spiked
samples (Figure 38) after one hr and three hrs desorption. Primary after 8 hrs a clear difference can be observed between the treated samples and the original.
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Figure 38: Desorption of lead during the extraction with an acid cation exchange resin for samples with
different contents of Ca2+. The original sample is a no treated sample the control is only spiked with Pb2+
but not with additional Ca2+ (Ca2+ content of the control: 160 mmolc kg-1)

According to the hypotheses in 4.2 a lower desorption of lead was assumed for the treated
samples because of their more complex network due to coordinative cross-links by multivalent cations. But especially by comparing the control sample (only spiked with Pb, no pretreatment) with the pre-treated samples no significantly pronounced difference can be observed. But it is to mention that after desorption of 96 hrs the lowest Pb loss for the Pb spiked
samples is found for the control samples where no pre-treatment took place and for the samples with the lowest Ca2+ spiking. For both the values range from 290 to 300 mg kg.1, for the
other samples all values range above 305 mg kg-1. Furthermore it is to mention that the Pb
loss after 96 hrs is unexpectedly higher than after 24 hrs. This observation contradicts the
proposition of Lang et al. (2004), where no significant increase can be observed after 24 hrs
and therefore an extraction time of 24 hrs is stated as sufficient. It is assumed that the extremely high content of organic carbon in the samples (43%) is responsible for this effect.
Swelling processes for example could induce further Pb release during the long time of wetting and shaking. Results of sorption experiments with naphthalene-2-ol in hydrated soil demonstrate a higher release by a higher water content (Schneckenburger, Schaumann et al.
2012).
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Figure 39: Desorption of lead during the extraction with an acid cation exchange resin at different time
points for samples with different contents of Al3+ given in the legend. The original sample is a no treated
sample the control is only spiked with Pb2+ but not with additional Al3+ (Al3+ content of the control: 80
mmolc kg-1).

For the Pb desorption of the samples pre-treated with Al3+similar results were observed as for
the samples pre-treated with Ca2+ (Figure 39). Also no significant differences can be obtained
for the determined desorption time points. Again for the 96 hrs samples the Pb losses are
nearly complete and again the control sample show at this time point the lowest losses (except
the original sample, but here the overall Pb concentration was not influenced by Pb spiking).
Another important characteristic of the desorption process due to cation depletion is the release of DOC from the samples. The DOC release is also an indication for the stability of the
organic matrix. A high release can be related to a less stable and therefore a less pronounced
molecular network.
In the presented experiments the losses of organic carbon in form of DOC were for the original sample significantly higher than for all the other samples at each determined time point in
desorption (Figure 40 and Figure 41). Regarding that no pre-treatment was conducted and no
DOC loss took place this effect is comprehensible. After a desorption time of 8 hrs no further
significant changes can be observed for the DOC releases for all samples. This is in contrast
to the Pb releases where after a desorption of 96 hrs a pronounced increase results. Therefore
we anticipate that the proportion of lead which is released after 24hrs extraction is not involved in stabilisation effects of SOM.
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Figure 40: DOC release of the samples during the desorption experiments with an acid cation exchange
resin at different time points for samples with different contents of Ca2+ given in the legend. The original
sample is a no treated sample the control is only spiked with Pb2+ but not with additional Ca2+ (Ca2+ content of the control: 160 mmolc kg-1). The standard deviation of the DOC measurements ranges about 5%,
we do not include the standard deviation in the diagram to keep a clear view.

Between all the other samples no pronounced differences are shown in DOC release via
cation depletion (see Figure 40). The control sample and the samples with the lowest Ca content always show the lowest DOC losses, but this is only be interpreted as a slight trend.
However, this trend contradicts the expectation the DOC losses should be better pronounced
for samples with low cation contents. Also a comparison between the samples pre-treated
with Ca2+ and pre-treated with Al3+ does not demonstrate a differing behaviour in DOC release. Even the control which is only treated with Pb show the same DOC release as the pretreated samples with Al3+ (see Figure 41). This is a remarkable observation by considering the
fact that only 2,028 mmolc kg-1 Pb were absorbed by the sample in contrast the samples absorbed during the pre-treatment procedure 28 – 293 mmolckg-1 Al3+ and 10 – 160 mmolc kg-1
Ca2+. So it is to conclude that there is no effect of the cations on the retention of DOC release
at the measured time points with this experimental design. A possible explanation is that the
desorption of the cations is also very fast so there was no effect measurable.
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Figure 41: DOC losses of the samples during the desorption experiments with an acid cation exchange
resin at different time points for samples with different contents of Al3+ given in the legend. The original
sample is a no treated sample the control is only spiked with Pb2+ but not with additional Al3+ (Al3+ content
of the control: 80 mmolc kg-1). The standard deviation of the DOC measurements ranges about 5%, we do
not include the standard deviation in the diagram to keep a clear view.

