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Abstract 

The present work investigates the wetting characteristics of soils with regard to their dependence on 

environmental parameters such as water content (WC), pH, drying temperature and wetting 

temperature of wettable and repellent soils from two contrasting anthropogenic sites, the former 

sewage disposal field Berlin-Buch and the inner-city park Berlin-Tiergarten. The aim of this thesis is 

to deepen the understanding of processes and mechanisms leading to changes in soil water 

repellency. This helps to gain further insight into the behaviour of soil organic matter (SOM) and 

identifying ways to prevent or reduce the negative effects of soil water repellency (SWR). 

The first focus of this work is to determine whether chemical reactions are required for wetting 

repellent samples. This hypothesis was tested by time and temperature dependence of sessile drop 

spreading on wettable and repellent samples. Additionally, diffuse reflectance infrared Fourier 

transform (DRIFT) spectroscopy was used to determine whether various drying regimes cause 

changes in the relative abundance of hydrophobic and hydrophilic functional groups in the outer layer 

of soil particles and whether these changes can be correlated with water content and the degree of 

SWR. Finally, by artificially altering the pH in dried samples applying acidic and alkaline reagents in 

a gaseous state, the influence of only pH on the degree of SWR was investigated separately from the 

influence of changes in moisture status. 

The investigation of the two locations Buch and Tiergarten, each exceptionally different in the 

nature of their respective wetting properties, leads to new insights in the variety of appearance of 

SWR. The results of temperature, water content and pH dependency of SWR on the two contrasting 

sites resulted in one respective hypothetical model of nature of repellency for each site which 

provides an explanation for most of the observations made in this and earlier studies:  

At the Tiergarten site, wetting characteristics are most likely determined by micelle-like 

arrangement of amphiphiles which depends on the concentration of water soluble amphiphilic 

substances, pH and ionic strength in soil solution. At low pH and at high ionic strength, repulsion 

forces between hydrophilic charged groups are minimized allowing their aggregation with outward 

orientated hydrophobic molecule moieties. At high pH and low ionic strength, higher repulsion forces 

between hydrophilic functional groups lead to an aggregation of hydrophobic groups during drying, 

which results in a layer with outward oriented hydrophilic moieties on soil organic matter surface 

leading to enhanced wettability.  

For samples from the Buch site, chemical reactions are necessary for the wetting process. The 

strong dependence of SWR on water content indicates that hydrolysis-condensation reactions are the 

controlling mechanisms. Since acid catalyzed hydrolysis is an equilibrium reaction dependent on 

water content, an excess of water favours hydrolysis leading to an increasing number of hydrophilic 

functional groups. In contrast, water deficiency favours condensation reactions leading to a reduction 

of hydrophilic functional groups and thus a reduction of wettability. 

The results of the present investigation and its comparison with earlier investigations clearly 

show that SWR is subject to numerous antagonistically and synergistically interacting environmental 

factors. The degree of influence, which a single factor exerts on SWR, is site-specific, e.g., it is 

dependent on special characteristics of mineral constituents and SOM which underlies the influence 

of climate, soil texture, topography, vegetation and the former and current use of the respective site. 
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Zusammenfassung 

In der vorliegenden Arbeit wurden Benetzungseigenschaften zweier stark anthropogen beeinflusster 

Böden in Abhängigkeit von Einflussfaktoren wie Wassergehalt, pH, Trocknungs- und 

Benetzungstemperatur untersucht. Ziel war es die Prozesse und Mechanismen, die zu Veränderungen 

der Benetzungseigenschaften von Böden führen, besser zu verstehen. Erkenntnisse über diese 

Prozesse und Mechanismen lassen zum einen Rückschlüsse auf das generelle Verhalten von 

organischer Bodensubstanz zu, können zum anderen aber auch helfen, vorsorgliche Maßnahmen zu 

ergreifen um Bodenhydrophobie zu verhindern oder deren negative Effekte zu reduzieren. 

Anhand der Zeit- und Temperaturabhängigkeit der Spreitung von liegenden Tropfen (TISED) 

auf hydrophoben und benetzbaren Bodenproben beider Standorte wurde die Hypothese getestet, dass 

der Benetzungsprozess durch chemische Reaktionen kontrolliert wird. Mithilfe von DRIFT (Diffuse 

Reflectance Infrared Fourier Transform) Spektren wurde überprüft, ob unterschiedliche Trocknungs-

bedingungen (Temperatur, Dauer, Luftfeuchte) zu Unterschieden in der Anzahl hydrophober und 

hydrophiler funktioneller Gruppen in den äußeren Molekülschichten führen die sich im Grad der 

Benetzungshemmung widerspiegeln. Durch künstliche pH-Wert Änderung über die Gasphase konnte 

die pH-Wert Abhängigkeit der Benetzungshemmung unabhängig vom Wassergehaltseinfluss beider 

Standorte verglichen werden. 

Die beiden Standorte weisen extreme Unterschiede in der Art der Benetzungshemmung auf und 

sind dadurch beispielhaft für die Bandbreite der möglichen Ursachen und Mechanismen der 

Benetzungshemmung in Böden. Die Ergebnisse der Untersuchungen zur Temperatur- Wassergehalts- 

und pH-Abhängigkeit der Benetzungshemmung aus dieser Arbeit im Vergleich mit Ergebnissen 

vorhergehender Arbeiten lassen sich am besten mit jeweils einem konzeptionellen Modell pro 

Standort zur Natur der Benetzungshemmung erklären:  

Am Standort Tiergarten werden die Benetzungseigenschaften vermutlich durch mizellartige 

Anordnung amphiphiler Substanzen an der Oberfläche der organischen Bodensubstanz bestimmt, die 

abhängig vom Gehalt wasserlöslicher amphiphiler Substanzen, dem pH-Wert und der Ionenstärke in 

der Bodenlösung im Verlaufe der Trocknung zu einer unterschiedlichen Orientierung der hydrophilen 

funktionellen Gruppen führt. Bei niedrigen pH-Werten und hoher Ionenstärke herrschen schwache 

Abstoßungskräfte zwischen den hydrophilen Gruppen, diese können aggregieren und hydrophobe 

Molekülketten sind nach außen gerichtet. Bei höheren pH-Werten und niedrigerer Ionenstärke sind 

die abstoßenden Kräfte zwischen den hydrophilen Gruppen groß und führen zu einer Aggregation 

hydrophober Gruppen, wobei die hydrophilen Gruppen nach der Trocknung nach außen gerichtet sind 

und für eine bessere Benetzbarkeit sorgen.  

Am Standort Buch sind chemische Reaktionen zur Benetzung nötig. Aufgrund der starken 

Wassergehaltsabhängigkeit der Benetzungshemmung könnte es sich dabei um Hydrolysereaktionen 

handeln, die säurekatalysiert reversible wassegehaltsabhängige Gleichgewichtsreaktionen und im 

Basischen irreversibel sind.  

Die beiden Modelle können eine Vielzahl von Beobachtungen erklären, die im Verlaufe dieser 

Untersuchung aber auch in vorhergehenden Untersuchungen gemacht wurden. Die Ergebnisse dieser 

Untersuchungen und ihr Vergleich mit vorherigen Untersuchungen auf denselben Standorten zeigten, 

dass Benetzungshemmung in Böden durch eine Vielzahl von Faktoren und Prozessen beeinflusst ist, 

die sowohl synergistisch als auch antagonistisch wirken können. Welche Faktoren den größten 

Einfluss ausüben bzw. welche Prozesse die vorherrschenden sind, hängt von lokalen Größen wie der 

Art des Mineralbodens und der organischen Bodensubstanz ab, die wiederum dem Einfluss von 

Klima, Textur, Topografie, Vegetation und der Nutzungsgeschichte unterliegen.  
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1 General introduction 

1.1 Environmental relevance of soil water repellency 

Soil water repellency (SWR) is a surface property of soil particles which reduces or 

prevents water infiltration into the soil (Doerr & Ritsema, 2005). When it comes into 

contact with a wettable soil, water spontaneously penetrates. In contrast, water balls up 

into spherical droplets on a repellent soil. These surface properties of soil particles have a 

high impact on soil hydrology (Doerr et al., 2000) and thereby on processes like 

mobilisation, transport and immobilisation of substances within a soil. The resistance 

against wetting of a repellent soil may last for periods between seconds and weeks. This 

reduced infiltration capacity leads to increased surface run off, increased erosion of top 

soil components (Shakesby et al., 2000) and thus an increased risk of surface waters 

pollution. In contrast, the filter function may be significantly reduced in repellent soils by 

the development of uneven wetting patterns (Ritsema & Dekker, 1994). In this case, the 

vertical water flow is concentrated on a small part of the soil cross-section, such as 

cracks, macro pores or regions with discontinuities in texture or wettability. An increased 

water flux is channelled through these preferential flow paths. Thus, the travel time of 

soluble nutrients or pollutants - and also of colloids and substances adsorbed on them - is 

significantly shortened, and the risk of groundwater contamination increases (Nguyen et 

al., 1999; Ritsema & Dekker, 2000). Additionally, soil moisture conditions affect 

sorption properties of soil organic matter and the pore size distribution of a soil and are 

therefore expected to have an impact on the availability of pollutants and nutrients within 

the soil (Schaumann et al., 2005). Furthermore, microbial activity and agriculture 

production are strongly influenced by hydrological soil properties, i.e., by the 

availability, distribution and storage of soil water. Repercussions of SWR on crops are 

reduced seed emergence and plant growth caused by water deficiency in the root zone 

(Blackwell, 2000). In contrast, positive effects of SWR have been reported with regard to 

the stability of soil aggregates (Piccolo & Mbagwu, 1999; Mataix-Solera & Doerr, 2004; 

Goebel et al., 2005) and sequestering organic carbon (Piccolo et al., 1999; Spaccini et 

al., 2002). Furthermore, SWR leads to a reduced loss of soil water by evaporation 

(Imeson et al., 1992; Yang et al., 1996). 

1.2 Factors affecting soil water repellency 

1.2.1 Nature of soil organic matter and humic substances 

The understanding of the role of soil organic matter (SOM) for the appearance of SWR 

requires a general knowledge about composition and functionality of SOM. In addition to 

living biomass, SOM consists of undecayed plant and animal tissues and their partial 

decomposition and transformation products, or humus. Humus can be divided into non-

humic substances (e.g. sugars, amino acids, fats, polysaccharides and proteins) and humic 
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substances (HS), which have a high molecular weight, are brown to black in colour and 

are formed by secondary synthesis reactions. HS are a heterogeneous mixture of 

compounds and cannot be described by one specific structural formula. They can be 

divided into typical humic-fractions according to their solubility under acidic or alkaline 

conditions: (i) the light yellow to yellow-brown fulvic acids (FA) which are soluble in 

water under all pH conditions, (ii) the dark brown to grey black humic acids (HA) which 

are not soluble in water under acidic conditions (pH < 2) but are soluble at higher pH 

values and (iii) the black humins (HU) which are not soluble in water at any pH value 

(Stevenson, 1994). These operationally based classes are characterised by heterogeneous 

molecular weight and structure but show a general tendency in chemical and physical 

properties from FA over HA to HU as follows: an increasing intensity of colour, degree 

of polymerisation, molecular weight and carbon content and a decreasing oxygen content, 

exchange acidity, and solubility (Stevenson, 1985). This includes a decreasing polarity 

and therefore an increasing hydrophobic character from FA over HA to HU. The 

composition of humus varies considerably among different soil types and vegetation. The 

humus of forest soils is characterized by high fulvic acid content, while the humus of 

peat and grassland soils is high in humic acids (Stevenson, 1985). The HA to FA ratio 

usually, but not always, decreases with increasing depth. 

Formation and molecular structure of HS are far from being fully explained. 

Currently, three main pathways of humification, including several sub-pathways, are 

under debate. (i) The lignin theory views lignins as the source of HS, which are more or 

less modified by soil microbes (Akim et al., 1998). Repolymerisation of lignin monomers 

or of larger lignin structures occurs (e.g., via demethylation of phenolic esters, oxidation 

of propanol side chains, cleavage of aromatic rings and condensation reactions with 

amino compounds and quinones (Waksman & Reuszer, 1932)) forming the relatively 

oxygen-poor polymeric HUs. During continuous oxidation they become enriched with 

functional groups and develop into HAs and ultimately into FAs. (ii) The polyphenol 

theory considers all biopolymers to be decomposed to their monomeric units before 

repolymerisation (Stevenson, 1994). In contrast to lignin theory, increasing humification 

leads to increasing complexity of HS, i.e. in the earlier stages FAs develop into HAs and 

upon further humification into HUs. (iii) A third theory, the sugar-amine condensation 

theory, suggests that sugar, amines and/or glycine may be abiotically converted into 

melanine or glycosylamine which may undergo a complex series of chemical processes 

including polymerisation and condensation reactions forming HSs (Abadi Ghadim, 

2000). Since this theory does not require lignin, it is a probable pathway for humic matter 

formation in marine environments. 

The described theories of humification end up in hypothesised macromolecular 

polymeric structures (e.g. Graber & Borisover, 1998; LeBoeuf & Weber, 2000; 

Pignatello, 2003) with numerous cross-linkages formed by condensation reactions 

involving strong covalent C-C and C-N bonds (Essington, 2003). Some aspects of SOM 

behaviour like swelling and gel-like properties (Schaumann et al., 2000) as well as 

nonlinearity, competition and hysteresis effects of sorption are currently best explained 

by the polymeric model. 
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An alternative paradigm, the self aggregation theory, considers humic substances as 

supramolecular associations formed by relatively small molecules which are self-

organising into relatively large entities (e.g. Schulten & Schnitzer, 1997; Wershaw, 1999; 

Piccolo, 2002). These molecules derive from enzymatic and oxidative depolymerisation 

of biopolymers into tannins, cutins and carboxyl groups and contain relatively unaltered 

hydrophobic portions like aromatic and aliphatic structures as well as hydrophilic 

portions with carboxylic and phenolic groups (Essington, 2003). The amphiphilic, 

surfactant-like molecules may be aggregated at mineral surfaces, dispersed in soil 

solution at low concentrations, or forming micelles if critical micelle concentration (cmc) 

is exceeded (Wershaw, 1986). The micelles are stabilised by weak non-covalent forces 

like van der Waals forces, hydrogen bonds, π–π interactions, electrostatic effects and/or 

hydrophobic interactions (Conte & Piccolo, 1999). The enormous flexibility of dissolved 

SOM in response to changes in environmental conditions and the cross-linking effects of 

multivalent cations or water molecules in dissolved and undissolved SOM can be best 

explained by supramolecular associations of SOM (Schaumann & Bertmer, 2008). 

Therefore, probably neither macromolecules nor smaller molecules forming 

supramolecular associations can be fully excluded in SOM, but SOM is suggested to be 

regarded as amorphous material with a wide range of molecular mass and microregions 

with various properties (Schaumann, 2006). 

1.2.2 The role of soil organic matter composition for soil water repellency 

Since most mineral compounds of soils are hydrophilic (Tschapek, 1984), it is generally 

accepted that SWR is mainly caused by organic compounds in the form of more or less 

continuous coatings on mineral surfaces (Ma'shum et al., 1988; Bisdom et al., 1993) or 

as interstitial particulate organic material (McGhie & Posner, 1981; Franco et al., 2000).  

Attempts to find correlations between SOM content and SWR have produced 

inconsistent results: some studies found positive correlations (McKissock et al., 1998; 

Mataix-Solera & Doerr, 2004), others having a negative (Teramura, 1980) or no 

relationship (DeBano, 1992; Wallis et al., 1993). This shows that rather the quality than 

the quantity of soil organic matter determines the degree of SWR (Wallis & Horne, 

1992). Hydrophobic compounds in SOM relevant for inducing SWR may derive directly 

from the decomposition of organic matter (McGhie & Posner, 1981) via accumulation of 

hydrophobic organic acids released as root exudates (Stevenson, 1985) or by fungal or 

microbial by-products (Savage et al., 1969; Jex et al., 1985; Hallett & Young, 1999). 

SWR has been observed in almost every part of the world in various climates, with 

various types of vegetation and in soils with various textures (Jaramillo et al., 2000; 

Doerr et al., 2007). Specific vegetation types, like certain types of evergreen trees 

(Mataix-Solera & Doerr, 2004), trees with considerable amounts of resins, waxes or 

aromatic oils (Doerr et al., 2000; Ferreira et al., 2000) shrubs and chaparral vegetation 

(Scholl, 1975) as well as certain grass species (Holzhey, 1968; DeBano, 2000) seem to 

favour the development of repellency which in turn may be associated with a specific 

microbial community.  
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Compounds most suspected to cause SWR among others are alkanes (Savage et al., 

1972; Ma'shum et al., 1988; Roy et al., 1999), amphiphilic compounds, mainly long-

chained fatty acids (Ma'shum et al., 1988; Hudson et al., 1994; Roy et al., 1999; Franco 

et al., 2000; Horne & McIntosh, 2000), insoluble Ca and Mg fatty acid salts (Wander, 

1949; Graber & S. Taggera, 2009), waxes (Franco et al., 2000; Horne & McIntosh, 

2000), phytanes, phytones or sterols (Franco et al., 2000). In order to identify chemical 

compounds causing water repellency, numerous investigations have been carried out 

(Ma'shum et al., 1988; Horne & McIntosh, 2000; Doerr et al., 2005b). Most of the 

various extraction procedures showed no differences in amount of hydrophobic 

extractable compounds between wettable and repellent samples (Hudson et al., 1994; 

Horne & McIntosh, 2000; Mainwaring et al., 2004; Doerr et al., 2005b; Morley et al., 

2005). In contrast, Morley et al.(2005) and Mainwaring et al.(2004) found a greater 

abundance of high molecular mass polar compounds in the water repellent samples which 

were essentially absent in wettable samples. Wettability of acid washed sand was 

modified in the same manner by extracts of wettable as well as by extracts of repellent 

samples (Horne & McIntosh, 2000). Furthermore, alternating extraction with polar and 

non-polar solvents leads to marked fluctuations in repellency (Horne & McIntosh, 2000).  

These and comparable results suggest that water repellency is determined by the 

composition and nature of the outermost layer of organic material rather than by the 

characteristics of the bulk of the organic matter (Horne & McIntosh, 2000). Suggested 

mechanisms for changes in the arrangement of molecules and functional groups may be 

conformational changes, hydration or spatial rearrangement of organic molecules in the 

surfaces of organic coatings as a result of contact with water (Tschapek, 1984; Ma'shum 

& Farmer, 1985; Horne & McIntosh, 2000; Doerr et al., 2005b). An alternative 

mechanism for enhanced wettability that suggests the reduction of surface tension via 

dissolution of soil-borne surface active organic compounds into the wetting water (Chen 

& Schnitzer, 1978; Tschapek, 1984; Barrett & Slaymaker, 1989; Doerr et al., 2000; 

Hurraß & Schaumann, 2006) was rejected by Graber et al. (2007). 

1.2.3 Water content 

The relation between SWR and water content (WC) has been investigated in many studies 

with some contradictory results. Under field conditions, sub-soils are subjected to short-

term and seasonal moisture variations. Repellency is generally considered to increase 

with increasing dryness of soil (Berglund & Persson, 1996; Doerr & Thomas, 2000). 

Thus, Dekker & Ritsema (1994) measured actual SWR in field moist state and potential 

SWR after air drying or oven drying and defined a critical water content (WCcrit) above 

which a soil sample is wettable and below which it becomes repellent. Täumer et al 

(2005) found that SWR in the former sewage disposal field at the Buch site can be 

predicted with data of SOM content using a linear function to calculate WCcrit.  

