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Summary

Summary

The intention of this thesis was to characterigestfiect of naturally occurring multivalent catidike
Calcium and Aluminium on the structure of Soil OrgaMatter (SOM) as well as on the sorption
behaviour of SOM for heavy metals such as lead.

SOM is regarded as a polymer-like structure wheaeromolecules interact via organic functional
groups and form a network. As is known from polyraeience some polyvalent cations are able to
form cross-links between the negatively chargedtional groups. Therefore they substantially influ-
ence the degree of networking. Due to these cipks-bide chain mobility of the organic molecules
decreases and the matrix becomes more rigid. Tactegise the resulting rigidity of such a matrix
the glass transition temperature is determined thigh Differential Scanning Calorimetrie (DSC). It
was shown that this method is also applicable faicle range of soil samples to characterise the in-
fluence of water molecules on rigidity of SOM. QadaAl are known as cross-linking agents and the
aim of the conducted experiments was to changédttity of SOM by changing the cation composi-
tion. In literature it is described that flexiblegions of SOM were responsible for fast and lirseap-
tion and desorption whereas rigid areas of SOM wesponsible for slow desorption, hysteresis ef-
fects, and sequestration of contaminants.

The first part of this thesis describes the resafltexperiments in which the Al and Ca cation canhte
was changed for various samples originated frois smid peats of different regions in Germany. The
second part focusses on SOM-metal cation preagsited study rigidity in dependence of the cation
content. In the third part the effects of varioasian contents in SOM on the binding strength of Pb
cations were characterised by using a cation exgheasin as desorption method.

It was found for soil and peat samples as wellrasipitates that matrix rigidity was affected bytho
type and content of cation. . The influence of @aigidity was less pronounced than the influentce o
Al and of Pb used in the precipitation experimeRt. each sample one cation content was identified
where matrix rigidity was most pronounced. Thiscéii@cation content is below the cation saturation
as expected by cation exchange capacity. Thessdisdesulted in a model describing the relation
between cation type, content and the degree ofarkimg in SOM. Furthermore, it was found that the
changes in matrix rigidity were well correlated disanges in hydrophobicity of the samples. That
gives evidence for changes in the conformatiornefdrganic molecule. For all treated soil and pre-
cipitate samples a step transition like glass ttimmswas observed, determined by the step tramsiti
temperature T*. It is known from literature thaisthiype of step transition is due to bridges betwee
water molecules and organic functional groups iMS@ contrast to the glass transition temperature
this thermal event is slowly reversing after daysveeks depending on the re-conformation of the
water molecules. Therefore, changes of T* withal#ht cation compositions in the samples are ex-
plained by the formation of water-molecule-catiardfes between SOM-functional groups. An in-
crease of T* is correlated with storage time imfer literature studies. These aging effects are als
observed in this study especially for Ca treatedmas that gives further evidence for the intetacti

of cations and water molecules in bridging. Nougfice on desorption kinetics of lead for different
cation compositions in soil samples was observdgerdfore it can be assumed that the observed
changes of matrix rigidity are highly reversible &ddyanging the water status, pH or putting agitation
energy by shaking in there.



Zusammenfassung

Zusammenfassung

Ziel dieser Arbeit war die Beschreibung des Eirdass mehrwertiger Kationen auf die Struktur der
organischen Bodensubstanz (OBS) und das darausieeswle VermOgen andere Kationen wie bei-
spielsweise Blei in der OBS zurtickzuhalten.

OBS verfligt Uber polymeréhnliche Strukturen. Dakiedl davon ausgegangen, dass Makromolekiile,
die Uber ihre funktionellen Gruppen miteinandeeiagieren, ein Netzwerk bilden. Mehrwertige Ka-
tionen konnen die meist negativ geladenen funklieneGruppen miteinander verknipfen und so
Einfluss auf den Grad der Vernetzung innerhalb@®BS nehmen. Durch diese Briicken kann die Be-
weglichkeit der Molekulseitengruppen eingeschrém&tden und die Matrix wird insgesamt starrer.
Diese Abnahme der Flexibilitat ist Uber die Messdag Glasiibergangstemperatur mit der Differential
Scanning Kalorimetrie (DSC) moglich. Die Anwendutigser Methode fur Bodenproben ist hinrei-
chend bekannt. Sie diente bisher dazu zu zeigenyWeissermolekiile die Starrheit der OBS beeinflus-
sen. In der Literatur werden die weichen / flexibRegionen der OBS mit schneller und linearer
Sorption und Desorption in Verbindung gebracht, i@t die starren Bereiche fur langsame Prozesse
mit Hystereseeffekte und Sequestrierung von Scatdstverantwortlich gemacht werden.

Im ersten Teil dieser Arbeit wird die Kationenzusaemsetzung in unterschiedlichen Torfproben und
einer organischen Auflage durch Variation der Alnimin- und Calciumgehalte veréndert und die
Proben werden wie oben beschrieben mit der DSCaktaaisiert. Der zweite Teil beschéftigt sich
spezifisch mit der Starrheit von Prazipitaten heteié aus geldster OBS und verschiedenen Metallka-
tionen. Im dritten Teil wurde versucht die zeitkciAbh&ngigkeit der Bleidesorption wéhrend eines
Schittelversuches mit einem sauren Kationenaugtaustarz abzubilden. Eingesetzt wurden hierfur
die bereits charakterisierten Bodenproben aus dstereVersuchsblock.

Eine Abhangigkeit der Starrheit in der organischAefiage, den Torfproben und den Préazipitaten von
Kationenart und —gehalt konnte nachgewiesen weideahbei war der Effekt von Calcium insgesamt
weniger ausgepragt als von Aluminium oder Blei. &ile behandelten Proben konnte ein Maximum
in der Starrheit identifiziert werden, wobei die gfihe Sattigung fur das jeweilige Kation noch nich
erreicht war. Aus den Ergebnissen konnte ein Modkteleitet werden, dass den Zusammenhang
zwischen Kationengehalt und Vernetzung innerhattQRS beschreibt. Zudem wurde eine gute Kor-
relation zwischen der Starrheit in den Proben urdenn wasserabweisenden Verhalten
(Hydrophobizitat) gefunden, was auf strukturelledArungen bei der Ausrichtung der Molekiile hin-
deutet. Ein echter Glasubergang konnte mit der DS&iner der untersuchten Proben ermittelt wer-
den. Gemessen wurde nicht der klassische Glasiimesgmdern ein Stufenibergang, der in Zusam-
menhang mit Wassermolekiilbriicken innerhalb der @Bracht wird. Dieser Ubergang ist nicht
sofort sondern mit einer zeitlichen Verzégerung ¥@gen oder Wochen in den Proben wiederkeh-
rend. Das wird mit einer erneuten Ausrichtung unidubg von Wassermolekulbrticken erklart. Zu-
satzlich konnten bei den Proben Alterungsprozessddcrhtet werden, die bisher ebenfalls mit der
Ausbildung von Wassermolekilbriicken erklart wurdBiese Ergebnisse legen den Schluss nahe,
dass es eine enges Zusammenspiel zwischen Katigvassermolekilen und funktionellen organi-
schen Gruppen geben muss, dass zur Ausbildung vass&timolekiil-Kationen-Briicken fihrt. Ein
Einfluss der Vernetzung auf die Bleidesorption wmht messbar, was erste Hinweise darauf liefert,
dass die ausgebildete Vernetzung durch Zugabe vass¥Y in Zusammenhang mit zusatzlicher phy-
sikalischer Beanspruchung durch Schitteln und éibeahme des pH-Wertes schnell reversibel war.



General Introduction

1 General Introduction

1.1 Tgand T* in Soil Organic Matter (SOM) a short review

SOM has a high influence on all soil functions siricis responsible for soil characteristics

like pH-value, oxidisation processes and nutrietgéase. The knowledge about the molecular
structure of SOM or Humic substances (HS) is ofagtaterest in science for the last 30

years. The molecular structure gives informationulcentral processes occur in soil envi-

ronment e. g. nutrient storage and release, wateraiction, carbon storage and degradation
(physical, chemical and biological), cation excharand sorption and desorption of contami-
nants.

For describing the molecular structure of humicssabces two models were discussed in
literature:

1) HS are seen as macromolecular substances with polgharacteristics formed by
secondary abiotic or biotic synthesis reactioneBdeuf and Weber 1997, Xing and
Pignatello 1997); (Swift 1999, Essington 2003)

2) HS are seen as supramolecular associations, agggsega micelles (formed in water
solutions) of low-molecular-mass organic molecutasning clusters by weak van-
der-Waals forces or hydrogen bonding (Von Wandrasa®©98, Piccolo 2001,
Simpson, Kingery et al. 2002, Sutton and Sposi@b20

Schaumann, 2006 suggested that both views canretdbeded for solid and dissolved SOM
(and NOM) and overall SOM (and NOM) “have to beategl as amorphous materials with a
certain degree of microcristallinity” (Schaumanrogp

Amorphous materials are non-structured materialsomtrast to crystallized structured ones
with a pronounced overall symmetry. One importdrdracteristic of an amorphous material
is the so-called glass transition temperatuyyafich is the specified temperature point where
the substance changes from a glassy (rigid) tdbemy state. This thermodynamical process
could be regarded as second order transition aegpkined by the uptake of energy as heat
by mobile side chains of macromolecules (e. g.mekg). The observed increase of heat ca-
pacity at T is linked to the degree of increasing mobilitytteé molecules in the network. The
glass transition temperaturgy Torrelates with the degree of rigidity in norm&hts that
means a matrix with a very high rigidity at roormfgerature would also has a highgrtffan

a matrix with a lower rigidity at room temperatuF@r example it is known that the uptake of
water has a plasticizing effect on organic polyreerd therefore causes a higher mobility of
the side chains which is determined in DSC witleerdasing { for water wet samples.

In the following work the main characteristic oktBamples to determine the rigidity of the
organic molecule network in SOM is the step tramsitike glass transition temperature
named T*. Therefore we would like to describe aefire it in this chapter by give a short
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General Introduction

history of glass transition and step transitiorelgtass transition measurements in soil organic
matter and in natural organic matter (NOM).

Leboeuf & Weber (1997) observed gfér the first time for water-wet and dry isolatieaimic
acids (HA) in open aluminium pans(LeBoeuf and Web@®7). By this thermo-dynamical
behaviour the idea of regarding SOM as high mobacarganic polymers was underlined.
The results of the measurements were related tedhealled distribution reactivity model
(LeBoeuf and Weber 1997) or dual reactive domaualdnode) model (Xing and Pignatello
1997) which accounts for isotherm non-linearity aodhpetitive sorption (Huang and Weber
Jr 1997). They differentiate SOM in two main regaescribed as a rubbery region responsi-
ble for linear sorption and desorption processeksaaglassy region responsible for slow sorp-
tion and sequestration of organic chemicals. Thetiom of Ty and sorption hysteresis was
shown for phenanthren and some NOM where sorbeaisar at their rubbery state tends to
show little to no desorption hysteresis (Leboeu &veber Jr 2000). Glass transitions were
also reported for fulvic acids (FA) derived fronsteeam (Young and Leboeuf 2000) whereas
the measured jTof FA was lower than for HA in TM DSC (temperatur®dulated DSC).
This observation was explained by a less compkss hromaticity, lower molecular weight
and thus, less likelihood to coil than HA which urees a higher mobility of the side chains.
The plasticizing role of water was demonstrated_eBoeuf & Weber Jr, 2000, in synthetic
organic sorbents and in natural organic matter Aildrich Humic Acid whereas the effect of
decreasing Jdue to water uptake of the samples was best pmmeol The authors explained
that phenomenon with the possibility of disruptmihydrogen bonds in the matrix as it was
observed for pyridine swelling of coal (Mackinndi§94). In several studies is shown that
glassy polymers and diagenetically altered keragmh coal exhibit greater isotherm nonlin-
earity than rubbery polymers and young SOM (Johnbklang et al. 2001). Further investi-
gation demonstrate that an important factor inftileg the height of Jare also the structural
modifications by diagenetic processes, Zhang e2@07) observed an increasing il the
order of coals > charcoals, Type | and Il kerogemumic acid. Thereforeglvalues were not
merely a function of aromaticity (Zhang, Leboeu&kt2007).

De Lapp et al. (2004) summarized the following ewices for the theory of macromolecular
mobility in NOM (DelLapp, LeBoeuf et al. 2004):

1. Increased attractive forces between molecules requore thermal energy to produce
molecular motion, where increases inpcbrrespond directly with increases in a larger
cohesive energy density (Barton 1983)

2. The internal mobility of a macromolecule chain israrily affected by the size of the
side chain...Generally, larger side-chain groupgiire greater activation energies to
move or rotate the chain (Eisenberg 1993)

3. Macromolecules possessing aromatic or parallel §andtheir backbone have ex-
tremely stiff bonds resulting in reduction of malér mobility (Rosen 1993)
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4. Increases in the free volume of macromoleculeailonore room for the macromole-
cule rotate, resulting in a reduction in thgThus, swelling of a macromolecule by a
thermodynamically compatible solvent will tend teriease the free volume and lower
the Tg. (Haward 1973, Barton 1983)

Although difficulties were seen for the observatafirglass transitions in whole soil samples
because of the high heterogeneity of SOM possegssinigple transitions (LeBoeuf and
Weber Jr 1998) , in 2000, Schaumann & Antelmanmmteg signs for potentialglalso for
solid and unchanged SOM of an Aorizon of a spruce forest. Although the plasiigzef-
fect of water was not found for the determined danapslightly higher Jwas observed for
the wet sample (Schaumann and Antelmann 2000)hé&uglass transitions in whole soil
samples were then reported by DelLapp et al. (2004).

In 2005 Schaumann & Leboeuf describe a non revergjlass transition in air dried peat
samples without a thermal pretreatment (no furtberoval of water) in a closed system, after
some days of storage the glass transition reapg8amumann and LeBoeuf 2005). By con-
ducting a thermal pretreatment for the same sampigical glass transition with very low
intensities was reported. So two transition typesenwpresent in the same sample depending
on the thermal pretreatment (inducing water evaporaand on the manner of measurement
(sealed or open system). Thermomechanical Analyidd#\) of the sample revealed a matrix
softening in the same temperature range as theaosevater-dependent step transition in
DSC.

The observed phenomenon was explained with theolggdr bond-based cross-linking model
(HBCL-Model), which relates to the formation of watmolecule bridges (also known as
WaMB in recent literature) between the polymer sitiains which reducing the side chain
mobility. Schaumann et al. assume that the timeefoirmation of the cross-links depends on
the diffusion time of the water molecules to theafic bridging sites in SOM which takes
longer than the cooling time in a DSC run of a sgjoent heating cycle. Therefore the reap-
pearance of Jtakes a SOM specific time period. By these expenits the special role of
water in SOM was demonstrated: Depending on themaintent in the sample plasticizing
and anti-plasticizing (WC < 12 %) processes wergeoked. Anti-plasticizing effects of water
arises when water clusters in SOM expand the fodenve and enhance the mobility of the
molecule chains.
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Glass transition in NOM Glass transition-like steptransi-
tion in NOM
occurence In water-wet and water free sam- Only in water containing samples

ples (pre-heated) measured in a measured in hermetically closed
open system (evaporation possibleyystems, reappearance after a spe-
reappearance in subsequent heatirgfic time period of storage at
cycles ambient temperatures

Transition temperature  Ty= 17°C — 70°C (humic and fulvic T* = 48°C — 68°C (depending
acids) (LeBoeuf & Weber, 2000; strongly on thermal history)

Xing, 2007)

Intensities (in average) A ¢, = 0,0XX (e. g. Aldrich HA A ¢, = 0, XXX
0,03J ¢ °Ch

Mainly reported for Extracted HA (Aldrich, Leonardite) Whole soil and peat samples with
, FA, lignine, and biopolymers high organic carbon contents ( >

5%, sample specific)

Possible explanations ~ Comparable NOM structure to highFormation of water-bridges as
molecular organic polymers, side cross-links between the organic
chain mobility of the macromole- side chains
cule ( due to e. g., aromaticity, di-
agenetic processes)

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

To distinguish both thermal processes from eachrdtie non-reversible glass transition was
called as glass transition - like step transitibilurfass and Schaumann 2005). Hurral3 et al.
(2006) reported about glass transition-like stgmgitions in 52 out of 102 soil samples of
different soil types and horizons sampled from fimres with different land-uses. For all these
samples no quantitative evaluation of the clasgitass transition was possible because of
very low intensities. Furthermore for anthropogeanituenced soils only for a minority of the
samples a step transition was detectable. The mutiomcluded that not enough binding sites
for water molecule bridges were available in suetetogeneous samples. For the analyzable
samples a positive correlation was found betw&gnand OM content (p<0,0001). In 2007,
Hurrass & Schaumann, demonstrated in several samplgsical aging processes due to the
strengthening of cross-linking by water bridgesamples with a water-content below 10%.
An increase of J* of 5°C was observed during a time period of 7 then(Hurrass and
Schaumann 2007). Physical aging was formerly défiag structural relaxation process of
amorphous polymers below their glass transitionpenmature which causes reductions in
segment mobility, enthalpy and free volume (Strl@k8).. The described changes induce an
increase of the glassy character of the amorphtvustgre. Physical aging is also hypothe-
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sized to be responsible for the aging of contanteyanSOM and NOM (LeBoeuf and Weber
1997). Schaumann, 2006, concluded from the obsensbf aging in SOM and the found
transition temperatures T* and; &s described above that there should be alsastt teo
mechanisms of physical aging in SOM whereas onéheidn is linked to water molecule
bridges in SOM (Schaumann 2006) and can be denabedtby an increasing T* for samples
stored under constant humidity conditions (Hurrasd Schaumann 2007). At the time no
physical aging experiments were reported for NOlgia classical glass transition.

1.2 The role of multi-valent cations as cross-linking gents in SOM and
NOM

1.2.1 Characteristics of cations

Cations can be described by parameters like cteargeon radius. The quotient of those two
characteristics gives information about the bindaffinity to exchange surfaces and corre-
lates with the hydration energy of the cation.

Cation ri / pm ZIri | pm* AHy/kImol* r, /pm
Na" 116 0,0086 - 405 358
Mg** 86 0,0465 - 1922 428
ca” 114 0,0351 - 1592 412
Al%* 67 0,1343 - 4600 480
PL* 133 0,030 - 1480

Table 2: lon radius, Hydrationenergy (A Hy,) and hydration radius of the cations considered irhis thesis.
(Scheffer/Schachtschabel; and Blume 2010; Essingt@903 )

Smaller cations have a higher hydration energy thedefore a thicker hydration shell than
bigger cations of the same charge. Therefore biggdons come closer to a surface then
smaller cations of the same charge. (Scheffer/$tbetabel; and Blume 2010) .

Cations can be devided in ions which exist printypas hydrated cation, ions which exist in
a hydrated form and also as sparingly soluble hyidep and ions which only form stable
oxyanions. The form depends on the ionic pote(iigl of a cation defined as quotient of ion
charge (Z) and radius (r):

- cd*, Mg*, PIF* and N& have a small IP (< 0,03) and tend to remain hydrat

- AI** and F&" have a moderate to high IP (0,03 < IP < 0,1) @nd to strongly polar-
ize water and promote hydrolysis

The presence of exchangeablé*A$ therefore depending strongly on soil pH. Iraditie soil
with pH > 7 the so called base cations (readilyhexgeable cations) are TaMg?*, K* and
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Na" (dominated by C&) whereas in acidic soils with pH < 6%Aland the associated hydroly-
sis products AIOB" and Al(OH)" dominate the exchange phase charge, alsg bbuld be
present in an exchangeable form in acidic soilssifigton 2003)

In case of the surface complexation of cations ioi differentiate in outersphere and inner-
sphere complexes. An innersphere complex is fowtezh no water molecules were between
the ion and the surface ligand. An outersphere ¢exng formed when the ion keeps its hy-

dration shell and is only adsorbed by electrostatieractions, the interceding water mole-

cules prevent electron sharing (Essington 2003golntrast innersphere complexes form co-
ordinative bindings. Co-ordinative bindings (electisharing) are known to be much stronger
than electrostatic interactions therefore catiangl by outersphere complexes can easily dis-
placed with cations in the solution. (Scheffer/Sttiachabel; and Blume 2010)

1.2.2 Bonding characteristics to humic substances

Also for bindings with NOM the ability of cations form inner- or outersphere complexes is
an important characteristic which gives informatmm the stability of such a complex. Ka-
linichev & Kirkpatrick, 2008, presented moleculgmdmics computation which demonstrates
a strong innersphere complexation of Oaith NOM supporting the idea of supramolecular,
Ca-mediated NOM aggregation (Kalinichev and Kirkjgat 2007). For fulvates both inner-
sphere and outersphere complexes with metal cagie&nown from spectroscopic determi-
nations e. g., NMR, fluorescence, and x-ray absmptear edge (Essington 2003)inner-
sphere complexation is linked to high energy bigdsites. Although in a fulvate molecule
high energy binding sites are in the minority ipagrs to be the preferred binding mechanism
if the metal ion concentration is far below thevate concentration. Outersphere complexa-
tions are described as weak bonding between wateOabearing ligands after saturation of
the high energy bonding sites also these low enbaymding sites were occupied by metal
cations if there are enough available. Complexesbmadevided in monodentate, bidentate,
tridentate and polydentate complexes dependindhemtmber of occupied positions of the
coordination sphere of the metal ion by the orgdigand. Outersphere complexes are
monodentate whereas innersphere complexes are adgtanonstrated bi- to polydentate bind-
ings. Polydentate complexes can also be formedyblyophilic functional groups of more
than one organic molecule. (Essington 2003)

It was shown that the CEC is directly related te tnganic matter content of soil samples
(Batjes 1996). The exchange processes were infaehyg the dissociation of the carboxylic
and phenolic functional groups in SOM. Especiatiyacidic soils with high organic carbon
content the cation exchange capacitiy is relatethedunctional groups of SOM (Kalisz and
Stone 1980). This fact includes high OM-surfacazwors like Q, O, anf Q and peat soils
(Ross, Matschonat et al. 2008).