DSC results during desorption
Another characteristic for the stability of an organic matrix is the rigidity of a matrix measured with DSC. The rigidity of the matrix was measured before the desorption process and in
the dried and conditioned samples formed during the desorption experiments. In reference to
the hypotheses a decrease of rigidity is postulated for cation depletion and therefore a higher
desorption of lead is assume.
As also mentioned in chapter 2.4.1 for all treated and untreated samples there is a step transition in the first heating cycle with a change of heat capacity of 0,1 -0,3 Wg-1K-1 and in a temperature range of 58°C up to 62°C. This thermal event is non-reversing, what means in the
second heating cycle there is no step transition in this temperature range. However there is a
thermal event at 69°C to 72°C with very low intensities. This event is reproducible for all
samples but there is no trend for increasing or decreasing values of T* identifiable.
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Figure 42: T* of the created samples of different cation contents directly before the beginning of the desorption experiments. The untreated original and the control sample only spiked with Pb is linked with
the original Ca2+ content in the sample and could also be transferred to the original Al content of 63
mmolc kg-1. The standard deviations originated from 3 DSC measurements conducted for each sample.

As seen in Figure 42 the original untreated sample has got a significantly lower T* than all the
other sample independently of the type of treatment, but also the standard deviation is the
highest. Only a slight increase in T* can be observed for the control sample only spiked with
lead. Samples pre - treated with Ca2+ or Al3+ solution all show higher step transition temperatures whereas only for the high absorbing samples treated with the maximum concentrations
of Ca2+ and Al3+ a difference between the two cations in inducing matrix rigidity is observed.
The sample pre-treated with Ca2+ show a decreasing T* but for the sample pre-treated with
Al3+ the rigidity remains on a high level. This observation is similar to the observations in
chapter 2.4.1 and is explained with a matrix softening at the saturation point because of less
multiple linked cation bridges in the molecular network. In contrast to the observations in
2.4.1 we do not find a higher rigidity for Al3+ than for Ca2+ treated samples. But it is to consider that also Pb2+ influences the rigidity and an additional effect on the Ca2+ samples is seen
here. The rigidity of Al3+ treated samples is more stable and is no changes were observed by
addition of for Pb2+ cations or more Al3+ cations.
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Figure 43: Step transition like glass transition temperature T* in selected samples from the desorption
experiments with an acid cation exchange resin at different time points with different contents of Ca2+ and
the control (only spiked with Pb). Showing the other Ca2+ treated samples would not provide more information. The standard deviations originated from 3 DSC measurement conducted for each sample.
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Figure 44: Step transition like glass transition temperature T* during the desorption experiments with an
acid cation exchange resin at different time points for selected samples with different contents of Al3+ and
the original sample. Showing the other Ca2+ treated samples would not provide more information. The
standard deviations originated from 3 DSC measurement conducted for each sample.
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With the beginning of desorption all samples show a decrease in T* and all ranges in the same
temperature limits of 57°C – 59°C. No pronounced differences can be observed for the desorption times of 1,3,8 and 24 hrs or for Ca2+ pre-treated samples neither for Al3+ pre-treated
samples shown in Figure 43 and Figure 44, respectively. Only for desorption time of 96 hrs a
stronger decrease of T* can be observed especially for the Ca2+ treated samples (not significant). For the longest desorption time the samples show a T* ranging from 55°C to 57°C.
Also the original sample (shown in Figure 44) and the control sample (shown in Figure 43)
show the same behaviour than the pre-treated samples and its T* ranges in the same temperature limits as for the pre-treated samples.