However, other studies investigating soil water repellency in dependency of WC 

found an apparently contradictory SWR-WC relation especially at WCs around and below 

the wilting point. Ziogas et al (2003) showed that oven drying might render samples fully 

wettable. Other studies found repellency maxima at intermediate to small water content 



1  General introduction 

 9

between air-dried states and wilting points (King, 1981; Goebel et al., 2004; Bayer & 

Schaumann, 2007) and a decrease in repellency with further drying to lower WCs. 

Contrary to this, equilibration of dry soils at high relative humidity resulted in an 

increase of repellency (Hurraß & Schaumann, 2006; Wallach & Graber, 2007). As 

changes in repellency are not fully reversible after rewetting (Doerr & Thomas, 2000; 

Bayer & Schaumann, 2007) water content alone seems to be an inadequate characteristic 

to predict soil water repellency. Soil texture (de Jonge et al., 1999) and SOM content and 

quality as well as additional factors such as drying duration and temperature (Bayer & 

Schaumann, 2007) together with equilibration time (Hurraß & Schaumann, 2006; 

Wallach & Graber, 2007) seem to influence changes in SWR. 

1.2.4 Soil pH  

Soil pH or better soil solution pH depends on various environmental factors, e.g., parent 

rock material, climate, organic matter composition, degree of degradation and vegetation. 

In turn, soil pH determines soil characteristics like charge of mineral and organic 

surfaces, exchange capacity, availability of nutrients and contaminants, plant growth, 

microbial activity as well as stability and structure of organic matter. Several studies 

found alkaline soils to be less prone to SWR compared to acidic soils (Dekker & 

Jungerius, 1990; Cerdà & Doerr, 2007; Mataix-Solera et al., 2007). Furthermore, SWR 

has been successfully reduced in acidic soils by increasing soil pH via liming (van't 

Woudt, 1959; Karnok et al., 1993; Roper, 2005). However, SWR has also been reported 

in calcareous soils in the Netherlands (Dekker & Jungerius, 1990), California, USA 

(Holzhey, 1968) and Spain (Mataix-Solera & Doerr, 2004).  

This study focuses in particular on pH since the results of earlier studies point to a 

general difference in the nature of repellency between the two investigated sites, among 

others, regarding pH dependent SWR. Hurraß & Schaumann (2006) found that only for 

one of the two investigated sites, repellency of closely neighbouring wettable and 

repellent samples were interrelated with differences in pH. Bayer & Schaumann (2007) 

confirmed this assumption by artificially changing pH in samples from the same sample 

sites. However, in contrast to the expectation that increasing pH will improve the 

wettability and decreasing pH will intensify water repellency, they found a maximum in 

water repellency at a pH above the original pH. 

1.2.5 Temperature 

Temperature has an influence on many processes in soils. Changes in temperature are 

linked with changes in surface tension and viscosity of liquids, in solubility of salts and 

gases, in evaporation rates and rates of chemical reactions. Thus temperature may play an 

important role in appearance of SWR and changes in its degree.  

Several studies investigated the influence of the drying temperature on potential 

SWR with contradictory results. Dekker et al (2001) found an increasing potential SWR 

with increasing drying temperature for 75 Dutch dune sand samples, whereas Ziogas et 

al. (2005) found the contrary relation in 35 Greek sandy soil samples. The importance of 

pre-treatment temperatures for SWR determination was also emphasised by de Jonge et 



1  General introduction 

 10

al.(1999) who compared freeze-dried and oven-dried samples and found a significantly 

higher degree of SWR in samples after oven drying. In contrast to that, Ziogas et al. 

(2003) showed that oven drying might render samples fully wettable. King (1981) 

investigated the temperature influence on log10 of infiltration rate and on contact angle at 

a temperature between 0 and 45°C. He found a positive linear relationship between 

temperature and SWR with a stronger temperature effect on samples with a higher degree 

of SWR and no significant temperature effect in ignited samples emphasising the major 

contribution of organic matter on the temperature dependency. Lichner et al. (2002) 

tested the re-establishment of SWR in model repellent sands after intermixing with 

kaolinite. When these samples are dried at 30 and 60°C most of them exhibit SWR again. 

Following drying at 120°C, SWR only reappears in a few samples which contained a 

high amount of humid acids. However, drying at 90, 150 and 270°C does not re-induce 

repellency. Bachmann et al. (2002) studied the temperature dependence of water 

retention curves and found a six times higher temperature dependence of capillary 

pressure than predicted by the temperature dependence of pure water only. They 

suggested 3 possible mechanisms: (i) temperature-induced changes in contact angle, (ii) 

changes in liquid-gas in interfacial tension because of solute effects and (iii) changes of 

the enthalpy of immersion with temperature or capillary pressure. By calculating the 

activation energy, temperature dependency of the rate of a depicted process may also 

give information about the nature of the rate limiting step of the respective process. 

Todoruk et al (2003a) used proton nuclear magnetic resonance spectroscopy (1H-NMR) 

to measure the temperature dependence of pore-scale redistribution of water during 

wetting in repellent soils contaminated with crude oil and obtained an activation energy 

within the range of chemical reactions.  

The influence of higher temperatures, which under field conditions may be expected 

only during wildland fires, are intensively investigated since burnt soils are especially 

prone to SWR (Scholl, 1975; Doerr, 1997; Robichaud, 2000; Shakesby et al., 2003; 

Varela et al., 2005). Suggested mechanisms are the volatilisation of hydrophobic organic 

substances and a concentrated condensation in cooler soil regions (Savage, 1974). 

Between 175 and 200°C SWR is intensified (DeBano, 1981), around 250°C hydrophobic 

substances are fixed on soil particles (Doerr et al., 2000) and between 280 and 400°C 

SWR is destroyed (DeBano, 2000). 

 

1.3 Objectives 

Part of the experimental workings for this thesis originated from the interdisciplinary 

research project Interurban “Water and Organic Matter in Anthropogenic Soils: 

Dynamics and Processes“. This project is aimed at a systematic understanding of water 

and matter cycles in soils of urban sites. In the first phase of the project, soil water 

repellency (SWR) turned out to be one of the most important controlling factors of these 

cycles in both of the investigated sites. Therefore, the second phase focused mainly on 

causes and effects of SWR at these sites. The objective of the present study is to clarify 
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the role of soil organic matter (SOM) for the appearance of SWR and its dynamics and 

dependency on environmental conditions in two anthropogenically influenced urban sites 

in Berlin, Germany. Earlier investigations showed that mechanisms controlling SWR 

may significantly differ from location to location and that drying conditions such as 

temperature and relative humidity, WC and pH are probably the influencing factors with 

the highest relevance for SWR at the investigated sites (Bayer, 2004; Hurraß, 2006). 

Therefore, the following hypothesises should be tested: 

(i) Wetting of water repellent soils is controlled by chemical processes. 

(ii) The relative abundance of hydrophobic molecular parts in the outer layer of 

soil organic matter increases with water content and drying temperature 

dependent degree of repellency. 

(iii) The degree of repellency decreases with increasing pH caused by increasing 

negative surface charge of deprotonated functional groups of SOM molecules. 

In order to prevent measurement artefacts, methods for determination of contact 

angle had to be adapted to an application in soil science. In this context, special 

properties of soil samples like the surface roughness had to be considered in sessile drop 

and Wilhelmy plate contact angle measurement. A theoretical introduction into the 

measurements of surface characteristics of solids and an approach to approximate 

influence of distortion variables on repellency measurement at soil samples are presented 

in Chapter 2.  

(i)  Chapter 3 describes the investigation of the influence of temperature on the 

wetting process of soil samples. The wetting rate as a function of temperature may give 

information about the nature of the rate limiting step of this process. Therefore, the 

activation energy of wetting of repellent samples can describe the nature of repellency 

and distinguish between chemical reactions and physical processes as rate limiting steps. 

We tested the hypothesis previously suggested by Todoruk et al. (2003a) that wetting of 

repellent soil samples is controlled by chemical processes. Therefore, the spreading 

kinetics of sessile drops on wettable and water repellent sample pairs has been 

investigated. Under controlled conditions, which prevent evaporation and infiltration, the 

rate limiting step of wetting was assessed via the activation energy, which was obtained 

from the temperature dependence of spreading.  

(ii) The studies described in Chapter 4 are aimed at the interaction of three 

influencing factors: SOM surface properties, WC and various drying regimes. Several 

authors suggested that changes in SWR may be caused by changes in the spatial 

arrangement of molecules or moieties in the outer-most layer of SOM (e.g., Tschapek, 

1984; Horne & McIntosh, 2000; Doerr et al., 2005b). Previous studies at the investigated 

sites showed that not only changes in WC but also the conditions of drying, like 

temperature and relative humidity, have an influence on the degree of SWR (Hurraß & 

Schaumann, 2006; Bayer & Schaumann, 2007). Therefore, the hypothesis that increased 

SWR caused by drying is related to an increase in the relative abundance of outward 

orientated hydrophobic organic moieties was tested. The relative abundance of functional 

groups in the SOM can be determined by diffuse reflectance infrared fourier transform 

spectroscopy (DRIFT) which, in contrast to infrared spectroscopy in transmission mode, 
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provides information about the outer layers of a sample and gives information about 

hydrophobicity of SOM (Capriel et al., 1995). The DRIFT spectra were obtained from 

wettable and repellent samples treated by various drying procedures in order to verify the 

extent to which changes in water repellency are (a) related to changes in the relative 

abundance of hydrophobic molecular parts in the outer layer of soil organic matter and 

(b) caused solely by changes in water content. 

(iii) The studies described in Chapter 5 aimed at the influence of pH on SWR. 

Hurraß & Schaumann (2006) found that at one of the two investigated sites repellency 

appears only at a pH below a certain value whereas wettable samples are not restricted to 

a special pH range. For the other site, no relation between pH and repellency could be 

observed. Bayer & Schaumann (2007) investigated the influence of addition of liquid 

acid and base solution with increasing concentration to wettable and repellent samples 

from both sites and found a strong pH dependency of SWR in samples from one site but 

no response on pH changes at the other site. However, all samples significantly changed 

in degree of repellency even when treated with pure water. This led to the conclusion that 

the results of this investigation were partly caused by changes in the moisture status of 

the samples and could not exclusively be related to changes in pH. Therefore, in 

collaboration with Julia Bayer who investigated wettable and repellent samples from UK, 

Netherlands and Australia at the University of Wales Swansea, an advanced experiment 

was developed and carried out contemporaneously. This experimental design was aimed 

at a further understanding of the direct influence of soil pH on SWR excluding the 

influence of soil moisture changes on SWR. The new method allows changing pH in soil 

samples without altering soil moisture by subjecting the samples to varying 

concentrations of gaseous hydrochloric acid or ammonia. Using three different methods 

of SWR determination, the hypothesis was tested that artificially increasing pH decreases 

the degree of repellency caused by increasing negative surface charge of deprotonated 

functional groups of SOM molecules. Furthermore, the results of the three applied 

methods of repellency determination i.e. sessile drop contact angle, Wilhelmy plate 

contact angle and water drop penetration time should be compared regarding their 

expressiveness and sensitivity in various repellency ranges.  

Finally, the experimental results are summarized in Chapter 6 and a comprehensive 

interpretation is presented which includes nearly all observations of this study obtained 

from the two investigated sites. With special consideration for the differences in the 

nature of repellency between the two sites, a schematic concept is suggested as to how 

SWR may develop at these two sites and which environmental conditions may especially 

favour or impede its appearance. The final conclusion aimed at the transfer of results and 

new insights drawn from the investigations of the two Berlin sites into a more general 

comprehension of SWR and behaviour of SOM under various environmental conditions. 

Furthermore, open questions for which further research is needed and suggestions for 

approaching these questions are presented in the outlook. 
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1.4 Sample sites 

1.4.1 Berlin-Tiergarten 

The city park Tiergarten is located in the centre of Berlin and has been in use as a natural 

park since the 17th century. After the Second World War, between 1945 and 1950, it was 

totally deforested for firewood production. After 1950, the bomb and shell craters were 

filled with rubble and construction waste and covered by a top soil to start reforestation 

(Wendland, 1993). The area investigated by INTERURBAN is a highly frequented lawn 

for sunbathing with a light slope (Figure 1-1). In spring and summer, the grass is 

periodically cut, fertilized and irrigated. The soil is classified as Cambisol (Klitzke & 

Lang, 2007). 
 

 

Figure 1-1  Sample site Berlin-Tiergarten (photo: K. 
Täumer, Department of Soil Protection, TU-Berlin) 

The variety of anthropogenic influences 

leads to high small-scale heterogeneity 

of soil properties. E.g., water content and 

SWR reveal major differences even in 

closely adjacent sectors. In field moist 

state wettable and repellent samples 

were taken at a depth of 10 - 20 cm at 

distances of about 10 cm and named as 

TW for initially wettable samples with 

water drop penetration times (WDPT) 

< 10 s and TR for initially repellent 

samples with WDPT > 10 s. 

Besides differences in WC and WDPT, 95% of the repellent samples appear only at 

pH < 4.6 whereas wettable samples appear at pH values above and below 4.6. 

Furthermore, 95% of the wettable samples only appear with electrical conductivity of soil 

solution EC < 270 µS/m, whereas repellent samples cover a range of 

100 < EC < 1300 µS/m. Loss on ignition (LoI) and C to N ratio (C/N) (Table 1-1) as well 

as soil texture with 85% sand, 11% silt and 5% clay (Schaumann et al., 2005) is 

comparable for wettable and repellent samples. 

Table 1-1  Water content (WC), loss on ignition (LoI), pH, electrical conductivity, C to N ratio 
(C/N) and water drop penetration time in field moist state (WDPTfm) and in air dried state (WDPTad) 
of wettable and repellent samples from Tiergarten TW and TR, respectively. 

  WC LoI pH EC C/N WDPTfm WDPTad 

  % % (CaCl2) µS/m  h h 

TW 
N 34 34 34 28 29 37 30 

mean (SD) 20 (8) 10 (4) 4.8 (0.6) 140 (130) 14 (2) 0 (0) 0 (0) 

TR 
N 24 23 23 20 18 25 20 

mean (SD) 17 (12) 10 (4) 4.1 (0.3) 480 (490) 14 (1) 6 (4) 6 (4) 
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1.4.2 Berlin-Buch 

The sample site Berlin-Buch is located northeast of Berlin. The former sewage disposal 

field in Buch was irrigated with untreated waste water for almost 80 years, until, in 1985, 

application of waste water was stopped. Without consideration of soil characteristics and 

distribution of contamination the dams for flood irrigation were levelled and an 

afforestation was attempted (Hoffmann, 2002). Between 30 and 60 % of the planted trees 

died mainly because of nutrient and water deficiency as well as heavy metal 

contamination (Schlenther, 1996).  

The termination of waste water application resulted in a lowering of the groundwater 

table and changed reducing into oxidising conditions. With increased microbial activity, 

this lead to a rapid turnover of organic matter resulting in a decrease in pH and an 

increased mobilisation of heavy metals and nitrates (Hoffmann, 2002).  
 

 

Figure 1-2  Sample site Berlin-Buch: result of an attempt of afforrestation (left), small-scale differences in 
WC visible in dark wettable and light repellent patches at a depth of 5 cm during sampling in Berlin-Buch 
(Hurraß & Schaumann, 2006); (right); (photos: K. Täumer, Department of Soil Protection, TU-Berlin) 

The sample site in Buch is now mainly covered by couch grass (Agropyron repens) 

and a few trees like ash (Fraxinus) and box elder (Acer negundo) (Figure 1-2, left). The 

surface (or ground surface) is uneven as a result of furrows created when trees were 

planted at this site. Since most of the trees died, today the surface has grooves 

approximately 1m wide. The 40–60 cm thick organic topsoil upon medium-sized sand 

shows a high and very heterogeneous organic matter content between 4 and 6 %, seldom 

reaching up to 30 % and reveals strong variation in thickness over the investigated area. 

The soil is classified as Regosol (Klitzke & Lang, 2007) with clay content in the 

noncalcareous fluvial sand of < 1 % (Täumer et al., 2005).  

Table 1-2  Water content (WC), loss on ignition (LoI), pH, electrical conductivity, C to N ratio 
(C/N) and water drop penetration time in field moist state (WDPTfm) and in air dried state (WDPTad) 
of wettable and repellent samples from Buch BW and BR, respectively. 

  WC LoI pH EC C/N WDPTfm WDPTad 

  % % (CaCl2) µS/m  h h 

BW 
N 82 76 75 76 61 82 71 

mean (SD) 23 (12) 11 (6) 4.6 (0.5) 160 (270) 10 (1) 0 (0) 1 (2) 

BR 
N 48 43 43 42 35 48 35 

mean (SD) 10 (3) 9 (2) 4.7 (0.5) 220 (170) 10 (1) 5 (3) 5 (3) 
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Comparable to the sampling from Tiergarten, wettable and repellent samples in a 

field moist state were taken at a depth of 10-20 cm at distances of about 10 cm apart and 

named as BW for initially wettable samples with water drop penetration times (WDPT) 

< 10 s and BR for initially repellent samples with WDPT > 10 s. Samples of each 

sampling differed significantly in field moist WC and WDPT (Figure 1-2, right) but 

revealed comparable values of LoI, pH, EC and C/N. In contrast to Tiergarten samples, 

which kept the differences in WDPT, initially wettable Buch samples lost their 

wettability and reached a degree of SWR comparable to that of initially repellent samples 

(Table 1-2). 
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2 Theoretical background 

2.1 Water repellency 

Water repellency is a surface property of a solid which impedes complete wetting, i.e. it 

prevents water from spreading on its surface and forming a continuous water layer. 

Instead, a water repellent surface causes partial wetting, i.e. the water is forced to ball up 

as droplets with a finite contact angle. To understand the physical background, the 

interfacial tensions of the three adjacent phases vapour (v), liquid (l) and solid (s) have to 

be considered. The surface tension of a substance (i.e., the interfacial tension between 

this substance and the surrounding vapour phase) is based on the difference in energetic 

state between molecules in the bulk phase and the molecules at the surface. The 

molecules at the surface are attracted by a reduced number of neighbours and therefore in 

an energetically unfavourable state. The creation of new surfaces is thus energetically 

costly, and a fluid system will act to minimize surface areas. Principally, the same is 

valid for solid surfaces although solid surfaces cannot react in minimizing surface areas 

like fluids. The interfacial tension γab between the phases a and b can be described (a) by 

the energy E that is needed to increase the surface area As (Schwuger, 1996): 
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or (b) by the force F that is needed to increase the length of the perimeter ls of the 

respective surface area: 
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Consequently interfacial tension has the dimension of [N m-1] or [J m-2].  

If the system of the three phases vapour (v), liquid (l) and solid (s) is in a mechanical 

equilibrium at the three phase line (TPL) the Antonow equation is true (Schwuger, 1996): 
lvslsv γγγ +≤        (2-3) 

When a liquid is in contact with a solid surface, the following cases are possible: If 

lvslsv γγγ +≥ , then the liquid spreads spontaneously and forms a continuous layer on the 

solid surface (Figure 2-1 A). No mechanical equilibrium is possible and no contact angle 

can be formed because no three phase line exists. 