! page 213
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The molecular configuration of a humic acid molecid flexible and a function of the salt

concentration and pH of the aqueous environmeng ©ua higher salt concentration and a
low pH a condensed form of the HA with a strondingiresulting in globular aggregates and
ring like structures is expected (Essington 2003).

Due to the heterogenous distribution of differergamic molecules in SOM depending on the
different pathways of formation it seems unlikedyconsider all characteristics in one univer-
sal cation-SOM-binding model. A realistic approashthe observation of interactions be-
tween selected cations with isolated and purifiechic substances for deriving binding mod-
els under changing conditions (pH, temperatureicistrength). In literature several models
are available. In Scheffer / Schachtschabel, 20f#Nica - Donnan model and Model VI by
Tipping, 2002 (Tipping, Rey-Castro et al. 2002)yevdescribed as the two main models:

The Nica-Donnan Model based on the NICA equatioonddleal-competitive adsorption
model) for binding of protons and metal cations\t by

- Competitive Langmuir equation
- Continuous affinity distribution

- Low and high pK for two different types of functional groups (caxylic and phenol-
iC groups)

- Decription of electrostatic strength as s functmonic strength

Human substances were described as a Donnan- tjehwiegative charge and volume de-
pending on the ionic strength. Reliable resultsen@yserved for the Nica-Donnan-model for
the discriptions of an extensive data set for timelihg of metal cations (G§ Cd**, Cif*,
PK**, and AF*) to a purified peat humic acid (PPHA) at variol$ yalues (Kinniburgh, Van
Riemsdijk et al. 1999, Koopal, van Riemsdiejk et 2001, Scheffer/Schachtschabel; and
Blume 2010).

Model IV consists of discrete affinity distributisnProton and metal bindings were devided
in two groups because of their logK values whiclmeAtomogeneously ranged around a mean
value. Electrostatic effects were considered byHzBiann factor which depends on charge
and ion strength.

Cation exchange processes are especially relatedtimns only forming outersphere com-
plexes.

1.3 Effects of cations on soil and SOM properties

Regarding the last chapters it is suggested tlea¢ tthould be a relation between the structure
of SOM with its various types of charged molecwdes cations in the soil solution. Cations
can act with charged functional groups of severalecules and consequently the whole mo-
lecular structure of the matrix is influenced. dincbe assumed that both models of molecular
structure of humic substances, macro-molecularsaipda-molecular, allow the interaction of
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cations in its matrix and it is hypothesized thatld¢pes were formed between molecules and
consequently the rigidity of the matrix is influekt In such a network the availability of con-
taminants but also of nutrients is less pronourargdl SOM acts as accumulator for various
substances. But how stable is this network? Is cotde networking physically measurable?

The main objective of this thesis was to investagae interactions between SOM and multi-
valent cations due to structural confirmations tmthe effects of such a changed matrix e. g.
on the release of lead in the environment. CradsHg effects of multi-valent cations were
discussed in connection to mineral organic assoast(Kahle, Kleber et al. 2002, Kdgel-
Knabner 2002, Ellerbrock and Kaiser 2005, Weng, pébet al. 2005) , aggregate stability
and supramolecular nature of SOM. Simpson et aifigd a set of HA by removal of associ-
ated metals by liquid chromatography in combinatieth H-NMR by this aggregate disrup-
tion was demonstrated (Simpson, Kingery et al. 2088il aggregation is enhanced by multi-
valent cations between humic acids and several g#aticles of an Entisol (Piccolo and
Mbagwu 1994).

In presence of multivalent cations likeXC®OM release of soils was obviously decreased as
reported by several authors (Romkens and Dolfi@81$hen 1999, Schaumann 2000, Oste,
Temminghoff et al. 2002). Such observations catirid@d to coagulation and precipitation
effects of multivalent cations by bridging seveoafjanic molecules with each other. Tem-
minghof et al. (1998) induced coagulation withi*Cand AF*in purified forest soil solutions
(Temminghoff, Zee et al. 1998). Lang et al., 200iggested by small-angle x-ray scattering
analyses cross-linking of Pbin Pb-DOM colloids (Lang, Egger et al. 2005). Samann,
2006 suggested that “mulitvalent cations may insgethe apparent molecular weight by the
formation of coordinative cross-links in dissolveeshid undissolved matter” (Schaumann
2006). In conclusion it can be hypothesized thassilinking by multivalent cations is one
possible mechanism of supramolecular networkin§@M. Although cross-linking by multi-
valent cations were often discussed in literatorbd responsible for observed effects on the
organic molecular matrix, the effects of cationseveot shown in detail until now.

1.4 Objectives

The objective of this study was to understand tleehmanism and effects of cations on soil
organic matter with special respect to the crassi#ig hypothesis

High cross-linking in the interior of SOM shouldhemce a higher networking and therefore
i) a reduced mobility of the side-chains of macréenales (macromelecular view), ii) a de-
creasing effect on the overall mobility of a smaleolecule embedded in the network (su-
pramolecular view), or iii) a reduced mobility ohaller molecules by precipitation instead of
dissolution. In reference to these three mechanafmp®stulated increasing rigidity by cross-
linking of cations the influence of different conte and charge of cations should be obtained
in whole organic soil samples and in precipitaRigidity can be measured by the glass tran-
sition temperature glor the glass transition-like step transition terapge T* (WaMB Tran-
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sition) depending on the cross-linking mechanisnthwdifferential scanning calorimetrie
(DSC). It was hypothesized that

) the overall rigidity of the organic matrix increaseith increasing cation content in the
SOM due to decreasing side chain mobility and dessng small molecule mobility,
especially for higher charged cations the increpsffects should be more pro-
nounced than for lower charged cations

II) the role of water in cross-linking in SOM and als@recipitates developed as negli-
gible for high cation contents and rigidity is aysalble by T due to the strong co-
ordinative cross-links of multivalent cations innggarison to the weaker bondings of
water molecule bidges

[ll) the effect of precipitation is more pronouncedhmher charged cations and the rigid-
ity of such a matrix is also stronger

IV) the desorption of metal cations like lead is kicadty restrained and therefore slower
under cation depletion conditions with a higherréegf cross-linking in the matrix

1.5 Experimental Programme

Experiments with Cd and AP* as networking cations were conducted. Both cativase
known for their cross-linking characteristics aggitally present in soils with high SOM. A
soil sample with a very high degree of SOM was ehpsvhich is described in detail in chap-
ter 2. This sample was mainly used for all expentado find mechanistically differences
depending on the manner of cross-link inductions.h@ve a closer look on the effects of
structural changes in SOM by different concentregiof multivalent cations the cross-linking
behaviour of Af* and C4&" was described as affecting the rigidity of solid\s@nd of pre-
cipitates. Three elemental parts with specific deieations of rigidity in SOM (whole soil —
SOM sample and precipitates of a DOC-slolutioniogaged from the same sample) and their
environmental effects like OC losses by dissolvatad lead desorption were discussed.

In the first part of this thesis hypotheses | dnddre verified by determination of the rigidity
of whole samples in its natural compositon withyirag cation contents (Al, C&* and N4&).
Different methods of cation addition were usedheadk if there is a difference in the created
molecular network depending on the method of ca#iddition. Furthermore the effect of
cation depletion was investigated on samples witerdnt naturally occurring cation compo-
sitions in SOM. In conclusion it was possible toide a statement about the influence of the
cation content on the rigidity of the organic matri

In the second part hypothesis Il) and 1ll) wereifieat by forming precipitates with different
cations with changing Mé / C ratios and by observations of the precipitagwocess and
rigidity of the precipitates. Precipitation is angortant process in soils which keeps organic
substances and cations in the upper soil horiZetadility of precipitates is one special focus
in soil sciences e. g. the bioavailability of ppatates. It can be assumed that also in the first
part of the experiments precipitation occurs duthmgtests but the process cannot be devided
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from other cross-linking processes taking placéhea whole sample. A very different study
design is needed for analysing cross-linking eff@ctprecipitates therefore these experiments
are described in an own chapter (Chapter 3).

In the third part hypothesis V) is verified by ahrcting time dependend lead desorption ex-
periments with cation-pretreated samples. So tlaid [ focussed on the effects of the

stronger networking in the interior of SOM in cadt to the former chapters where the focus
was on the description of the cross-linking in dinganic matrix. But the results of the former

chapters especially of chapter 2 where directlydeethe experiments in the chapter 4.

As it is described each part of the thesis basedifterent experiments with its own hypothe-
ses and discussion, therefore we decided to deseabh part in an own chapter with intro-
duction, materials & methods and results & disaussto there is also the possibility for the
reader to concentrate on one chapter, if you alg ioterested in the molecular structure of
precipitates or in lead desorption choose the ms@echapter.
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2 Influence of multivalent cations on Soil Organic Mater:
DSC experiments with solid samples (cation additioand
depletion in samples)

2.1 Summary

The intention of the study was to demonstrate tireetation between the networking of or-
ganic molecules in Soil Organic Matter (SOM) detieved by its rigidity with the content of
cross-linking cations like Gaand AF*. The cation content of SOM was changed by addition
of cations and cation depletion as it is also falkee under natural conditions. For the absorp-
tion experiments a batch and a percolation tedesysvas used, but cation distribution was
better in the batch system (results of the pasaligere more consistent) and therefore
matched better the requirements of that stud§’ @lasorption in batch experiments was poss-
ible until a point near CE&., in contrast A" absorption exceeds this point clearly. Rigidity
was determined with Differential Scanning Caloritmgr{DSC). For a Ctreated sample of
an organic layer of a spruce forest the maximunditigwas determined at a point of about
65% saturation of the CEf. Rigidity of all C&" treated samples increases with time sto-
raged under constant temperature and humidity Gondi(aging). In case of addition of%Al

to the same sample rigidity increases also to amar point but then no further changes in
rigidity can be observed. In relation to the catmncentration normalized to the specific
charge of the cations &l absorption induces a stronger rigidity thar'Cabsorption, this
difference vanished with conditioning time. Theeatsatination of hydrophobicity by contact
angle measurements demonstrates a clear correlatwreen hydrophobicty and increasing
rigidity of the samples which anticipated conforroaal changes of the molecular structure of
the SOM.

In contrast the effects of cation depletion ondikyi were less pronounced than expected.
Depletion of cross-linking cations was managedHeyaddition of Naand otherwise by the
treatment with an acid exchange resin (deminetabizaxperiments). Demineralisation expe-
riments were conducted to various SOM samples fidferent sample sites and the results
anticipate that the influence of the cations sthpigpends on the sterical possibilities in the
molecular structure of the SOM. Based on the resulnodel on Ga and AF* was deduced
to explain the correlation between matrix rigidatgd cation status in SOM. In this model a
further uptake of Cd in the network results in a higher mobility of thiele chains of the or-
ganic molecules at the point of saturation in casttfor a further Al uptake no changes in
the developed network can be observed and the fammaf precipitates in the organic matrix
is postulated.

Measurable aging effects especially foCameated samples demonstrate the important role
of water molecules bridges and water melocule iwagles in the molecular network of SOM.
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2.2 Introduction

Multivalent cations are known to alter the struetusolubility and degradability of Soil Or-

ganic Matter (SOM) (Tipping, Woof et al. 1991, Skgrg 1995, Christl and Kretzschmar
2007, Scheel, Dorfler et al. 2007). The dominantaiginding groups are thought to be car-
boxylic and phenolic groups of the organic molesyssington 2003). The following study
targets the behaviour of calcium and aluminiumrass:linking agents for SOM and its effect
on rigidity of the organic matrix.

Calcium and aluminium are both known for their @pilo complex dissolved organic (DOC)
matter and to take part in cation exchange with @ganic matter (SOM). Interactions of
Cc&* and Af*with DOM are well known. In general a decrease (D\NDis observed in atten-
dance of C& or A" (Shen 1999, Schaumann 2000, Oste, Temminghoffl.eR092,
Gustafsson, Pechova et al. 2003). Opposite efieete observed in competition with other
cations: The binding of copper decreases in & €&DOC solution (Iglesias, Lopez et al.
2003) but Zn sorption increases in attendance 6f &ad AP* in a soil solution (Gustafsson
and van Schaik 2003).

There also can be found an effect on mineralisatiomto these cations. Large contents of Al
are thought to inhibit mineralization of, by flocculation, precipitation or toxic effects
(Grodzinska-Jurczak and Mulder 1997). A consideraldcrease of DOC mineralisation was
found for solutions containing Al with increasing initial M&/C ratio up to 0.1 (Schwesig,
Kalbitz et al. 2003). In a field manipulation exjpeent in mature Norway spruce forest in-
creased Al caused a pronounced decrease of DO@ aedrease of decomposition rate of
SOM of 30% — 40% (Mulder, De Wit et al. 2001).

The described effects could be explained by thdibgparticularities of Ca and Al. Fest et
al. describes the existence of metal-organic bandiith different strength and even different
types of bonding were discussed (Fest, Temmingdtadf. 2005). Calcium is known for form-
ing innnersphere complexes with NOM carboxylateugeoin contrast to magnesia or sodium
(Kalinichev and Kirkpatrick 2007). Calcium prefdmggh molecular weight (HMW) organic
acids for binding (Rémkens and Dolfing 1998). Asalforms innersphere complexes with
NOM. At pH<4.2 most Al is complexed by OM in forni Al%*. AI** behavess an exchang-
ing trivalent “base forming” cation at a pH appmmetely 4.5 and below in organic horizons
(Skyllberg 1995, Johnson 2002). Ross et al. (209Ppbthesised also separate types of bond-
ing for exchangeable Al and strong organically complexed®Atesulting in a not exchange-
able form. The transfer between these two formassumed to be kinetically restrained
(Bloom, Skyllberg et al. 2005). Small angle X-raatering (SAXS) suggested cross-linking
by PE* in Pb-DOM colloids (Lang, Egger et al. 2005). Rivig out these abilities of €4
Al** and other multivalent cations obviously we experidging behaviour of these cations
between organic molecules in soil.

SOM can be regarded as a macromolecular matrixoon f@ supramolecular point of view
(LeBoeuf and Weber Jr 1998, Lu and Pignatello 2@haumann 2006). Hysteresis and non-
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ideal sorption are tried to explain with this manadecular models, which assume glassy and
rubbery domains (Huang and Weber Jr 1997, LeBoedf\Vdeber 1997, Xing and Pignatello
1997). Due to this point of view SOM can be comgasgth a synthetic polymer. These mod-
els indicate that large parts of SOM are amorplangs their structure is not in equilibrium,
but changeable and dynamic. Multivalent cations @gposed to bridge free mobile side
chains of these macromolecules as described fommul networks (Huber, Praznik et al.
1993, Belfiore, McCurdie et al. 2001) and reduagrtmobility (Schaumann 2006). Referring
to the SOM model of a supramolecular structuregdtac 2002, Sutton and Sposito 2005)
cations are thought to be one possibility of bmdgsmall molecules with each other and
forming an organic network where the mobility ofetimolecules is reduced (Simpson,
Kingery et al. 2002, Schaumann 2006, Mouvenchemyiekk et al. 2012). Independently
whether the mobility of molecular segments of mawstecules or of whole small molecules
in a network is reduced in both models a highaditig of the matrix can be postulated. The
degree of rigidity is measured with the differenseanning calorimetry (DSC) by the detec-
tion of a glass transition for amorphous substanGdass transition temperatures were re-
ported for isolated humic and fulvic acids (Leboaanfl Weber Jr 2000, Young and Leboeuf
2000) but also for whole soil samples (Schaumand Antelmann 2000, Hurrass and
Schaumann 2005).

The detection of glass transitions in SOM suppdhs described model (Hurrass and
Schaumann 2005, Schaumann and LeBoeuf 2005). dpwat is known that there exist two
types of glass transitions in SOM. One named thssatal one which also occurs in synthetic
polymer systems and which is reversible in subseigheating runs. The other one is only
observed in water containing samples measureddlosed systems, this type of transition
slowly reverse after days or weeks of storage ddéipgnon the sample (Hurrass and
Schaumann 2005, Schaumann and LeBoeuf 2005, HuarassSchaumann 2007). The de-
scribed thermal behaviour of SOM can be chara@driyz the glass transition—like step tran-
sition temperature named in this work step tramsitemperature T*. The step transition be-
haviour can be explained by the hydrogen bond-basess-linking (HBCL) model, which
proposed cross-linking by individual water molesul@Hurrass and Schaumann 2005,
Schaumann 2005, Schaumann and LeBoeuf 2005, Schawamd Bertmer 2008). In addition
to the bridging by water molecules an influencemafitivalent cations by cross-linking or-
ganic molecules on step transition characteristarssequently on matrix rigidity is assumed
(Schaumann 2006). Such assumptions are supportedd®riments with fulvic acids com-
plexed by C&', Tb** and AF*. Strong changes in intensity and absorption waxgtein fluo-
rescence measurements for thé*Alfulvic acid complexes were found and the auttass
sume a more rigid matrix due to the results (Elldnd Nelson 2001).

Hurrass & Schaumann (2007) investigate the chaingesisture status on the thermal behav-
iour of SOM. The results of the study support theGH-Model and demonstrate a slowly

reversing T after a first heating cycle. More thlamonth were required for a complete re-
versibility of T*. The required reversing time wsispposed to be equal with the time of form-
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ing water molecule bridges in the organic matrisork these observations we generally as-
sume that the development of an increasing rigiolitigher networking including conforma-
tional changes in a solid matrix are related tavghwocesses. Therefore we also take for the
formation of cation bridges slow processes in antdéhat means that not only the absolute
cation content influences the organic matrix bgbahe absorption mechanism plays an im-
portant role.

Due to the description on interactions of cationd &OM and formation of cross-links in
SOM the following hypotheses can be derived:

|, Multivalent cations like Cd and AP* induce coordinative cross-links in SOM which
results in a more rigid matrix

[I.  An increasing content of cations effects an indrepggidity, a decreasing content of
cations effects a decreasing rigidity

. Al**is more effective for rigidity than €a

IV.  Structural conformations due to the formation ofocdinative cross-links with multi-
valent cations are based on slow processes andfdhersoft and slow absorption
mechanism influences matrix rigidity stronger (gesing effects) than abrupt changes
in cation status

V. The aging effect due to water bridges for the catieated samples is less pronounced
than for no-treated samples because of the higitaragion of cross-linking sites in
SOM

VI.  Conformational changes and aggregation often lead higher hydrophobicity of
samples, therefore samples with coordinative clioks- and a higher rigidity are
more hydrophobic than samples with lower rigidity

The investigation of the hypotheses is conductet aisolid soil sample and different cations
in varying concentrations and with different methaaf cation addition. All samples were
analyzed with DSC for their matrix rigidity. In tHellowing study are three central parts to
check the hypotheses: influence of cation de- dsdrtion on rigidity, influence of time on

rigidity and influence of the found rigidity on tydrophobitcity of the samples.

2.3 Material and Methods

2.3.1 General strategy
Checking hypotheses | — IV)

To investigate the influence of multivalent catiars matrix rigidity the cation status of the
sample is to change and effects are to determiri23%y. The water content remains constant
for all samples at the timepoint of analyzing tiggdity in the matrix.
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There are two possibilities to change the cati@tustin a sample: to add or to reduce the
cations. More precisely it is always an exchangeaiions whereby an addition means an
exchange of the desired cation like?Car AI** with other mono-, di- and perhaps tri-valent
cations but also with H A reduction means an exchange of metal catiomeineral with A

(in the chosen procedure). Hence practical metlawdsrecommended to do this in a way
nearest natural conditions with the objective tadiect homogenous results in cation content
and matrix rigidity. In the following a percolatidfsoft” absorption of cations) and a batch
method (abrupt changes in cation status) for trsormtion of cations were introduced and
discussed on the results. Also a method of denlisati@n is conducted inducing cation de-
pletion by acidic conditions observed during podsoh processes (Klitzke, Lang et al.
2008). According to the chemical differences of’And C&" and also according to their dif-
ferent acting in SOM or soil solutions mentionedbbe also varying effects were assumed on
matrix rigidity of those multivalent cations.

Cation depletion was only conducted in a more wdicay with an acididc exchange resin,
because we were focussed on condition were allagygdable cations werr removed from the
samples and not on a stepwise decrease of catidhe sample.

Checking Hypothesis 1V)

To control the influence of water bridging betwesganic molecules, samples were stored
for a longer time under constant humidity and terapge conditions. The question is if there
is an aging effect detectable although a part @fctioss-linking sites are occupied by multiva-
lent cations. No difference in T* measured at dédfe time points is obtained if the cross-
linking sites of water molecules and of cationsidestical in SOM.