4.5 Conclusion
It was hypothesized that the Pb release of rigid organic matrices due to co-ordinative crosslinking by multivalent cations is lower than for less rigid organic matrices with a lower degree
of cross – linking in the molecular network of SOM. But for all samples we find a similar
behaviour during the designed desorption experiments with an acid cation exchange resin.
Even the control sample acted in the same way as the samples pre- treated with Ca2+ or Al3+
solutions in different concentrations. The determined characteristics Pb desorption, DOC release and step transition like glass transition temperature T* are in line with each other for the
samples before desorption and at each determined desorption time point.
Regarding the results especially on rigidity of the samples after the first desorption times it
seems that the designed experiment has a very strong influence on the sample itself what
means the changes are very pronounced from the first time point on. Therefore it is to discuss
if the chosen method is appropriate for answering the question behind this study. It is anticipated that the induced co-ordinative cross-links and the higher rigidity of the matrix may be
highly reversible. The induced molecular changes by absorption of further base cations may
be very variable and highly depends on environmental influences in such a degree as minimum changes in the environment like water content, physical forces (e. g. shear force), temperature and pH are able to alter the molecular network. In conclusion that would mean the
measured increase of rigidity is a snap-shot of the structure of SOM belonging to very special
environmental conditions and cannot be related to the term stability under all circumstances.
It is to discuss how appropriate the used method is, to simulate a time dependent desorption
under the natural conditions of cation depletion in acidic soils. In former studies the method
was mainly used to determine the potential of cation release of an acidic soil as substitution
for the pH stat method (Lang and Kaupenjohann 2004). It could be possible that effects are
more pronounced by using a softer desorption method e. g. a stirred-flow experiment described by Strawn & Sparks (2000) (Strawn and Sparks 2000).
Furthermore it is to discuss if a longer storage time would have a stabilizing effect on the
samples. Experiments in chapter 2 and 3 demonstrate that time is one of the most influencing
factor for rigidity.
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5