For lvslsv γγγ +<  the liquid forms a droplet on the solid. In mechanical equilibrium and 

for an ideal smooth surface, the contact angle Θ is defined by the Young equation 

(Young, 1855): 

lv

slsv

γ

γγ −
=Θcos        (2-4) 

In this case,  
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 if slsv γγ <  then cos Θ < 0, i.e., Θ < 90° (Figure 2-1 B), 

 if slsv γγ =  then cos Θ = 0, i.e., Θ = 90° (Figure 2-1 C), 

 if slsv γγ >  then cos Θ > 0, i.e., Θ > 90° (Figure 2-1 D). 

If lvslsv γγγ +=  then, according to Equation (2-4), Θ = 0 and the limit case between 

complete wetting (spontaneous spreading) and partial wetting is reached. 
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Figure 2-1  Interfacial tensions at the three phase line (TPL) of the adjacent liquid, solid and vapour phase 
for various contact angles Θ. 

Although water is the most abundant molecule on Earth's surface, it is the most 

atypical liquid. The anomalous properties of water are caused by its high 

electronegativity. Water molecules are formed of two hydrogen atoms covalently bonded 

to one oxygen atom. Since oxygen attracts electrons much stronger than hydrogen, a 

dipole exisits within each water molecule with a positive charge δ+ on the hydrogen 

atoms and negative charges δ- on the oxygen atom. Due to this dipole, water molecules 

are electrically attracted to each other forming clusters via so-called hydrogen bonds HB. 

Each water molecule may interact with up to four other water molecules via hydrogen 

bonds (Figure 2-2). This leads to a more compact structure and causes the anomalies of 

water. E.g., water has an exceptionally high surface tension which is 72.75 mN m-1 at 

21.5°C (Adamson & Petry, 1997), the highest surface tension of non-metallic liquids and 

the highest polarity of all substances.  
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Figure 2-2  Schematic drawing of hydrogen 
bonds between water molecules 

As shown in Figure 2-1, the higher the 

surface tension of a solid (for solid also 

called surface free energy) the better it is 

wettable by water. The condition for 

complete wetting (variations of Equation 

2-3) shows that only solids with surface 

free energy γsv significantly higher than 

the surface tension of water with 

72.75 mN m-1 are completely wettable 

and are therefore called hydrophilic. 
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Since the so-called high energy solids are substances which are held together by 

strong chemical bonds (e.g. covalent, ionic, or metallic bonds), they are very hard and 

have a high melting point like in metals, glass, ceramics or minerals. Low energy solids 

like non-polar organic substances are much softer, have a lower melting point and are 

held together by weaker non-covalent bonds (e.g. Van der Waals bonds). All of these 

partially wettable substances have a surface free energy lower than 72.75 mN m-1 and are 

therefore called hydrophobic. 

2.2 Determination of repellency 

2.2.1 Water drop penetration time (WDPT) 

Water drop penetration time is a very simple and rapid method to obtain a measure of the 

resistance of repellency. A drop of water is placed on a flattened soil surface and the time 

needed for the drop to penetrate into the soil is recorded (Letey, 1969). For a better 

reproducibility, soil samples are sieved, placed on a dish, and the surface is smoothed to 

provide comparable conditions (Wallis & Horne, 1992) because surface roughness and 

pore geometry have an effect on the penetration process (Wessel, 1988). In many studies, 

the applied drop volume is not reported or varies, e.g, between 0.035 mL (Kostka, 2000) 

and 0.200 mL (Wallach & Graber, 2007). Drops of higher volumes underlie the influence 

of gravity and their penetration may be accelerated by hydrological pressure. At the same 

time, they are larger than the largest pores in the soil sample (Roy & McGill, 2002) and 

by covering a larger area they are better in considering the heterogeneity of soil material. 

Even the number of repetitions differs between several studies. Most often, however, 

three drops for each sample are applied and considered as sufficient for SWR 

determination (e.g. Dekker & Ritsema, 1994; Doerr et al., 2006; Wallach & Graber, 

2007). As temperature and ambient relative humidity affect the penetration time a 

constant defined temperature, e.g. between 18 and 23°C (Richardson, 1984), and a 

calibration to a defined ambient relative humidity (Bisdom et al., 1993) enhance 

comparability of results.  

Table 2-1  Repellency classes according to (Dekker & Jungerius, 1990). 

classes 0 1 2 3 4 5 6 

WDPT < 5 s 5 – 60 s 1 - 10 min 10 – 60 min 1 – 3 h 3 – 6 h > 6 h 

notation wettable 
slightly strongly severely ———  extremely  ——— 

—————————  repellent  ————————— 

 

The interpretation of WDPT is controversially discussed. Letey (1969) considers 

instantaneous penetration to indicate an initial contact angle (Θ) smaller 90°. Longer 

penetration times would indicate that the soil-water contact angle decreases and 

penetration occurs when Θ = 90° is reached. Therefore, WDPT is considered to be a 

measure of persistence of repellency rather than of actual wettability. However, several 

studies reported linear relationship between logarithm of WDPT and Θ (King, 1981; 
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Wessel, 1988; Buczko et al., 2006). WDPT related to 90° of these studies, however, are 

ranging between < 1 s and several minutes. Therefore, the distinction between wettable 

and repellent soils using WDPT can be only arbitrary. A widely accepted practise is the 

interpretation of WDPT using repellency classes (Table 2-1) as suggested by (Dekker & 

Jungerius, 1990).  

2.2.2 Contact angle by Capillary Rise Method 

The capillary rise method (CRM) is a common method to determine wettability of porous 

material (e.g., Siebold et al., 1997; Michel et al., 2001; Goebel et al., 2004) which is at 

least partially wettable, i.e., with Θ < 90°. The measurement principle is based on the 

Washburn equation for rising flow in a vertical thin cylindrical capillary (Washburn, 

1921): 
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By means of capillary forces, a liquid with a surface tension γlv and a viscosity η in a 

capillary with the advancing contact angle Θadv and the radius r reaches height h at the 

time t. In porous media the pores where liquid can penetrate are not ideally cylindrical. 

Thus r is substituted by a geometrical factor C reflecting porosity and tortuosity of the 

pores. This factor depends on particle size and packing density of the measured medium. 

Since in porous media the height h is difficult to measure it is substituted by:  
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where w is the weight of risen water, which can easily be detected by a balance, and ρ is 

the density of the liquid. The substitution of the height in Equation (2-5) by Equation 

(2-6) and solving for cos Θadv leads to: 
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For applications in soil science, the samples are filled in tubes with a liquid permeable 

bottom, e.g., a glass frit. In order to obtain reproducible results, the samples have to be 

compacted in a defined way and kept at a controlled temperature during measurement. 

The tubes are suspended from a balance and the glass frit bottom brought into contact to 

the surface of the wetting liquid. The rate of liquid rise can be measured by recording the 

increase in weight as a function of time. The geometry factor C has to be determined for 

each sample by additional measurements with an optimally wetting liquid, e.g., n-hexane, 

whose advancing angle is virtually 0°, i.e., cos Θadv = 1. The factor C can be calculated in 

the range of linear increase of ∆w2 by the slope of w2 as a function of t with the constant 

term in brackets of Equation (2-8), where η, γlv and ρ are the properties of the optimally 

wetting liquid, e.g., n-hexane. 
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The advancing contact angle is calculated based on Equation (2-7) in the range of 

linear increase of ∆w2 by multiplying the slope of w2 as a function of t with the constant 

term in brackets of Equation (2-7). Measurements are generally carried out by a special 

device, a contact angle tensiometer, with sensitive balances, motor driven plates for the 

liquid vessel with precise programmable positions, temperature control and software 

which records weight changes in the sample, temperature and position of the liquid table 

and offers the calculation of the respective parameter. 

However, besides restriction of this method to samples with Θadv < 90°, many 

researchers recognized additional disadvantages of CRM. Marmur (1992) and Siebold et 

al. (2000) reported that Θadv measured by CRM is often overestimated in comparison 

with corresponding equilibrium contact angles. Furthermore, contact time of the sample 

with the testing liquid depends on Θadv and may lead to systematic errors, e.g., due to 

sorption kinetics of the vapour on the solid surface (Bachmann et al., 2006). 

2.2.3 Contact angle by Wilhelmy Plate Method  

An additional method of contact angle determination is the Wilhelmy plate method. This 

method is based on the following principle (Wilhelmy, 1863): the weight of a solid plate 

immersed into a liquid is subjected to gravitational force acting vertically downwards; 

the buoyancy acting vertically upwards and the surface force acting along the liquid 

vapour interface directly at the three phase line (Figure 2-3). The acting gravitational 

force depends on weight wp of the plate  

ppg wgmF ==        (2-9) 

and the buoyancy on density ρl and volume Vl of the displaced liquid which can be 

expressed by the immersion depth of the plate z and the cross sectional area of the plate 

Ap: 

gzAF plb ρ=        (2-10) 

Θ
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Fg
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Θ < 90° Θ > 90°  

 

 

 

 

 

 

Figure 2-3  Gravitational force Fg, buoyancy Fb 
and surface force Fs acting at the three phase 
line of a Wilhelmy plate immersed into a liquid 
with liquid-solid contact angle below and above 
90°. 

 

The surface force depends on the surface tension of the liquid and the wetted length Lw, 

i.e., the perimeter of the plate, ls. Since the surface force does not act in the same 

direction as gravitation and buoyancy, the resulting force is the surface force multiplied 

by cos Θadv.  
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w
lv

s LF γΘ= cos        (2-11) 

When balanced, the sum of these forces (Equation (2-9), (2-10), and (2-11) is zero: 

0cos =+−Θ pplw
lv

adv wgzAL ργ     (2-12) 

and can be expressed as the change of weight of the plate as a function of immersion 

depth z with Fs as the intercept: 

w
lv

advplp LzgAw γρ Θ−=∆ cos     (2-13) 

In order to measure the advancing contact angle Θadv by a tensiometer, a plate of the 

sample material is suspended from a balance, the vessel with the respective liquid is 

lifted with a defined speed and the plate immerses while the balance records changes in 

weight ∆wp as a function of immersion depth z. The cos Θadv can be calculated by 

dividing the intercept of this function, i.e., Fs, by Lw γlv. When maximum immersion 

depth is reached the vessel with the liquid is lowering and the plate emerges from the 

liquid. The receding contact angle is calculated in the same way with ∆wp as a function of 

z during emersion. An important advantage of the Wilhelmy Plate Method is that it 

theoretically covers the whole Θ range between 0 and 180° and that the measurement is 

comparably fast. 

2.2.4 Sessile Drop Method 

A water drop placed on a non- or only partially wettable solid surface, as depicted in 

Figure 2-4, forms a shape that depends on the interfacial tensions (γ) of the three adjacent 

surfaces: solid (s), liquid (l) and vapour (v). The angle at the three phase contact line 

between the solid-liquid (sl) and the liquid-vapour (lv) interface is called the contact 

angle, Θ. In equilibrium, the relation of the interfacial tensions at the three-phase line is 

given by the Young equation(Young, 1855): 

0cos =Θ+− Y
lvsvsl γγγ       (2-14) 
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Figure 2-4  A sessile drop fitted as 
ellipsoidal cap showing the vectors of 
interfacial tensions, γ, at the drop 
edge, the observable contact angle 
Θapp and elliptical parameters a, b, h 
necessary to calculate Θapp and drop 
volume V according to Equation 
(2-20) and (2-21). 

In order to compare the change of soil surface characteristics at different 

temperatures, a value is needed that is independent of the temperature effect on the liquid 

surface tension. The work of adhesion, Wadh, the energy necessary to separate the water-

solid contact area, can be expressed according to Dupré (1869) by: 
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( )Y
lv

adhW Θ+= cos1γ       (2-15) 

For determination of Θ for a sessile drop, various techniques are applied. Using the 

static method, equilibrium contact angle Θ is measured for a drop on a solid surface with 

a constant volume. Using the dynamic method the largest advancing contact angle Θadv 

and the smallest receding contact angle Θrec are determined by increasing or decreasing 

drop volume, respectively. In the simplest method, the user measures the contact angle 

visually by a microscope equipped with a goniometer scale. Currently available software-

driven systems with high resolution cameras make it possible to automatically capture 

and analyse sessile drop contact angles under various environmental conditions.  

A simplified method is used in this study; the soil samples are fixed by double sided 

adhesive tape on a glass slide (Bachmann et al., 2000b). Pictures of droplets on soil 

samples taken by a digital camera are used for geometrical analysis of drop shape and 

calculation of the respective contact angles. In contrast to Bachmann et al. (2000b), who 

applied drop volumes of 2 – 10 µL and used a microscope for determination of sessile 

drop contact angle, in this study the drops contain a volume of 100 µL. The large area 

covered by one drop better considers the high inhomogeneity of the investigated humus 

sandy samples. 

2.3 Influence of gravity, surface roughness and chemical 

heterogeneity on contact angle determination of soil samples 

2.3.1 Influence of gravity on static sessile drop contact angle 

Equation (2-14) and (2-15) are dealing with the Young´s law contact angle ΘY and are 

therefore only applicable for ideally smooth surfaces and drop sizes smaller than a tenth 

of the capillary length (κ -1) 
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so that gravity can be neglected and the drop shape can be assumed as spherical cap 

(McHale et al., 2001). 

In order to consider the inhomogeneity of soil samples, this study deals with drop 

volumes of 100 µl. Initial drop heights up to 4 mm are significantly larger than 

κ -1 
≈ 2.7 mm (for water). In this case, under consideration of the hydrostatic pressure, 

the Young – Laplace equation (Stenius, 1994): 
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changes according to Schwuger (1996) to 









+=∆+=∆

21

0

0

112

rr
yg

r
p lv

lv

γρ
γ

    (2-18) 

where r0 is the radius of curvature at the drop apex at y = 0, where the hydrostatic 

pressure p is zero, and r1 and r2 are the radii of curvature of the drop surface at (x0, y0) 
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(Schwuger, 1996). A transformation into a set of three differential equations as 

formulated by Bashforth and Adams (1882) allows a numerical solution for the drop 

shape, as used by various authors in combination with image analysis software 

(Bashforth & Adams, 1883; Lin et al., 1996; de Ruijter et al., 1998; Spiros & Savvas, 

1998). 

In this study, we apply a simplifying approximation for the drop shape, assuming an 

axis symmetric ellipsoidal cap as a gravity-influenced drop shape model as suggested by 

McHale et al.(2001). Based on the general equation of an ellipse in Cartesian 

coordinates:  
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the derivative dx/dy at the point y0 = -h, provides the slope of the tangent at the 

contact line (Figure 2-4) and the apparent contact angle, Θapp, as a function of drop 

height, h, and the semi-major and semi-minor axis, a and b, can be determined by: 

( )










 −
−−−+°=









−=+°=Θ

−
2

1

2

2

2
)

)(
1)((arctan90

arctan90

b

hb
hb

b

a

hy
dy

dx
app

   (2-20) 

The drop volume as a volume of rotation is given by: 
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The approximation of the drop shape by an ellipsoidal cap improves the 

determination of the gravity influenced contact angle, but it underestimates Θapp 

especially in the range greater than 90°, where the surface curvature of an ellipsoid 

decreases with decreasing y0, while in reality, the surface curvature at the drop bottom 

increases due to an increasing hydrostatic pressure with increasing drop height. Since all 

samples investigated in the present study were measured under exactly the same 

conditions, differences in Θ are unambiguously caused by differences in the degree of 

repellency and not by the influence of gravity, although the absolute values may not be 

compared with Θ obtained under differing method conditions, e.g., with lower drop 

volumes. 

2.3.2 Influence of surface roughness and chemical heterogeneity on sessile drop 

In addition to gravity, surface roughness and chemical heterogeneity of soil samples have 

an influence on Θapp of a sessile drop and therefore on the observable wetting kinetics. 

As described by McHale and colleagues, there are two approaches to consider surface 

roughness and heterogeneity in contact angle measurement (McHale et al., 2005). 

The Cassie-Baxter equation(Adamson & Petry, 1997):  
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∑ Θ≡Θ iy
tot

i
sm A

A
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applies for the contact angle Θsm of a smooth chemically heterogeneous surface, which is 

composed by different materials with different respective Young´s law contact angles, 

Θy,i, where Ai is the area of the material i and Atot is the total area. 

Wenzel’s equation (Wenzel, 1949) 

sm
geo

act
r A

A
Θ=Θ coscos       

 (2-23) 

applies for the contact angle Θr of a rough surface of an chemical homogenous material, 

where the liquid follows the profile at any point of the contact area so that the actual 

contact area, Aact, is greater than its planar projection, the geometric area, Ageo. At the so-

called Wenzel state, an increasing roughness results in an increase of Θr for materials 

with Θy > 90 and in a decrease of Θr for materials with Θy < 90°. 

Gaps between dry particles smaller than a tenth of κ-1 may be bridged by the water, 

so that a fraction of the water-soil contact area is represented by the included air, which 

has the contact angle of 180° against water (McHale et al., 2005). Simplifying a 

horizontal interface between included air and water with Equation (2-22) the effective 

contact angle Θeff can be expressed according to McHale and co-workers (McHale et al., 

2005) by: 

( ) 







−−Θ=Θ

tot

sgeo
r

tot

sgeo
eff A

A

A

A ,,
1coscos  ,   (2-24) 

where Ageo,s is the water covered solid area. The state of a water-“rough solid” interface, 

where the effect of included air dominates the Wenzel effect on Θeff, is called Cassie-

Baxter state (McHale et al., 2005). 

In natural soil samples, a combination of all the above described effects has to be 

assumed, and the observable effective contact angle, Θeff, can be expressed as a 

combination of Equations (2-22), (2-23) and (2-24) 
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A recent study (Bachmann & McHale, in press) approaches the influence of surface 

roughness on sessile drop contact angle by considering soil particles as ideally smooth 

spheres with a uniform radius r and a constant distance 2 ε r between each other. Then 

the planar projection of soil surface can be divided into identical subunits in the form of 

equilateral triangles with a side length of 2 (1 + ε) r and with the top point of one of three 

adjacent spheres at each angle (McHale et al., 2007). By this model,  
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and Equation (2-25) changes into: 
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This model was tested with monodisperse spherical glass beads and irregular soil 

particles, treated with dichlorodimethylsilane (DCDMS) and compared with Young 

contact angles, obtained from smooth DCDMS treated glass surfaces. These tests 

produced reasonably accurate predictions of the contact angles for a range of liquid 

surface tensions with ε between 0.26 – 0.31. However, to adapt and establish the efficacy 

of these methods for naturally hydrophobic soils, further work has to be done (Bachmann 

& McHale, in press). 

Thus, the contact angle data obtained in this study are not corrected with regard to 

the influence of surface roughness. Since all investigated samples consist of the same 

predominant grain size fraction of medium-sized sand, and samples were prepared in a 

comparable manner, i.e., resulting in a comparable grain density fixed on the glass slide, 

differences in Θ are unambiguously caused by differences in the degree of repellency and 

not by the influence of surface roughness, although the absolute values may not be 

compared with values obtained of samples of different grain size distribution or different 

grain density on the glass slide. 

2.3.3 Influence of surface roughness on Wilhelmy Plate Method 

For the Wilhelmy plate measurement, samples are fixed on a rectangular glass slide 

completely covered by double-sided adhesive tape. Comparable to sessile drop 

measurement, Θeff determined by Wilhelmy plate measurement is influenced by surface 

roughness. However, in contrast to sessile drop method, for this method it is not the 

water covered area but the wetted length, i.e., the three phase line at which the measured 

forces are acting. For ideal smooth plates, LW is equal to the perimeter of the plare, ls. 