Checking Hypothesis V)

In literature hydrophobic effects are observed dordried samples with a high amount of
SOM. Is there a correlation between a formatioa oetwork in the interior of the SOM and
hydrophobic effects at the surface? For answehigygquestion a selection of the treated sam-
ples were also investigated for their hydrophobicit

2.3.2 Soil Samples: Preparation, characteristics and storage

Spruce Forest Soil

The soil sample used for the following experimdatidition of cations and demineralization)

was an organic layer from an 80 year old sprucestan South Germany. Immediately after

sampling and homogenizing the sample was shoclefrend then stored in a freezer at mi-
nus 18°C. For the experiments the sample was umiraz a fridge and air dried. The water

content of the samples differs between 7 and 8%epérafter drying. Then the sample was
sieved at 1 mm, some needles have to be collectgdiatly from the samples and common

soil characteristics were determined (Table 3)iddaéxchange capacity CEC was analysed
using barium chloride solution as it is describediN 1ISO 11260 (effective CEC = CEf}
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and DIN ISO 13536 (potential CEC = CEkf}. Gustaffson and Pechova (2003) confirm ex-
traction with barium chloride is a good indicator factive Mg* and C&" (Gustafsson Jon,
Pechova et al. 2003). Obviously there is a larfferdince between CEgand CEG for the
sample this is due to the high amount gf;@nd the low pH and also reported for other high
organic and acidic forest soils (Ross, Matschonhat.€2008). PH was measured in 0,1 M cal-
cium chloride solution after 30 min. For furthegdtment the sample was stored in PE bottles
at room temperature.

pH Corg CEGout CECu wc c& Mg* A%
1% /mmol Immok kg' /% /mmol /mmok kg*  /mmolc kg
kg™ kg™
3,7£0,1 434 671+ 50 303+ 20 8+ 1 165+ 10 43+ 5 60+3

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

After the described treatments (cation additiorpbycolation / batch experiments and demi-
neralization experiments) the samples were drieal dinying chamber at 25°C for 4 days and
then stored in acryl glass desiccators at 20°C7&8d relative humidity, adjusted by saturated
NacCl - solution. The conditioning time dependedtioa objection of each experiment and is
found in each treatment description section of thesk. During conditioning the samples
were stored evenly distributed in open petri disteeassure the same conditions for all par-
ticles.

Peat samples

For the demineralising experiments two peat sampére used. One peat was collected from
Fuhrberg near Hannover in Middle Germany the off@n the Heudorfer Ried in South -
West Germany, Hegau. The common soil charactesiatie 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 éfttt that no microbial activity was meas-
ured, so no changes by microbial interaction caarigipated. Furthermore much more in-
formation on this peat is found in (Jaeger, Shchigoa 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 mueeific cations (C& or A*") to the sam-
ple in a stepwise procedure to achieve several gemepus samples with six different cation
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amounts. We want to prevent a cation uptake whicteeds the number of available ex-
change sites in the samples therefore the catinoerration in the solution was adjusted on
the maximum amount which can be absorbed by th@lsamThe final concentrations in the
sample should vary between the original concewtnadf the respective cation and the effec-
tive CEC. No formation of salt crystals in the séespvas desired, because these cations have
no influence on the structure of SOM. We want twfout a method which results in a high
degree of cross-linking as described in chapter @r2 the one hand we want to achieve a
slow sorption of cations in percolation experimenith a slow flow-through, several percola-
tion cycles with drying periods during the wholegedure and a slightly increasing cation
concentration in the solution at each percolatipclec In our point of view such a method
would be near environmentally conditions. In cositta the very slow percolation method we
decided to use a more abrupt method of cation iaddwhich assures a more homogenous
distribution of the cations in the samples. Therefine samples were shaken in a batch with
the cation solutions.

In the treated samples the effects of the catioriert and of the method of addition on cross-
linking in SOM should be determined. The experirsamére in the same order conducted as
described below. At the end the batch experimantsetl out to be most stable for further

measurements. Nevertheless it seems to be impdotgmesent also the non-succeeding me-
thods to analyse the problems and to prevent &sldor future research. However some of
the percolation results are quite interesting dralikl be discussed further on.

Percolation with small sample amounts

The background for using percolation for the additof cations was to use a soft method
which did not alter the sample in a radical waye(bgpothesis Ill). So observable effects can
be related to cation content not to mechanicali@rftes as happened during shaking for ex-
ample. We wanted to offer conditions for supportthg “growing” of cross-links in SOM
like it was reported for water molecule bridgesS®OM depending on the pretreatment
(Hurrass and Schaumann 2005).

Therefore we decided to use a stepwise percolg@iionedure interrupted by drying phases
initiating further actions in SOM (e. g. effects @elling and drying processes) and homo-
genous distribution of the cations in SOM.
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Figure 1: Procedure of percolation with C&" solution for creating sample with different cationcontents
and various degrees of cross-linking in SOM

For each percolation 3.5 g of the soil sample Viidesl in a 25 ml PE syringe used as column
and 100 ml solution were used for percolation. €heet* solutions (Ca(N@,*4 H,0 = 99%
p.a., Carl Roth GmbH) differing in concentrationre@ised: 5 mmol ¥, 8 mmol I* and 10
mmol I*.The percolations were conducted for at least fmes and at most four times, each
of them took 1.5 hrs until the whole solution waaning through the column. The procedure
is given in Figure 1. After the first percolatidmete was a drying phase for 3 days after that a
new percolation with a solution of the same conedian took place. During each percolation
cycle a short amount of the sample (few mg) wagslitimmed for 14 days and matrix rigidity
was measured with DSC. To minimize the losses o€ used soil solution from the same
sample as basis for the cation solutions (premaras described in “Percolation with larger
samples amounts”). The cation concentration ofstilation was measured before and after
passing the column to analyse the absorption oftilesample and to calculate the soil con-
centration. An aliquote of the dried soil sampleeath percolation step was extracted with
0,025M Ammonia — Ethylenediamine tetraacetic a@tuteon (EDTA [1 99%, p. a., Carl
Roth GmbH) for cation analyses. The percolationseveenducted in duplicate.

Percolation with larger samples amounts

After having first experiences with percolationaovery small amount of sample we now tried
to percolate in larger quantities. Therefore 15 the organic layer was filled in a glass col-
umn (400 mm*20 mm, Lenz DIN 29/32, Duran glasshvi{lT FE valve. On the bottom of the
column a glass wool layer with a thickness of 2latween two glass fiber pre-filters (GF 92,
Schleicher & Schuell) were used to avoid the Idssod particles during percolation. Solution
and soil were put alternately in the column by pdigally stirring. Suspension was homoge-
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nized and air was removed. This procedure was stbpfnen the whole sample was saturated
with salt solution and no dry areas in the colunarernobserved.

The solutions for percolation were prepared frod@C solution of the spruce forest sam-
ples. Therefore 30 g sample (sieved on 2mm) andnib@eionized water were horizontal
shaken for 3 hrs. After shaking the suspensionfiltased by pressure on 0.45 um cellulose
acetate filters (Sartorius®). The Ca(By9was first dissolved in 100 ml deionized water and
then mixed with the DOC solution to prevent forraatof precepitates.

Samples were percolated approximately for four sim&h a Calcium Nitrate (Ca(N{p*4
H,0 = 99% p.a., Carl Roth GmbH) solution. The first @edond time with a concentration of
5 mmol I, the third time with a 8 mmol‘land the fourth time with a 12 mmaé! C&* solu-
tion. This procedure is different to the percolatexperiments before but it results from the
fact that after step 2 often no further increasesaition content of the samples was observed.

For each percolation 375 ml of €a&olution was used. One percolation took 2 — 215 hthe
flow rate was 3 ml in average regulated by a flexitube pump. Sometimes especially for
solutions with lower cation concentrations the flst@pped and the suspension in the column
had to be stirred.

Then the sample was removed from the column by cesspd air. Remaining solution in the
sample was separated by vacuum filtration (5892mHPaper Circles, ashless, Whatman®).
Each sample was dried for 48 hrs at 25°C in a drgimamber and after drying it was stored
at 20°C and 76 % relative humidity in a desiccdtor2 days. Before and after drying the
samples were weighed to determine the remainingrvadter percolation. Then the percola-
tion procedure started again. After the whole tresatt the samples were stored in a desiccator
at the described conditions. Finally there were filifferent treated samples, prepared in trip-
licates. One sample only was percolated with desmhiwater as control. The percolated solu-
tions from each step were filtrated at 0,45 um I(0ede Nitrate Filter, Sartorius®) and ana-
lyzed for pH, Calcium and Dissolved Organic Carfp©C). An aliquote of the dried soil
sample was extracted with 0,025M Ammonia — Ethydksmine tetraacetic acid solution
(EDTA 99%, p. a., Carl Roth GmbH) for cation analysAfter conditioning for 4 weeks soil
samples were measured with DSC.

Batch experiments

Samples were treated at pH 4 with calcium nitralteminium nitrate and sodium nitrate solu-
tions. 10 g of the original sample were spiked vd80 ml solution in 500 ml Duran glass
bottles. Altogether 8 different concentrations @& (0.5, 1, 2, 4, 5, 8, 10 mmol I-1) and 7
different concentrations for Al (0.05, 0.25, 0.5, 2, 4, 6, 8 mmol I-1) were chossamples
treated with C& were prepared in triplicate, samples treated witH were prepared in dup-
licate. Another set of samples was treated in #mesway with different Nasalt solutions
(20, 50, 100 mmol I-1) and deionized water as adn#kdditionally one subsample of 10 g
was moistened with 10 ml deionized water, thiseates in average with the remaining wa-
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ter content of the samples after filtration. S ttontrol does not lose any cations and organic
matter. The samples were shaken for 3 hours inriadmdal shaker. PH was monitored after
0,5 and 1,5 hrs and adjusted with 1 M HNO3 or 0.BI&DH to pH=4 if necessary. Then the
solution was separated by vacuum filtration formidutes (589/2 Filter Paper Circles, ash-
less, Whatman®). The soil samples were weighedlimutate the amount of remaining water
and then the samples were dried and stored aslkgeabove.

The T* measurements took place after 4 weeks otlitoning for all samples. The Ca2+
treated samples were measured after 12 and 22 wsteksed as described above, the AlI3+
and Na+ treated samples were measured after 9 aveHi&s.

2.3.4 Demineralisation experiments

Demineralisation experiments were conducted witla@dic cation exchange resin (ion-resin
Amberlite® IR120, H-Form, exchange capacity 2.3 mmgf, Merck, Darmstadt) as former-
ly described in (Kaupenjohann and Wilcke 1995). &ach experiment 2,5 g of the resin was
welded in a finely meshed polypropylene net (magk $2 um). Each resin bag was then
washed in 10% HN@- solution for 30 min and rinsed with deionized@vdo remove DOC
and free acid. In preliminary tests measurable D@€tions were found in blank samples.

The intention was to extract all changeable cationSOM in exchange to Hand to obtain
the effect on the structure of SOM after depletidtypotheses | & II)

For each sample 2 g of the peat or organic laydrsnml| water were mixed for 15 min in a
horizontal shaker in a 100 ml PE bottle. This pdage assures a complete wetting of all par-
ticles. After this “wetting procedure” the resingsawere added to the suspension and treated
in a horizontal shaker for 24 hrs.

In each sample the pH were controlled after 30 Ror.all samples no adjusting of pH with
BaNQ; as described in Kaupenjohann & Wilke, 1995 weraessary because all pHs are near
or lower the required pH value of 3. This was alse to the fact that a highly decreasing pH
can be an indication for existing salts in the siemiself. So if the pH decreases it can be
assumed that not all extractable cations are abdotts SOM but originated from soluble
salts.

At the end of the extraction the pH was measuretitha resin bag was rinsed again with
deionized water because adhering particles hae t@mmoved from the resin. The soil water
suspension was filtered for DOC measurements (@m5 Sartorius®). The resin bags were
extracted in 50 ml HN@solution for 2 hrs. As control deionized water waed for the ex-
traction. The extracted solutions were then analjseC&* and Md" as described in 2.3.5.

The soil samples were treated as described in ar&l2T* was determined by DSC. For the
samples of Fuhrberg and Heudorfer Ried only onegptamias 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 wer/zsthfor pH, cation concentration and
DOC. Immediately after the batch procedure pH a@CDvere measured. For determination
of DOC the solutions were filtrated with 0.45 pnllWlese nitrate filters (Sartorius®), before

the filters were flushed with warm deionized waterminimize contamination. The DOC

concentration was analyzed with a TOC Analyzer MDIN 2100 (Analytik Jena) after acidi-

fication and outgassing of inorganic carbon.

To calculate the absorption of the cations of tem@es the solutions were analyzed for the
added cations (Af, C&"). Furthermore selected sample for ¥dg=€"* and Mrf* to calculate
the exchange in the soil sample?Cand Md* were analyzed with Flame AAS (Perkin Elmer
4100; Varian AA 240 FS for Al) with an oxygen/acetylene flame,*Awith a nitrous oxy-
gen / acetylene flame ( Varian AA 240 FS) and'Rand Mrf* were analyzed with Graphite
Tube AAS (Perkin EImer 4100). In general a caliloratcurve was conducted by internal
standardisation (Standardaddition) or if no diffexes were identified between the curves by
an external standardisation in the same solutiog.(EDTA or 10% HN@). The solutions of
the controls were analyzed for ¢aMg?* and APF* to calculate desorption from soil.

To quantify the cations which were linked to SOMnfr each soil sample two aliquots (1.5 g)
were extracted with 40 ml 0,025M ammonium tetraaee- ethylenediamine tetraacetic acid
solution (EDTA= 99%, p. a., Carl Roth GmbH) at pH 4.6 for 3 hrd #ren for 10 min with 1
M ammonium tetra acetate solution. The extracte alere further analyzed for €aAl®",
Mg?*, Fé* and Mrf*with Flame or Graphite Tube AAS as described alioveerify the re-
sults from soil solution measurements and to gbatdtal cation contents in SOM.

So for each sample there were two values for catmrient available and a validation was
possible.

2.3.6 DSC measurements

Differential scanning calorimetry experiments w@eformed to characterize the thermal
behaviour of the treated samples and to quantéydkiel of cross-linking of SOM. Analyses
were performed with a DSC Q1000 (TA Instrumentsin@ay) with a refrigerated cooling

system (RCS) and nitrogen as a purge gas. All sesnpkre abruptly cooled in the DSC in-
strument to -50°C and then heated with 10 K mindmf -50°C to 110°C, followed by a

second abrupt cooling and subsequent heating dgeleeline was corrected with the TZero
technology® by TA Instruments.

Data were analyzed using Universal Analysis verdidn(TA Instruments). The glass transi-
tion like step transition temperature T* is indeéiy an inflection point in the thermogram.
Operationally, three tangent lines were appliedHerevaluation. The change of heat capacity
(Acp = J g K™) was calculated from the height of the centragéant line. In the following
sections only the first heating cycle will be olvsel because the determined T* is a non-
reversing thermal event (Schaumann and LeBoeuf)20d0te baseline correction applied by
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Hurrald & Schaumann was not applicable in this sty to significant thermal events in the
second heating cycle.

A total of 1-3 mg of the sample was placed intonfetically sealed Aluminum pans. 3 to 7
replicates were carried out depending on the quafithe resulting thermograms, so that for
each sample at least 3 significant transition teatpees were available.

2.3.7 Contact angle measurements

The contact angle measurements were conductedivetbessile drop method as described in
Diehl et al. (Diehl and Schaumann 2007). The sasnple fixed by double sided adhesive
tape on a glass side (Bachmann et al., 2000b)uregtwere taken by a digital camera and
then were used for geometrical analysis of drogsland calculation of the respective con-
tact angles. The water drop forms a shape thatndispen the interfacial tensiong)(on the
three adjacent surfaces: solg), (iquid (1) and vapour\(. the angle at the three phase contact
line between the solid-liquicsl) and the liquid-vapoury) interface is called the contact an-
gleg.

T

Figure 2: A sessile drop fitted as ellipsoidal caphowing the vectors of interfacial tensionsy’, at the dro-
pedge, the observable contact angl,,, and elliptical parameters a, b, h necessary to aailate 0,5, and
drop volume V (Diehl and Schaumann 2007).

Observing a high contact angle means a surfaceaniigh hydrophobicity.
2.4 Results and Discussion

2.4.1 Cation addition by percolation and by batch experiments

Percolation with low sample amounts: Cation congst T*

From the first percolation with small sample amsumsults 18 samples (including the dupli-
cates) treated with varying cation concentratiomgd with a varying number of percolations
(2 — 4 times).

The cation content of the samples was analyzedblyAEextraction and Flame AAS as de-
scribed in capter 2.3.5.
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As seen in Figure 3 the cation uptake of the sasnpkes higher than expected. The Ca con-
centration in the samples ranged between 320 afidfiol kg™'. These values exceed the
effective CEC of 300 mmgkg™. The objective of the cation addition was to ackisamples
with C&" contents ranging in uniformly distributed intewdletween the original Ca content
and the CEG. This distribution was not achieved. Referringhe exceeded CEg&on the
one side the formation of inorganic salts in thenglas is expected on the other side due to
the different experimental design in the procedireation exchange in CEC (over top shak-
ing and centrifugation) and in the conducted pextooh it is to consider that DOC losses are
higher for the CEC method than in the percolaticgthad and available sorption sites for
cations are lost in the CEC method. We assumebibtht effects are responsible for the ex-
ceeding cation concentrations in the samples.

Most of the samples show an analyzable step transit the first heating cycle. A change of
heat capacity of 0.1 — 0.3 WK™ in a temperature range of 58°C — 64°C can be méutiaior

the treated samples. This is a typical temperatamge for samples with a high amount of
SOM (Schaumann, 2005; Hurrass & Schaumann, 200t®).observed step transition is non
reversible, what means in the second heating eyxkstep transition in this temperature range
can be obtained. However there is a step transitiafi°C until 74°C with a very low change
of heat capacity (0.01 — 0.04 W#¢™) in the second heating cycle. This event can batid

fied for all treated and also untreated samplesnbuthanges can be obtained in dependence
from the cation content or percolation cycle. e tlist heating cycle the described step tran-
sition is not visible because it is overlaid by trescribed more intensive step transition.

Referring to the characteristics of the step ttansithe thermal event can be identified as
glass transition-like step transition temperature TF of the samples is related to the same
samples analyzed for €ain Figure 3. It is well pronounced that all treasamples show a
significant higher step transition temperature th@noriginal sample. But there are also dif-
ferences between the samples treated with diffgpentolation solutions though the €a
concentration in the samples are very similar.

Samples treated with a Easolution of 5 mmolt are all show higher T* on average than the
samples treated with solutions of higher conceiotnat Especially the 5 mmol samples with
lower C&"* contents demonstrate the highest T*. The sampéesed with the highest &a
concentration in solution show the lowest incremsé@*. The slope of T* increases in the
following order 10mmol treatment < 8 mmol treatmer® mmol treatment. Hence it can be
concluded that T* is not only dependent on theotationtent in the sample but it also de-
pends on the manner of addition: low concentratiarthe solution promote a higher matrix
rigidity of the SOM. By this result hypotheses 8l supported in which the mechanism of
absorption is related to structural conformatiorsciv are proposed to play an important role
in the development of cross-links in the interibthee organic matrix. In hypotheses Il it was
postulated that abrupt changes of the cation stattiee sample would have a lower effect on
rigidity than slower changes.
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Figure 3: Step transition temperature T* in dependace of the C&" content of the sample and the concen-
tration of the used percolation solution (5 mmol, 8nmol, 10 mmol) after 4 weeks conditioning.

No influence on T* was observable for the numbepe@fcolation cycles independently from
the used percolation solution. Considering the éighumber of drying and rewetting proc-
esses which is suggested to enhance conformatbiaalges (Simpson, Kingery et al. 2002,
Schaumann 2006) an effect was expected.

However with regard to the same samples aged fer mionths under constant conditions in a
desiccator the differences between the treated Isamapnished.

As shown in Figure 4 the overall standard deviatwdnl* increases for all samples from
.1.0°C to 2.6 °C. Therefore the quality of lineagmession of the values decreases and the
increase of T* is not as significant as it wash&t 4 weeks measurements. The mean values of
the treated samples are closer to each other ti@n4aweeks conditioning time. Also the
clear differences between the original sample &edtrieated samples shown in Figure 3 are
not demonstrated anymore. Only the order of theease 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 dependace of the C&" content of the sample and the concen-
tration of the used percolation solution ( 5 mmol,8 mmol, 10 mmol) after 9 months conditioning.

The concentration of the percolation solution haweinfluence on T* by regarding a short
time period, but after a longer time period thisrease vanished. Hence, conformational
changes induced in the samples percolated withmm®l * solution are also took place in
the other samples but some more conditioning tsrmeeeded for these changes. Generally the
overall increase of T* demonstrated a high inflleent water-bridges which were suggested
to be responsible for matrix aging in SOM (HurraS&haumann, 2005). The role of water is
deeper discussed in the following chapters.

Percolation with larger sample amounts: DOC, @uatiand T*

The central variation in the experimental desigrp@fcolation with larger samples amounts
in comparison to the percolation with small amowmés the change of the cation concentra-
tion in the percolation solution at percolationpsBand 4. Nevertheless as seen in Figure 5
the use of higher concentrated solutions in thedascolation steps did not effect the cation
content in the soil samples. It is demonstrated tthe main uptake of Gatook place at the
first two cycles then no further significant uptat@n be observed. Especially for the third
cycle it cannot be excluded that there is a deered€&" in the samples. Due to the results
of the analyses of the percolation solution thi®alan be obtained for the 4. cycle. In conclu-
sion after the second percolation cycle a constafittontent in the samples can be assumed
for further percolations independently from theQ@ncentration in the solution. This obser-
vation is in line with the results of the percadatiwith smaller amounts. In the second perco-
lation the cation uptake is much lower and did exateed the CEg. It can be assumed that
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this is caused by the slower flow through and tlghér amount of percolation solution in
relation to the sample amount (3.5 g / 100 ml v&rkd g / 370 ml) at the first percolation
experiment. Furthermore the samples were drainied #ife treatment at the second percola-
tion so the remaining Gasolution was lower than in the first experiments.