General conclusions & perspective: Forming a network

At the beginning of this thesis four main hypotheses were developed on the current knowledge:
I) According to the model of decreasing side chain mobility and decreasing small molecule mobility the overall rigidity of the matrix should increase with increasing
cation content especially for higher charged cations the increasing effects should
be pronounced
II) Due to the strong co-ordinative cross-links of multivalent cations the role of water in
cross-linking in SOM and also in precipitates developed as negligible for high
cation contents and rigidity is analysable by Tg
III) According to the effect of precipitation a higher precipitation rate and a higher degree
of cross-linking and rigidity is assumed for an increasing cation content in the DOC
solution
IV) With a higher degree of cross-linking in the matrix the desorption of metal cations like
lead is kinetically restrained and therefore slower under cation depletion conditions
Hypothesis I +II)
No detectable classical glass transition was found for the treated samples of the organic layer,
the peats and the metal cation-DOM-precipitates in the measured temperature range. This was
independent of if the samples were air-dried (about 7-8% Water content) or oven-dried (water-free). Instead for all air dried samples (storage at 76% relative humidity) a glass transitionlike step transition is detectable which is linked with water molecule bridges between the organic functional groups (see chapter 1.1). This result was not expected, because the intention
was to form cation bridges between the organic functional groups of the SOM which induces
a higher rigidity determined via Tg. Nevertheless it was possible to determine effects of various cation compositions with the measured step transition like glass transition temperature T*
which is linked to the interaction with water molecules. T* changes in dependence of the
cation type (Na+, Ca2+, Al3+ or Pb2+) and of the saturation of the sample with this cation. As
postulated in hypothesis I the effects are generally better pronounced for the triple charged Al
than for the double charged Ca or Pb (in DOM-precipitates).
But an increasing T* was only observed up to a special content of the used cation in the soil
samples and in the precipitates, further increasing cation contents induce no changes in T* or
a decreasing T*. T* stay constantly high for Al treated samples but T* decreases for Ca
treated samples. This effect was also identified for the precipitates but here also for Al a slight
decreasing trend is demonstrated. A loss of multivalent cations by exchange with Na+ and
cation depletion in general do not automatically induce a decreasing T* in different soil samples. Consequently the concentration range of cations in soil in which changes of the rigidity
can be observed is surprisingly small.
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The mentioned results do not support hypothesis II: There is an important role of water although the observed changes can be related to differences in cation content and composition
in the samples. The observations give evidence for interactions between water molecules (or
clusters) and cation bridges. It is not possible to divide in water molecule bridges on the one
side and cation bridges on the other side as it was postulated at the beginning of this work. We
do not found a step transition which can be related to cation bridges in the matrix like Tg but
we also do not found a T*, in former studies related to water molecule bridges, which do not
show any effect by changing the cation status in the matrix. So it comes finally to the conclusion that cation - watermolecule bridges were formed in the matrix .Aquino et al. (2010, 2011
& 2014) postulated such cation-watermolecule bridges via calculation of molecular modelling. In this model rigidity depends on the ratio between cation and interacting water molecules. The less water molecules are involved in such bindings the stronger is the binding and
the more rigid is the matrix. In our experiments the water content was always the same and
such differences were not possible to identify with the chosen study design.
The transition temperature fully disappears for water-free samples. Referring to the described
model of Aquino these explanations are possible:
• The cation water molecule bridges break because of the low amount of water molecules and conformational impossibilities to form cation – bridges, consequently the
cations are bound in the SOM without forming new bridges
• The cation bridges remain without the interaction of water and very strong coordinative bindings are formed, consequently the theoretically occurring Tg shoud be
detectable at temperatures above 110°C
In both cases T* would disappear and no thermal event is detectable with DSC in the used
temperature range. It is possible that both processes appear in SOM. If the functional groups
are sterically too far apart from each other and water molecules are necessary as “building
block” the bridges break due to the removal of the water. If the functional groups are near
enough the bridge get stronger by the binding of the cation. The described effects are independent of the cation content. The disappearance of the step transition was found for the
treated “soil” samples but also for the precipitates. So the idea is waived that a high background emission of the heterogenous soil samples avoids the detection of the classical glass
transition. It is assumed that the precipitates are a little less heterogenic than the solid soil
samples, because only a specific part of a soil sample is observed.
Regarding this fact it is comprehensible that some results are similar between the precipitates
and the soil sample but also slight differences are obtained. As it is described above in treated
soil samples a maximum rigidity was determined at specific cation concentrations in SOM.
After that maximum there was a decrease for Ca-treated samples and a consistent rigidity for
Al treated samples. In the precipitates for all cations at very large Men+ / C ratios the rigidity
decreases but less pronounced for Al precipitates than for Pb and Ca precipitates. This observation enhances the model of different binding stages / status (bidentate versus polydentate
95