The recent suggestion of approximating Lw by ls (Bachmann & McHale, in press) leads to 

cos Θadv < -1 or to cos Θrec > 1 for several of the sandy samples of this study which can 

be only explained by an underestimation of Lw. Thus, for the relatively coarse sandy soil 

samples of this study, LW has to be estimated. As a very rough estimation, we assumed 

that the effective surface of the soil covered plate is formed by close-packed solid 

hemispheres and is in Wenzel’s state (no entrapped air) from the first moment of 

immersion. Under these assumptions, LW is the sum of the arc lengths of semicircles, Ui 

in the intersecting planes of the hemisphere particles, while ls is the sum of diameters di 

of these semicircles. LW and ls can be expressed as a function of di, and LW is estimated as 

follows: 
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If LW is larger than assumed by the hemispheric particle shape, Θadv is overestimated 

in the range larger than 90° and underestimated in the range smaller than 90°. If part of 
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the gaps between the soil particles remains air filled after immersion, what probably 

happens in the range > 90° is that Θadv is overestimated as well. J. Bachmann (personal 

communication, 2006) obtained a factor of 0.7-0.8 to reduce the cosΘadv measured by 

Wilhelmy plate method and calculated the possible consequences for the wetted length 

and included air. The good accordance of Equation (2-29) with the estimation by J. 

Bachmann shows that our assumption is applicable, and therefore we corrected the 

geometric circumference ls with the factor π / 2 according to Equation (2-29). This leads 

invariably to reasonable results of cos Θadv and cos Θrec. In contrast to Bachmann & 

McHale (in press), who considered the mean of cos Θadv and cos Θrec as equilibrium 

contact angle, in this study, only Θadv is considered since it cannot be excluded that 

surface properties have been changed during the immersion and emersion time. With an 

immersion depth of 10 mm and an immersion speed of 0.2 mm s-1, the samples are in 

contact with water for 100 s. The results of time dependent sessile drop measurement 

suggest that the strongest change in surface properties occur especially in the first 

minutes. 

2.4 Wetting kinetics by time dependent sessile drop method 

Thermodynamics and kinetics in chemistry are often confused. Thermodynamic, other 

than indicated by the word “dynamic”, describes how stable a system is in one state 

versus another state. In contrast, kinetics describes how quickly or slowly the system 

changes from one state to another state. Generally, systems are only spontaneously 

changing from a less stable state into a more stable state with a reduction in free energy 

(∆G). But even if the products have a significantly lower free energy than the reactants, a 

reaction will not happen in practice if the reaction is too slow. This is for instance the 

case if an activated transition state during the reaction has a higher free energy than the 

reactants. Such an energy barrier which has to overcome by input of energy before a 

reaction occurs is called activation energy EA. Kinetic investigations allow the 

determination of EA.  

To investigate wetting kinetics, a depicted parameter of surface characteristic is 

monitored as function of time and rate constants are extracted from the respective time 

law. The parameter of interest in this study is the Young contact angle and the work of 

adhesion (Equation (2-15)). According to the Arrhenius equation, the temperature 

dependence of the rate constant, k, of this time law allows the calculation of the 

activation energy, EA, which is the minimum energy necessary for a specific process to 

occur (Wedler, 1987): 

  
RT

E
Ak A−= lnln        (2-30) 

The activation energy gives information about nature of the rate limiting step of the 

investigated process. Chemical reactions are characterised by EA > 60 kJ mol-1, while 

physically controlled processes require EA < 42 kJ mol-1 (Sparks, 1985). 
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2.5 Sinking and Spreading  

The influencing factors on Θeff discussed above likewise have an effect on time 

dependent changes in Θeff. Thus, in the course of wetting by sessile drop, the drop water 

is moving into two directions: 

Vertical: Sinking of the drop of water into the gaps between the particles accesses 

new inner contact area beneath the drop (Figure 2-5 (b) – (c) side view). The increase of 

the solid-liquid interface and decrease of the air-liquid interface, as well as the increase 

of the total interface (for Θy < 90°, Figure 2-5 (b) – (c) plan view) and contact angle 

hysteresis effects due to apparent volume loss result in a observable Θapp decreasing 

faster than the Θy of the soil material. 

Horizontal: Spreading of the drop of water accesses new geometric outer 

contact area around the initial interface. The new accessed area is not influenced by 

water solid interactions yet, like the earlier wetted area, and has a higher fraction of air-

liquid interface, so that the Θapp decrease diminishes by spreading. 

 

 

 

Figure 2-5  (a): Sessile drop on rough 
surface with decreasing apparent contact 
angle, Θapp, and increasing total geometric 
contact area, Atot, by spreading from time 
t0 to t2. (b – d): sinking of drop water into 
air filled gaps in a zoomed intersection of 
the water-solid contact area beneeth the 
drop. Side views: hemispheric particles 
partly covered by water in dark grey, 
entrapped air (white) between dry parts of 
particles (black) and from t0 to t2 sinking 
water level (light grey). Plan views: from 
t0 to t2 increasing geometric area, Ageo, 
(grey) of water covered particles and 
decreasing water-air interface (white) 

The driving force for spreading as well as for sinking is the change of soil surface 

characteristics with water contact time. The centre of interest of this investigation is 

dedicated to the time and temperature dependent change of soil surface characteristics in 

the course of wetting. As shown above, due to the influence of gravity and roughness, the 

time dependence of the experimentally accessible Θapp does not allow conclusions to be 

drawn with regard to the time dependence of the respective ΘY as a value of the actual 

soil surface characteristics. So, the time law determined from the apparent work of 

adhesion, Wapp(Θapp), according to Equation (2-15) reflects the sum of different 

influences on wetting by sessile drop, and not solely the direct water-solid interaction. 

However, conversely, the activation energy, EA, of the change of Wapp(Θapp) directly 

reflects the activation energy of the change of Wadh(Θy), as long as the influence of 

roughness and gravity on the temperature dependence of the rate constants is negligible. 
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3 The nature of wetting on urban soil samples - Wetting 

kinetics and evaporation assessed from sessile drop shape 

3.1 Abstract 

The understanding of soil water repellency in its complexity requires knowledge of the 

mechanisms leading to changes in surface characteristics. Wetting kinetics may serve as 

means to investigate the origin of soil water repellency, but have been scarcely 

investigated yet. We observed the wetting kinetics of soil samples from two locations via 

the time-dependent shape of sessile drop (TISED) at three temperatures. 

Our study showed that drop penetration may be exceeded by evaporation for high 

WDPT. The time-dependent change of drop shape and apparent contact angle was 

explained by surface hydrophilisation including the change from Cassie-Baxter into 

Wenzel’s state. We identified principal differences in the nature of water repellency 

between the two investigated locations: Only the samples from the former sewage 

disposal field Buch lost most initial differences in wettability upon air drying and 

storage. Wetting of these samples required activation energy of 65-94 kJ mol-1, indicating 

chemical reactions as rate-limiting step. In contrast, wetting of the samples from the 

inner city park Tiergarten required activation energy of 42 kJ mol-1 for the repellent and 

8-20 kJ mol-1 for the wettable samples, which suggests physico-chemical and physical 

processes as rate-limiting steps. 

Our study showed for the first time that the process of soil wetting can be monitored 

by TISED assessment, and that assessment of the temperature dependence of the wetting 

kinetics allows distinguishing between different natures of wetting and soil water 

repellency. It therefore represents a novel approach to investigate wetting processes. 

Combination of such approaches with spectroscopic investigations will help to deepen 

our understanding on possible causes of water repellency. They further help to 

understand the great variety of suggested causes of repellency and indicate locational 

material-specific effects rather than one general cause for water repellency. 

3.2 Introduction 

It is widely accepted that soil water repellency is, among others, caused by hydrophobic 

organic compounds as coating on mineral surfaces (Bisdom et al., 1993; Doerr et al., 

2000) as well as organic interstitial material (Franco et al., 2000). Numerous 

investigations in order to identify chemical compounds causing water repellency 

(Ma'shum et al., 1988; Horne & McIntosh, 2000; Doerr et al., 2005b) had been carried 

out. Many of these investigations suggest that rather the structural composition and the 

arrangement of molecules and functional groups than the amount of certain organic 

substances affect water repellency (Doerr et al., 2005b). The factors, however, that 

establish the structural composition and arrangement of molecules on the outer side of 
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the organic coatings, and which lead to water repellency, are still poorly understood. 

Generally, repellent soils become wettable, if they stay long enough in contact with water 

(Doerr et al., 2000). In consequence of this, it can be assumed that molecules at organic 

matter-water interfaces undergo conformational or structural rearrangement. Differences 

of wetting kinetics between wettable and water repellent soil samples may give 

information about processes, which break down the repellent character. They may 

therefore also allow conclusions about processes inducing water repellency in soils. 

Despite the high potential, wetting kinetics of soils has been scarcely investigated 

yet. Todoruk and co-workers and Schaumann and co-workers used 1H-NMR Relaxometry 

to monitor wetting and swelling kinetics of soil samples (Todoruk et al., 2003a; 

Schaumann et al., 2005). The results indicate a pore-scale redistribution of water in the 

soil samples, which is, most probably, due to changes in the wettability of pore. Todoruk 

and co-workers suggested ester hydrolysis as rate limiting step of water redistribution 

(Todoruk et al., 2003a). In contrast to this, Hurraß and Schaumann (2006) suggest, from 

drying-remoistening experiments, slow conformational changes as dominating process in 

the course of wetting. The results obtained by 1H-NMR Relaxometry do not allow 

distinguishing between the processes of water redistribution and changes in surface 

characteristics. For a deeper understanding of the wetting process, it is necessary to 

directly assess the change in surface characteristics induced by soil-water contact. 

We tested the hypothesis, previously suggested by Todoruk and co-workers, that the 

process of wetting is controlled by chemical processes like ester hydrolysis. Based on the 

assumption, that the contact angle of sessile drops on a soil sample surface reflects the 

respective surface characteristics, we compared the spreading kinetics of sessile drops on 

wettable and water repellent sample pairs of two highly anthropogenically influenced 

urban sites. Under controlled conditions, which prevent evaporation and infiltration, we 

assessed the rate limiting step of wetting via the activation energy, obtained from the 

temperature dependence of spreading. 

3.3 Material and Methods 

3.3.1 Sample sites 

The research group Interurban has been investigating two strongly anthropogenically 

influenced locations on the former sewage disposal fields Buch in the north east of Berlin 

and on the inner city park Tiergarten. 

The sewage disposal fields in Buch had been irrigated with untreated waste water for 

about 80 years, until, in 1985, they stopped to run. Without consideration of soil 

characteristics and distribution of contamination the dams were levelled and trees were 

planted(Hoffmann, 2002). Between 30 and 60 % of the planted trees died because of 

nutrient and water deficiency as well as heavy metal contamination (Schlenther, 1996). 

The sample site in Buch is now mainly covered by couch grass (Agropyron repens) and a 

few trees like ash (Fraxinus) and box elder (Acer negundo). The surface is slightly wavy 

due to the furrows of plantation. The top soil consists of medium sized sand and is 
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characterized by high and very heterogeneous organic content. It reveals a strong 

variation in thickness over the investigated area. The soil is classified as hortic anthrosol 

(Täumer et al., 2005). 

The Tiergarten has been in use as a natural park since the 17th century. Between 

1945 and 1950, it was totally deforested for firewood production. After 1950, the bomb 

and shell craters were filled by rubble and covered by a top soil to start a reforestation  

(Wendland, 1993). The area investigated by Interurban is a high frequented meadow with 

a light slope. In spring and summer, the grass is periodically cut, fertilized and irrigated. 

3.3.2 Sample preparation and characterization 

In the present study, one sample pair of each site was taken in a depth of 15-20 cm. It 

consists of two neighboured samples (maximal 20 cm of distance), which differ strongly 

in actual wettability and actual field moisture, while soil characteristics like texture and 

organic content were comparable within each sample pair (see Table 3-1). 

Table 3-1  Characteristics of the field moist and air-dried initially water repellent (B1, T1) and 
initially wettable samples (B2, T2) from Buch and Tiergarten (a - by Wilhelmy Plate Method, b - 
by Capillary Rise Method) 

sample B1 B2 T1 T2 

pH 5.1 5.2 4.6 5.3 

ignition loss / % dry mass 11 18 6 7 

water content / % field moist 13 33 7 13 

WDPT / h field moist 3 0 5 0 

Θadv / ° field moist 121  

a 85  

b 124  

a 87  

b 

Θsess / ° field moist 110 85 103 67 

water content / % dried 2 3 1 1 

WDPT / h dried 6 5 2,3 0,1 

Θadv / ° dried 132  

a 118  

a 126  

a 122  

a 

Θsess / ° dried 123 117 112 86 

 

We used field samples which were air dried and stored at room temperature over 

saturated CaCl2 solution in desiccators (31-35 % RH). The water content was determined 

gravimetrically by drying at 105°C, and the organic content was assessed by ashing for 

5 h at 550°C. All measurements of this study were performed with samples sieved 

< 1 mm. 

Between the two sample sites the following differences could be observed (Table 

3-1): The sample pair from Buch had a higher organic and water content than the pair 

from Tiergarten. As shown in Table 3-1, contact angle and WDPT of the field moist 

sample B2 from Buch increased by air drying and storage and the sample became as 

water repellent as its repellent neighboured sample B1. In contrast, contact angle and 

WDPT of the repellent sample T1 from Tiergarten decreased only slightly, so that the 

sample pair from Tiergarten kept its differences in wettability after drying. In order to 

consider the effect of drying and storage conditions on the wetting characteristics, in the 
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following, the dried samples, which were wettable in field moist state, are named 

“initially wettable”, and dried samples, which were water repellent in field moist state, 

are named “initially repellent” samples. 

3.3.3 Determination of repellency 

Water drop penetration time (WDPT) 

The wetting resistance of the soil samples was determined by the water drop penetration 

time (WDPT). The samples were filled in small containers, the surface smoothed without 

pressure by a spatula and the containers posed in a temperature regulated incubator at 

20°C. Three drops containing 100 µl of distilled water were placed on each sample. For 

WDPT > 1 min, the points of time, when the droplets penetrate into the soil samples, 

were observed by magnified digital photographs automatically taken in increasing time 

intervals from 12 s up to 10 min, so that the relative error of WDPT did not exceed 5 %. 

Advancing contact angle by Wilhelmy Plate Method  

The initial contact angle was measured as advancing contact angle, Θadv, with the 

Dynamic Contact Angle Meter and Tensiometer (DCAT 21, DataPhysics, Filderstadt, 

Germany). Field moist repellent (Θadv > 90°) and air dried samples were measured by the 

dynamic Wilhelmy Plate Method (WPM) (Wilhelmy, 1863). The soil samples were fixed 

on a rectangular glass slide (76 x 26 x 1 mm) completely covered by double sided 

adhesive tape and suspended from a balance (± 0.01 mg). By lifting a container with 

destilled water with a speed of 0.2 mm s-1, the soil covered plates were continually 

immersed up to a maximal immersion depth zmax of 10 mm, while the balance records the 

development of the effective sample weight, weff, as function of the immersion depth, z. 

The change of weff depends on the plate mass, mP, the buoyancy (Fb (z)), the surface force 

(Fs) and the advancing contact angle, Θadv , and can be expressed as: 
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where wp is the plate weight, LW is the wetted length, γlv is the liquid-vapor interfacial 

tension, ρW is the density of water and g is the acceleration of gravity. Then cosΘadv can 

be calculated from the axis intercept of Equation (3-1). For ideal smooth plates, LW is 

equal to the geometric circumference of the plate, UP. For coarse surfaces (e.g., soil 

samples), LW has to be estimated. We assumed that the effective surface of the soil 

covered plate is formed by close-packed solid hemispheres and is in Wenzel’s state (no 

entrapped air) from the first moment of immersion. Under these assumptions, LW is the 

sum of the arc lengths of semicircles, Ui, (in the intersecting planes of the hemisphere 

particles), while UP is the sum of diameters, di, of these semicircles. LW and UP can be 

expressed as a function of di and LW estimated as following: 
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If LW is larger than assumed by the hemispheric particle shape, Θadv is overestimated 

in the range larger than 90° and underestimated in the range smaller than 90°. If part of 

the gaps between the soil particles remains air filled after immersion, what probably 

happens in the range > 90°, Θadv is overestimated as well. J. Bachmann (personal 

communication) obtained a factor of 0.7-0.8 to reduce the cos Θadv measured by 

Wilhelmy Plate Method and calculated the possible consequences for the wetted length 

and included air. The good accordance of Equation (3-2) with the estimation by J. 

Bachmann shows that our assumption is applicable, and therefore we corrected the 

geometric circumference UP with the factor π / 2 according to Equation (3-2). From 

preliminary experiments, we obtained a statistic error of ∆Θ = ± 5°.  

Capillary Rise Method 

Wettable samples (Θadv < 90°), which did not stick to the adhesive tape, were measured 

according to the Modified Washburn Method or Capillary Rise Method (CRM). The 

Washburn equation for capillary flow in a porous medium (Washburn, 1921) 
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modified by substitution of the height of the capillary rise for the mass of the risen liquid  

(
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= ), and Equation (2-5) becomes: 

  







=Θ

22

2 2
cos

ρπγ

η

Ct

m

lv

,      (3-4) 

where m is the mass, η is the viscosity and ρ the density of the risen liquid. The geometry 

factor, C, reflects, the porosity and tortuosity of the capillaries and depends on particle 

size and packing density of the measured medium. 

The samples were filled in glass tubes (10 mm diameter) with a glass filter base. In 

order to obtain reproducible results, the tubes were slightly knocked for 12 times to 

compact the samples. The tubes with about 2 cm3 compacted soil were suspended from 

the balance (± 0.01 mg). The glass frit base of the tubes samples were brought into 

contact to the surface of distilled water. The rate of water rise was measured by recording 

the increase in weight as a function of time. The geometry factor C has to be determined 

for each sample by additional measurements with n-hexane as an optimally wetting 

liquid, whose advancing angle is virtually 0°. The advancing contact angle was calculated 

based on Equation (2-7) in the range of linear increase of ∆m2 by the software SCAT 

(version 2.4.2.48 from dataphysics). All measurements were conducted in a temperature 

regulated sample chamber at 20°C (± 0.1 K) and repeated three times. 

Time Dependent Sessile Drop (TISED) 

In order to monitor wetting kinetics, we investigated the isothermal change in drop shape 

of sessile drops as a function of soil–water contact time. To distinguish between 



3  The nature of wetting on urban soil samples 

 33

spreading, evaporation and infiltration, three different experiments were conducted. In 

experiment I, the samples were filled into small vessels, smoothed with a spatula, and 

three drops of 100 µl were placed on the surface. In this configuration infiltration was 

possible. In experiment II, the samples were fixed as a thin layer by double sided 

adhesive tape on glass slides (Bachmann et al., 2000). The drops placed on it could not 

infiltrate. The experiment II was conducted only with the samples B1 and B2 from Buch. 

In experiment III, in order to minimise the evaporation during the monitoring of drop 

shape, the sample covered glass slide (prepared like in experiment II) was enclosed in a 

humidity chamber (volume: 4 l) with a relative humidity RH of 99.9 %. All three 

experiments were conducted at 5°C, 20°C and 30°C in a temperature regulated incubator 

(volume: 200 L) to guarantee constancy of the respective temperature. In each 

experiment, the time depending change of drop shape was recorded by a digital camera 

(Canon A300), which took pictures in increasing time intervals from minimal 12 s up to 

0.5 h.  