The differences between the results of the analgb#dse percolation solution and the results
of the measurements of the EDTA extracts are dlsws in Figure 5. For the first three per-
colation cycles the values of the replicates arg senilar only for the fourth percolation step
the values show a significant difference. Regardhmeglaboratory praxis no reason for this
difference can be identified. But in conclusion ttedues do not change the general trend of
the curve. In the following figures only the resuttf the EDTA extraction were considered
because a better comparability of the results betvilee different experiments in this thesis is
warranted in this way.
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Figure 5: Ca’* contents in the treated samples from the mass balee 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 eacpercolation cycle during the addition of C&", the peco-
lation cycles and its concentration are given at #1x-axis. The content was measured by EDTA extractn
of an aliquot of the samples.

36



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

In the EDTA Extracts additional cations were anadlf identify the main exchange partners
of C&*. This knowledge is very important for a corredeipretation of the DSC results. For
example no increase on T* can be assumed ff @achanged with other cross-linking
cations. As it is seen in Figure 6 mainly #¥ds in exchange with C& also a small amount
of Mn** exchanges with Ga The amount of Hions, N4, and K involved in the exchange
processes in acidic soils (Ross et al. 2008) isnowk but can be expected because the
amount of C& in the samples is clearly higher than the los$édgs* and Mrf*. As what is
known about the cross-linking or complexing effecf all available exchange cations
(Kalinichev and Kirkpatrick 2007) there no decregseffects on T* by exchanging mecha-
nism are expected.
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Figure 7: Losses of organic carbon during the perdation cycles, averages from all treated samplestén-
dard deviation based on the individual values). Its stated that the values are related to the losse§ DOC
at the specific percolation step, what means the elall loss of DOC for the sample percolated for fou
times is the sum of the values in each step.

The losses of DOC decreased with an increasing aumbpercolations and an increasing
Cd*concentration in the solution as shown in FigureTHis result was expected because
within several leaching processes the fraction isfalved carbon should be reduced. Fur-
thermore higher cation concentrations in the sotughould prevent high losses of DOC (e. g.
(Rémkens and Dolfing 1998, Schaumann 2000)).
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Figure 8: T* of the different treated samples of eah percolation cycle and for the control

In Figure 8 the determined T*of the different pdation cycles are shown. In contrary to the
first percolation no relation is recognizable betweoncentration of the percolation solution
and step transition temperature. There is alsafferehce between the number of percolation
cycles. The standard deviation of the temperatukeery high in some cases the value is 3°C
and higher therefore no significant differencesrammgnizable even to the control percolated
with DOC solution. In general all treated sampliesvs in average a higher T* than the con-
trol, the control and the original non treated skEnghow always similar values. Also in this
experiment there is a lack of calcium content betw&60 and 220 mmal kg and therefore a
C&" content of uniformly distributed intervals was achieved.

Looking at Figure 8 there is a downward drift remiagble for T* of higher C4 concentra-
tions in the sample.

This observation is underlined when the resultsvof percolation designs are compared with
each other independently of the used solutionsthechumber of cycles. A decrease of T*
can be observed for the treated samples. As hasvs in Figure 9 the linear fit gives a de-
creasing tendency with a low significance ( p =) Ot2wever it is to be mentioned that the
results from the first percolation are to be anetiyzarefully because the Ceontent exceeds
the CEGx and the amount linked to SOM cannot be differéatiado the amount possibly
available as salt crystals.
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Figure 9: Decrease of T* with higher C&'contents in the samples.

So it is to be dicussed further on if the relatildpsof higher cation content and less matrix
rigidity can be confirmed by more results on caticeated samples. In consequence to the

decrease of T* there also should be an increaseebet Ca" contents of 160 and 220 mrgol
1

kg~.
For both percolation designs some problems in #rtopmance of the experiments can be
identified. No constant Gacontents in the duplicates or triplicates werdeaad (differenc-

es of + 20 mmelkg*)High deviations in T* of the same treated sampédsrring to

deviations of the original samples and to literatdata (Schaumann, 2005) make gen-

eral conclusions and statistical evaluations diffic is to point out that for the whole
thesis the creation and description of cation é@aamples is only the first step, more impor-
tant is to know something about the effects ofaretiin 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 thesblgmts of heterogenity. This method of
cation addition was not preferred at the beginmh¢he study because it can be stated as a
relatively hardsh method further from natural pssss than percolation and leading to an
abrupt change of the cation status and mecharnieass But the formerly used percolations
do not show a high influence of the experimentaigte (different percolation solutions, wet-
ting and drying procedures between the stepwiseofsion show no influence on T*). The
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Batch experiments were conducted with NaNCa(NQ),, and Al(NG;); solutions. The used
solution concentrations were partly lower thantfe percolation experiments to create sam-
ples especially in a concentration range wherenarease of T* is anticipated due to the re-
sults from the percolation experiments.

The cation content of samples increase with inangasoncentration of the respective cation
in the solution and approaches a cation-specifigimam. The maximum content of €a
(270-300 mmal kg?) is reached by treatment with an initial concetidraof 5 mmol kg in
the solution. The CE& is not exceeded thus no no salt crystals are ¢xgdo be in the
samples. It can be assumed that all accessiblergetsites in SOM are saturated witf'Ca
There was no significant difference between thelte®f the analyses of the soil solutions or
of the EDTA extractions of the soil samples. In gamson to the percolation experiments
there are now also samples with 160 to 220 raflay C&" and the standard deviation is now
only + 10 mma{ kg™.

The exchange partners of Care the same as in the percolation experimentsdited.
C&* mainly replaces Mg from its exchange sites, which is indicated byeardase of Mg

in the samples from 40 mmdtg’ to almost 0 for high G solutions. The amount of Man-
ganese decreases from 10 to 4 mrkgl', whereas A" and F&" in the samples were con-
stant even for the highest concentrated@alutions.

Similar results were measured for the exchange Wih(not shown): C& and Md* were
exchangeable with Naand their content decreases with increasing ddémcentration in the
solution. Due to analytical problems it was notgiole to measure Nalirectly in the batch
solution or the EDTA extracts (EDTA was used asisodsalt). Therefore the following es-
timation is made based on the results of Mand C&" concentrations in the batch solutions
after treatment (see Table 5).

Na' conc. initial solu- C&" loss in treated Mg? loss in treated ~ Estimated Nasorption

tion / mmo} I'* samples / mmgkg®  samples / mmgkg®  of samples / mmgV
kg™

10 161 83+05 ~24

50 40+ 3 215%1 ~ 60

100 58+4 27,6 £1 ~90

Table 5: Estimated results for Nd sorption during batch experiments on losses of Gaand Mg**

It can be concluded that at least 90 mykgj* are presented in the samples treated with the
highest N& concentration. It is assumed that this value denestimated because not all ex-
change partners were considered in the calculafiocording to the results of €a sorption

of the samples it was shown that more than a doafb@* was absorbed without analyzing
an adequate exchange partner (see Figure 6)pibosmble that these exchange sites were oc-
cupied with cations like potassium of #hich were not considered in the cation analyses.
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The content of A" and F&" is constant for all Natreatments and at the same level as in the
original sample. Nadoes not act as a cross-linking agent becausisthenly forms outer-
sphere complexes with NOM which were known as waakunspecific bindings (Sutton and
Sposito 2005, Kalinichev and Kirkpatrick 2007). these treated samples are also can be de-
fined as further controls for the experiments wtfi" and C&".
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Figure 10: Cation exchange during absorption of Al" in dependence on different concentrations in the
initial salt solutions; standard deviations are deived from the analytical methods in percent.

The absorption of Al is more linear in the determined concentratiorgesnand no sorption
limit is detectable as it was determined for thecaption of C&". The AF* content exceeds
the measured CEgwith barium chloride. It is not possible to elirate the formation of in-
organic AP precipitates totally so we do not know exactly,etiter all Af* cations are lo-
cated at the exchange sites of the samples. Bugan@ precipitation at a pH of 4 is nearly
negligible (Ross, Bartlett et al. 1991, Skyllberg94, Ross, David et al. 1996, Skyllberg
1999, Johnson 2002, Ross, Matschonat et al. 2008)more probable that Al changes with
cations which would not change with Barium. Diredmparisons between #land B&"
binding capacities to organic matter were not foimtiterature. But generally Bs known
for its efficient exchange characteristics duettohigh ratio of charge to hydrated radius
(Ross, Matschonat et al. 2008). A weak exchange isitn which was not obtained for the
exchange with G indicates that exchange with*Akations is more radical than with a diva-
lent cation. Besides the potential CEC averagesng®ol kg™ so there exist more exchange
sites in the soil as the determination with the Bafiethod for the CEg£ indicates and the
amount of exchanged'Hons is not known.
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The two control samples, one treated with deionzater in batch like the other samples and
one only humidified, are not significantly diffeten cation content from the original sample
(EDTA-Extraction). For the control treated in battoss of C& of 4,5 to 6 mmalkg® can

be calculated from the &aconcentration in soil solution after treatment.tBese values are
only about 3% of total cation content and for ttieg difference is lower than the standard
deviation of measurements of EDTA Extraction. laiso taking into account that there is a
higher loss of organic carbon and probably theratiorganic carbon to cation content does
not change.
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Figure 11: DOC in the soil solutions after treatmehin dependence of increasing initial C& ( ) and A"
(o) concentrations in batch solutions and in comparian to the control sample only treated with deionizeé
water (o). Linear regression with p = 0.08 for A} and p = 0.1 for C&".

For all treatments with cation solutions the DOGrdases with increasing initial cation con-
centration. As it is seen in Figure 11 there isgh ldecrease of DOC in solution and in conse-
guence a lesser loss of OC from the samples bynmesd even with very low concentrated
salt solutions in comparison to the control solutia significant difference between Aland
Cd" solutions was also determined. The progressigthefurves is linear with a slight de-
creasing slope of -0.012 mg DOC / kg / mg¥* and -0.019 mg DOC / kg / mmaoAl** in
the experimental system. So®Als more effective in retaining organic matter frgoil than
C&" in spite of the lower concentrations normalizedation charge. The total loss of SOM
of the original sample calculated from DOC, soiloamt and G is about 0.5% for the con-
trol sample and accordingly lower for the sampteated with salt solutions. In comparison to
the percolation experiments the DOC loss in bascsignificantly higher: using for first per-
colation a solution of 5 mmot'lthere was an OC loss of nearly 1 m@'kabserved, using for
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batch experiments a 5 mmét bolution an OC loss of nearly 1,5 mgkegesults. So this
shows that percolation is softer method than batgeriments.

Heat Flow / Wg'

Temperature / °C

Figure 12: Representative DSC thermograms of therit heating cycle of samples treated with C&; a)
reference sample only humidified, C& content is 160 mmal kg™, b) treated sample, C&" content is 175
mmol. kg, c)treated sample, C& content is 220 mmalkg™

For all treated and untreated samples there ismtsdnsition in the first heating cycle with a

change of heat capacity of 0,1 -0,3 Wg" and in a temperature range of 56°C up to 64°C.
This thermal event is non-reversing, what mearthénsecond heating cycle there is no step
transition in this temperature range. However thera thermal event at 69°C to 72°C with

very low intensities. This event is reproducible &l samples but there is no trend for in-

creasing or decreasing values of T* identifiablepFResentative thermograms for the first

heating cycle are shown in Figure 12.
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Figure 13: DSC results from C&" treated samples in batch experiments and in percafion experiments
(see chapter 0), changes of T* with differences i@a®* content.

For C&" treated samples there were found glass transilibestep transitions in a range of
56°C to 60°C. For the percolation results a diffiém@method of identification of T* was used
in the DSC thermograms therefore a direct comparafathe data were not possible before
correction of the results. After correction it wasown that the resulting temperatures were
lower than before but the relation to each othes weary similar. Therefore only data for di-
rect comparisons were evaluated with the new metloba@ll shown data the former chapters.

As it is demonstrated in Figure 13 the percolatiata and the batch data on T* complement
one another. The overall standard deviation is abdy75 °C in average this result is in line
with deviations reported in literature for DSC maasnents of soil samples (Schaumann and
Antelmann 2000) and much better than achieved thghpercolation samples. T* increases
with increasing C& content in the soil until 200 mmdtg™* above 200 mmegkg* there is no
significant change of T* to determine. The opticapression that T* decreases with higher
C&”* content which is supported by the results of tleose percolation experiment. Figure 13
gives the impression that there is a specific catantent which induces a high rigidity of the
SOM matrix if the C& content is lower or higher the matrix is softed @herefore T* is
lower.

The increase between the reference samples ankigher concentrated samples averages
1,5°C. There is no effect on T* for the two condrait all, so the assumption that the deter-
mined increase is caused by the treatment withrwate be excluded. But it is to be men-
tioned that the control of the percolation expeniseshow a lower T* than the controls of the
batch experiments this can also be observed foutiated original samples used for the
two experiments. It is not possible to clear upréeesons for this phenomenon completely but
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it is important to mention that the two originalngales were treated after sampling in the
same way but defrozen on different points of timd perhaps there is an unknown influence
affects these differences. However, this exampreatstrates the importance of having con-
trols for each experiment and for each chargee@tstdmple.

The N4 treated samples do not show any changes with&sitrg Na concentration in the
used solutions also the standard deviation of Tthéssame as for the controls and thé*Ca
treated samples. There is also no further decreia$é obtained as it could assumed by ex-
amining the graph of T*for Gain Figure 14 although a fraction of €avas exchanged via
Na'.
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Figure 14: Glass transition like glass transition @mperature in dependence on C4 content and AF* con-
tent in soil samples after 4 weeks conditioning &0°C and 76% humidity.

For AP* treated samples T* ranges from 58°C to 62°C (Fidi#). The standard deviation is
in average 0,3°C, this is a very low deviation BEBC measurements of original soil sample.
The deviation is lower than the deviations of tloatools and of the G4 treated samples.
This observation indicates that*Alhas a homogenizing effect on the molecular strectd
SOM. T* increases with increasing %Alcontent of the samples. Furthermore the maximum
T* for AlI®* treated samples (62°C) is higher than maximum ar @&* treated samples
(60°C). The curve shape at the beginning is sindahe results of the Gatreated samples:
A high effect is noticeable for the samples wittatigely low AI** concentrations and than a
less distinct increase for higher concentrations loa observed. No significant difference is
found for the last samples with concentrations @ighan 300 mmelkg™. A possible expla-
nation is that there are no sorption sites in SQiyh@ore, because the effective CEC is ex-
hausted and AT is bond in inorganic precipitates. Furthermorésia similar effect as with
Cd" treated samples so there is probably a saturption for cross-linking sites in SOM.
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Models

Summarizing the results described up to now andpemmmg to the hypotheses derived in
chapter 2.2 the following conclusions are possible:

-

The observed changes are all linked to the glassition-like step transition tempera-
ture T* which is related to the occurrence anda@fef water and will discussed after
the presentation of the aging results

Hypotheses | (induction of higher rigidity by €aand AF*) is supported by all ex-
periments

Hypotheses Il (increasing cation content effectsaasing rigidity) is not supported in
the complete concentration range. Maximum rigidétyachieved before all sorption
sites are occupied with the used multivalent catiand decreases for Caafter
achieving the maximum

Hypotheses Il (Al" is more effective than &3 is supported, the same mol content of
Al** induces a higher rigidity, this is in line withstdts of Nebbioso & Piccolo
(Nebbioso and Piccolo 2009), they observed a higih@ecular rigidity for HA — Al
bindings than for HA — Ca bindings BYC cross-polarization magic angle spinning
(CP-MAS) and'H-diffusion order spectroscopy (DOSY) spectra

Hypotheses 1V) (abrupt changes of cation stateugestow / soft changes) is only
supported by percolation 1 and is discussed below

According to the different effects of €aand AP* on rigidity in SOM the following molecu-
lar models were derived on the observations andtte of the art about cation bindings in
organic matter to explain the differences.

In Figure 15 a simplified model is shown which ddess the described observations of the
cation addition experiments in three stages of agking (I — I1l) due to C&'. In Figure 15 a
simplified model is shown which considers the diésd observations of the cation addition
experiments in three stages of networking (I —dLip to C4".
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Figure 15: Simplified model for the relation of absrption of Ca?* and the rigidity of SOM influenced
by cross-linking between the functional groups of ifferent molecules.

) Low content of crosslinking cations: €&ds bond on sorption sites which provide in-
ner-sphere complexes to a maximum number of coxatidin partners for a energeti-
cally stable binding between €aand the functional groups of the organic molecules
But not all of these preferred binding sites areupied, because of a missing number
of multivalent cations (in this case: ¥ Matrix rigidity is low.

Il) Increasing content of & All of the preferred binding sites are now ocatbiby
Ccd”, strong interactions provoke a rigid matrix (ndesthain mobility, embedding of
small molecules in the matrix)

1) The ratio of C&'/functional groups of organic molecules increases farther uptake
of C&" effects a distribution of cations to the availabileding sites in SOM. It is pos-
tulated that bidentate bindings are energeticalgfgored in comparison for polyden-
tate bindings for a two-valent cation. Further cdiation of the cation with water is
possible and the mobility of the side-chains insesa It is suggested by computational
calculations that other sites in the co-ordinatgphere of the cation are now co-
ordinated by water molecules (Aquino et al., 20EYrther discussion of this point
follws after the results of the aging experiments.

Referring to state Il and the results in the fpstcolation it cannot be completely excluded
that there is an influence of the mechanism ofetkehange process on the resulting rigidity
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(hypotheses 1V: abrupt changes of cation stateuges®ow / soft changes). That would mean
that state Il is not only depending on the cationtent as postulated in the model and that for
higher contents also bindings as described foe dtatre possible. No final conclusions are
possible to the reliability of percolation 1 beoaus percolation 2 the observed effects for
samples treated with lower-concentrated solutioasewot found.
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Figure 16: Simplified model for the relation of absrption of Al** and the rigidity of SOM influenced by
cross-linking between the functional groups of dirent molecules. In contrast to C& further addition of
cations on the matrix do not lead to a less rigidjt determined with T*.

Modelling the behaviour in rigidity for samples wial** is more difficult because no compu-

tational calculations exist for Al binding to NOMrom literature it is known that Al form
strong innersphere binding with the functional gre®wf NOM and induce conformational
changes (Kalinichev and Kirkpatrick 2007).

) This state is similar to G& SOM modelling the ow content of multivalent casoin-
duces polydentate complexes with the functionaligscof SOM

1) The increasing content of Rlinduces an increasing rigidity by a higher numoter
polydentate bindings. Due to the higher charge I8f Ais assumed that Alalso can
bind functional groups over a longer distance tlafi". In literature for binding to
Al** also conformational changes of NOM were obsengir(s and Nelson 2002,
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Kalinichev and Kirkpatrick 2007, Nebbioso and Pioc®009) and have to consider in
our model. The formed bindings are supposed tcelpg strong.

[II) Though the cation content of the soil sample irEsano changes in rigidity can be
observed. The constant rigidity is related to tesuanption that the formed polyden-
tate complexes are energetically preferred to biggliwith a lower number of binding
partners. But it is unknown in which way the otAét* cations are bind to the matrix.
No hints in literature were found supporting otpessibilities of binding than to the
functional groups of SOM. The formation of Al-Hydwds (inorganic precipitates) is
negligible for pH < 4,2 (Ross, Matschonat et al0&0 However in the model Al is
shown as an inorganic precipitate with an unknowdibg partner.

Increasing T* related to cross-linking by cationasweported also by Luo et al. (Luo, Zhang
et al. 2008) who observed an increasing sorptiggac#y and non-linearity for samples
treated with A" and C&" solutions during sorption of phenanthren in casttta samples
treated with N& solution. T* increases in the same range as regdrere. The authors con-
cluded based on the results further evidence ofitted mode distribution model (Xing and
Pignatello 1997). Same observations were also tegdor interactions of heavy metals
(CU*, Ni** and PB") in the same soils and phenanthren sorption (Zhang et al. 2010). But
it is to mention that the OC contents samples watiger low in comparison to the here de-
termined samples. For further discussions it is &dsmention that the determined changes in
T* are much lower than changes observed 4rfof organic polymers due to co-ordinative
cross-links by metal ions. Here the changes avetsgeeen 10 and 150°C (Belfiore,
McCurdie et al. 2001).

Aging:

As it was shown for the samples of the first peatioh cycle aging effects in rigidity occurs
after a conditioning time of several months. als®lbatch samples were measured at different
time points to observe aging effects as demonstrgiestulated) in literature (Schaumann,
2005, Hurra3 & Schaumann, 2005). In the followihg different cation treatments were
shown in own figures to assure an adequate view.

The phenomenon of aging of SOM due to water moéebutdges can be determined in a sig-
nificant increase of T* (e. g. HurralR & Schauma®@05). In this study for all treated and
untreated samples T* increases during the timeoaflitioning independently on treatment
method and cation. This can also be observed écadhtrols without any treatment.
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Figure 17: Step transition temperature for C&" treated samples in batch 4 weeks and 6 months aftthe
treatment.
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Figure 18: Step transition temperature for N& treated samples in batch, 4 weeks, 13 weeks and28eks
after the treatment.
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Figure 19: Step transition temperature for AF* treated samples in batch; 4 weeks, 13 weeks and @Reks
after the treatment.

For samples treated with €aolution the effect of aging averages 2°C in 6 msrso it is
even greater than the effect of"Cabsorption (1,5° C after batch treatment witf*Galution

for the rigid samples). For the Nieated samples the aging effect ranges also batvend
2°C in nearly 6 months. Only for the *Altreated samples the effect of aging in nearly 6
months is with 1°C in average weaker than the msmebecause of the sorption of Afrom
solution. For Af* treated samples there are very similar result§*dbetween the samples
conditioned for 13 weeks and for 22 weeks. Theed#fiices of T* between the conducted
cation treatments especially betweerf'Gad AF* vanished after a time period of 6 months,
the maximum T* of the Al treated samples after énthe is 62,4 °C the maximum T* for
Cd" treated samples is 62,2 and the maximum Jftheated samples is 60,4°C. So the sam-
ples treated with cross-linking cations still shawigher rigidity than samples treated with
non-cross-linking cations like Na

All curve shapes are still comparable to the shapdise first results after 4 weeks condition-
ing for all samples. For Gathe decrease for a higher content in the samplems to be bet-
ter pronounced than before. The standard deviatidine measurements after aging decreases
for the C4" treated samples; for Zland N4 treated samples they are still the same but it is
to consider that for these samples the deviaticalss for the first measurements relatively
low.