General conclusions & perspective

bindings) depending on the cation content in the organic matrix (see also chapter “Models”).
The results indicate that if there is a high supply of cations in solution bidentate binding is
energetically preferred in the precipitate independently of the cation type. In soil samples this
was only demonstrated for Ca-treated samples and the decrease was less pronounced than in
the precipitates. There could be several reasons for this difference. First of all during the precipitation process a completely new molecular structure influenced by the cation in the solution is formed. But in solid soil samples there is only an influence of the cations on a given
structure. It is very likely that in solid samples are much more sterical borders in conformational changes. Furthermore the organic molecules acting in the precipitates are only the ones
which were able to solute in water because of their size and their functional groups. Therefore
effects coming from the interaction of the organic molecules and the cations are anticipated to
be more pronounced in the precipitates than in the treated soil samples. So this less pronounced decreasing rigidity for Al precipitates supports the model about the dependence between the type of binding and the supply of cations in the solution. Computational calculations
suggest bidentate bindings for Al between organic functional groups (Aquino, Tunega et al.
2014) But in soil samples this effect was not measurable due to the heterogeneity of the samples and the resulting derivation during the measurements.
In conclusion, hypothesis III (increasing rigidity with increasing cation content in precipitates) it was only partly supported by the results as hypothesis I.
It was hypothesized that a higher degree of cross-linking in SOM is responsible for a retained
desorption of lead under cation depletion conditions. But this hypothesis was neglected. No
relation was found between lead desorption and the content of multivalent cations in the
treated samples. The formed network was highly reversible in relation to the used desorption
method.
Many studies suggested a relation between rigidity and sorption and desorption behaviour of
organic chemicals. Furthermore for some organic contaminants a better sorption by direct
linkage of cations is known e. g. (Lu and Pignatello 2004). However, in the cited study they
worked with Al cross-linked humic acids and not with naturally occurring SOM samples. As
it is discussed above about the differences in the results of the treated soil samples and the
precipitates the more homogenous the matrix is the easier is it to find pronounced effects in
DSC. So, it is difficult to compare the results of Lu & Pignatello with the desorption results of
this study. The extractability of nonylphenol and phenanthren from a sandy soil only showed
very low changes for different cation saturations in the treated samples (Shchegolikhina,
Schulz et al. 2012). However, the organic carbon content of the sandy soils was very low in
comparison to this thesis. Schneckenburger et al. analyzed the sorption behaviour of naphthalene 2-ol in a peat sample in dependence on hydration effects. As there was a negative correlation between sorption constants and water content no correlation was found for the measured matrix rigidity and the sorbed amount (Schneckenburger, Schaumann et al. 2012). So all
these results including these of this study demonstrate the difficulties to describe the sorption
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behaviour of a complex matrix like SOM. Depending on the characteristics of the used samples opposed effects can be observed.
In general a higher rigidity which means a glassy character of the SOM is automatically related to a higher stability of SOM in literature. Higher stability means especially that the matrix is more resistant to microbial degradation or other inorganic forms of degradation. Scheel
et al. conducted experiments with precipitates and their microbial degradation but no conclusions on the rigidity of the matrix were available. For further research a correlation should be
targeted between biodegradation and matrix rigidity of SOM to understand the mechanism of
stabilisation and preventing soil as a carbon storage medium.
Moreover it is to consider that less is known about the molecular composition of the investigated soil samples (e. g. aromaticity of the sample, aliphatic groups etc.). Scheel et al. demonstrated in their biodegradation study that the degradation of precipitates depends especially on
this composition. Hence, it can be postulated that also the influence of multivalent cations
highly depends on the molecular composition in SOM. A stronger molecular network in SOM
is only possible if it is sterically possible. To achieve a deeper insight in molecular interactions more research is necessary by comparing effects of multivalent cation on SOM with
different molecular compositions. The demineralisation experiments in this thesis indicate that
the influence of cations on the degree of networking in the matrix depends on the molecular
composition. It would be important to know on which SOM types chractarised by its functional groups and molecular structure a greater or a lesser influence on cations is to be expected. Computational calculations suggest that the influence should be higher for SOM rich
in organic molecules with functional groups. If it would be possible to predict the structure of
SOM due to its composition (type of organic molecules, cation content, rigidity status etc.)
than it is assessable if the addition of base cations enhance the sorption behaviour or in worst
case enhances the desorption of contaminants. Furthermore more research is recommended on
the role of water and water clusters in SOM. How could look an interaction between watercations-organic functional groups and under which conditions is a formation of bridges expected.
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Figures
Figure 1: Procedure of percolation with Ca2+ solution for creating sample with different cation
contents and various degrees of cross-linking in SOM

27

Figure 2: A sessile drop fitted as ellipsoidal cap showing the vectors of interfacial tensions, ϒ, at the
dropedge, the observable contact angle θapp and elliptical parameters a, b, h necessary to
calculate θapp and drop volume V (Diehl and Schaumann 2007).

31

Figure 3: Step transition temperature T* in dependence of the Ca2+ content of the sample and the
concentration of the used percolation solution (5 mmol, 8 mmol, 10 mmol) after 4 weeks
conditioning.

33

Figure 4: Step transition temperature T* in dependence of the Ca2+ content of the sample and the
concentration of the used percolation solution ( 5 mmol, 8 mmol, 10 mmol) after 9
months conditioning.

34

Figure 5: Ca2+ contents in the treated samples from the mass balance analyses in the percolation
solution and from EDTA extract from the samples itself

36

Figure 6: Cation content of the samples after each percolation cycle during the addition of Ca2+, the
pecolation cycles and its concentration are given at the x-axis. The content was measured
by EDTA extraction of an aliquot of the samples.