The objective of the evaluation is to monitor changes in surface characteristics. The 

digital pictures were used as templates to fit ellipses to the drop shapes. The parameters 

of the ellipses and the soil–water contact line were used to calculate the contact angle, 

Θapp, as described in Figure 2-4 and Equation (2-20). As a measure of surface 

characteristics, we calculated the apparent work of adhesion, Wapp, from the time 

dependent Θapp (Equation (2-15). In order to monitor the volume loss and to improve the 

experimental design, additionally, the drop volume Vdrop was approximated by 

Equation (2-21). 

The current state of knowledge does not allow formulating a mechanistic model for 

the wetting mechanism. Therefore, kinetic parameters were derived in a model 

independent way, fitting zero-order and first-order kinetics to the volume- and Wadh–data 

with the software Origin V. 7.5, and evaluating the respective rate constant parameters as 

function of temperature. 

3.4 Results and Discussion 

3.4.1 Drop Volume 

Figure 3-1 a shows the volume, V, of sessile drops as a function of time, exemplarily for 

the initially wettable samples from Buch, B2, for the three experiment types at 5°C. In 

experiment I and II the drop volume decreases linearly with a rate k. and can be described 

as: 

  ( ) tkVtV −= 0        (3-5) 
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Figure 3-1  (a) Volume of sessile drops on the dried sample B2 at 5°C in different measurement 
conditions: I on soil body, at ca. 50% RH, II on a thin soil layer, at ca. 50% RH and III on a thin soil 
layer, at >99,9% RH, (b) Curve III: Figure 3-1  (a) in a smaller scale with deviation range and exponential 
and initial linear fitting curve 

In experiment I, the drops on sample T2 infiltrated too fast to monitor the volume 

decrease at all temperatures. In contrast to the two first experiments the volume decrease 

is distinctly slower in experiment III and shows a different curve shape. In the first 10 –

 120 min the drop volume decays fast and evolves to a slow decrease in the further 

course. Therefore, a different function is required for the mathematical description. 

However, the volume data reveal remarkable scattering, because small errors in drop 

height fitting have a cubed effect on the volume (Equation (3-5)). Testing even simple 

kinetic models (zero order and first order models) showed that the data quality did not 

allow choosing a definite function (see Figure 3-1 b). 

As a model independent way to obtain kinetic data, we used linear approximations 

for the initial volume decrease (see Figure 3-1 b), and used the slope to calculate the 

activation energy of the intitial fast decrease. 

Table 3-2  Means of linear rate of apparent volume decrease, k, during observation of sessile drops 
on all samples at all temperatures in different measurement conditions: I on soil body, at ca. 50% 
RH, II on a thin soil layer, at ca. 50% RH and III on a thin soil layer, at >99,9% RH (standard errors 
of fitting in brackets) 

 Buch initially water repellent B1 initially wettable B2 

Experiment k / µL h-1 5°C 20°C 30°C 5°C 20°C 30°C 

I Linear rate 8.0 (0.1) 20.7 (0.6) 48 (1) 8.5 (0.1) 20.3 (0.6) 49.2 (0.7) 

II Linear rate 9.1 (0.2) 17.2 (0.4) 53 (1) 8.8 (0.2) 17.7 (0.8) 43.3 (0.4) 

III Initial rate 0.37 (0.02) 0.6 (0.3) 26 (14) 0.64 (0.22) 6.9 (2.3) 30 (5) 

 Tiergarten initially water repellent T1 initially wettable T2 

Experiment k / µL h-1 5°C 20°C 30°C 5°C 20°C 30°C 

I Linear rate 8.2 (0.1) 10.8 (0.2) 39.6 (0.5) 6800 (1300) 1620 (150) /* 

III Initial rate 5.2 (3.3) 15.9 (0.3) 3.1 (2.2) 13 (8) 35 (14) 51 (4) 

 

In Table 3-2 , the rate constants of volume decrease for all samples and temperatures 

are listed for the three experiment types. The linear rate k increases with increasing 

temperature and is comparable between experiment I and II. This is the first indication 
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suggesting comparable mechanisms responsible for drop volume reduction on a soil body 

and on the thin soil layer. On the samples from Tiergarten, the drop volume decreases 

slower on the initially repellent sample T1 than on the initially wettable sample T2, 

whereas the rate constants of volume decrease are comparable for the initial wettable and 

repellent samples from Buch. 

Table 3-3 shows the activation energy EA of the drop volume decrease calculated 

from the temperature dependence of k according to Equation (2-30). In experiment I and 

II, EA of the linear volume decrease ranges for all investigated samples between 40 and 

50 kJ mol-1, whereas in experiment III, EA of volume decrease is higher for the samples 

from Buch with 86-120 kJ mol-1 than for the samples from Tiergarten. with -14 -

 44 kJ mol-1. The negative EA of the repellent sample from Tiergarten makes no physical 

sense and in view of the large error it has to be interpreted as close to zero. 

Table 3-3  Activation energy, EA, of the apparent decrease of drop volume during the spreading 
under 3 different conditions on the initially repellent samples B1 and T1 and the initially wettable 
samples B2 and T2 from Buch (B) and Tiergarten (T), (standard errors of fitting in brackets; n.d. - 
not determined; a - Infiltration was too fast to monitor.) 

Experiment EA / kJ mol-1 B1 B2 T1 T2 

I linear decrease 48   (1) 49 (1) 41 (1) /* 

II linear decrease 43   (1) 47 (1) n.d. n.d. 

III Initial rate 120 (36) 86 (12) -14 (24) 44 (11) 

 

The comparability of k in experiments I and II (Table 3-2) leads to the conclusion, 

that the infiltration of drop water into the soil body is improbable for the repellent 

samples, and evaporation of the drop water is probably the main process observed in 

experiments I and II. This assumption is further supported by the activation energy 

(Table 3-3), which is comparable to the latent heat of evaporation of water of 

40.5 kJ mol-1 (Franks, 2000). As expected, in experiment III, evaporation was drastically 

reduced due to high relative humidity (99.9 %) and a different curve shape of the volume 

decrease as a function of time was observed (Figure 3-1 ). The observed influence of 

evaporation on sessile drops leads to a critical view on WDPT measurement. The 

comparison of high WDPT has to be regarded carefully. If the measurement conditions 

like air movement, RH and temperature as well as drop size are not standardised and 

evaporation cannot be prevented, penetration time might be comparable or higher and, 

thus, not distinguishable from evaporation time. 

In order to minimize the effect of evaporation based volume decrease on shape and 

contact angle of a sessile drop, we conducted the further studies only under the condition 

of the experiment III at 99.9 % RH. In experiment III, the volume decrease starts with a 

faster decay (Figure 3-1 a) with an activation energy obtained by linear rate constants 

significantly higher than the latent heat of evaporation (Table 3-3) This leads to the 

conclusion that the observed fast initial volume decrease during the experiment III can 

not be caused by evaporation. Consequently, the volume decrease can only be explained 

by a transition of the water-solid contact area of the drops from the Cassie-Baxter state 

into the Wenzel’s state driven by a continuous change in ΘY, as described in paragraph 
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2.3 and Figure 2-5. While the air filled gaps beneath the drop are step by step filled by 

the drop water, and the fitted water-soil contact line remains constant in the course of 

wetting, the volume necessary to fill the gaps, reduces the observed drop volume above 

the fitted contact line.  

3.4.2 Apparent Work of adhesion 

Figure 3-2 shows the development of the apparent work of adhesion, Wapp(Θapp), between 

sessile drop and soil surface as a function of the contact time according to 

Equation°(2-15). After a fast initial increase, Wapp grows slower and approaches 

asymptotically a final value, Wapp
∞, between 120 and 150 mN m-1. The Wapp–time curves, 

obtained from the two sample sites, vary remarkably in their shapes. The curves obtained 

from the samples from Tiergarten (T1, T2) are more strongly curved and approach their 

final value earlier than those from Buch (B1, B2). While for the samples from Buch, the 

effect of temperature on the curve shape was more strongly, in the samples from 

Tiergarten, the effect of the initial water repellency on curve shape exceed the 

temperature effect. 
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Figure 3-2  Apparent work of adhesion, Wapp, according to Eq 3  as a function of contact time of one 
representative sessile drop on all investigated samples at 5°C, 20°C and 30°C and the respective double 
exponential fitting curves (standard deviation ± 5 mN m-1) 

In order to describe the time dependence of Wapp, fittings of first- and second-order 

kinetics as well as varying combinations of exponential and linear functions were tested. 

Simple first- or second order kinetics does not adequately describe the change in Wadh. 

The best description was achieved by a sum of two exponential decays with the following 

equation: 

  )1()1( 21

21
0 tktk

app eBeBWW
app

−− −+−+= ,    (3-6) 

where Wapp
0 is the initial work of adhesion for t = 0, B1 and B2 are the weightings of the 

subprocesses at the whole process, and k1 and k2 are the rate constants of the respective 

subprocesses. This would imply the occurrence of two independent processes. As, 

however, our current state of knowledge does not allow the development of a mechanistic 

model of wetting, we additionally applied the model independent evaluation by linear 

approximation as described for the volume data analysis. 
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Table 3-4  Parameters of double exponential fitting according to Eq 19 and of linear fitting of the 
initial increase for Wapp as a function of time in course of wetting of sessile drops on all 
investigated samples at all temperatures, (standard errors of fitting in brackets) 

  double exponential linear 

Buch  Wapp
0 B1 k1 B2 k2 Wapp

0 k 

  (mN m-1)  (h-1)  (h-1) (mN m-1) (mN m-1 h-1) 

initially 5°C 41 (1) 25 (3) 0.32 (0.09) 64 (3) 0.02 (0.003) 42 (5) 7.7 (1.0) 

repellent  20°C 32 (1) 20 (3) 2.2 (1.2) 78 (3) 0.08 (0.01) 34 (6) 19 (4) 

sample B1 30°C 37 (1) 28 (4) 3.4 (0.7) 72 (3) 0.47 (0.05) 38 (3) 84 (22) 

initially 5°C 31 (0.4) 38 (2) 0.36 (0.03) 68 (4) 0.02 (0.003) 33 (2) 8.9 (0,7) 

wettable 20°C 36 (2) 34 (3) 2.9 (0.7) 70 (3) 0.12 (0.01) 42 (2) 33 (1) 

sample B2 30°C 38 (1) 19 (5) 4.9 (1.8) 83 (3) 0.50 (0.1) 40 (6) 86 (17) 

  double exponential linear 

Tiergarten  Wapp
0 B1 k1 B2 k2 Wapp

0 k 

  (mN m-1)  (h-1)  (h-1) (mN m-1) (mN m-1 h-1) 

initially 5°C 49 (1) 48 (2) 1.9 (0.2) 31 (2) 0.08 (0.02) 53 (6) 45 (4) 

repellent  20°C 41 (1) 32 (2) 5.4 (0.7) 48 (2) 0.24 (0.03) 46 (5) 58 (13) 

sample T1 30°C 46 (1) 33 (2) 8.6 (1.4) 46 (2) 0.43 (0.05) 52 (4) 92 (3) 

initially 5°C 59 (2) 47 (3) 12 (2) 39 (3) 1.1 (0.1) 70 (1) 166 (14) 

wettable 20°C 58 (2) 50 (2) 13 (1) 33 (2) 1.1 (0.1) 71 (9) 213 (42) 

sample T2 30°C 57 (1) 34 (2) 23 (3) 40 (2) 1.4 (0.1) 62 (5) 319 (25) 

 

Table 3-4 shows the results of the double exponential and the initial linear fitting for 

all samples and temperatures. Although different ways of evaluation, the respective 

parameter show comparable relations between the samples, which are: Wapp
0 for the 

samples from Buch (30 -40 mN m-1) is lower than for the samples from Tiergarten 

(40 - 70 mN m-1). While Wapp
0 of all samples from Buch are within the same range, those 

from Tiergarten differ significantly between the initially repellent (41 - 53 mN m-1) and 

the initially wettable samples (57 - 70 mN m-1). 

The rate constants of the change of the observed Wapp on the samples from Buch are 

more strongly affected by the temperature than those of the samples from Tiergarten. On 

the other hand, the differences between the rate constants of the initially repellent and 

those of the related initially wettable samples are lower for the samples from Buch than 

for the samples from Tiergarten. 

As shown in Figure 2-5, without exact information about the roughness and the 

gravity influence on the contact angle, the change of the observed Wapp cannot 

unambiguously and directly be related with the change of the surface characteristics of 

the soil. But, under the assumption that the temperature influence on the roughness and 

gravity effect is either negligible or comparable at least within the sample pairs of each 

location, the temperature dependence of the rate constants derived from Θapp is expected 

to be comparable to that derived from ΘY.  
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In Table 3-5 the activation energy, EA, calculated by the temperature dependence of 

the exponential rate constants k1 and k2 (Equation (2-30)) is compared with EA obtained 

by initial linear rates. The EA of the double exponential approximation shows comparable 

values of both processes at both samples from Buch with 65 - 95 kJ mol-1 and distinctly 

smaller values at the samples from Tiergarten with 42 kJ mol-1 at the repellent sample T1 

and 8 - 20 kJ mol-1 at the wettable sample T2. With the linear approximation, differences 

in EA between the sample sites could be confirmed with 63 - 64 kJ mol-1 at Buch and 

18 - 19 kJ mol-1 at Tiergarten. But the linear approximation does not confirm the 

differences in EA between the repellent and the wettable samples from Tiergarten. 

Table 3-5  Activation energy, EA, obtained by double exponential and initial linear fitting of wetting 
by sessile drops on all investigated samples, (standard errors of fitting in brackets) 

EA / kJ mol-1 B1 B2 T1 T2 

double exponential 
65 (5) 85 (7) 42 (7) 20 (10) 

89 (8) 94 (6) 42 (10) 8 (6) 

linear 64 (8) 63 (3) 19 (4) 18 (4) 

 

The change of Wapp in sessile drop consists of a fast initial and a slow final increase, 

which is associated with a respective fast initial and slow final apparent drop volume 

decrease. The EA values (Table 3-3) show that the volume decrease can not be solely 

based on evaporation on the Buch samples. Muster and Prestidge (2002) recorded 

comparable time dependent sessile drop contact angle- and drop volume-curves on 

unsaturated compressed sulfathiazole powder in a time scale of up to 120 s. They 

suggested an influence of volume loss by imbibitions on the observable contact angle as a 

result of changing advancing into receding contact angle. These physical effects will 

probably occur in our measurements, but, in the case of the samples from Buch, the EA 

shows, that they cannot be the rate limiting steps. We currently assume that the change in 

drop shape is controlled by a complex interplay between sinking and spreading. Detailed 

elucidation of the mechanism, however, requires additional targeted studies. 

In the samples from Buch, the rate limiting step of apparent volume decrease as well 

as for Wapp increase (Table 3-5) is in the range of chemical reactions indicating chemical 

changes of the solid surface characteristics. This is in good accordance to the results of 

Todoruk and co-workers(Todoruk et al., 2003b). Because they found activation energy of 

> 80 kJ mol-1 for slow water distribution processes in repellent soils, Todoruk and co-

workers (2003b) proposed hydrolysis of ester linkages formed between –COOH and -OH 

groups during drying as a possible reaction. They also suggested more generally, that by 

air drying, hydrophilic functional groups of the SOM may maximize non bounded van 

der Waals interactions, internal hydrogen bonds and charge transfer interactions, as water 

is lost. Re-wetting then would require a cooperative re-organisation to restore the 

hydrophilic groups to water binding (Todoruk et al., 2003b). As hydrolysis of the 

biopolyester Poly-R-3-hydroxybutyrate, synthesised and accumulated in many bacteria as 

carbon storage, requires an activation energy of 82 kJ mol-1(Chen & Yu, 2005), we found 

further evidences for the suggestion of Todoruk and co-workers that hydrolysis of ester 
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linkages may explain the high activation energy of the wetting process of the Buch 

samples. 

On the other hand, the EA values of apparent drop volume decrease and Wapp increase 

of the samples from Tiergarten (Table 3-3 and Table 3-5) are distinctly lower than those 

from Buch and indicate physical or physico-chemical processes as rate limiting steps like 

diffusion and water film formation or conformational changes in molecules.  

The processes occurring on the repellent sample from Tiergarten differ strongly from 

those proceeding on the samples from Buch. We therefore conclude that the repellency of 

the sample from Tiergarten has other origins than those from Buch. The samples from 

Buch have higher organic content, their wettability seems to depend mainly on water 

content (the wettable sample became repellent by drying), and wetting is controlled by 

chemical reactions. In contrast, the samples from Tiergarten with lower organic content 

kept their difference in wettability after air-drying, and even the repellent samples require 

a distinctly lower activation energy for re-wetting than the samples from Buch. Further, 

the repellent samples from Tiergarten did not reach the Wapp values of the corresponding 

wettable sample within the observation time of our experiment. In another study, we 

found pH-dependence of the WDPT for Tiergarten, but not for Buch (Hurraß & 

Schaumann, 2006; Bayer & Schaumann, 2007). The maximum of repellency around 

neutral pH found in the study of Bayer and Schaumann (2007) may be indicative for 

acid/base catalysed ester hydrolysis reducing repellency at pH below 4 and above 8, but 

only for Tiergarten samples. This may indicate that the chemical energy barrier to 

overcome repellency at the sample from Tiergarten was not reached under the gentle 

conditions of our experiment, but needs to be catalysed. In the absence of chemical 

modification of organic soil surface, the rate limiting step of wetting is then only 

diffusion and water film formation. In contrast, the organic matter of the samples from 

Buch may undergo quasi-reversible hydrolysis-condensation reactions according to the 

loss or supply of water. The hypothesis of ester hydrolysis is currently being validated by 

spectroscopic methods (1H-NMR and FT-IR). 

Figure 3-3 shows the conceptual model we suggest to explain the different drying 

and re-wetting behaviour of the investigated samples. According to the suggestion of 

Bayer and Schaumann (2007), wettability is controlled by two independent parameters, 

which are the surface characteristics and the water coverage. Both parameters may 

change in the course of drying and re-wetting. While water coverage changes in Buch 

and in Tiergarten, we suggest that surface characteristics change predominantly in the 

Buch samples. Here, the water loss due to drying is compensated by an increase of H-

bonds and probably ester linkages of the hydrophilic functional groups towards the 

interior, which results in a lower number of hydrophilic molecule domains orientated 

outwards. Re-wetting requires high activation energy for the disruption of these linkages 

followed by an outward re-orientation, which enhances wettability.  
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Figure 3-3  A model visualising different re-wetting behaviour of the investigated samples. Buch: 
Hydrophilic functional groups (black circles) are linked chemically towards the interior of SOM in the air-
dried sample. Re-wetting requires high activation energy, EA, to disrupt linkages. Tiergarten: Surface 
characteristics do change only slightly during drying and re-wetting. Probably, pH-differences result in 
differing percentage of charged functional groups (uncharged groups as white circles) and persist drying 
and re-wetting. Re-wetting requires medium EA at repellent samples for conformational re-orientation of 
some hydrophilic functional groups (physico-chemical process) and low EA at wettable samples for 
changes in water coverage (physical process). 

In contrast, the surface characteristics of the Tiergarten samples do not change 

during drying and re-wetting. They differ between repellent and wettable samples, 

probably due to differences in pH, which may result in differing percentage of charged 

functional groups as suggested by Hurrass and Schaumann (2006) and Bayer and 

Schaumann (2007) and/or of ester linkages. These differences persist throughout our 

experiments, and changes of wettability are mainly caused by changes in water coverage, 

which are of physical nature and therefore require lower activation energy. The 

differences in activation energy between the repellent and the wettable Tiergarten sample 

(only found with a double exponential fitting), may be due to an additional 

conformational re-orientation of a part of the hydrophilic functional groups. 