Water molecule bridges were postulated in the HB@idel (see Introduction, chapter 2.2)
and related to the glass-transition-like step iteoms temperature as also reported for the
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treated samples. The occurrence of changes in &taa changing cation status in the matrix
demonstrates a relationship between water moleeuidscations between the organic mole-
cules. In chemistry a relationship between water @ation is described by the hydration shell
of the free cation in a solution. Stabilization Wwgter clusters in SOM and by cation bridges
was shown by computational calculations (Aquinondga et al. 2009, Aquino, Tunega et al.
2011, Schaumann and Thiele-Bruhn 2011) for selefctectional groups. In reference to this

calculations mono- and bidentate bindings of‘Ga organic functional groups are possible
and depending on water content and environmento{fanpr polar). Water molecules were

included in the coordination shell of the cationghese complexes. Computational calcula-
tion for AI** shows the higher bridging power of aluminum

The results show strong evidence that the obsenggdity is linked to the interaction of
cations and water which complexity is unknown &t oint of time. The pronounced aging
for C&* treated samples, Nareated samples and the untreated samples isdetatconfor-
mational changes of water molecules in a way ahfog bridges between molecules as de-
scribed by Schaumann & Bertmer, 2008 or calculateéquino, 2009. Due to the results of
Al** treated samples it is assumed thaf Alduces the conformational changes of the water
molecules in a faster manner because of its higheling strength. Computational calcula-
tion for AI** shows the higher bridging power of aluminum anpipsutts the described obser-
vations (Aquino, Tunega et al. 2014) Only slighaehes were possible eventually based on
the lower diffusity of the water molecules in thganic matrix.

2.4.2 Wettability / repellency of the treated and untreated samples

In order to achieve further information on diffeces between untreated and treated samples,
contact angle measurements were conducted whigldisect measure for hydrophobicity of
the samples. Hydrophibicity is linked with the s structure of the SOM. The results of the
contact angle measurements of the treated andabedreamples show a curve shape similar
to the results of the step transition temperatiice. A®* and for C&" treatments the contact
angle increases in comparison to the control samupdewith increasing cation content in the
sample. The increase is stronger pronounced atrloamcentrations. At higher cation con-
centrations the curve flattens and decreases iragedor AP* and for C&" treated samples.
Again the AP* treated samples show a more pronounced effectiiea@4" treated samples.

The outcome of a correlation for the step transitemperature T* and the contact angle of
the sample, irrespective of the mode of treatm€at*(or AI*"), is a clear linear correlation
(p<0,001). This result indicates that the rigichtyd flexibility of the organic matrix in SOM
correlates with the hydrophobic and hydrophilic éebur of the SOM surface, respectively.
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Diehl & Schaumann, 2007 identified two possiblegaesses responsible for changes in hy-
drophobicity of soil samples by analysing the aation energiesEa, during the rewetting
procedures. One process is mainly based on phigsiztical or pure physical changes and
linked with differences in the percentage of chdrfignctional groups of the repellent and
wettable samples, whereas the other process isl lmmsehemical reactions and linked with
conformational changes of organic molecules atdindace during the drying procedure.
Caused by an increase of H-bonds and ester linkags®philic functional groups from the
surface are orientated towards the interior of $I&M matrix leading to a lower number of
hydrophilic domains at the surface. It can be agslithat referring to the second process also
cations are able to induce conformational changelinking outstanding hydrophilic groups
into the interior. An increasing T* represents ghar rigidity and thereby a more complex
network in SOM as it is discussed in the formemtées. It is probable that the formed cation
bridges in the interior also involves molecule®ofstanding groups in this process.

For C&" treated samples the contact angle shows alsgfa slecrease (not significant) as it
also can be observed for T* of samples witf’Gmntents near the CEE Referring to the
model described in Figure 15, a*‘Caontent near CEg induces less cross-linking and ac-
cording to the results of contact angle measuresreatls to a higher degree of outward ori-
entated hydrophilic groups caused by a reduced puoftbonding partners in the interior.

For AP* treated samples the contact angle seems to bestandor the samples with a high
content (above CEg). As discussed in the last chapter it is assumedAHathas different
(small precipiation or more exchange sites in S@bldiscussed Al perhaps occupied more
exchange sites from the potential CEC) due totitshger binding strength therefore no con-
formational changes were required for absorbingenddt* cations.

Schaumann et al. (2013) found also an influenceatbn bridges on the wettability of peat
and soil samples which can lead to a higher watpeltlency. Nonetheless, in this study no
difference was found between Al and Ca treated &sn(Schaumann, Diehl et al. 2013)

To achieve more information on wettability and catcontent of a sample with high SOM
and to validate the desbribed model of conformati@manges it is recommended to control
the wettability status for the aged samples. Duthéodescribed model an increase fof‘Ca
treated samples and none or only a slight increidee AP treated samples is postulated.

It is to mark out that for a sample from a humigelathe influence of SOM is more pro-
nounced than for more mineral samples so this tresutardly 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) sampkre described which were treated with
Na" this indicates a loss of multi-valent cations lB&* and consequently a decrease of ma-
trix rigidity. Decreasing matrix rigidity was noodind for the Natreated samples, the rigidity
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was consistent. This should be verified for momagas and for the use of a different method
which enables a stronger demineralization than axgé with monovalent cations.

Demineralization was conducted with the known seriacest layer samples also used for the
cation additions, a peat sample from Fuhrberg apdad sample from Heudorfer Ried. The
samples are described in chapter 2.3.2. Deminataizwas conducted as described in 2.3.4.
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Figure 22: Step transition temperature T* before aml after demineralisation of the three samples. Box
plots were created by at least 6 T* values for eacsample.

As it is seen in Figure 22 the samples from theepiforest and from Fuhrberg act in a simi-
lar way. The exchange of cations t6 ¢huses a slight decrease of T* of about 2,5°GHer
spruce forest sample and 1,5° C for the Fuhrbergpba In contrast the sample from Heudor-
fer Ried acts different after demineralisation mtreases for nearly 3°C. Looking for an ex-
planation for this unexpected behaviour it is hallpd consider the characteristics of the sam-
ples before and during demineralization:
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Loss of Loss of Loss of pH at the pH at the CEC¢s

organic ca™/ Mg®*/ beginning | end of

carbon mmol. kg™ | mmol. kg™ | of treatment | treatment (

during (in water) in extract

treatment / water)

g kg™
Fuhrberg 3,40 51,6 50,2 4,01 2,82 123
Heudorf 8,37 955 26 6,2 2,6 680
Spruce For- 162 38 4.4 2,76 303
est 2,51

Table 6: Sample characteristics and behaviour durig the demineralization procedure with the acid catn
exchange resin.

With reference to the sample characteristics timepsa from Heudorf differs evidently from
the two others. The Heudorf sample features a keage content of G4 which exceeds the
effective cation exchange capacity of the samplasued with BaGl The presence of Ca-
salts in the sample is very probable. This faeti$® complemented by the strong pH decrease
during the demineralization procedure. It can suamd that most exchange sites in SOM of
Heudorf are occupied with €abefore the demineralisation experiment.

In contrast the sample from Fuhrberg shows the $0W&* content and also a low Cifor
the relatively high organic carbon content of 52 %.

What we know from the cation absorption experiméntbhat there is a specific concentration
of C&* where T* shows a maximum then T* decreases siighith increasing C4 content.
This maximum can be determined on a value of 22®lgkg™ for C&* which corresponds to

a CEGg¢ saturation of 72,6%. That means the spruce faasiple was demineralised in a
condition where the maximum rigidity was not yehiawved because of the lower Taon-
tent. Transferring this to the other two samplesmdéans that for Heudorf the point of maxi-
mum rigidity is exceeded because of the very highration of the CEC with Gathe rigid-

ity would be less pronounced; for Fuhrberg that fanean that the point of maximum rigid-
ity is not yet achieved because of the low”'Ceontent (42,3 % of CE&) similar to the
spruce forest sample but eventually less rigidit®ould be concluded that before deminer-
alization the spruce forest sample was the sangdeest its specific rigidity maximum. But
this does not automatically mean that the sprucestasample is the most rigid sample of
those three. As it is seen in Figure 22 in absorataees the Fuhrberg sample is the most rigid
sample due to a T* of 63 — 65°C. In our opiniorstban be related to sterical reasons e. g. to
sites with a higher number of cross-linking wateslesule bridges. Each soil sample has its
own specific point of rigidity. It is not possible conclude nor from the cation content to the
rigidity of the SOM matrix neither from the rigiglito a predicting cation content.

So after demineralization the spruce forest saraptavs the highest / most pronounced de-
crease of T* the decrease for the Fuhrberg sangpless pronounced. Similar results for
Fuhrberg were also reported by Mouvenchery et &leres also cross-linking induced by
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cation bridges has a low relevance (Kunhi Mouvenghéaeger et al. 2013). So this would
support the prediction that the spruce forest sangphearest at its specific rigidity maximum
and therefore the decrease because of deminei@iisatmore pronounced than to the Fuhr-
berg sample. For the Heudorf sample the deminatalis leads to a higher rigidity of the
sample because of the lower rigidity at the begigrdue to high cation content. It can be
assumed that after the demineralisation the catorent of the samples is very low why the
rigidity of Heudorf is significantly increases istrfully explained by the model of the specific
maximum rigidity point because there could alsah®epossibility that there is no change in
rigidity. But it is important to point out that iajty of SOM depends also on the formation of
water-bridges. Hence it can be assumed that fdr saaple the number of sites where water
molecule bridges can cause cross-linking effecspésific and perhaps the Heudorf sample is
rich in sites like this and after the demineralmatthese sites are no more occupied by
cations. Due to the experiments it is not posdiblexclude the effects of water-bridges on the
rigidity of the matrix.

2.5 Conclusion

For all experiments where the cation status ofsdmaples is changed by the multivalent ca-
tions C&* and AP (I) the induction of co-ordinative cross-links 8®OM was proven by ef-
fects in matrix rigidity.

However hypotheses Il was not fully supported bseahe absorption experiments show that
an increase of Gaand AF* do not necessarily lead to an increase of rigiditye same beha-
vior was observed for the decrease of cations byirgralization in different samples. There-
fore it is to consider that the degree of rigidstyongly depends on the former saturation of
the CEC with multivalent cations and on the confational conditions (e. g. character of the
dominating molecules). Piccolo and Nebioso, 2008] but that saturated and unsaturated
long chain alkanoic acids in HA were preferentiallyolved in metal complexation with Al
and Ca whereas hydrophilic or mobile humic comptsearere relatively low affected by the
complexations (Nebbioso and Piccolo 2009). Hencesuggest that each sample has its spe-
cific maximum point of rigidity due to the bridgingf multivalent cations linked with the
overall exchange capacity for cations in the SOM.

Changes in rigidity and in hydrophobicity of a sguorest sample were more pronounced
for Al than for Ca and are therefore enhancing aede results concerning the binding
strength and the ability of these cations to chahgemolecular structure (Elkins and Nelson
2001, Nebbioso and Piccolo 2009) (lll). The highdang strength is also demonstrated by
observing the DOC losses during the experimentstwiviere lower for treatments with Al
even for very low concentrations in the solutioheTassumption of conformational changes
induced by Af* absorption of the samples is further underlinedhgyresults of the wettabili-
ty measurements. An abrupt increase of hydrophtyleeien for low absorption was observed
for the AP* samples. For samples treated wittf'Gasoftening of the matrix is anticipated for
concentrations near Ckfdue to the results for T* and for the decreasimgt&ct angle in the
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wettability experiment. This indicates that“%Cis not able to cause a lasting effect on con-
formational changes or the structure of SOM. Thigvagk of SOM reacts always flexible on
the given conditions in slight in- or decreasesigitlity. For AP®* at point near CE& no fur-
ther changes were observed. Nevertheless it ipassible to provide a chemically based de-
scription of the hypothesized molecular conformaiovhich were affected by metal absorp-
tion or water molecule bridges. Therefore the dbedrmodels are only based on evidence.

Overall the results suggest that conformationahglkea due to the enhancement of absorption
mechanism like drying and rewetting only have ghglinfluence. Observed differences be-
tween the samples vanished after a time periodwditioning hence these processes are of a
minor importance of the effects by coordinativessrtinks of multivalent cations in SOM
(see also Hypothesis IV).

The rigidity increases over time especially for péa treated with G4 Na and water.
These observations enhance the importance of wadéecules in SOM: an interaction of
water molecules and multivalent cations for bridgprocesses between organic molecules is
a requirement for the observed effects in matgidity by the glass transition-like step transi-
tion temperature T*.

Altogether it is to mention that effects of the twhklent cations in rigidity were observable

but do not indicate revolutionary changes in thdemar conformation of the matrix. The

changes do not exceed more than 3°C in averagshforges in the cation status and all in all
7°C for changes in cation status + aging procesomparison to the original sample at the
beginning. For changes in the water status of sesnmlore than 10°C difference was found.
But no conclusion is possible which effects in siorpor degradability are meant by the ob-
served rigidity changes. From the wetting experitweme know that the hydrophobicity in-

creases with increasing rigidity. Further reseasamecessary to describe the effects of rigidi-
ty for soil specific characteristics and functions.

58



Influence of multivalent cations on structural dmteristics of DOM — cation precipitates

3 Influence of several multivalent cations on structeal charac-
teristics of DOM based precepitates

3.1 Summary

Precipitates with Ca, Al and Pb cations were formid DOC solution from an acidic organ-
ic layer from a spruce forest sample. The predipitavere analysed for their thermal beha-
viour with a Differential Scanning Calorimetry (B%depending on the M&C ratios in the
solutions. For all samples a transition step tewrdpee (T*) can be identified known to be
caused by cation-water-molecule bridges. Highestwé&re found for Al up to 66°C as maxi-
mum. Pb and Ca generally show transitions at ldemperatures at 55°C to 60°C. Al and Pb
were the two cations with the best pronounced pitation. For C&" neither the precipitation
was well pronounced nor the step transition wag gaglentify. For all samples T* decreases
at high Mé&"/C ratios, which indicates a less rigidity of ttrganic matrix if a high content of
metal cations is present. The temperature randé& ahd the characteristic of the step transi-
tion is comparable to the experiments with the whsdil sample in chapter 2. No reversible
step transition can be identified with the used Ofs@edure, but the observed step transition
has a reversing character which means that afteraleveeks the step transition reappears in
water containing samples. In water free samplesheomal event can be detected. The re-
sultss show the appearance of cation — water-tgidgprecipitates and the influences of sev-
eral cations on the occurring matrix rigidity doetlhe forming bridges. For further research it
would be interesting to know if the measured rigyigiorrelates with biological and chemical
stability of the precipitates.

3.2 Introduction

It is suggested that multivalent cations induceoatinative crosslinks in soil organic matter
(SOM) (Schaumann 2006). These cross-links indueeigidity of the matrix. Rigid or glassy
areas in SOM are linked with non-linear sorptiod amgsteresis effects in literature (LeBoeuf
and Weber 1997, Xing and Pignatello 1997). Theeefd®M is described as polymer matrix
consisting of macromolecules. In contrast Picotlale 2002, viewed SOM as a supramolecu-
lar network consisting of small molecules formingndensed aggregations. Schaumann,
2006, suggested that independently from the pdimtesv SOM behaves as a amorphous ma-
trix which structure is not in equilibrium, but ctgeable and dynamic. The detection of a
glass transition temperature in isolated humicfahdc acids (Young and Leboeuf 2000) and
in whole soil samples (Schaumann and Antelmann @@0ances this suggestion. In the
meantime two types of glass transitions were detefdr SOM (Schaumann 2006). The first
one is linked to the classical type also knowndolymers and in the majority found in iso-
lated humic and fulvic acids (Zhang, Leboeuf et24107) or in NOM samples (DelLapp,
LeBoeuf et al. 2004, Zhang and LeBoeuf 2009). Ttassition is reversible in subsequent
heating cycles during measurements with the difitese scanning calorimetry (DSC). The
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second type of transition is not reversible in bssguent heating cycle but the disappeared
step transition reappears after a specific timeooifditioning. This type only appears in water
containing samples and is measured in a hermstisalled system (no water evaporation is
possible) (Schaumann and LeBoeuf 2005). The tiansis named glass transition-like step
transition temperature T* (Hurrass and SchaumarGv20The observations are explained
with the formation of water molecule bridges betwé®e organic molecule segments (HBCL
model = Hydrogen Bond based Cross-Linking modep) ttynow the HBCL model is further
enhanced by experiments with proton NMR relaxatiand proton wideline NMR
(Schaumann and Bertmer 2008) and computationallegilons (Aquino, Tunega et al. 2008).

The formation of water molecule bridges is suppdsdae a slow process and therefore aging
effects are detectable in the thermal behavior@MJHurrass and Schaumann 2007). For a
peat sample conditioned over a time period of sdweeeks T* increases (Schaumann 2005).
Also for polymers a physical aging is known dependm the thermal history but for these
materials aging is visible as an endothalpic owaoslarising at the glass transition point.
Hence Schaumann, 2006, suggested two types ofrategptions in DSC for the two types of
aging for SOM.

The effects of different cation contents on theditg in SOM should also be detectable in
DOM precipitates formed with multivalent cation$éelformation of precipitates is described
as one process reduces the dissolvation of SOM@amskquently enhances the stability of the
soil aggregates. Therefore the loss of organicaraib reduced in soils with higher metal
concentrations (Romkens and Dolfing 1998, Shen 1928e, Temminghoff et al. 2002,
Herre, Lang et al. 2007, MartA-nez and MartA-nellégias 2008). Especially for Al precipi-
tates a higher stabilization of SOM is suggestedod@nska-Jurczak and Mulder 1997,
Mulder, De Wit et al. 2001, Schwesig, Kalbitz et2003). Stabilisation of SOM is discussed
as a possibility for a sink for atmospheric £0 reduce green house gas emissions (von
Luetzow, Kogel-Knabner et al. 2008). Therefore tinelerstanding of stabilisation processes
of SOM is of a great importance facing increasemperature and hence increased microbial
activity in the soil.

In this study it is suggested that DOM precipitadéso i) show a detectable and analyzable
glass transiton like step transition temperatunmgarable to the findings in the whole soll
sample from where the DOC solution originated frdims further hypothesized ii) that the
content and the manner of multivalent cations haveénfluence on the rigidity and further-
more iii) the rigidity is stronger for trivalent ians like AP*. Besides we suggested that iv)
the precipitates are comparable with cross-linkelgrpers and hence show a reversible tran-
sition type one in water-free samples. We hypottegsialso v) aging effects for the created
samples.

To verify the hypotheses we create solutions wiftieidnt metal / OC ratios with the multiva-
lent cations C&, P and AP" and conduct DSC measurements with the developemippr
tates 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 oigdayer from an 80 year old spruce
forest in South Germany. Immediately after samplamgl homogenizing the sample was
shock freezing and then stored in a freezer atG18%r the experiments the sample was un-
frozen in a fridge and air dried. The water continthe samples differs between 7 and 8%
percent after drying. Then the sample was sievddmain, some needles have to be collected
manually from the samples and common soil charaties were determined. The common
characteristics are shown in table 7.

pH Corg CEGout CECu wc  c& Mg* A%
1% /mmol Immok kg' /% /mmol /mmok kg*  /mmolc kg
kg™ kg™
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 layefrom 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 whishbound by interactions with cations in the

organic matrix is most important. Therefore we deped a new method for the retrieval of

DOC in solution. In experiments with an acid exdmanesin to demineralize the soil samples
(chapter 2.3.4 and 2.4.3) high losses of DOC caddtermined due to the depletion of ca-
tions. Now this in the former experiments unwislsede effect we use to produce our DOC
solution for the precipitation experiments. By tinethod we postulate that especially the
dissolvable organics bound to multivalent catiorsuld be set free because the resin ex-
changes these cations witA.H

100 g of the spruce forest soil sample, 50 g exgbaasin (Amberlite ®, IR-120, HForm)
and 700 ml deionized water were filled in a 1 Isgldottle (Duran®) and mixed overnight in
an overtop shaker. After shaking the resin-solisoh was filtered by pressure over cellulose
nitrate filter (Sartorius®, pore size 0,45 um). Thers were rinsed before with moderately
warm water to reduce DOC losses of the filter malteThe filtration took three hours with a
pressure of about 2 bar. The derived DOC solutias measured for the exact concentration
and then diluted with deionized water to in aver288,3 mgT (11 mmol 1). This concen-
tration was chosen to achieve a concentration oha®l ' in the final DOC — metal
solution. The generated solution was used immdgiafeer extraction for the experi-
ments because we want to prevent changes due tolmaikactivity without using me-
thods of conservation which possibly have an infageon 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 preparsolution from the respective nitrate.
Nitrates were used because the chloride salts $tromg inorganic precipitates with Pb (L =
2 * 10° mol I'; schwarzer Riedel). For further investigationsmitSC an amount of several
milligram precipitate was required which assuresomplete covering of the bottom of the
Aluminum sample pans for at least 3 replicates.r@oee useful M&/C ratios for the expe-
riments were testes in preliminary experiments D&IM-precipitation depends on &IC
ratio and on pH in the solution (Scheel, Dorflemket2007). It is known that at pH 4,2 the
formation of AI(OH} dominates the Al speciation (Gustafsson 2001)rdyiest al. (2002)
observed visible flocculation above an Al/C ratfoOgl (Nierop, Jansen et al. 2002). Hence,
we started at this ratio. Also for Pb visible flatation was observed at a MiC ratio of 0,1
only for Ca the beginning ratio has to be higharcénclusion the ratios shown in Table 8
were used in the experiments.