36

Figure 7: Losses of organic carbon during the percolation cycles, averages from all treated samples
(standard deviation based on the individual values). It is stated that the values are related
to the losses of DOC at the specific percolation step, what means the oberall loss of DOC
for the sample percolated for four times is the sum of the values in each step.

37

Figure 8: T* of the different treated samples of each percolation cycle and for the control

38

Figure 9: Decrease of T* with higher Ca2+contents in the samples.

39

Figure 10: Cation exchange during absorption of Al3+ in dependence on different concentrations in
the initial salt solutions; standard deviations are derived from the analytical methods in
percent.
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Figure 11: DOC in the soil solutions after treatment in dependence of increasing initial Ca2+ ( ) and
Al3+ (○) concentrations in batch solutions and in comparison to the control sample only
treated with deionized water (□). Linear regression with p = 0.08 for Al3+ and p = 0.1 for
Ca2+.

42

Figure 12: Representative DSC thermograms of the first heating cycle of samples treated with Ca2+;
a) reference sample only humidified, Ca2+ content is 160 mmolc kg-1, b) treated sample,
Ca2+ content is 175 mmolc kg-1, c)treated sample, Ca2+ content is 220 mmolc kg-1

43

2+

Figure 13: DSC results from Ca treated samples in batch experiments and in percolation
experiments (see chapter 0), changes of T* with differences in Ca2+ content.
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Figure 14: Glass transition like glass transition temperature in dependence on Ca2+ content and Al3+
content in soil samples after 4 weeks conditioning at 20°C and 76% humidity.
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Figure 15: Simplified model for the relation of absorption of Ca2+ and the rigidity of SOM
influenced by cross-linking between the functional groups of different molecules.

47

105

Table of Figures
Figure 16: Simplified model for the relation of absorption of Al3+ and the rigidity of SOM
influenced by cross-linking between the functional groups of different molecules. In
contrast to Ca2+ further addition of cations on the matrix do not lead to a less rigidity
determined with T*.
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Figure 17: Step transition temperature for Ca2+ treated samples in batch 4 weeks and 6 months after
the treatment.
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Figure 18: Step transition temperature for Na+ treated samples in batch, 4 weeks, 13 weeks and 22
weeks after the treatment.
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Figure 19: Step transition temperature for Al treated samples in batch; 4 weeks, 13 weeks and 22
weeks after the treatment.
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Figure 20: Contact Angle of the Ca2+ und Al3+ treated samples after 4 weeks of conditioning in
relation to the cation content.
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Figure 21: Correlation of T* with contact angle for all treated and untreated samples with different
cation solutions in batch experiments.
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Figure 22: Step transition temperature T* before and after demineralisation of the three samples.
Box plots were created by at least 6 T* values for each sample.
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Figure 23: Heat flow curve of a DSC measurement of a Ca-precipitate, no tangent lines can be
applied and no inflection point is received.
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Figure 24: Corrected heat flow curve of the same sample by turning the curve in the plane with the
TA instruments program, the inflection point is now analysable
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Figure 25: Amounts of wet precipitates originated during flocculation process in solutions of
different Men+ / C ratios with Ca2+, Pb2+ and Al3+

68

Figure 26: DOC losses of the solution after the precipitation in duplicates with Ca2+, Pb2+ and Al3+ in
different Men+ / C ratios.

69

Figure 27: Cation – Organic carbon ratio for the three lowest Men+/C ratios in precipitation
experiments, due to high analytical standard deviations and in relation to the absolute
concentration low losses of cations for the higher tiered Men+/C ratios no Men+/C ratios in
precipitates were calculated for these.

70

Figure 28: First (left) and second (right) heating curve of Al-precipitates (Men+/C ratio = 2) in
hermetically sealed pans. No analyzable thermal event in the second heating cycle
(continuous line: Heating flow; dashed line: derivation of heat flow).