3.5 Conclusions 

The comparison of change of sessile drop volume in three different experimental designs 

tested in this study, lead to the conclusion, that measurement conditions like air 

movement, RH and temperature as well as drop size, strongly affect the value of WDPT. 

At high WDPT, it has to be considered, that evaporation may overbalance penetration. 

Under the assumption that the temperature dependence of gravity and roughness 

influence on the sessile drop shape does not affect the temperature dependence of the rate 

constants of wetting, the activation energy can be related to the change of the respective 

surface characteristics.  
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We found principal differences in the nature of water repellency between the two 

investigated locations Buch and Tiergarten: The samples from Buch, which differed 

significantly in wettability in the field moist state, lost their differences in wettability 

upon air drying and storage in 31 - 35 % RH. The wetting of these samples required 

activation energy of 63 - 94 kJ mol-1, which indicates that chemical reactions are the rate 

limiting step. In contrast to the samples from Buch, the samples from the inner city park 

Tiergarten kept their initial differences in wettability after drying and storage and re-

wetting required activation energy between 19 and 42 kJ mol-1 for the repellent samples 

and 8-20 kJ mol-1 for the wettable samples. This indicates that physico-chemical 

reactions like conformational changes in molecule structures or physical processes like 

diffusion and water film formation represent the rate limiting step for the samples from 

Tiergarten. 

Our study showed for the first time that the process of wetting on soil samples can be 

monitored by sessile drop assessment, and that the temperature dependence of the wetting 

kinetics allows distinguishing between different natures of wetting and soil water 

repellency. Combination of such approaches with spectroscopic investigations will help 

to deepen our understanding on possible causes of water repellency. They further help to 

understand the great variety of suggested causes of repellency and indicate locational and 

soil-material specific effects rather than one general cause for water repellency. 
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4 Influence of drying conditions on wettability and DRIFT 

spectroscopic C-H band of soil samples 

4.1 Summary 

This study assesses the effect of various drying procedures on water repellency measured 

by water drop penetration time (WDPT) and spectroscopic parameters gauged by Diffuse 

Reflectance Infrared Fourier Transform spectroscopy (DRIFT) of two anthropogenically-

influenced soils at sites in Berlin. Wettable and water repellent samples were dried at 

various temperatures and at prescribed relative humidity. WDPT and DRIFT 

spectroscopic characteristics were obtained from both dried and field-moist subsamples.  

Normalization of DRIFT spectral C-H band intensity (‘surface hydrophobicity’) 

against the integral absorption intensity over the wave number range 4000 – 400 cm-1 

resulted in an apparent resolution between the effects of water content and changes in 

C-H absorption at the surface. To our current knowledge, the latter could be best 

explained with changes in the three-dimensional re-arrangement of organic molecules or 

moieties on inner and outer soil organic matter (SOM) surfaces, whereas the former 

could be a direct consequence of the fraction of inner and outer soil surfaces covered 

with water and of the mean thickness of the respective water films. Further evidences for 

this model are required from other investigations focusing on the surfaces in soil, before 

drawing final conclusions. The results show that the method of drying affects WDPT to a 

greater extent than soil water content after drying. DRIFT spectra suggest that exposure 

to high temperature results in some reorganisation of SOM in the outer layer. It is further 

suggested that short exposure may result in a heterogeneous distribution of water leading 

to localized variation and inconsistency in WDPTs. Drying for four weeks under 

controlled relative humidity at 20°C is suggested as a reference preparation method 

combining the benefits of an almost unchanged SOM surface compared with field moist 

samples with homogeneous moisture distribution. 

4.2 Introduction 

Soil water repellency is a world-wide phenomenon with a large impact on plant growth, 

transport of nutrients and contaminants through the soil and thereby on soil 

function(Doerr et al., 2000). Occurrence of soil water repellency is often linked with 

increasing dryness of soil(Doerr & Thomas, 2000). Dekker & Ritsema (1994) defined 

actual and potential soil water repellency determined in field-moist and dried samples, 

respectively, and concluded that below a critical water content, soil tends to become 

repellent. Ziogas et al (2003) showed that oven-drying might render samples fully 

wettable. Other studies investigating soil water repellency as a function of water content 

upon drying found one, sometimes even two repellency maxima, especially at 

intermediate to small water contents between air-dried states and wilting points (King, 
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1981; Bayer & Schaumann, 2007). Equilibration of soils at high relative humidity 

resulted in an increase of repellency (Hurraß & Schaumann, 2006; Wallach & Graber, 

2007). As changes in repellency are not fully reversible after rewetting (Doerr & 

Thomas, 2000; Bayer & Schaumann, 2007) water content seems to be an inadequate 

characteristic to predict soil water repellency. Soil texture (de Jonge et al., 1999) and soil 

organic matter (SOM) as well as additional factors such as drying duration and 

temperature (Bayer & Schaumann, 2007) together with equilibration time (Hurraß & 

Schaumann, 2006; Wallach & Graber, 2007) influence changes in soil water repellency. 

Organic coatings on mineral particles or particulate organic material are considered 

to be responsible for water repellency (van't Woudt, 1959; DeBano, 1969; Fink, 1970). 

Numerous investigations indicate that soil water repellency is not caused by single 

substances (McGhie & Posner, 1980; Ma'shum & Farmer, 1985), whereas the amount of 

polar and non-polar functional groups in amphiphilic organic substances appear to be of 

great importance (Horne & McIntosh, 2000; Doerr et al., 2006).  

Infrared spectroscopy (IR) is commonly used to measure the abundance of functional 

groups in organic molecules. Infrared measurements of acid washed sand coated with soil 

lipids showed a good correlation between lipid concentration, aliphatic C-H absorption 

intensity and water repellency (Ma'shum et al., 1988). Capriel et al. (1995) defined the 

aliphatic CH / SOC (soil organic carbon content) ratio as an index of hydrophobicity of 

soil organic matter. In contrast, other studies of natural soil samples found no correlation 

between spectroscopic values and their water repellency (Doerr et al., 2005b; Hurraß & 

Schaumann, 2006). Correlations were obtained when spectroscopic data was combined 

with clay and/or SOC content (McKissock et al., 2003; Ellerbrock et al., 2005). This led 

to the conclusion that the extent of surface coverage and thickness of the organic layer on 

soil mineral particles control the effective water repellency of functional groups in SOM 

(Ellerbrock et al., 2005). These observations are in accordance with the concept of three-

dimensional re-arrangement of molecules, in whole or in part, in the outer layer of the 

organic coatings as suggested by several authors as a mechanism leading to different 

wetting characteristics (Tschapek, 1984; Horne & McIntosh, 2000; Hurraß & 

Schaumann, 2006). According to this concept, hydrophilic functional groups exposed to 

the outside increase wettability, whereas outward directed hydrophobic aliphatic chains 

increase water repellency. 

In contrast to the transmission Fourrier Transformed IR technique, DRIFT 

spectroscopy provides information about the outer 6 – 8 µm layer of a sample, penetrated 

by the incident light (Gottwald & Wachter, 1997) and suggests that it has potential for 

the investigation of soil water repellency. It has to be kept in mind that soil water 

repellency gives information mainly about the outer surfaces of soil particles whereas 

DRIFT, within the penetration depth, senses both the outer and inner surfaces of SOM as 

well as water. Therefore, a suitable method for normalization of DRIFT spectroscopic 

data is required. Normalization against SOC (Capriel, 1997) refers to bulk SOM and so 

dilutes the signal from the SOM on the surface. The absorption band at 1081 cm-1 used 

by Ellerbrock et al. (1999) in transmission IR is not detectable in our DRIFT spectra, the 

C-O stretching absorption at 1720 cm-1 and 1620-1600 cm-1, also used by Ellerbrock in 
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transmission IR (Ellerbrock et al., 2005), cannot be distinguished from mineral 

absorption in DRIFT spectra of undiluted soil material. Therefore, normalization by 

various other references was tested in the present study in order to resolve the non-

specific effect of water content.  

The objective of our study was to verify the extent to which changes in water 

repellency are (i) related to changes in the relative abundance of hydrophobic molecular 

parts in the outer layer of soil organic matter and (ii) caused solely by changes in water 

content. In this paper we present the relationship between the relative abundance of 

hydrophobic moieties in the surface layers of soil, assessed using DRIFT, the WDPT 

water repellency and reduction in water content resulting from various drying regimes for 

both, wettable and water repellent soil.  

4.3 Materials and methods 

4.3.1 Sample Sites 

Soil samples were obtained from two strongly anthropogenically-influenced sites, a 

former sewage disposal field north east of Berlin (Buch) and a city park in Berlin 

(Tiergarten). The sample area is homogeneously covered with couch grass (mainly 

Elytrigia repens) at Buch and with a grass cover consisting of Festuca rubra rubra, 

Lonium Perenne and Poa pratensis at the Tiergarten. At both sites, the topsoil consists of 

medium sized sand with low clay content and is characterized by large SOM contents 

(Schlenther, 1996; Hoffmann, 2002; Täumer et al., 2005; Diehl & Schaumann, 2007).  

Sampling took place in spring after a rainy day following a long dry period. The 

grass cover was removed in an area of approximately 1 m2. Samples were taken at a 

depth of 10 - 20 cm, directly beneath the dense root network, from clearly separate dry 

and wet patches of soil as reported and shown by Hurraß & Schaumann (2006). At both 

sites, the dry patches were much smaller than the wet patches, so at each site only two 

repellent samples were taken from two separate dry patches. Eight samples were taken 

from the wet patches at Buch and four wet patch samples were taken at the Tiergarten. 

The wet and dry patch samples differ widely in their degree of repellency, but soil 

characteristics such as texture and organic content were comparable (Table 4-1). 

Consequently, these 16 individual samples are classified in the following four groups as 

follows: the wettable samples from Buch and from the Tiergarten are referred to as BW 

(n = 8) and TW (n = 4), respectively, and the repellent samples from Buch and Tiergarten 

as BR (n = 2) and TR (n = 2), respectively. 

Earlier studies on soils from the specific locations used in the present study showed 

(i) “a strong relation between the actual water repellency (which triggers the preferential 

flow process on the site) and the water content” (Täumer et al., 2005; Taumer et al., 

2006) and (ii) significant differences in repellency between moist and dry samples chosen 

in the same way as in our study (Hurraß & Schaumann, 2006). This clearly showed that 

the actual repellency controlled the water content after rainfall. Differences in the water 
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supply caused by differences in plant canopy are minimal because of the uniform plant 

coverage in the sampling area. 

Table 4-1  Number (n) of individual samples, water content (WC), soil organic matter content 
(SOM), pH and water drop penetration time (WDPT) of field moist wettable samples (BW) and 
repellent samples (BR) from Buch and from the Tiergarten (TW, TR, respectively). Estimates of 
errors, WC ± 15% and of SOM, pH and WDPT (from triplicate measurements) are shown in 
parentheses. 

 n WC SOM pH WDPT 

  / % / %  / min 

BW 8 15 (3) 10 (2) 4.5 (0.3) 0.01 (0.02) 

BR 2 10 (1) 11 (1) 4.6 (0.1) 300  (200) 

TW 4 14 (2) 7 (2) 3.9 (0.1) 0.05 (0.04) 

TR 2 9 (1) 9 (1) 3.9 (0.1) 700  (400) 

 

4.3.2 Sample preparation and characterization 

Prior to homogenizing field moist samples, large stones and root material were removed 

and large aggregates disrupted. Sample pH was measured using 12 g portions in 25 ml 

0.01 M CaCl2-solution (DIN ISO 10390). The water content (WC), was determined 

gravimetrically by drying samples for 24 hours at 105°C (DIN ISO 11465) and is 

expressed on a dry basis. The dried material is defined as having a WC of zero. The SOM 

was assessed by ashing the < 2 mm fraction of dried material for five hours at 550°C 

(DIN 18128). 

Each of the 16 samples was separated into five subsamples that were subjected to one 

of the following treatments: (i) airtight storage at 5°C (“moist”), (ii) drying for seven 

days at 35°C (“35°C), (iii) drying for three days at 65°C (“65°C”), (iv) air-drying (open 

to atmosphere at approximately 20°C / ~50% RH) for two days and subsequent storage 

for > 28 days at 20°C / 31% RH over saturated CaCl2-solution (“31% RH”) and (v) oven-

drying for 24 hours at 105°C, (”105°C”). 

For the subsequent WC measurement of the treated subsamples, we took a maximum 

relative error of 15% (based on numerous preceding WC measurements from these two 

specific locations) into consideration, which is more realistic than the standard error 

between replicates of the small and random subsample groups. The 80 subsamples were 

then sieved to < 1 mm in order to reduce soil heterogeneity and stored in airtight glass 

flasks.  

4.3.3 Measurement of soil water repellency 

The resistance to wetting of the 80 subsamples of soil was determined using the water 

drop penetration time (WDPT) (Letey, 1969). Soil was placed in small containers and the 

surface was gently smoothed. They were then placed in an incubator at 20°C. Digital 

micrographs of the water droplets were taken automatically at increasing intervals from 

12 s to 10 minutes. WDPTs were determined to within ± 5% by inspection of the 
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micrographs (Diehl & Schaumann, 2007). A minimum WDPT of 0.1 s was used to 

provide a finite value for log(WDPT) for readily-wettable soil. 

4.3.4 DRIFT spectra 

DRIFT spectra were obtained with a BioRad® FTS 135 (Bio-Rad Corp., Hercules, CA) 

over a wave number range of 4000 to 400 cm-1 with 16 scans for each replicate at a 

resolution of 1 cm-1. Soil material (< 1 mm) was used without any further preparation in 

order to maintain the integrity of both SOM and WC. The consequent heterogeneous 

particle size distribution and large sample concentration have an adverse effect on DRIFT 

spectra. This does not allow absolute quantitative analysis or direct comparison with 

pressed KBr disc spectra (Nguyen et al., 1991; Tremblay & Gagne, 2002), but still 

permits relative comparison between subsamples with comparable composition and 

characteristics drawn from the same location. 

Dried, finely ground KBr was used to obtain a background reference spectrum. 

Spectra were of five drying treatments with reference spectra obtained within each batch 

of three replicates. Because of technical problems, for four of the eight BW samples and 

one of the four TW samples, DRIFT spectra could not be obtained with the 35°C and at 

65°C treatments. In order to subtract the background including absorption by water 

vapour and CO2 in the sample environment, the 210 single spectral data were 

automatically corrected for background and transformed into Kubelka-Munk (K.-M.) 

units after measurement using Bio-Rad® Win IR Foundation® software (Digilab, 

Randolph, MA). Smoothing, baseline correction, identification of peaks and evaluation of 

peak heights and peak areas were performed using Origin 7.5 SR6 (v7.5885-B885) 

software (OriginLab Corp., Northampton, MA). Linear baselines were created from 

minima of the spectra in the regions of 3800 and 480 cm-1. 
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Figure 4-1  (I) DRIFT spectra of initially wettable Buch samples (BW) and repellent Buch samples (BR) 
and initially wettable Tiergarten samples (TW) and repellent Tiergarten samples (TR) dried at 105°C and 
(II) expanded spectral region showing peaks, associated with selected C-H bands and a typical baseline for 
evaluation of peak area. 

The combined integral area under the peaks at 2930 and 2850 cm−1, which were 

superimposed on a broad O-H band at 3800 – 2500 cm−1, were calculated relative to a 

linear baseline under that band (See Figure 4-1– II) and denoted as CH. These peaks 
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represent the asymmetric and symmetric C-H-stretching vibrations of aliphatic CH3 and 

CH2 groups (Capriel et al., 1995; Celi et al., 1997; Ellerbrock & Kaiser, 2005). 

Furthermore, the integral area under the broad O-H band between 3800 and 2500 cm−1 

and under the spectra between 4000 and 400 cm−1 were calculated and denoted as OH 

and Ref, respectively. As explained in detail in the Result section, a normalization of CH 

and OH areas was necessary and performed by dividing the respective areas by the Ref 

area, denoting the normalized values as CHN and OHN, respectively. 

4.4 Results & discussion 

4.4.1 Normalization of DRIFT spectra 

DRIFT spectra typical of BW, BR, TW and TR samples dried at 105°C, show CH 

absorption bands at 2930 cm-1 and at 2850 cm-1 superimposed on the broad OH 

absorption band between 3800 and 2500 cm-1 (Figure 4-1 – I). The spectra possess two 

additional absorption bands located between 2000 cm-1 and 1200 cm-1. 

The Ref area showed no correlation with corresponding sample SOM (Table 4-2) but 

did show a weak correlation with the sample WC whereas the OH area did not correlate 

with WC; however the CH area did have a weak negative correlation with WC (Table 

4-2). It is assumed that the expected, but not found, SOM effect on the Ref area and the 

specific WC effect on the OH area are outweighed by a broad non-specific interference 

and contribution to absorption over the entire reference band arising from the presence of 

water.  

A significant correlation was found between OHN and WC, indicating a specific 

effect of WC on the O-H band, whereas CHN had no significant correlation with WC 

(Table 4-2). These correlations show that the use of normalized spectra provides 

information that reflects better the links between soil properties and the vibrational 

modes of the chemical constituents that they represent. 

Table 4-2  Correlation coefficient (R), number (n), and probability of error (P) for the integral area 
under the DRIFT spectra from 4000 to 400 cm−1 (Ref) against soil organic matter (SOM) and water 
content (WC) and the areas under the OH and CH peaks against WC and, similarly, for the 
normalized peak areas OHN and CHN. 

Ref - SOM OH - WC CH - WC 

 R n P  R n P  R n P 

BT 0.06 70 0.6115 BT 0.04 72 0.7575 BT -0.40 72 0.0013 

B -0.05 42 0.7473 B 0.01 42 0.9294 B -0.50 42 0.0020 

T 0.22 28 0.2602 T 0.02 30 0.9069 T -0.40 30 0.0405 

Ref - WC OHN - WC CHN - WC 

 R n P  R n P  R n P 

BT -0.50 70 <0.0001 BT 0.68 72 <0.0001 BT 0.09 72 0.4757 

B -0.49 42 0.0011 B 0.84 42 <0.0001 B 0.02 42 0.9236 

T -0.53 28 0.0039 T 0.62 30 0.0003 T 0.24 30 0.2067 
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4.4.2 Effect of drying 

In Figure 4-2, WC, WDPT and CHN are depicted as functions of the applied drying 

treatments where the connecting lines trace the data of each original sample and can help 

to indicate the variety of effects of drying procedure on WC, WDPT and CHN in 

individual samples which were dried in parallel. 
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Figure 4-2  Effect of drying conditions on water drop penetration time (WDPT), water content (WC) and 
normalized C-H band intensity (CHN) of initially wettable and repellent samples from Buch (BW � and 
BR � ) and the Tiergarten (TW � and TR �, respectively) for field moist and dried samples. Lines 
connect the data points of subsamples drawn from the same soil sample. Error bars are WC ± 15% and 
estimates of the standard deviation from triplicate measurements of WDPT and DRIFT peak areas. 