Al ¥/C PH*/C cd'lc

mmol mmol!  mmol mmol*  mmol mmol*

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: Me™/C ratios obtained in the different cation solutiors for precitpitation

For precipitation exactly 10 ml of the metal sadatiand 90 ml of the DOC solution were
mixed in 100 ml glass bottles (Duran®) and sealéth WTFE coated PBTscrew caps. As
control 10 ml deionized water instead of metal Boluwas added. After a first shaking the
pH was measured and if necessary adjusted to a v&l8,5 with 0,5 M, 1 M or 2 M NaOH
or with 0,3% HNQ, respectively. The original pH of the solution dref the adjustment
ranges from 2,9 to 3,6. Then the solutions wer&estower night in an over top shaker for a
complete homogenisation. After shaking the sampka® stored in a refrigerated incubator at
5° C for another night. The temperature was chéggrevent changes by microbial activity
in the solutions. At this time the solutions hackat and the flocculation is not disturbed by
shaking. For filtration of the solutions at a peiee of 0,45 pm a Sartorius® Vaccum Filtra-
tion construction were used with a cellulose netrflter at the top and among a glass fibre
filter (Whatman®, GF 6, @ 47 mm) to improve therétion flux. The filters were rinsed be-
fore filtration with moderately warm deionized wate prevent contaminations.
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3.3.4 Chemical analyses of the filtrate solution

The filtrates were measured for pH, DOC and catiortbe solution. PH and DOC measure-
ments took place immediately after ending thediiom. DOC concentration was analyzed
with a TOC Analyzer Multi C/N 2100 (Analytik Jenaljter acidification and out gassing of
inorganic carbon.

An aliquot of each solution was diluted in a radfal:1 with 10% HNQ for conservation and
later analyses of the cations.

To calculate the loss of cations in the solutiomd(#o calculate the cation content in the pre-
cipitates) the cation concentration in the solutieas analyzed. Calcium was analyzed with
Flame AAS (Perkin Elmer 4100) with an oxygen/acatg flame and a wavelength of 422,7
nm, AP** with a nitrous oxygen / acetylene flame ( Variaf 240 FS) and with a wavelength
of 308,2 nm, and lead was analyzed with GraphiteeTMAS (Perkin Elmer 4100) with the
following furnace program and a wavelength of 2888

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 andysis in AAS

In general a calibration curve was conducted bgrirél standardisation (addition of an ali-
guote of the standards to each sample). For theided analyses no differences were identi-
fied between the curves by an external standardisat the same solution (10% HNand

an internal standardisation therefore for furthealgses only external standardisation were
conducted. The solutions of the controls were aralyfor C&", PF* and AP".

3.3.5 Preparation, storage and DSC measurements of the precipitates

After filtration the precipitates were adheredhe surface of the cellulose nitrate filters. With
a spatula the precipitates were carefully scragednal filled directly into the DSC pans. It is
to mention that in preliminary experiments we drfedt the precipitates on a glass surface
and then transferred into the DSC pans, but tlasquiure turned out to be inefficient due to
the difficult handling of the very small amounts drfed precipitates. Therefore we filled it
directly into the pans and prevent losses by thhe samples in the open DSC pans were
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dried for 4 — 5 days at 25°C in the drying oven.\Bgighing the pans before and after the
drying procedure the water content of the wet samphn be calculated. After weighing the
open pans were stored in a dessicator over si@taidter drying the precipitates formed dry
highly agglomerated clusters and the bottom ofpiéwes were not homogenous covered with
sample this causes trouble during DSC measurenbestause no consistent heat transfer to
the sample is assured. Therefore the dried pratgsitwere carefully pestled with a spatula
before measurements.

The samples were conditioned for 14 days and theratluminium pans were hermetically
sealed. The analyses were conducted with DSC Q{DAdnstruments, Germany) with a
refrigerated cooling system (RCS) and nitrogen parge gas. The measurements took place
in several procedures to receive results on theactexistic of the step transition and the ag-
ing behaviour of the samples. It is not possibleneasure the classical glass-transition and
the step transition due to water molecule bridgebh wne DSC procedure. So, after a first
characterization of all samples in “measurementrig part of the samples was measured by
“measurement 2” and one part by “measurement 3'.tkese “follow — up” measurements
always three replicates with the best pronouncausttions were chosen. Unfortunately there
were not enough replicates to use every ratiodohéind of measurement. The used samples
are given the

Procedure Rationale

Procedure 1 (all samples): First characterization of all samples, the me-

thod is fitted to observe glass-transition like

- All samples were abruptly cooled |n " .

the DSC instrument to -50°C and thensntep transition temperature, Whlch mer?\n.s the
heated with 10 K min-1 from _50°ﬂeffects of water molecule bridges on rigidjty

to 110°C, followed by a second a2 be observed

rupt cooling and subsequent heat|ng
cycle. Baseline was corrected with
the TZero technology® by TA In
struments.

(

Procedure 2 (samples with an ME / C ratig dhis procedure is appropriate to detect |re-
0,1, 1, 5 and 10(only Ca)): versible glass transitions, therefore all water

14 days after the first measurements Oﬁeremoved from the sample. After the de-

fraction of the samples were measure ag&?\”bed drying procedure the samples ynere
by the following procedure: not able anymore to show a WaMB transition

_ and it was not possible to use them in prqce-
~ Punching of three small holes (3| §ure 3. The precipitates of the Me/C ratiog of
mm) in the lids of the sample pans | 2 and 3 for all cations and 10 for Pb and|Al
105°C to remove all water, weighingnent 2 for most ratios were available and it
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before and after the drying procedurevas obvious that no differences between|the
edd'fferent ratios were found. Consequently,
lrp}easurement 2 was not conducted anymore
3For the ratios 2, 3 and 10.

- DSC measurement with a chang
heating and cooling programme stg
ing with a heating step of 105°C f
30 min (to make sure that all water|is
removed from the samples), then be-
ginning with the programme as de-
scribed above for the first procedure

Procedure 3 (samples with a Me / C ratig dfwater-molecule bridges are responsible [for
2, 3 and 10(only Pb and Al) the measurable matrix rigidity the measured
. rglass-transition like step transition vanished

- After the first measurements in her i
. . in a subsequent heating cycle, but after a
metically sealed pans as described in

procedure 1 further measuremenlgnger time period the glass-tansition like

were conducted with selected pans aﬁgep transition reappears, which is explained

ter 6 weeks and 8 weeks (in gener\évllth the reconfiguration of the water mole-

cgles. This process should also be shown for
we selected pans where a pronounce o ]

e the precipitates. So it seems not necessary for
step transition is visible and mathe-

. the interpretation of the results to conduct
matically analyzable) )
this measurement for the whole concentra-
tion range.

Table 10: Explanation of the used procedures for dracterising the precipitates by DSC.

All data were analyzed using Universal Analysissian 4.1 (TA Instruments). The glass
transition temperaturegTand the glass transition like step transition terafure T* is indi-
cated by an inflection point in the thermogram. @genally, three tangent lines were applied
for the evaluation. The change of heat capaditp(= J ¢ K™) was calculated from the in-
flection point between the tangent lines.

In the following sections for most samples only fiist heating cycle will be observed be-
cause the determined T* is a non-reversible theawaht (Schaumann & LeBoef).

Some thermograms of the calcium treated sampldd cmt be analysed without further cor-
rections of the received heat flow curve of the gi@s In Figure 23 the heat flow curve for
the Ca-precipitates is shown, although the deowatif the heat flow looks normal the curve
shows a strong decrease until 40°C and then att 886C a strong increase, between 40 and
80°C a thermal event is observable. For analyzirggthermal event by applying the required
tangent lines and receiving the inflection pointlod step transition a rotation of the curve is
required. By this correction method the heat cdpaxfithe sample changed but the transition
temperature is still the same.
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Figure 23: Heat flow curve of a DSC measurement @ Ca-precipitate, no tangent lines can be appliedna

no inflection point is received.
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Figure 24: Corrected heat flow curve of the same saple by turning the curve in the plane with the TA

instruments program, the inflection point is now aralysable

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 trexipitation experiments were presented as
evidence on the quality of precipitations.

Ca precipitation Al precipitation Pb precipitation

First visible precipitation at a  First visible precipitation ata  First visible precipitation at a
Me™/ C ratio of 0,5 Me™/ C ratio of 0,1 Me™/ C ratio of 0,1

Only slight sedimentation of thePronounced sedimentation; Pronounced sedimentation;
flocculation after the rest periodsolution is light brown until solution is light brown until
in a defrigirator, solution is clear clear

cloudy and brown

Colour of precipitate after filtra- Colour of precipitate after filtra- Colour of precipitate after filtra-
tion: tion: tion:

Greyish - brown Brown Dark brown

With increasing M& / C ratio  With increasing ME& / C ratio
the samples get lighter the samples get lighter

Water content of the wet sam- Water content of the wet sam- Water content of the wet sam-
ples about 93 — 94 %, slight  ples about 95 %, slight decreaseles about 95 %, no trend in
decrease for G4C = 10 to for AI**/C =5to about 91 % different ratios observable
about 91 %

pH after treatment about 3,7 — pH after treatment about 3,7 — pH after treatment about 3,7 —
3,8 3,8 3,8

Table 11: Optical and analytical observations of paameters during and after the precipitation proces
for the three cation — DOC solutions C&' - DOC, AI** - DOC and Pi* - DOC

As AI** and PB" were acting very similar in precipitation obsefwas for C&" are often con-
spicuously different. Precipitation with €ds not as visible as for the other two cations dem
onstrated by weaker sedimentation of Ca precigtated a cloudier solution after the rest
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period. No differences were found in pH of the solu which was adjusted at the beginning
of the precipitation process to 3,5 between thiediht Me”/C ratios or the used cations.

For C&" and AP the water content in the wet precipitates decee&sehigher M8/ C ra-
tioSsoition fOr P the water content remains the same for all raffos.the later air — dried
samples (25°C in a drying chamber) which were furtiiried for 105°C the water content of
the dry precipitates was calculated. Also herecdiiices between the cation treatments were
observed. For Pb the water content ranges unétia of 1 at about 7%, for a ratio of 5 the
water content ranges about 3-4%. No changes fqr€apitates were observed between the
different ratios the water content ranges about @Be& water content of the Al precipitates is
significantly higher, the content ranges about 1@®%l a ratio of 1 and ranges about 16 %.
for a ratio of 5.

The shown masses in Figure 25 are only a rougmastn because the masses were calcu-
lated from the initial weights in the DSC pans #&sbes during handling with the precipitates
cannot be excluded.
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500 Vv Pb-Precipitates-|
o m Ca-Precipitates |
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Figure 25: Amounts of wet precipitates originated dring flocculation process in solutions of differen
Me™ / C ratios with Ca?*, Pb** and AP

Nevertheless first trends were observable. So thaker precipitation process with Cas
underlined by the observation of the less predigitanass for each ratio, which is about only
20 % of the mass precipitated by the two otheroosati The masses for Ca precipitate range
about 40 to 55 mg as for Al and Pb precipitatesttasses range about 150 to 420 mg. a weak
increasing trend for Ca precipitate mass is obskfmethe C4'/C ratiogoiuion f 5 and 10.

Though PB' is lower charged than Alall in all PE* is as same effective as®AlBut for Pb
precipitation no observable increasing or decrepsiend dependent on the chosed'PB
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ratiosoution IS demonstrated. In contrast Al precipitate magsease abruptly for the AIC
ratiosoiution Of 0,1 to 2 and then there decrease for higherstat

A better specified parameter for effectivenessrectipitation is the measurement of the DOC
losses (Figure 26).
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120+ O m Ca solution .
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o 100G o control .
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Figure 26: DOC losses of the solution after the paipitation in duplicates with Ca?*, Pb** and A" in dif-
ferent Me™ / C ratios.

Interestingly no pronounced differences were fotordthe effects of A" and PB" until a
Me™/C ratiouion Of 3. Then for an increasing concentration ot Ah solution the losses of
DOC decrease what means a fewer amount of preeigitises. In contrast for Plthe solu-
tion remains at the low DOC level also for highéf'Pconcentrations. Therefore it can be
assumed that for high M&C levels Pb is more effective in precipitationrthal. Comparing
our results for Al precipitation at the ratios @id 0,5 with the results of Scheel et al. (2007)
it is seen that at a ratio of 0,1 41% of the DOG weecipitated whereas in Scheel et al.
(2007) 36,4% (Oa horizon of a spruce forest, pH @@s precipitated, at a ratio of 0,5 55,8%
was precipitated, in Scheel et al 43,1% at a @ti@,3 was precipitated. The higher precipita-
tion in our experiments could be related to differeample characteristics but also to the dif-
ferent mechanism of DOC release in attendanceeoétid cation exchange resin. The lowest
effect on precipitation was observed for?Chased on the losses of DOC in the solution
which is conform to the shown precipitation masses.

For an estimation of the M#&C ratio in the precipitates also the loss of aation the solution
after the precipitation procedure is to be knownfdgtunately a correlation of the loss of
cations in the solutions with the loss of DOC catyde conducted for the very low éC
ratios (until a ratio of 1). For the higher tiergalutions the standard deviations of the analyses
are in the same range as the cation losses thertfervalues are not reliable and will not
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comprise in further discussion. Hence it is notsiule to calculate a M&C ratio in the pre-
cipitates itself for higher concentrations.
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Figure 27: Cation — Organic carbon ratio for the tiree lowest M&*/C ratios in precipitation experiments,
due to high analytical standard deviations and in elation to the absolute concentration low losses of
cations for the higher tiered M&"/C ratios no Me"/C ratios in precipitates were calculated for these

As it is shown in Figure 27 the highest NMI€ ratio in the precipitate for the three lowest
cation concentrations can be observed fof".A\though we observed in general a similar
behaviour of Al and Pb in precipitation at low WK ratiogoution it iS NOW contrary: no
change in PB/C ratio in the precipitates can be observed. Rerprecipitates induced by
C&" no significant trend is observed according to highiations between the duplicates. But
nevertheless there is the optical impression tr&&"/C ratio in the precipitate is higher for
a ratiqouion Of 1 than of 0,5. The GH C ratio in the precipitates ranges between Pb/dnd
ratios. No differentiation between inorganic andamic precipitations is possible based on
the conducted measurements therefore the highpitamn of AF* could be also caused by
inorganic precipitations. But due to the low pHualto prevent those kind of precipitation
and the fact that also in the control no inorggmecipitations were found this possibility is
unlikely realistic. Hence we have to assume thatliabppeared Al in solution is bound in
OM in the precipitates. At the time we have no argltion for the low losses of Pb and the
comparative high losses of Al It seems that much more Al can be bind to OC #ianit can
be also assumed that Pb is not only precipitated @OM but also bind as readily soluble
complexes in a greater extent thari"Al

Our Al/C ratios in precipitates exceed the ratiggarted by Scheel et al. (2007). Scheel et al.
reported a maximum ratio of 0,1 at pH 3,8. We eixplae higher Al/C ratios by the process
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of DOC release because especially DOC with bindites for cations was dissolved with our
method and therefore more cations can be bounddaypitation.

Referring to the low reliability of the cation apsés and therefore the missing data on
Me™/C ratios in the precipitates for the higher ratiosfollowing discussion we will only
refer to the initial M&"/C ratios in the solution and to the measured D@IQes after precipi-
tation.

3.4.2 DSCresults

Results in hermetically sealed pans:

As described in procedure | all samples were medsafter 14 days in hermetically sealed
pans with DSC and two cooling and heating cyclesevewnducted for each measurement.
The resulting heat flow curves of the two heatiggles differ significantly from each other.
In the first heating cycle for each precipitateharimal event is identified as step transition
described for soil samples especially for samplils ahigh content of SOM as described in
chapter 2. Also the measured step transition teatywer of the precipitates is in the same
range as measured for soil samples of 53°C — 65°C.

In the second heating cycle the thermal event obdein the first cycle disappeared and no
abruptly changes in heat flow can be identifiedy(irf¢ 28 and Figure 29).

] Abl. Warmestrom (W/(g-°C))

Warmestrom (W/g)
———] Abl. Warmestrom (W/(g-°C))
‘Warmestrom (W/g)

-
[

-20 6 2‘0 4‘0 éO éO 160 120 -20 (‘) 2‘0 4‘0 éO 8‘0 160 120
Boab Temperatur (°C) Boab Temperatur (°C)

Figure 28: First (left) and second (right) heatingcurve of Al-precipitates (Me"/C ratio = 2) in hermetically
sealed pans. No analyzable thermal event in the sew heating cycle (continuous line: Heating flow;
dashed line: derivation of heat flow).
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Figure 29: First (left) and second (right) heatingcurve of Pb-precipitates (M&'/C ratio = 2) in hermeti-
cally sealed pans. No analyzable thermal event ihé second heating cycle (continuous line: Heatindpfv;
dashed line: derivation of heat flow).

According to the non-reversing character of th@ $tansition we assumed that the observed
thermal event in the first heating cycle is similarthe so named step transition like glass
transition temperature T*. Therefore in the follagisections we will discuss the results of
T* for the created precipitates.

-

-
-

Warmestrom (W/g)

T
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Temperatur (°C)

Figure 30: DSC curves and glass transition — liketap transition temperature T* of Pb-DOM precipitates
produced in solutions with different M&"/C ratios. With increasing ratio the samples devejp an enthalpic
overshoot since for some curves (Pb/C 10) no stepnsition temperature can be analyzed because théep
has become a peak.
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Figure 31: DSC curves of Al DOM precipitates produed in solutions with different Me"*/C ratios.
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Figure 32: Step transition like glass transition tenperature T* in dependence of the initial Mé*/C ratio in
solution for the cation-DOM precipitates, standarddeviations for T* based on the results for the numér
of pans for each sample ( 4 -8).

The Al-precipitates show the highest T* for all paeed precipitates. For the first three solu-
tions with the lower AT"/C ratiosouion T* Of the Al precipitates increases up to about@6
between a AT'/C ratiaquion Of 1 and 4 there seems to be maximum for T*, ier A*/C ra-
tioSsowtion OFf 5 and 10 T* decreases slightly to 62°C in agera
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Generally, T* of the Pb precipitates ranges betwthentemperatures of Ca and Al precipi-
tates. Nearly for all PB/C ratiosouion T*averages about 60°C, only for a’®E ratiooiution OF

1 T*increases significantly to about 65°C. It isrteention that this result appeared for the
duplicates which were measured 3 and 4 times (nuwibthe analyzable heat curves) with
DSC, respectively. We cannot exclude the posgytitiat these values are outliers but accord-
ing to the other measured characteristics in thatisa of these samples like pH or DOC no
hints were given that something was going wrongnduthe precipitation procedure. At the
time we have no explanation for this behaviour B Again the PB/C ratiosoution Of 2, 3
and 4 show a T* of about 60°C, for the’H8 ratiaouion Of 10 a significant decrease of T* is
observed to about 54°C.

The highest differences in T* for increasing 'MeC ratios are observed for the Ca-
precipitates. For the lower €4 C ratiosouion Of 0,5 and 1 T* ranges in most cases between
55 — 58°C whereas a weak trend of an increase eas$umed between a?JeC ratiaguton

of 0,5 and 1 than for a €% C ratiqouion Of 5 and 10 T* ranges between 49 and 53°C which
is significantly lower. Furthermore it is to be niened that the thermal events for the pre-
cipitates of the lower G& C ratiosouion Were only weak pronounced and for & C& ratio-
solution Of 0,5 all four curves have to be turned for defina T*. We assume that the difficul-
ties in analyzing the heating curves for the CZipiates are also linked with the low masses
of precipitate available for the measurements. Thissed only a heterogenous coverage of
the bottoms in the DSC pans and hence an unbaldresdransmission during the measure-
ments. Nevertheless the values can be classifibe teliable because of a sufficient amount
of replicates for each duplicate.

It is to discuss why we found only a step transititke glass transition in the precipitates and
no real glass transition as for examples LeboeWé&ber (1997) find it in humic and fulvic
acids (LeBoeuf and Weber 1997). iB* connected with cross-linking by water-bridging i
SOM. As mentioned in chapter 3.4.1 all precipitatesitain measureable water contents
therefore water molecule bridges in the OM canrmotekcluded for the precipitates. Espe-
cially for the Al precipitates the water contentsaggnificantly higher than for the Ca- and
the Pb precipitates which correlates with the Higtior Al precipitates. But for higher Af/C
also the water content increases and T* decre&sgethermore the water content of the Ca
precipitates is higher than for the Pb precipitdias although T* of the Pb precipitates is
higher. Therefore a direct correlation between watmtent in the precipitates and matrix
rigidity cannot be achieved by this data. We wanpaint out that the interaction with water
molecules is diverse and there should be an inflei@h the cations on the formation of water
molecule bridges inside the precipitated OM whiemreot be demonstrated by two dimen-
sional correlations.

Creating a ranking of rigidity according to the reai@d T* of the precipitates the Al precipi-
tates are the most rigid for nearly all M@ ratios followed by the Pb precipitates and at th
end the Ca-precipitates. It can be assumed thet the best cross-linking agent of those three
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because of the higher charge, also Pb is a goas-tinking agent because of its charge and
high molecular mass.