71

Figure 29: First (left) and second (right) heating curve of Pb-precipitates (Men+/C ratio = 2) in
hermetically sealed pans. No analyzable thermal event in the second heating cycle
(continuous line: Heating flow; dashed line: derivation of heat flow).
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Figure 30: DSC curves and glass transition – like step transition temperature T* of Pb-DOM
precipitates produced in solutions with different Men+/C ratios. With increasing ratio the
samples develop an enthalpic overshoot since for some curves (Pb/C 10) no step
transition temperature can be analyzed because the step has become a peak.
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Figure 31: DSC curves of Al DOM precipitates produced in solutions with different Men+/C ratios.
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Figure 32: Step transition like glass transition temperature T* in dependence of the initial Men+/C
ratio in solution for the cation-DOM precipitates, standard deviations for T* based on the
results for the number of pans for each sample ( 4 -8).
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Figure 33: DSC heating curves of an Al precipitate (Men+/ C ratiosolution = 1) before (left) and after
(right) complete removal of water by drying at 105°C: no analysable thermal events can
be detected anymore. The vertical curves in the left picture originated from the cooling
cycle before and cannot be excluded technically. The heating curve received before
cooling shows a pronounced melting peak around 0° C which is also a hint for the higher
water content of the samples.
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Figure 34: Heating curves of Pb precipitates (Pb2+/ C ratiosolution= 2) measured after 2 weeks
conditioning (solid line), after 6 weeks after the 1 measurement (long dash) and after 2
weeks after the 2. measurement (short dash). T* is given of inflection point of the step
transitions.
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Figure 35: T* for Pb precipitates created in different Pb2+/ C ratiossolution in duplicates and measured
after 2 weeks of conditioning, re-measured six weeks after the 1. DSC measurement and 2
weeks after the 2. DSC measurement to control the reappearance of T*.
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Figure 36: Heating curves of Al precipitates (Al3+/ C ratiosolution= 3) measured after 2 weeks
conditioning (solid line), 6 weeks after the 1 measurement (short dash) and 2 weeks after
the 2. measurement. T* is given as inflection point of the step transitions.
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Figure 37: T* for Al precipitates created in different Al3+/ C ratiossolution and measured after 2 weeks
of conditioning, re-measured six weeks after the 1. DSC measurement and 2 weeks after
the 2. DSC measurement to control the reappearance of T*.
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Figure 38: Desorption of lead during the extraction with an acid cation exchange resin for samples
with different contents of Ca2+. The original sample is a no treated sample the control is
only spiked with Pb2+ but not with additional Ca2+ (Ca2+ content of the control: 160 mmolc
kg-1)
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Figure 39: Desorption of lead during the extraction with an acid cation exchange resin at different
time points for samples with different contents of Al3+ given in the legend. The original
sample is a no treated sample the control is only spiked with Pb2+ but not with additional
Al3+ (Al3+ content of the control: 80 mmolc kg-1).
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Figure 40: DOC release of the samples during the desorption experiments with an acid cation
exchange resin at different time points for samples with different contents of Ca2+ given
in the legend. The original sample is a no treated sample the control is only spiked with
Pb2+ but not with additional Ca2+ (Ca2+ content of the control: 160 mmolc kg-1). The
standard deviation of the DOC measurements ranges about 5%, we do not include the
standard deviation in the diagram to keep a clear view.
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Figure 41: DOC losses of the samples during the desorption experiments with an acid cation
exchange resin at different time points for samples with different contents of Al3+ given in
the legend. The original sample is a no treated sample the control is only spiked with Pb2+
but not with additional Al3+ (Al3+ content of the control: 80 mmolc kg-1). The standard
deviation of the DOC measurements ranges about 5%, we do not include the standard
deviation in the diagram to keep a clear view.
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Figure 42: T* of the created samples of different cation contents directly before the beginning of the
desorption experiments. The untreated original and the control sample only spiked with
Pb is linked with the original Ca2+ content in the sample and could also be transferred to
the original Al content of 63 mmolc kg-1. The standard deviations originated from 3 DSC
measurements conducted for each sample.
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Figure 43: Step transition like glass transition temperature T* in selected samples from the
desorption experiments with an acid cation exchange resin at different time points with
different contents of Ca2+ and the control (only spiked with Pb). Showing the other Ca2+
treated samples would not provide more information. The standard deviations originated
from 3 DSC measurement conducted for each sample.
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Figure 44: Step transition like glass transition temperature T* during the desorption experiments
with an acid cation exchange resin at different time points for selected samples with
different contents of Al3+ and the original sample. Showing the other Ca2+ treated samples
would not provide more information. The standard deviations originated from 3 DSC
measurement conducted for each sample.
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