Buch field samples had a wider range of WC than those from Tiergarten (Figure 4-2, 

top). Drying at 35°C reduced WC in all samples with generally greater reductions in BR 

and TR than BW and TW. Drying at 65°C seemed to have the same effect as drying at 

35°C on T samples, whereas the WCs of B samples were almost indistinguishable from 

each other. Drying at 20°C (31% RH) and at 105°C reduced the WC of all sample to 

similar values with the latter producing the smallest values.  
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WDPTs of BR samples were consistently long for field moist and virtually all the 

dried treatments (Figure 4-2, centre). Those values of BW samples, initially with short 

times in the field-moist treatment, increased significantly with drying, with the longest 

times associated with the 20°C (31 % RH) and 105°C procedures, although the former 

resulted in more tightly clustered values than the latter. WDPTs of TR samples were 

consistently in the range 104 < WDPT < 105 s from the field-moist state and after all 

drying procedures. WDPTs of TW samples had a range of values from 

0.1 < WDPT < 103 s with the tightest clusters relative to the field- moist samples 

following drying at 20°C (31% RH) and 105°C and the widest ranges after drying at 35 

and 65°C (Figure 4-2, centre). The drying treatments tended to lengthen the WDPTs of 

BW samples into the range of those of BR samples, but had only limited effect on those 

of TW which remained at least 100 times shorter then those of TR.  

Table 4-3  Probabilities (P) in support of the alternative hypothesis (HA) and rejection of the null 
hypothesis for normalized C-H peak areas (CHN) obtained for sample pairs dried using two 
different procedures obtained from sample paired t-tests. 

Alternative Hypothesis HA 
Buch 

(n = 18) 

Tiergarten 

(n = 15) 

CHN  (31% RH / 20°C) < CHN  (65°C)   0.001 0.550 

CHN  (31% RH / 20°C) < CHN  (105°C) <0.001 0.011 

                CHN  (35°C) < CHN  (65°C)   0.001 0.617 

                CHN  (35°C) < CHN  (105°C) <0.001 0.005 

   
                 CHN  (65°C) < CHN  (105°C)   0.583 0.001 

CHN  (31% RH / 20°C) < CHN  (35°C)   0.575 0.384 

 

The normalized peak areas for aliphatic carbon, CHN, obtained from DRIFT spectra 

was in the range 4·10-3 < CHN < 12·10-3 and 4·10-3 < CHN < 8·10-3 for field moist B and T 

samples, respectively (Figure 4-2, bottom). Drying at 35°C caused a reduction in the 

range for B samples. The other treatments either maintained that range (20°C, 31% RH), 

moved it to 7·10-3 < CHN < 15·10-3 (65°C) or moved and expanded it to 

6·10-3 < CHN < 16·10-3 (105°C). The values for BR samples were generally, but not 

consistently, greater than those of BW. Drying had a less marked effect on the range of 

CHN values of the T samples, but values for TR samples were generally, but not 

consistently, greater than those of TW (Figure 4-2, bottom). In Buch samples, drying at 

65°C and 105°C resulted in larger CHN than drying at lower temperatures (paired sample 

t-test, Table 4-3).  

Correlations between WC and SOM for sets of sub-samples involved in drying 

procedures (n = 16) were only significantly positive (R = 0.81; P = 0.0002) after long 

exposure to 20°C at 31% RH. The only other sets with a reasonable range of WCs (dried 

at 65 and 35°C) showed either a small negative or no correlation (R = −0.54; P = 0.03 

and R = −0.30; P = 0.25, respectively). 
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4.4.3 Evaluation of the effects of drying 

The smaller CHN in Buch samples after drying at 31% RH at 20°C and at 35°C suggests a 

smaller surface concentration of hydrophobic structural elements than after drying at 

greater temperatures. This does not explain the larger WDPT after drying at 31% RH for 

more than four weeks, irrespectively of whether WCs were the same, smaller or larger 

than after drying at 35°C and 65°C for seven and three days, respectively. 

The greater scatter of WC data of the latter drying treatments indicates that drying for 

seven and three days were not sufficient to overwhelm the differences in moisture 

content between individual samples. In contrast, the protracted drying at 31% RH at 20°C 

resulted in WCs which were in a narrow range for all samples from each site and which 

significantly correlate with SOM. It is likely that this drying procedure allows the 

samples to equilibrate better with the imposed conditions because of the longer period 

and the constant RH. The question remains as to whether this could be the cause for the 

increased extent of repellency. 

Similar phenomena were observed in previous studies which observed changes in 

repellence during a protracted exposure to a particular drying regime (Bayer & 

Schaumann, 2007) or re-moistening regime (King, 1981; Wallach & Graber, 2007). The 

changes in repellence continued unexpectedly even after the WCs reached constant 

values. This suggests that a redistribution of soil moisture within the porous SOM 

structure may alter its surface characteristics and leads to changes in repellency. The 

equilibration at a constant RH and thereby the moisture redistribution without changes in 

WC may lead to (i) a more homogeneous moisture distribution with an increase in the 

area covered with water and a decrease in the mean thickness of the water cover or (ii) a 

more heterogeneous moisture distribution with a decrease in the area covered with water 

and an increase in the mean thickness of water cover. In this case local moist micro-spots 

or even micro-droplets would be concentrated on hydrophilic regions whereas 

hydrophobic regions would be water-depleted. The latter case does not explain the effect 

of drying at 31% RH at 20°C in Buch samples since because larger WDPTs after this 

treatment are coincident with smaller CHN than after treatments at 65°C. It is therefore 

more likely that drying at 31% RH at 20°C leads to a more homogeneous moisture 

distribution with a smaller amount of water-depleted hydrophobic regions explaining the 

lower CHN and a thinner water film. 

The Frumkin-Derjaguin theory (Derjaguin & Churaev, 1986) explains the reduced 

wettability of a thin film with a bulk liquid of the same liquid. Below a certain thickness 

of water layers, interphase transition zones overlap, and the layer is exposed to an 

equilibrium pressure, the so-called ‘disjoining pressure’, exerted by long–range surface 

forces of the two confining phases. Theoretical calculations of the isotherm for disjoining 

pressure of water films on quartz surfaces indicate negative disjoining pressures for film 

thickness ranging between 60 and 7 nm resulting in increased Θ which was demonstrated 

experimentally (Derjaguin & Churaev, 1986). 

Assuming a uniform water film on an inner and outer soil surface of 3.7 m2 g-1, as 

measured by BET for the Tiergarten site (Jaeger et al., under revision), a water molecule 

size of 0.27 nm and a water content of 1%, the respective water film would have a 
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thickness of approximately 2 nm and consist of seven layers of water molecules. Because 

material as porous and as heterogeneous as soil will not have a uniform water film, some 

part of the surfaces, probably the more hydrophilic, would be covered by a film thicker 

than 2 nm whereas other more hydrophobic parts of surfaces would have thinner water 

films or even remain dry. 

A recent study (Goebel et al., 2004) found a tendency for the contact angle maximum 

to be at soil water potentials of approximately 30 and 154 MPa, corresponding to an 

exposure to a constant RH of 80% and 32%, respectively: Goebel (2004) assumed that 

this effect is caused only by the impact of water films on the surface free energy as 

described by Derjaguin & Churaev (1986). 

Although our results do not provide information about the distribution of moisture 

and water film thickness, it is evident that (at least) in the range 0% < WC < 5% there 

may be regions where water film thickness reduces wettability as previously described. 

Thin water films appear to be one of the few reasonable explanations presently available 

to explain the larger WDPT after drying at 31% RH at 20°C than after treatments at 65°C 

in Buch samples. 
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Figure 4-3  Water drop penetration time (WDPT) as a function of water content (WC), and as a function of 
normalized C-H band intensity (CHN) of initially wettable (BW,  n = 32, open symbols) and repellent 
Buch samples (BR,  n = 10, solid symbols) and wettable and repellent Tiergarten samples (TW,  n = 18; 

and TR,  n = 10, respectively) in field moist state (�■) and after drying at 35°C (��), 65°C (��), 
105°C (� �) and at 31% RH (��). Error bars are WC ± 15% and estimates of the standard deviation 
from triplicate measurements of WDPT and DRIFT peak areas. 
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4.4.4 WDPT as a function of water content and CHN 

Scatter diagrams of WDPT as a function of WC and CHN (Figure 4-3) show that BW 

samples (WDPT < 10 s) had WC larger than 10% whereas those of TW fall in the range 

of 0% to 15%. WDPT of BW samples increased with decreasing WC and reached values 

in the range of those of BR samples, whereas WDPT of TW samples also increase with 

decreasing WC but remained distinctly smaller than those of TR samples. WDPT of TR 

and BR samples did not significantly change with WC (Figure 4-3) and a significant 

logWDPT correlation with WC was not found (Table 4-1). 

Table 4-4  Correlation coefficients (R) for linear regression of logWDPT against water content 
(WC) and normalized C-H peak area (CHN), and of WC against CHN for all samples of both soils 
(BT) and the various sample subsets (see text) 

 

BT (n = 70) WC CHN 

 logWDPT -0.61***  0.44** 

 WC  1.00 -0.18 

 
 

B (n = 42) WC CHN 

 logWDPT -0.81***  0.45* 

 WC  1.00 -0.26 

BW (n = 32) WC CHN 

 logWDPT -0.88***  0.35 

 WC  1.00 -0.23 

BR (n = 10) WC CHN 

 logWDPT  0.00  0.03 

 WC  1.00 -0.12 

T (n = 28) WC CHN 

 logWDPT -0.34  0.42* 

 WC  1.00 -0.07 

TW (n = 18) WC CHN 

 logWDPT -0.39  0.22 

 WC  1.00  0.00 

TR (n = 10) WC CHN 

 logWDPT  0.10  0.51 

 WC  1.00  0.04 
 

* Probability of error P < 0.05;  ** P < 0.01;  *** P < 0.001 

A significant negative correlation was found between logWDPT and WC for all Buch 

samples (Table 4-4), mainly dominated by the strong negative correlation between 

logWDPT and WC of the BW samples. A weak negative correlation between logWDPT 

and WC was found for TW but not for TR. 

The correlation between WDPT and CHN (Figure 4-3) is weaker than that between 

WDPT and WC and is only significant for Buch samples (B), which dominates the 

correlation for the full BT dataset (Table 4-4). A significant correlation between CHN and 

WC is not found either for Buch or Tiergarten samples. 

4.4.5 Water content and CHN as descriptors for the degree of repellency  

As both WC and CHN, had significant correlations with logWDPT for the BT dataset, 

whereas no significant correlation was found between CHN and WC, it was assumed that 

CHN and WC are independent from each other. Under this assumption, they were used as 

independent variables in a simple multiple regression analysis against logWDPT: 

log (WDPT) = α + β WC + γ CHN      (4-1) 
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Table 4-5  Multiple regression parameters α, β and γ, their standard errors and correlation 
coefficients (R) of logWDPT against water content (WC) and normalized C-H peak area (CHN) for 
all samples (BT) and those from Buch (B) and those from Tiergarten (T). 

 logWDPT = α + β WC + γ CHN 

 α (±) β (±) / %-1 γ (±) / (K.-M. unit)-1 R 

BT  1.7 (0.5)** -0.20 (0.03)*** 220 (60)** 0.74*** 

B  2.5 (0.5)*** -0.23 (0.02)*** 150 (50)* 0.87*** 

T -1   (1) -0.14 (0.06)* 500 (200)* 0.56* 

*  Probability of error P < 0.05;  ** P < 0.01;  *** P < 0.001 

We used logWDPT because Buczko (2006) found a linear relationship between 

sessile drop contact angle and logWDPT indicating a correlation between surface free 

energy and the persistence of repellency. Parameters α, β, γ (Equation (4-1)) and the R 

values of this analysis for all samples (BT) and those of Buch (B) and Tiergarten (T) 

separately indicate a significant correlation (P < 5 %) between logWDPT and the two 

descriptors (Table 4-5). This multiple regression is of much greater significance than the 

single regression analysis (Table 4-4). 

In all cases, the parameters β and γ are significantly different from zero (Table 4-5), 

with greater significance for Buch samples than for those of the Tiergarten. The 

parameter β is negative and indicates a decrease in WDPT with increasing WC. The 

differences in γ between the regressions of the three data sets (BT, B, T) fall within their 

standard error. The positive parameter γ decreased in the order of the respective data sets: 

γ
T < γBT < γB. 
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Figure 4-4  Water drop penetration time 
(WDPT) calculated using Equation (1) and 
the values of α, β and γ shown for BT in 
Table 4-4 as a function of the 
experimentally determined WDPTs of 
wettable (�, n = 32) and repellent (�, 
n = 10) Buch samples and wettable (�, 
n = 18) and repellent (�, n = 10) Tiergarten 
samples, respectively. 

 

The relation between measured logWDPT and that calculated with Equation (4-1) 

and α, β and γ derived from BT dataset (Table 4-4) cluster around the 1:1 line (Figure 

4-4). The T dataset appears to differ in a systematic way from the 1:1 line, which 

illustrates a difference between the datasets of the two locations. 
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4.4.6 Surface model of repellency changes in Buch and Tiergarten samples 

The dependency of WDPT on WC and CHN depicted as a plane in the three-dimensional 

space as predicted by Equation 1 shows drying patterns for wettable and repellent 

samples from Buch and the Tiergarten which are symbolized as arrows on this plane 

(Figure 4-5). The increase in repellency upon drying of the wettable Tiergarten samples, 

as expressed by longer WDPT, seems to arise from the reduction in WC, which is a 

physically controlled process. In addition to the reductions in WC, changes in surface 

hydrophobicity of wettable Buch samples suggested by changes in CHN result in a more 

pronounced increase in repellency than for the Tiergarten samples.  
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Figure 4-5  Plane of wettability (water drop penetration time, WDPT) as a function of water content (WC) 
and surface hydrophobicity (normalized peak height of C-H band intensity, CHN) of Buch (B) and the 
Tiergarten (T) soils as calculated by Equation 1 in combination with the schematic model of three 
dimensional arrangement of outer organic molecules and the average thickness of a water film for 
homogeneous moisture distribution suggested by Bayer & Schaumann (2007). 

As greater drying temperatures cause a stronger increase in CHN in Buch samples 

than lower drying temperatures, the changes in surface hydrophobicity seem to be 

controlled rather by chemical processes. This is confirmed by greater activation energy of 

wetting in Buch samples than in the Tiergarten samples as observed with time-dependent 

sessile drop analysis (Diehl & Schaumann, 2007) where temperature and time dependent 

change of contact angles of spreading sessile drops was used to calculate the activation 

energy of wetting. The quantitative analysis of this study may be visualized with the aid 

of the qualitative model suggested by Bayer & Schaumann (2007) depicting the 
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interactions between molecular arrangements and mean thickness of the water film 

(Figure 4-5).  

The effect of increasing water content on the degree of repellency may be interpreted 

as the formation of an increasing film thickness where the water film properties 

continuously tend towards those of bulk water (Goebel et al., 2004; Bayer & Schaumann, 

2007) or by an increasing degree of surface covered by a water layer. In contrast, an 

increase in the parameter CHN would be indicative of an increase in the proportion of 

outward-oriented hydrophobic moieties, because of changes in orientation of amphiphilic 

compounds in the outer SOM layers with increasing dryness (Kleber et al., 2007). 

Although the description of WDPT via a WC-dependent term and a surface-specific term 

(CHN) has significantly improved the correlation, the deviation between measured and 

calculated WDPT is still up to three orders of magnitude. This indicates that additional 

factors affecting soil water repellency, such as a heterogeneous moisture distribution as 

suspected in the samples dried at 35°C and 65°C need to be considered.  

4.4.7 Evaluation of the DRIFT method to detect drying-dependent surface changes 

The results show that changes in the surface of SOM relevant to water repellency are 

detectable. However, the penetration depth of IR radiation exceeds the surface-active 

molecular layer and so the signal is diluted by the additional contribution from bulk SOM 

over that depth. The scatter of DRIFT spectral data may further arise from spectral 

distortions because of the use of untreated samples and interference from soil moisture 

and minerals. This scatter could be reduced by an IR technique with a lower penetration 

depth of IR radiation (e.g. ATR-IR technique) or by greater sample homogeneity in finer- 

sieved or ground samples. The latter would, however, require a detailed evaluation of the 

effect of grinding and sieving on SOM surface, the creation of new surfaces and therefore 

on soil water repellency dynamics. 

Interference from minerals may be compensated by subtracting some proportion of a 

suitable reference spectrum of the sample’s minerals obtained after the removal of 

organic material by oxidation or acid treatment. Reduction of interference by dilution of 

the sample with an inert solid seems impractical as the commonly used KBr and KCl are 

likely to affect the moisture content and distribution and most other materials absorb in 

the IR region. The small changes in IR absorption, following various drying procedures, 

reported here correspond with subtle modifications to soil surface chemistry. The 

differences between the IR absorption of samples from the different locations are much 

larger. This renders precise quantification of the small changes difficult with standard 

DRIFT technology.  

4.5 Conclusions  

DRIFT spectroscopy has been found to be qualitatively useful, but not precise in 

quantifying hydrophobicity in untreated, un-fractionated soil samples. The scattering of 

the data indicates that the technique needs to be improved. The variations in CHN suggest 

that there are changes in SOM surface structure, which correlate with water repellency. 
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As DRIFT probes a relatively thick outer layer of the sample, its sensitivity to the outer 

most layers is too low to confirm that changes in the conformation of SOM at the surface 

have actually occurred. However, this appears to be one of the few reasonable 

explanations presently available to account for changes in soil water repellency. 

The drying procedure has more influence on the WDPT than the water content of the 

soil samples. Care and control is required when assessments of some reference soil water 

repellency follow drying. High temperatures may increase hydrophobicity, but short 

drying events may be not sufficient to overwhelm initial differences in moisture content. 

Reproducible repellency under laboratory conditions requires a drying procedure which 

allows equilibrating the WC of all samples with the same imposed conditions. Drying at 

20°C at a constant RH of 31% for periods in excess of four weeks seems to best to 

preserve some characteristics of the field moist samples with relevance to soil 

hydrophobicity. This procedure is therefore recommended as a means to maintain a 

reference estimate of water repellency which is insensitive to minor changes in the soil 

moisture content. In contrast to this reference repellency, the currently used potential 

repellency is measured on samples dried at greater temperatures, where more energy is 

available to promote conformational rearrangements of SOM components. 

An improved correlation between WDPT, as an indicator of water of repellency, and 

WC together with CHN, estimated using DRIFT spectroscopy, provides some resolution 

of the contributions made by these properties to soil water repellency. Accordingly, 

changes in soil water repellency result from an interplay between (i) water content driven 

changes, probably induced by changes in micro-scale moisture distribution and thickness 

of the water film, and (ii) changes in SOM surface chemistry, promoted by re-orientation 

of amphiphilic moieties. 

 



5  Reaction of soil water repellency on artificially induced changes in soil pH 

 

 57

5 Reaction of soil water repellency on artificially induced 

changes in soil pH 

5.1 Abstract 

Few studies have systematically investigated the relationship between soil water 

repellency (SWR) and soil pH. The hypothesis that the pH may control repellency via 

changes in the variable surface charge of soil material has not yet been tested. Previously 

it has been shown that it is necessary to eliminate the direct influence of changes in soil 

moisture content so that the unique relationship between pH and SWR can be isolated.  

A method has been developed which allows adjustment of the pH of soils with low 

moisture content via the gas phase with minimal change in moisture content. The method 

was applied to 14 soil samples from Germany, Netherlands, the UK and Australia, using 

the water drop penetration time (WDPT) as the indicator of SWR. Sessile drop and 

Wilhelmy plate contact angles (Θsess and ΘWPM resp.) were measured on the four samples 

from Germany and the data correlated with those of WDPT. The titratable surface charge 

of these four soils was measured at selected pH values using a particle charge detector 

(PCD). 