Regarding the ME/ C ratios in the precipitates for Al both T* arttetAPR*/ C ratiQrecipitate
increases. That means a high content of Al in garmc precipitate induces also a high degree
of cross-linking in the organic matrix. For the Precipitations T* only increases for a®b

C ratiaoution Of 1 but for this ratio no changes in Pb contehted to C content can be ob-
served. Trusting the value of T* that would meaat ih spite of the Pb content in the precipi-
tates are still the same the manner of bindingfferdnt in such a way that cross-linking is
higher than in all the other precipitates. Thisrstsireally unlikely. Because of the difficulties
in the Pb cation measurements for this inconsister conclusive explanation is possible.
For the Ca precipitates a slight increase can Iserobd for the CG&C ratio in the precipi-
tates and also for the rigidity of the samples.réfae it can be assumed that an increasing
Ca content in the precipitate induces also a highess-linking is the interior. For all cations
a decreasing DOC loss was observed for the highet/® ratioseuion We concluded that a
high cation amount also can cause a dissolvatiqorexipitates by the formation of organo-
metal complexes. That means the precipitate itsddss stable and not as good cross-linked
as at a lower concentration of cations. The redoltsT* underline the hypotheses for all
cations. T* decreases for the highest"M@ ratiaution Of 10 which is correlated with a lower
rigidity in these samples.

Results in open pans

As described in procedure Il of the DSC methodt#hathe thermal behavior of an amount
of the precipitates should be determined for coteptevater free samples therefore the pre-
cipitates were dried at 105°C.
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Figure 33: DSC heating curves of an Al precipitatéMe™/ C ratiosyuion = 1) before (left) and after (right)
complete removal of water by drying at 105°C: no aalysable thermal events can be detected anymore.
The vertical curves in the left picture originatedfrom the cooling cycle before and cannot be exclude
technically. The heating curve received before caoly shows a pronounced melting peak around 0° C
which is also a hint for the higher water content bthe samples.
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In Figure 33 the thermal behaviour of a samplehisws before and after the complete re-
move of water. As seen in the left picture the wateises a pronounced melting peak around
0°C and also a pronounced step transition is meddior the Al precipitate. No analyzable
thermal events were measured for the water-freprédipitate, neither observed for the heat
flow curve itself nor for the derivation of the hdbow. This observation was made for all
precipitates independently which cation was usedofecipitation and which M& C ratio
was adjusted in solution.

We want to point out that this result underlines tibservations on the thermal behaviour of
the samples in the second heating cycle duringfitse measurements described above.
Schaumann et al. (2006) hypothesized the breakiigeowater molecule bridges due to the
high temperatures in the first heating cycle aredtd@fore the vanishing of the step transition in
the second heating cycle. These results demongtratehere should be an interaction be-
tween water bridging and cations and it can be lodec that cation bridging itself induces

no signals in DSC in the measured temperature range

Multiple measurements

Schaumann et al. (2005) describes that the glassition like step transition temperature T*
has a reversing character. It means the step ti@nsiisappears in a directly following
second heating cycle, but reappears after some afastorage. This effect is related to the
kinetically retained reorganization of the waterlecales in the organic matrix. We also ob-
served the disappearance of the step transitiothansecond heating cycle as mentioned
above. Hence we controlled the presence of a reagpee by measuring specific samples
after a time period of 6 weeks after the first nueasient and after 2 weeks of the second
measurement. The measurements were only condumted ind Pb precipitates with Még

C ratiosoution Of 2 to 10 because for Ca precipitates the sangtesunts were highly limited
and therefore not available for this experiment.
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Figure 34: Heating curves of Pb precipitates (PB/ C ratiosguion= 2) measured after 2 weeks conditioning
(solid line), after 6 weeks after the 1 measuremeiflong dash) and after 2 weeks after the 2. measurent
(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 Pb**/ C ratioSsouon in duplicates and measured after
2 weeks of conditioning, re-measured six weeks aftthe 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 afteredldht time periods a step transition generally
reappears this is in line with the results of Schann et al. for soil samples. For Pb precipi-
tates grown in a ratiguion Of 2 the values are very similar for the first esetond measure-
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ments (Figure 34). This is comprehensible becauseeaperiod of 6 weeks should be suffi-
cient for the matrix to achieve the same rigidisyabserved at the first measurement. Two
weeks after the second measurement the rigiditpnse®t as much pronounced as before
referring to the water bridge model this meansafiovater molecules were reorganized in the
organic matrix during this shorter time period. @&lthese observations are in line with
Schaumann et al. But as shown in Figure 35 theseresitions was only made for Pb precipi-
tates created with a P¥C ratiaguionOf 2, the other PY/ C ratiosoion are not in line with
these observations. For a ratio of 3 no trend genfable and for a ratio of 10 one duplicate is
outstanding of the others with a very low and duthe heating curves very weak pronounced
step transition (T* = 41°C) so there is a relatyeigh 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 (Al"/ C ratiosguion= 3) measured after 2 weeks conditioning
(solid line), 6 weeks after the 1 measurement (shodash) and 2 weeks after the 2. measurement. T* is
given as inflection point of the step transitions.

In Figure 36 heating curves for Al precipitatesateg in a solution with a AV C ratio of 3

were presented. These 3 curves show nearly pashlbges but with a shifting of the step
transition temperature T* to higher temperaturecakding to the water bridge model that
would mean that after each DSC measurement the watiecules reorganized in a relatively
short time and in a matter which induces a morigl mgatrix than before. This is not in line
with the until now hypothesized slow reorganisatminthe water molecules and it seems
probable that unknown processes (melting and $ickdion of the matrix? Chemical reac-
tions? Formation of aldehyds? Oxidative Drying? iRiésation?) induce these results. Fur-
thermore it is important to mention that in the®t heating cycle directly after the first no
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effects were observed for the precipitates withghér T* as also measured for the other pre-
cipitates measured for a first time after conditign The described characteristic during mul-
tiple measurements for the Al precipitate basingaoratiQouion Of 3 cannot be completely
underlined by the measurements for the Al predigstdbased on a rati@ion of 2 and 10
(Figure 37).

T T T T T T T T
O 2 weeks conditioning
80 ® 6 weeks after 1. measurement
O 2 weeks after 2. measurement
751 E
H
Q
= 701 ‘ E
X
ll L
65} @ % 8 .
60 % E
1 " 1 " 1 " 1 " 1
2 4 6 8 10
initial Al *'/ C ratio / mmol mmof*

solution

Figure 37: T* for Al precipitates created in different AI**/ C ratiossouion and measured after 2 weeks of

conditioning, re-measured six weeks after the 1. Smeasurement and 2 weeks after the 2. DSC meas-
urement to control the reappearance of T*.

For a rati@ouion Of 2 the thermograms were not analyzable for teasurements of 2 weeks
after the 2. measurement. For &*AC ratiaouion Of 10 the precipitates show the highest ri-
gidity 6 weeks after the first measurements andasaliscussed for the Al precipitates with a
ratiosoiution Of 3 for the precipitates measured 2 weeks dfieisecond measurement.

But it is to mention that for all multiple measuremts of Al precipitates the resulting values
for T* are significantly higher in the second aheé third measurement than in the first meas-
urements. The responsible process is unknown ahtimeent and cannot be explained by the
water bridging model.

3.5 Conclusion

The experiments demonstrate a very similar thebehaviour of DOM precipitates and SOM
in soil samples. A step transition like glass trams was obtained for the DOM precipitates
in the same temperature range as it was obtairresbfbsamples independently of the used
Me"™/ C ratio in the solution and the used cation. Tiiservation is fully in line with hypo-
thesis I. These results show that the induced rcativater molecule - DOM bindings are also
present in undisturbed soil samples and the maeatitucture seems to be result in the same
rigidity range. It supports the assumption thab alee molecular structures are very similar.
Al and Pb precipitates demonstrate a high stabilitgidity of the formed DOM precipitates,
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both cations can be described as good cross-lirkgamts due to their ability of formatting
precipitates. The hypothesized influence of corme¢ioh and manner of the cations on the
rigidity (Hypothesis Il) was supported for this thel event.

Ca precipitates show a less rigidity and Qeself shows a less pronounced ability of forming
precipitates than the other two cations. Therefo@n be assumed that Tanly plays a
minor role in forming precipitates in acidic soilsowever it is to consider that there is more
C&" available at neutral pH values and therefore dhe for C&" of precipitation in natural
soils is not negligible. Comparing the behaviouiGaf* in the whole soil samples with it in
the precipitates it is to conclude that the affirif C&£* to be sorbed to exixting exchange
sites seems to be higher than the tendency of fgrmiecipitates.

It is important to consider that high cation cortcations do not automatically induce high
precipitation rates. Especially for toxic catioit@!PlF* and APF* it is to consider that higher
amounts of the cations lead to a decreasing ptatigm and hence to a depletion of the ca-
tions in deeper horizons or to absorption in livioiganisms. Therefore the results support
field observations where high cation contents iedute dissolvation of metal-organic preci-
pitates by destabilization of the organic matrixgeby colloidal metals (Klitzke and Lang
2009). Here shown as decreasing T* for high catimments in the precipitates. Otherwise in
soil with very low cation concentrations a stalatinn of the organic matter by increasing the
cation content is conceivable. All in all it depsrah the overall cation and rigidity status of
SOM.

The measurements furthermore demonstrate the iamgadle of water molecules in rigidity
measurements of SOM. No signhals were obtained terieee precipitates in the observed
temperature range and hypothesis Il can be negldor our measurements. It is to add that
at higher temperatures deformations of the orgamtecules are anticipated. Therefore to
detect real glass transitions for strong bindingsvieen the organic functional groups and the
cations without the interaction of water molecUl&3C is not an applicable method.

The results of the aging experiments are incongigte the various concentrations and it is
not possible to derive a final conclusion. The lssindicate that the repeated processes of
heating and cooling change the structure of tharmogmatrix over a longer time and the in-
fluence of the cation-water-molecule-bridges canbet divided from other chemical
processes.

Further scientific discussion is necessary if theasured increasing rigidity is also in line

with stability of the formed precipitates. That viadumean that the samples with the highest
rigidity are also the samples with the highest ifitglagainst microbial degradation or other

changing environmental parameters.

80



Lead desorption from SOM samples pre-treated vdtions

4  Isthere an influence on lead sorption / desorptioby differ-
ent cations inducing stable molecular networks in GM? A
search

4.1 Summary

The aim of the study was to demonstrate a coroglaietween forming of co-ordinative
cross-links by multivalent cations in SOM and aeltically retained desorption of lead (Pb).
Therefore pre-treated samples with Calcium (Ca) Alodninum (Al) cations were contami-
nated with Pb until reaching a concentration of®00 mg/kg which is a naturally occur-
ring background concentration. Before and afteogen the rigidity of samples were cha-
racterised by the step transition temperature Esdption experiments were conducted with
an acidic cation exchange resin and desorbed leadnweasured at different time points. An
increase of rigidity was clearly demonstrated fog tation treated samples before the begin-
ning of desorption. However, no significant effestsre observed in the desorption behaviour
of lead for the samples. The amounts desorbed vesesimilar for each sample at the spe-
cific timepoints. Results for losses of DOC andofthe desorbed samples also show no dif-
ferences related to the pre-treatment of the san@arprisingly there was still a constant
increase of Pb desorption after 24 hrs, which dared with a swelling effect of the SOM
during the experiment. It is concluded that thedusethod was possibly too harsh to find any
effect or in a different way: the reversibility thfe induced changes was higher than expected.

4.2 Introduction

Soil Organic Matter (SOM) is known for a high sooptcapacity for lead. Especially in forest
soils lead is sorbed by organic layers (Sauve, MieBet al. 1998). A close correlation is
found between the C-content of a soil and the imhzaltions of lead (Watmough,
Hutchinson et al. 2004). But there are also traridpoms of lead with dissolved organic mat-
ter (DOM) like Pb-organic complexes (Ge, Sauvél.e2@05) and mobile Pb colloid associa-
tions (Kretzschmar, Borkovec et al. 1999, Denaemfli et al. 2001).

Lang et al. found a high colloidal stability for ¥bganic agglomerates by SAXS curves
formed at pH 4 (Lang, Egger et al. 2005).

During sorption Pb is in competition to other catidike Fe and Al (Pinheiro, Mota et al.

2000, Tipping, Rey-Castro et al. 2002, Titeux, Brah al. 2002). The known influences on
Pb-sorption and desorption are pH ,ion-strengthH@ro, Mota et al. 2000) and the concen-
tration of competing cations in the soil solutidto¢pal, Van Riemsdijk et al. 2001). Not

much is known about the influence of the structffé&SOM on Pb-sorption and desorption
processes.

In field studies (Klitzke and Lang 2007) lead reked from soils during cation depletion
processes in acidic soils. Therefore the authodsicedl a connection between the binding of
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base cations in SOM and the depletion of lead.nfdtivalent cations the formation of coor-
dinative cross-links in SOM is postulated (Lu arignatello 2004). It is hypothesized that
these cross-links induce complex networking in S@Mi therefore a higher stability and
glassiness of the matrix.

In chapter 2 the changes in matrix rigidity forfelient cation contents were observed in an
organic spruce forest layer. The rigidity was meegy the glass transition-like step transi-
tion temperature. This method originates from tbe/mer science in which each substance
has its specific glass transition temperature destnating the degree of rigidity of the poly-
mer matrix. Glass transition temperatures were sdported for isolated humic and fulvic
acids (Leboeuf and Weber Jr 2000, Young and Leb?@00) but furthermore for whole soil
samples e. g. (Schaumann and Antelmann 2000, Huaras Schaumann 2007). SOM can be
regarded as a macromolecular matrix or from a soplkecular point of view (LeBoeuf and
Weber 1997, Lu and Pignatello 2002, Schaumann 280é)the occurrence of a glass transi-
tion in NOM supports the suggested similarity wiynthetic polymers. Up to now it is
known that there exist two types of step transgiam SOM. One named the classical one
which also occurs in synthetic polymer systems\ahith is reversible in subsequent heating
runs. The other one is only be observed in watetaioing samples measured in a closed
systems, this type of transition slowly reverseraftays or weeks of storage depending on the
sample (Hurrass and Schaumann 2005, Schaumann eBdeuf 2005, Hurrass and
Schaumann 2007). The described thermal behaviol Q¥ can be characterized by the
glass transition—like step transition temperataed in this work step transition temperature
T*. The step transition behaviour can be explaibgdhe hydrogen bond-based cross-linking
(HBCL) model, which proposed cross-linking by indwal water molecules (Hurrass and
Schaumann 2005, Schaumann 2005, Schaumann and WeB#s, Schaumann and Bertmer
2008). The results in chapter 2 and chapter 3isfttiesis indicates additionally the forming
of cation-water-molecule bridges between the fumati groups of the organic matter. These
bridges can be postulated in whole soil samplesagsain metal-organic precipitates forming
in soil solutions. The models were supported by matational calculatios e. g. (Aquino,
Tunega et al. 2008).

Hysteresis and non-ideal sorption are tried toarplith this macromolecular models, which

assume glassy and rubbery domains (Huang and Weld&€97, LeBoeuf and Weber 1997,

Xing and Pignatello 1997) but furthermore it casodbe assumed that inorganic toxicants like
lead were released in the soil solution duringdissolution of existing networks. The factors

influencing the stability of those networks are aidunknown but it is to assume that I) the

more rigid a network is, the stronger the leadoretiare also linked in the network. That

would mean that in a molecular organic matrix vathigh degree of coordinative cross-links

desorption of lead should be kinetically retainedl @aherefore slower than in a less cross-
linked matrix. In the following study the stabilibf those networks is characterized and their
ability of lead binding is analyzed.
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Therefore the Al and Ca treated samples were us@uvastigated in chapter 2. A correlation

between cation composition and rigidity was denrastl for these samples. Further treat-
ment with lead was planned to achieve a backgraoemndamination as it is occurred in envi-

ronmental samples. A cation depletion was simulatgd an acid cation exchange resin. At
specific time points desorption of lead was detagdi

4.3 Material and Methods

4.3.1 Preparation and storage of the samples

The soil sample used for the study was an orgayer|from an 80 year old spruce forest in
South Germany. The main characteristics of the tamame shown in Table 3, preparation of
the sample after sampling is described in chap®@2For further treatment the sample was
stored in PE bottles at room temperature.

pH Corg CEGoot CEGCe wC ce’ Mg**
! % / mmok / mmok ! % / mmol / mmol
kg kg kg™ kg™
3,7+£0,1 43+ 4 671+ 50 303+ 20 8+ 1 165+ 10 43+ 5

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

Samples were treated at pH 4 with calcium nitrateminium nitrate and lead nitrate solu-
tions in various concentrations (see Table 13)g 26 the original sample were mixed with
500 ml solution in 500 ml Duran glass bottles. 4kther 4 different concentrations for’Cé

2, 4, 8, 16 mme I'") and 4 different concentrations forAl(1,5, 3, 6, 12 mmell™) were
chosen. These concentrations based on the re$ukmpter 2.4.1. It is assured that with this
method cation concentrations were available inqurakdistribution between the original ca-
tion concentration and the CECOne control was treated in the same way withra0@eio-
nized water. At the end 9 different treated samplere available for desorption experiments.
The cation loss of the control sample was lowen ttiee standard deviation of the analyzes.
Therefore the measured cation values for contrdlariginal sample were the same.

Sample Cation concen- Resulting cation
tration in solu-  content in soil /
tion / mmo} I mmolk kg™

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 condied for Pb spiking. The cation contents were caleu
lated from the analyses of the solutions after theeatment.

The samples were shaken for 3 hours in a horizstigker. PH was monitored after 0,5 and
1,5 hrs and adjusted with 1 M HNOS3 or 0.5 M NaOHhpkb=4 if necessary. Then the solution
was separated by vacuum filtration for 10 minu&&9(2 Filter Paper Circles, ashless, What-
man®). The soil samples were weighed to calculaeaimount of remaining water and then
the samples were dried in a drying chamber at 26f@ days and stored in closed PE bottles
at room temperature for further treatments.

For contamination with PH16 g of the samples were spiked with 160 ml |e#@te solution

of 0,1 mmol 1 and were shaking over night in a 250 ml Duran® Both preliminary expe-
riments with this treatment a Pb concentration @ &g kg' was achieved in the samples.
The amount of solution was lower than during theeotcation addition procedures to reduce
the DOC losses during the treatments. After shakiegsamples were treated, filtrated and
dried as described above. The dry samples werestioeed in acryl glass desiccators at 20°C
and 76% relative humidity, adjusted by saturated Naolution. During conditioning the
samples were stored evenly spread in open petreslito assure the same conditions for all
particles.

After two weeks of conditioning desorption experiteewere conducted.

4.3.2 Desorption experiments

Desorption experiments were conducted with an e@dtion exchange resin (ion-resin Am-
berlite® IR120, H-Form, exchange capacity 2.3 mmgl*, Merck, Darmstadt). For each
experiment about 1,5 g of the resin was welded finely meshed polypropylene net (mesh
size 72 um). Each resin bag was then washed inHR®; — solution for 30 min and rinsed
with deionized water to remove DOC and free aadpteliminary tests measurable DOC
fractions resulting from the resin were found.

For each sample 2 g of the organic layer and S@vatér were treated for 15 min in a hori-
zontal shaker in 100 ml PE bottles. This procedssures a complete wetting of all particles
which show a high hydrophobicity. After this “wettj procedure” the resin bags were added
to the suspension and treated in a horizontal sHaké to 24 hrs.
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In each sample the pH were controlled after 30 rAs1described in Kaupenjohann & Wilke
(1995) it is necessary to adjust the pH at 3 wiiNB; (Kaupenjohann and Wilcke 1995). In
this case it was possible to delete this step lsecall pH values were near or lower the re-
quired pH value of 3. A highly decreasing pH carahandication for existing salt crystals in
the sample. So if the pH decreases it can be asktiraenot all extractable cations are linked
to SOM. In the described procedure the decreasenvoalerate because the naturally occur-
ring pH ranges around 3,5.

At the end of the extraction the pH were measuretithe resin bag was rinsed again with
deionized water because adhering particles hae t@fmmoved from the resin. The soil water
suspension was filtered for DOC measurements (@m5 Sartorius®). The resin bags were
extracted in 50 ml HN@solution for 2 hrs. As control deionized water waed for the ex-
traction. The extraction were then analysed fd¥ B& described in 2.3.5.

The extractions were conducted in duplicates fohedesorption time, the chosen desorption
times were 1h, 3h, 8h, 24h, 96h. Unfortunately aiswot possible only to change the resin
bags at the mentioned time points. The losses & $@rticles which remain in the bags were
significantly too high in relation to the treateahgple amount. In preliminary tests a change
of the bag material did not improve the resultsdfege we decided to use for each time point
separate samples.

4.3.3 Chemical analyses

The following chemical analyses of the solutiongemeonducted at the different steps of the
procedure:

1) Samples treated with Alsolution and control: Al, DOC in the solution afshaking
Samples treated with €asolution: Ca, DOC in the solution after shaking

2) Samples treated with Pb solution: Pb for contrgllabsorption 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 wergdied with 0.45 um cellulose nitrate fil-
ters (Sartorius®), before that the filtration fikewere flushed with warm deionized water to
minimize contamination. DOC concentration was aredywith a TOC Analyzer Multi C/N
2100 (Analytik Jena) after acidification and outgjag of inorganic carbon.

To calculate the sorption of cations of the samghessolutions were analyzed for the added
cations (Af*, C&"). C&* was analyzed with Flame AAS (Perkin Elmer 4100;iafaAA 240

FS for AP") with an oxygen/acetylene flame,*Alwith a nitrous oxygen / acetylene flame (
Varian AA 240 FS). In general a calibration curvaswonducted by internal standardisation
(Standardaddition) or if no differences were idigedi between the curves by an external
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standardisation in the same solution (e. g. EDTAG HNQ). The solutions of the controls
were analyzed for Gaand AP to calculate desorption from soil.

4.3.4 DSC measurements

To characterize the rigidity of the treated SOM nwaDifferential Scanning Calorimetrie
(DSC) measurements were conducted. All samples aleeacterized after the first absorp-
tion of the base cations, directly before the detsan experiment and after drying and condi-
tioning for the samples after desorption experirment

Analyses were performed with a DSC Q1000 (TA Inseats, Germany) with a refrigerated
cooling system (RCS) and nitrogen as a purge ghsafples were abruptly cooled in the
DSC instrument to -50°C and then heated with 10iK-iInfrom -50°C to 110°C, followed by
a second abrupt cooling and subsequent heating.dgakeline was corrected with the TZero
technology® by TA Instruments.

Data were analyzed using Universal Analysis verdidn(TA Instruments). The glass transi-
tion like step transition temperature T* is indeéiby an inflection point in the thermogram.
Operationally, three tangent lines were appliedtierevaluation. The change of heat capacity
(Acp = J ¢ KY) was calculated from the height of the centragéan line. In the following
sections only the first heating cycle will be oh&sl because the determined T* is a non-
reversing thermal event (Schaumann and LeBoeuf)200te baseline correction applied by
Hurrald & Schaumann was not applicable in this sty to significant thermal events in the
second heating cycle (Hurrass and Schaumann 2007).

A total of 1-3 mg of the sample was placed intontetically sealed Aluminum pans. 3 to 7
replicates were carried out depending on the quafithe resulting thermograms, so that for
each sample at least 3 significant transition teatpees were available.

4.4 Results and Discussion

In chapter 2 the outcome of the treatment with ivaliént cations is described in detail there-
fore in this chapter focussed on the results ofRhalesorption and not on the cation absorp-
tions in general.

Lead and DOC losses during desorption

No significant differences or trend can be obserfeedhe determined samples in desorption
experiments of lead. Even for the original samplesdifference is found to the Pb spiked
samples (Figure 38) after one hr and three hrsrgggn. Primary after 8 hrs a clear differ-

ence can be observed between the treated sampléiseaariginal.
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Figure 38: Desorption of lead during the extractionwith an acid cation exchange resin for samples wit
different contents of C&*. The original sample is a no treated sample the ntrol is only spiked with Pb?*
but not with additional Ca?* (Ca?* content of the control: 160 mmal kg™

According to the hypotheses in 4.2 a lower desomptf lead was assumed for the treated
samples because of their more complex network duwmaordinative cross-links by multiva-
lent cations. But especially by comparing the aansample (only spiked with Pb, no pre-
treatment) with the pre-treated samples no sigmitiy pronounced difference can be ob-
served. But it is to mention that after desorptd®6 hrs the lowest Pb loss for the Pb spiked
samples is found for the control samples whereneetnreatment took place and for the sam-
ples with the lowest Gaspiking. For both the values range from 290 to 8@pkg’, for the
other samples all values range above 305 nify kgrthermore it is to mention that the Pb
loss after 96 hrs is unexpectedly higher than dtemrs. This observation contradicts the
proposition of Lang et al. (2004), where no sigrafit increase can be observed after 24 hrs
and therefore an extraction time of 24 hrs is dtat®e sufficient. It is assumed that the ex-
tremely high content of organic carbon in the s&as43%) is responsible for this effect.
Swelling processes for example could induce furiterelease during the long time of wet-
ting and shaking. Results of sorption experiments maphthalene-2-ol in hydrated soil dem-
onstrate a higher release by a higher water cor{tectitneckenburger, Schaumann et al.
2012).
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Figure 39: Desorption of lead during the extractionwith an acid cation exchange resin at different the
points for samples with different contents of Al* given in the legend. The original sample is a nodated
sample the control is only spiked with PB" but not with additional Al** (AI** content of the control: 80
mmol. kg™).

For the Pb desorption of the samples pre-treatéu Al?*similar results were observed as for
the samples pre-treated with*CéFigure 39). Also no significant differences candbtained

for the determined desorption time points. Again tftee 96 hrs samples the Pb losses are
nearly complete and again the control sample shdhisatime point the lowest losses (except
the original sample, but here the overall Pb cotraéinn was not influenced by Pb spiking).

Another important characteristic of the desorptwacess due to cation depletion is the re-
lease of DOC from the samples. The DOC releasksdsam indication for the stability of the
organic matrix. A high release can be related liesa stable and therefore a less pronounced
molecular network.

In the presented experiments the losses of orgamtwon in form of DOC were for the origi-
nal sample significantly higher than for all théet samples at each determined time point in
desorption (Figure 40 and Figure 41). Regarding nioapre-treatment was conducted and no
DOC loss took place this effect is comprehensihfeer a desorption time of 8 hrs no further
significant changes can be observed for the DO€asels for all samples. This is in contrast
to the Pb releases where after a desorption of9@ Ipronounced increase results. Therefore
we anticipate that the proportion of lead whichrekeased after 24hrs extraction is not in-
volved in stabilisation effects of SOM.
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Figure 40: DOC release of the samples during the derption experiments with an acid cation exchange
resin at different time points for samples with diferent contents of C&" given in the legend. The original
sample is a no treated sample the control is onlyp#ked with Pb®* but not with additional Ca** (Ca?* con-
tent of the control: 160 mmol kg™®). The standard deviation of the DOC measurementsanges about 5%,
we do not include the standard deviation in the digram to keep a clear view.

Between all the other samples no pronounced diftag are shown in DOC release via
cation depletion (see Figure 40). The control senapld the samples with the lowest Ca con-
tent always show the lowest DOC losses, but thisnly be interpreted as a slight trend.
However, this trend contradicts the expectationRGEC losses should be better pronounced
for samples with low cation contents. Also a congmr between the samples pre-treated
with C&* and pre-treated with Al does not demonstrate a differing behaviour in D@C
lease. Even the control which is only treated vidthshow the same DOC release as the pre-
treated samples with &l (see Figure 41). This is a remarkable observatiooonsidering the
fact that only 2,028 mmgkg™ Pb were absorbed by the sample in contrast theleamb-
sorbed during the pre-treatment procedure 28 -n28®Lkg* AlI** and 10 — 160 mmegkg™
Cd”. So it is to conclude that there is no effecthaf tations on the retention of DOC release
at the measured time points with this experimeaésign. A possible explanation is that the
desorption of the cations is also very fast soghveais no effect measurable.
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Figure 41: DOC losses of the samples during the deption experiments with an acid cation exchange
resin at different time points for samples with diferent contents of AP* given in the legend. The original
sample is a no treated sample the control is onlyiked with Pb®* but not with additional Al ** (Al** content
of the control: 80 mmol kg™). The standard deviation of the DOC measurementsanges about 5%, we do
not include the standard deviation in the diagram® keep a clear view.

DSC results during desorption

Another characteristic for the stability of an angamatrix is the rigidity of a matrix meas-
ured with DSC. The rigidity of the matrix was meastbefore the desorption process and in
the dried and conditioned samples formed duringdtsorption experiments. In reference to
the hypotheses a decrease of rigidity is postuldedation depletion and therefore a higher
desorption of lead is assume.

As also mentioned in chapter 2.4.1 for all treaad untreated samples there is a step transi-
tion in the first heating cycle with a change oftheapacity of 0,1 -0,3 Wik ™* and in a tem-
perature range of 58°C up to 62°C. This thermahei® non-reversing, what means in the
second heating cycle there is no step transitiahisitemperature range. However there is a
thermal event at 69°C to 72°C with very low intéies. This event is reproducible for all
samples but there is no trend for increasing oredsing values of T* identifiable.

90



Lead desorption from SOM samples pre-treated vdtions

64 T T T T T T T T T T T

62 =

i
k= I
-
o +A+PpB’
581 J m +CE +PB
v +PB
A Original

s | s s
100 150 200 250 300 350

Cations in mmol kg™

Figure 42: T* of the created samples of different ation contents directly before the beginning of thele-
sorption experiments. The untreated original and tle control sample only spiked with Pb is linked with
the original Ca** content in the sample and could also be transferteto the original Al content of 63
mmol. kg™*. The standard deviations originated from 3 DSC mesurements conducted for each sample.

As seen in Figure 42 the original untreated sarhpgegot a significantly lower T* than all the
other sample independently of the type of treatmbuat also the standard deviation is the
highest. Only a slight increase in T* can be obsdrfor the control sample only spiked with
lead. Samples pre - treated with*Car AI** solution all show higher step transition tempera-
tures whereas only for the high absorbing sampesged with the maximum concentrations
of C&* and AP* a difference between the two cations in induciragrix rigidity is observed.
The sample pre-treated with Tahow a decreasing T* but for the sample pre-tceatith
Al** the rigidity remains on a high level. This obséiam is similar to the observations in
chapter 2.4.1 and is explained with a matrix safigrat the saturation point because of less
multiple linked cation bridges in the molecularwetk. In contrast to the observations in
2.4.1 we do not find a higher rigidity for lthan for C&" treated samples. But it is to con-
sider that also P influences the rigidity and an additional effeotthe CA" samples is seen
here. The rigidity of Al treated samples is more stable and is no changes atserved by
addition of for PB" cations or more Al cations.
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Figure 43: Step transition like glass transition tenperature T* in selected samples from the desorptio
experiments with an acid cation exchange resin afifferent time points with different contents of C&* and
the control (only spiked with Pb). Showing the otheCa®" treated samples would not provide more infor-
mation. The standard deviations originated from 3 3C measurement conducted for each sample.
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Figure 44: Step transition like glass transition tenperature T* during the desorption experiments withan
acid cation exchange resin at different time point$or selected samples with different contents of Al and
the original sample. Showing the other C& treated samples would not provide more information The
standard deviations originated from 3 DSC measurem@ conducted for each sample.
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With the beginning of desorption all samples shadeerease in T* and all ranges in the same
temperature limits of 57°C — 59°C. No pronounceffiedences can be observed for the de-
sorption times of 1,3,8 and 24 hrs or for"Cpre-treated samples neither fo Apre-treated
samples shown in Figure 43 and Figure 44, respgti®Only for desorption time of 96 hrs a
stronger decrease of T* can be observed espetialihe C&" treated samples (not signifi-
cant). For the longest desorption time the samgitesv a T* ranging from 55°C to 57°C.

Also the original sample (shown in Figure 44) ahd tontrol sample (shown in Figure 43)
show the same behaviour than the pre-treated sarapteits T* ranges in the same tempera-
ture limits as for the pre-treated samples.

45 Conclusion

It was hypothesized that the Pb release of rigghwic matrices due to co-ordinative cross-
linking by multivalent cations is lower than foskerigid organic matrices with a lower degree
of cross — linking in the molecular network of SOBut for all samples we find a similar
behaviour during the designed desorption experimeiith an acid cation exchange resin.
Even the control sample acted in the same wayesamples pre- treated with Car AI**
solutions in different concentrations. The deteedircharacteristics Pb desorption, DOC re-
lease and step transition like glass transitiorpemature T* are in line with each other for the
samples before desorption and at each determirssm®n time point.

Regarding the results especially on rigidity of #amples after the first desorption times it
seems that the designed experiment has a verygsinflmence on the sample itself what
means the changes are very pronounced from theifirs point on. Therefore it is to discuss
if the chosen method is appropriate for answerreggguestion behind this study. It is antic-
ipated that the induced co-ordinative cross-linikd the higher rigidity of the matrix may be

highly reversible. The induced molecular changeslbsorption of further base cations may
be very variable and highly depends on environmentiiences in such a degree as mini-
mum changes in the environment like water contamysical forces (e. g. shear force), tem-
perature and pH are able to alter the moleculawarit In conclusion that would mean the

measured increase of rigidity is a snap-shot othecture of SOM belonging to very special
environmental conditions and cannot be relatetiederm stability under all circumstances.

It is to discuss how appropriate the used methptbisimulate a time dependent desorption
under the natural conditions of cation depletiora@ndic soils. In former studies the method
was mainly used to determine the potential of catelease of an acidic soil as substitution
for the pH stat method (Lang and Kaupenjohann 2004puld be possible that effects are
more pronounced by using a softer desorption methog. a stirred-flow experiment de-

scribed by Strawn & Sparks (2000) (Strawn and Spa€@0).

Furthermore it is to discuss if a longer storageetiwould have a stabilizing effect on the
samples. Experiments in chapter 2 and 3 demongtrat¢ime is one of the most influencing
factor for rigidity.
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5 General conclusions & perspective: Forming a netwdr

At the beginning of this thesis four main hypotlsesesre developed on the current know-
ledge:

I) According to the model of decreasing side chainihtgpland decreasing small mole-
cule mobility the overall rigidity of the matrix shld increase with increasing
cation content especially for higher charged catitihre increasing effects should
be pronounced

II) Due to the strong co-ordinative cross-links of mvalent cations the role of water in
cross-linking in SOM and also in precipitates depeld as negligible for high
cation contents and rigidity is analysable y T

[lI) According to the effect of precipitation a higheegpitation rate and a higher degree
of cross-linking and rigidity is assumed for anrgesing cation content in the DOC
solution

IV) With a higher degree of cross-linking in the mathe desorption of metal cations like
lead is kinetically restrained and therefore slowmder cation depletion conditions

Hypothesis | +11)

No detectable classical glass transition was fdonthe treated samples of the organic layer,
the peats and the metal cation-DOM-precipitatebémeasured temperature range. This was
independent of if the samples were air-dried (abe8% Water content) or oven-dried (wa-
ter-free). Instead for all air dried samples (sgerat 76% relative humidity) a glass transition-
like step transition is detectable which is linkedh water molecule bridges between the or-
ganic functional groups (see chapter 1.1). Thisltegas not expected, because the intention
was to form cation bridges between the organictfanal groups of the SOM which induces
a higher rigidity determined viagTNevertheless it was possible to determine effettsari-
ous cation compositions with the measured stesitian like glass transition temperature T*
which is linked to the interaction with water malégs. T* changes in dependence of the
cation type (N C&*, AI** or PB") and of the saturation of the sample with thisoratAs
postulated in hypothesis | the effects are genebaditer pronounced for the triple charged Al
than for the double charged Ca or Pb (in DOM-pri¢ati@s).

But an increasing T* was only observed up to aisgpeontent of the used cation in the soil
samples and in the precipitates, further increasatgpn contents induce no changes in T* or
a decreasing T*. T* stay constantly high for Alated samples but T* decreases for Ca
treated samples. This effect was also identifiedHe precipitates but here also for Al a slight
decreasing trend is demonstrated. A loss of mudtitacations by exchange with Nand
cation depletion in general do not automaticallyuce a decreasing T* in different soil sam-
ples. Consequently the concentration range of m&tio soil in which changes of the rigidity
can be observed is surprisingly small.
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The mentioned results do not support hypothesigHere is an important role of water al-
though the observed changes can be related toatffes in cation content and composition
in the samples. The observations give evidencénferactions between water molecules (or
clusters) and cation bridges. It is not possiblditade in water molecule bridges on the one
side and cation bridges on the other side as itpgatulated at the beginning of this work. We
do not found a step transition which can be rel&techtion bridges in the matrix like, But
we also do not found a T*, in former studies redati@ water molecule bridges, which do not
show any effect by changing the cation status enntiatrix. So it comes finally to the conclu-
sion that cation - watermolecule bridges were fatimethe matrix .Aquino et al. (2010, 2011
& 2014) postulated such cation-watermolecule brsdge calculation of molecular model-
ling. In this model rigidity depends on the ratietlween cation and interacting water mole-
cules. The less water molecules are involved i saiedings the stronger is the binding and
the more rigid is the matrix. In our experiments thater content was always the same and
such differences were not possible to identify witl chosen study design.

The transition temperature fully disappears foremditee samples. Referring to the described
model of Aquino these explanations are possible:

* The cation water molecule bridges break becaugbeofow amount of water mole-
cules and conformational impossibilities to fornti@a — bridges, consequently the
cations are bound in the SOM without forming newdes

* The cation bridges remain without the interactidnwater and very strong co-
ordinative bindings are formed, consequently themtatically occurring J shoud be
detectable at temperatures above 110°C

In both cases T* would disappear and no thermahteigedetectable with DSC in the used
temperature range. It is possible that both praseappear in SOM. If the functional groups
are sterically too far apart from each other andewanolecules are necessary as “building
block” the bridges break due to the removal of wager. If the functional groups are near
enough the bridge get stronger by the binding efdation. The described effects are inde-
pendent of the cation content. The disappearandfeofstep transition was found for the
treated “soil” samples but also for the precipgat8o the idea is waived that a high back-
ground emission of the heterogenous soil sampleglathe detection of the classical glass
transition. It is assumed that the precipitatesaltitle less heterogenic than the solid soill
samples, because only a specific part of a soiptam observed.

Regarding this fact it is comprehensible that soeselts are similar between the precipitates
and the soil sample but also slight differencesoltained. As it is described above in treated
soil samples a maximum rigidity was determinedpacsgic cation concentrations in SOM.
After that maximum there was a decrease for Cdddesamples and a consistent rigidity for
Al treated samples. In the precipitates for allaz at very large ME / C ratios the rigidity
decreases but less pronounced for Al precipitdias for Pb and Ca precipitates. This obser-
vation enhances the model of different binding esafstatus (bidentate versus polydentate
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bindings) depending on the cation content in tiganic matrix (see also chapter “Models”).
The results indicate that if there is a high supgiycations in solution bidentate binding is
energetically preferred in the precipitate indepenly of the cation type. In soil samples this
was only demonstrated for Ca-treated samples anddhrease was less pronounced than in
the precipitates. There could be several reasarthi® difference. First of all during the pre-
cipitation process a completely new molecular stmgcinfluenced by the cation in the solu-
tion is formed. But in solid soil samples thereoidy an influence of the cations on a given
structure. It is very likely that in solid samplase much more sterical borders in conforma-
tional changes. Furthermore the organic molecutéagin the precipitates are only the ones
which were able to solute in water because of thiee and their functional groups. Therefore
effects coming from the interaction of the orgamiclecules and the cations are anticipated to
be more pronounced in the precipitates than inttbated soil samples. So this less pro-
nounced decreasing rigidity for Al precipitates gots the model about the dependence bet-
ween the type of binding and the supply of catiornhe solution. Computational calculations
suggest bidentate bindings for Al between orgaanctional groups (Aquino, Tunega et al.
2014) But in soil samples this effect was not mestsle due to the heterogeneity of the sam-
ples and the resulting derivation during the measents.

In conclusion, hypothesis Il (increasing rigidiyith increasing cation content in precipi-
tates) it was only partly supported by the resagtfiypothesis I.

It was hypothesized that a higher degree of criogsag in SOM is responsible for a retained
desorption of lead under cation depletion cond#iddut this hypothesis was neglected. No
relation was found between lead desorption andctivent of multivalent cations in the

treated samples. The formed network was highlyrstbke in relation to the used desorption
method.

Many studies suggested a relation between rigaliy sorption and desorption behaviour of
organic chemicals. Furthermore for some organidasoimants a better sorption by direct
linkage of cations is known e. g. (Lu and Pignat@004). However, in the cited study they
worked with Al cross-linked humic acids and nothwitaturally occurring SOM samples. As
it is discussed above about the differences inrdiselts of the treated soil samples and the
precipitates the more homogenous the matrix isetseer is it to find pronounced effects in
DSC. So, it is difficult to compare the resultsof & Pignatello with the desorption results of
this study. The extractability of nonylphenol arftepanthren from a sandy soil only showed
very low changes for different cation saturationsthe treated samples (Shchegolikhina,
Schulz et al. 2012). However, the organic carbamett of the sandy soils was very low in
comparison to this thesis. Schneckenburger ehalyaed the sorption behaviour of naphtha-
lene 2-ol in a peat sample in dependence on hydrafifects. As there was a negative corre-
lation between sorption constants and water comtertorrelation was found for the meas-
ured matrix rigidity and the sorbed amount (Scheebtkirger, Schaumann et al. 2012). So all
these results including these of this study dennatesthe difficulties to describe the sorption
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behaviour of a complex matrix like SOM. Dependingtbe characteristics of the used sam-
ples opposed effects can be observed.

In general a higher rigidity which means a glassgracter of the SOM is automatically re-
lated to a higher stability of SOM in literatureigHer stability means especially that the ma-
trix is more resistant to microbial degradatiorother inorganic forms of degradation. Scheel
et al. conducted experiments with precipitates taedr microbial degradation but no conclu-
sions on the rigidity of the matrix were availaldt@r further research a correlation should be
targeted between biodegradation and matrix rigidfit$OM to understand the mechanism of
stabilisation and preventing soil as a carbon g®raedium.

Moreover it is to consider that less is known alibet molecular composition of the investi-
gated soil samples (e. g. aromaticity of the sapadiphatic groups etc.). Scheel et al. demon-
strated in their biodegradation study that the dégtion of precipitates depends especially on
this composition. Hence, it can be postulated #isd the influence of multivalent cations
highly depends on the molecular composition in S@Ntronger molecular network in SOM
is only possible if it is sterically possible. Tohgeve a deeper insight in molecular interac-
tions more research is necessary by comparingtefffcmultivalent cation on SOM with
different molecular compositions. The demineral@@aexperiments in this thesis indicate that
the influence of cations on the degree of netwarkimthe matrix depends on the molecular
composition. It would be important to know on whiSIOM types chractarised by its func-
tional groups and molecular structure a greatea tgsser influence on cations is to be ex-
pected. Computational calculations suggest thatnthgence should be higher for SOM rich
in organic molecules with functional groups. Ifxibuld be possible to predict the structure of
SOM due to its composition (type of organic molesylcation content, rigidity status etc.)
than it is assessable if the addition of base catemhance the sorption behaviour or in worst
case enhances the desorption of contaminants.gfaortine more research is recommended on
the role of water and water clusters in SOM. Howlddook an interaction between water-
cations-organic functional groups and under whichdations is a formation of bridges ex-
pected.
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