The comparison of repellency determination by WDPT, Θsess and ΘWPM highlights the 

advantages and constrains of each individual method. 

Changes in SWR with soil pH were found to be influenced by the density and type of 

sites able to interact with protons at the available surfaces of organic and mineral 

materials in soil. The maximum SWR occurred for soil at natural pH and where the 

charge density was minimal. As pH increased, negative surface charge increased due to 

deprotonation of sites and WDPT decreased. Two types of behaviour were observed: 

Those in which (i) WDPT shortened with decreasing pH and ii) WDPT was sensibly 

constant with decreasing pH. The data suggest that the availability and relative 

abundance of proton active sites at mineral surfaces, and those at organic functional 

groups influence the behaviour. 

5.2 Introduction 

Soil water repellency (SWR) is a world wide phenomenon leading to uneven water 

distribution in soils, preferential flow and enhanced surface runoff, which in turn may 

result in a lack of water to support plant growth, accelerated leaching and transport of 

surface nutrients and contaminants toward groundwater, top soil degradation and erosion. 

The causes and mechanisms affecting SWR are many fold and not fully understood. Soil 

wettability was observed to improve following addition of lime, kaolinite clay, ammonia 

and sodium hydroxide solution (van't Woudt, 1959; Karnok et al., 1993; Roper, 2005) 

This led to the general acceptance that, among others, soil pH influences SWR (Wallis & 

Horne, 1992). Roberts & Carbon (1971) found that water repellent sandy soils from 
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south-western Australia were more likely to have a lower pH than wettable soils. Similar 

trends were reported for 3000 garden and agricultural samples from New York State by 

Steenhuis et al. (2001) for 66 samples from calcareous forest soils with a generally very 

narrow range of pH (Mataix-Solera et al., 2007) and for soils from ants’ nests 

(Cammeraat et al., 2002). Hurrass & Schaumann (2006) observed that, from a batch of 46 

soil samples from an inner city park “Tiergarten” in Berlin, repellency was only detected 

in those with pH below 4.5. However, they did not find any correlation between pH and 

water repellency of samples drawn from a former sewage disposal field in Berlin.  

Several mechanisms for the pH – SWR relationship have been proposed:  

I) Changes in the surface charge of organic material: The hydrophobicity of humic acids 

(HA) was observed to increase with decreasing pH in the ranges 8 < pH < 11, caused by 

protonation of phenolic groups (MacCarthy et al., 1979; Duval et al., 2005) and 

4 < pH < 7 by protonation of carboxylic groups (Terashima et al., 2004). In these ranges 

this results in a reduction of negative surface charge which in turn leads to a less polar 

and, therefore, less wettable surface. Holmes-Farley et al. (1985) observed the same pH 

effect on sessile drop contact angle (Θsess) at a polymer surface (PE) with covalently 

attached carboxylic acid groups. The same mechanisms could be responsible for a 

decrease of soil water repellency as observed in field studies after increasing the pH via 

lime addition (van't Woudt, 1959; Roper, 2005) or the application of 0.1 M NaOH to 

repellent soils (Karnok et al., 1993). A further decrease in pH may lead to positive 

charge, e.g. by protonation of amine groups. On heptylamine plasma polymer surfaces 

this leads to an increasing wettability of the material (Chatelier et al., 1997).  

II) Conformational changes in the organic matter: HA are not completely hydrophobic, 

but have amphiphilic character, and can render a soil water repellent when orienting the 

non-polar groups towards the pore space (Tschapek, 1984). Changes in pH may result in 

the rearrangement of moieties, fragments or entire molecules of SOM, which may 

influence their hydrophobicity (Ohashi & Nakazawa, 1996; Terashima et al., 2004; Duval 

et al., 2005). Deo et al (2005) observed, that at low pH, carboxylic groups on organic 

macromolecules with hydrophobic side chains, were orientated toward the bulk water, 

protecting the hydrophobic groups by encasing them in the inner part of coiled 

macromolecules. As pH increased and carboxylic groups were deprotonated, electrostatic 

repulsion was considered responsible for the observed swelling, loosening and/or chain 

expansion of hydrophobic nano-domains leading to an increased outward orientation of 

hydrophobic groups. Similar mechanisms were also suggested for water repellent soils 

(Ma'shum & Farmer, 1985; Valat et al., 1991). A decrease in pH from 7 to 5 was found 

to facilitate a membrane-like aggregation of HA on mineral surfaces by hemimicelle or 

admicelle-like formations with increasing hydrophobicity of HA (Terashima et al., 2004). 

This was caused by protonation of carboxylic and phenolic groups leading to a reduction 

in repulsion forces between these moieties (Ohashi & Nakazawa, 1996) and to the 

formation of H-bridges and a more compact structure of HA with a maximum 

compaction around the pKa of carboxylic sites. 

III) Leaching of fulvic acid (FA)s: The relatively high solubility of FA at low pH, in 

comparison with those of HA, provide opportunities for preferential dissolution and 
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transport that do not arise at higher pH (>7). These high solubilities reflect a wettable 

character to FA so the quantities of FA and HA, and their relative abundances, may 

influence SWR (Chen & Schnitzer, 1978; Tschapek, 1984; Babejova, 2001); high FA/HA 

may confer wettability and low FA/HA may lead to SWR. Generally, the addition of HA 

to soil samples has been shown to increase their water repellency, and stable humic acid 

complexes were identified as an important contribution to water repellency in some 

sandy soils (Roberts & Carbon, 1972). The contact angle of FA and HA extracts was 

found to be the inversely related to their pH, indicating that pH might be an indicator for 

the hydrophobic potential of these materials (Lin et al., 2006).  

IV) Changes in bacterial and fungal communities: Fungal exudates could be an agent for 

local pH reduction. This could lead to polymerization and/or precipitation of FA and HA 

and, therefore, be responsible for the resulting SWR observed in areas of high fungal 

activity (Lin et al., 2006). Liming may increase soil wettability not only by increasing its 

pH directly, but also by promoting microbial activity of wax degrading bacteria (Roper, 

2005). However, some studies (Hurraß & Schaumann, 2006; Bayer & Schaumann, 2007) 

did not find increased fungal growth within water repellent areas of soil. 

Few studies have systematically investigated the influence of pH changes on soil sample 

wettability. Instead of changing the soil pH directly, Graber et al. (2009) used Na+ and 

Ca2+ solutions at various pHs to measure drop penetration times (a modified form of the 

WDPT test). The maximum time occurred using drops in the range 7 < pH < 9 near to the 

original soil pH ( ~7.3 - 7.7) which was not adjusted. Only in the presence of Ca2+ did the 

water repellency of their samples increase with increasing pH. This was explained as the 

complexation of free undissociated fatty acids with the mineral surface via Ca2+ bridges 

leading to a higher density of fatty acid groups on the mineral surface and hydrocarbon 

tails left to express water repellency above them.  

Bayer & Schaumann (2007) investigated the change of pH and its influence on soil 

wettability following the addition of aqueous HCl and NaOH solutions to soils. These 

actions only affected the wettability of samples from “Tiergarten” with a distinct 

maximum in SWR occurring in the range 4.5 < pH < 6.5 and a similar wettability when 

brought to similar pH by addition of liquid NaOH. However, they found no such effect 

on samples from “Buch”. As soil moisture content is altered by the addition of aqueous 

reagents, this approach provides opportunities for partial solvation and re-arrangement of 

large organic molecules or flexible side-chains, which would not arise in the field where 

SWR has developed through natural drying. It is, therefore, difficult to resolve the effects 

of the imposed pH change from the impact of the method on soil moisture content on 

SWR (Bayer & Schaumann, 2007). Differences in repellency following drying have been 

observed between Buch and Tiergarten soils. Some mechanisms for the influence of 

water content on repellency in them (such as conformational changes in SOM at the 

surface, together with water coverage) were suggested by Diehl et al. (2009). Diehl & 

Schaumann (2007) discussed this in the context of several chemical reactions with 

activation energies of 65 – 94 kJ mol-1, 42 kJ mol-1 and 8 - 20 kJ mol-1 for the wetting 

process of dried Buch, repellent and wettable Tiergarten samples respectively.  
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This study presents an alternative approach to the investigation of the relationships 

between soil pH and SWR where the soil moisture content is essentially unaffected so 

that the mobility of organic material is not enhanced by solvation effects. The method 

involves exposing samples to various concentrations of gaseous hydrogen chloride or 

ammonia (drawn from the headspace gas above their respective concentrated solutions) 

for 24 h. The outcomes of the method are compared with those of previous studies 

(Täumer et al., 2005; Hurraß & Schaumann, 2006; Diehl & Schaumann, 2007) 

concerning SWR of soils from “Buch” and “Tiergarten” sites, in Berlin, Germany, and 

the differences between them. The method was also applied to soil samples from the 

Netherlands, the UK and Australia and correlated with WDPT data. The pH data, from 

processed German soils, are compared with those from water drop penetration times 

(WDPT), water contact angles, estimates of both surface charge density and potential 

cation exchange capacity (CECpot) and an assessment of the influence of interactions 

between surface sites and protons in relation to pH and SWR is presented. 

5.3 Material and Methods 

5.3.1 Soil samples 

German soil samples originate from two strongly anthropogenically influenced sites, a 

former sewage field in the north east of Berlin “Buch” and an inner city park in Berlin 

“Tiergarten”. The locations are in a transition zone between temperate oceanic and 

continental climates with moderate precipitation (< 500 mm a-1) and highest yield in the 

summer months. 

At both sites the topsoil consists of medium sized sand with clay content below 5 % 

and is characterized by high soil organic matter content (SOM) between 5 and 20 % 

(Schlenther, 1996; Hoffmann, 2002; Täumer et al., 2005; Diehl & Schaumann, 2007).  

Samples were collected at the sites in spring 2007. The grass cover was removed 

(~ 1 m2) and four individual samples taken in a depth of 10-20 cm from visibly 

distinguishable dry or wet patches known to reflect different SWRs (Hurraß & 

Schaumann, 2006). The wet and dry soil samples differ strongly in actual wettability 

(Table 5-1 and Table 5-2). Samples are identified by their source locations and SWRs as 

initially determined in their field moist states: Buch-wettable (BW), Buch- repellent 

(BR), Tiergarten-wettable (TW) and Tiergarten-repellent (TR). 

Samples from the Netherlands were obtained from an individual profile (4). Samples of 

topsoils were collected from the UK (3) and Australia (3) between October 1999 and 

May 2001. Each set consisted of 2 or 3 water repellent samples (NLR, UKR and AUR) 

and one wettable sample (NLW, UKW and AUW, respectively). Wettable samples were 

collected as close as possible to the sites of water repellent soils to eliminate, insofar as 

possible, variations in soil type and land use. Sample information (Table 5-1) was 

obtained from Llewellyn (2004) and Mainwaring (2004) and further details of precise 

locations are available (Doerr et al., 2002; Doerr et al., 2005a; Doerr et al., 2005b; 

Morley et al., 2005; Douglas et al., 2007).  



 

 
 

Table 5-1: Sample characteristics 

Code Country Region Site Vegetation Depth 

(cm) 

Soil particle size 

mean diameter / 

distribution width (mm) 

TOC 

(g kg-1) 

pH 

WDPT 

air dried 

(s) 

TR 

Germany Berlin 

Tiergarten 
turf grass   0-10 0.23 / 0.08 26.2 (±0.7)* 4.0 3,500   (±1,100) 

TW turf grass   0-10 0.23 / 0.08 48    (±1) * 4.4        5   (±1) 

BR 
Buch 

couch grass   0-10 0.24 / 0.08 47    (±1) * 4.6 9,900   (±1,000) 

BW couch grass   0-10 0.24 / 0.08 50    (±1) * 4.6 1,200   (±100) 

NLR1 

Nether- 

lands 

Zuid 

Holland 
Ouddorp 

grass, moss   0-10 0.27 / 0.22 36    (±3) 4.7 6,700   (± 700) 

NLR2 grass, moss 10-20 0.23 / 0.10   5.9 (±0.3) 3.9 6,900   (± 700) 

NLR3 grass, moss 20-30 0.22 / 0.08   0.8 (±0.2) 3.9 1,600   (± 400) 

NLW grass, moss 30-40 0.22 / 0.07 n. d. 4.1       0.1 (± 0.1) 

UKR1 

UK Gower 

Nicholaston 

Dunes 
dune herbs, grasses   0-  5 0.33 / 0.08 11   (±3) 4.1 6,000   (± 1,000) 

UKR2 
Pennard Golf 

Course 
turf grass   0-  5 0.30 / 0.08   8   (±1.0) 4.5      90   (± 10) 

UKW 
Nicholaston 

Dunes 
unvegetated   0-  5 0.39 / 0.12   3.1 (±0.6) 7.0       0.1 (± 0.1) 

AUR1 

Australia 
Nara- 

coorte 

Pine Views 
paddock   0-10 0.25 / 0.16 11.7 (±1.0) 4.8   450    (± 40) 

AUR2 paddock   0-10 0.29 / 0.23 14.4 (±0.5) 4.3 1000    (± 200) 

AUW Myome paddock   0-10 0.24 / 0.14   2.2 (±0.4) 5.1       0.1 (± 0.1) 

 

* TOC values are estimated from SOM content (loss of ignition) 
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All samples are sandy soils representing various locations, covering vegetation, and 

climates (Table 5-1).  

The Australian samples (AU) are from a Mediterranean-type climate with long dry 

periods during the summer, whereas those from the Netherlands (NL) and the United 

Kingdom (UK) are exposed to oceanic humid-temperate climates with rainfall throughout 

the year. 

Table 5-2: Water content (WC) and wettability as water drop penetration time (WDPT), as contact 
angle measured by Wilhelmy Plate method (ΘWPM), and by sessile drop method (Θsess) in field moist 
state and dried at 19°C at a constant relative humidity of 31%RH, and soil organic matter content 
(SOM) and potential cation exchange capacity (CECpot) of the 4 German samples. 

 WC WDPT ΘWPM Θsess SOM 

 (%) (s) (°) (°) (%) 

 moist moist moist moist  

TW 32    (±2) 0   80 (±4) < 10 8.2 (±0.3) 

TR   5.4 (±0.3) 17,000 (±2,000) 129 (±4)   111 (±5) 4.5 (±0.1) 

BW 23    (±1) 0   80 (±3) < 10 8.6 (±0.1) 

BR   9.6 (±0.5) >30,000 123 (±1)   103 (±5) 8.0 (±0.2) 

 WC WDPT ΘWPM Θsess CECpot 

 (%) (s) (°) (°) (cmolc kg-1) 

 dried dried dried dried  

TW 2    (±0.3)          5 (±1)   98 (±6)   43 (±6) 25 (±1) 

TR 1.5 (±0.2)   3,500 (±1100) 123 (±3)   94 (±3) 17 (±1) 

BW 1.8 (±0.3) 12,000 (±100) 126 (±4)   86 (±3) 27 (±2) 

BR 1.6 (±0.2)   9,900 (±1000) 134 (±6) 103 (±4) 25 (±2) 

 

5.3.2 Sample preparation and characterization 

Sample storage 

The German samples were air dried and then stored (> 8 weeks at 19°C) over saturated 

CaCl2-solution at ~ 31% relative humidity (RH). The NL, UK and AU samples were 

dried at 20ºC in an oven and then stored in closed bottles at ambient conditions without 

temperature control. Prior to assessments of SWR these samples were equilibrated at 

20ºC and RH ~ 50% for 24 h.  

SOM content 

The SOM content of the German samples was assessed by loss of ignition (samples 

sieved < 2 mm, heating at 550°C for 5 h, DIN 18128) and total organic carbon content 

(TOC) estimated by dividing SOM by the factor 1.72 (AG Boden, 2005). TOC of NL, UK 

and AU samples was determined using a Solid Sample TC Analyser (PrimacsSC, Skalar, 

Netherlands) controlled by a PC. Oxygen was used as the oxidant. Samples were ground, 

by hand, to improve the rate of combustion and heated to 1050ºC for seven minutes. As 
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samples were free of inorganic carbon, total carbon (TC) content was considered 

equivalent to TOC. The quantity of CO2 released on combustion was determined, at a 

wavelength of 4.2 µm, using an IR detector. The instrument was calibrated using oxalic 

acid as a standard. 

Water content, soil pH and electrical conductivity 

Soil pH and electrical conductivity were determined using field moist un-sieved soil 

(~ 12 g) in CaCl2-solution (25 ml, 0.01 M) (DIN ISO 10390) using a pH-meter (Qph 70, 

VWR International). Similar pH determinations were also made using less material 

(German samples ~ 2g soil and 4 ml CaCl2-solution or AU, NL and UK samples ~ 5 g 

and 11 ml CaCl2-solution). Soil water content of un-sieved material (WC) was 

determined gravimetrically by oven drying for 24 h at 105°C (DIN ISO 11465). The 

values are reported on a dry weight basis.   

Potential cation exchange capacity (CECpot) 

CECpot was determined by complete displacement of all cations by Ba2+ ions at pH 8.1 

and a subsequent replacement of Ba2+ by Mg2+ ions. 8 – 9 g of air dried soil sample (m0) 

were placed in a centrifuge tube (m1) and shaken in an overhead shaker for one hour with 

30 mL of a 1:1 mixture of 1 mol L-1 BaCl2-solution and a triethanolamine solution 

(9 vol%, adjusted at pH 8.1 with HCl). The samples were then centrifuged for 10 min at 

3000 g. Afterwards, the supernatant was decanted. This procedure was repeated twice. 

After manual shaking with water and subsequent centrifugation and decantation, the 

centrifuge tube was weighted again (m2). Finally, 30 mL of a 0.02 mol L-1 MgSO4 

solution was added and shaken overnight. The concentration (c) of Mg ions in the 

solution was determined by FAAS (Perkin Elmer) and CECpot calculated as:  

( )

0

12

30

30
3000

m

mm
cc

CEC
bl

pot








 −+
−

=     (5-1) 

Water drop penetration time 

The resistance of soil samples to wetting was determined using water drop penetration 

time, WDPT (Letey, 1969). Samples were placed in small containers, the surface gently 

smoothed and the containers placed in a incubator at 20°C. Three drops (100 µL) of 

distilled water were placed on each sample and the period required for complete 

penetration was determined. When WDPT exceeded 1 min, the period was determined 

from magnified digital photographs (Canon A300) taken automatically at increasing 

intervals from 12 s up to 10 min, such that the relative error of WDPT did not exceed 5 % 

(Diehl & Schaumann, 2007). WDPT of UK, NL and AU samples were determined using 

drop volumes of 35 µL.  
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Contact Angle: Wilhelmy Plate Method 

Advancing contact angles (ΘWPM) were determined by the Wilhelmy Plate Method using 

a Dynamic Contact Angle Meter and Tensiometer (DCAT 21, Data Physics, Filderstadt, 

Germany). Half a glass microscope slide (76 x 26 x 1 mm) was covered completely with 

double sided adhesive tape and a thin layer of soil attached to it. The ΘWPM of the slide 

was measured as an advancing contact angle (Diehl & Schaumann, 2007).  

Contact Angle: Sessile Drop Method 

A thin layer of the soil sample was attached to one side of a glass microscope slide using 

double sided adhesive tape (Bachmann et al., 2000a). Three drops of water (100 µl) were 

placed on the surface. After one minute a digital image was taken (Canon A300) and the 

sessile drop contact angle (Θsess) was calculated from the tangent to the three-phase 

contact point associated with the ellipse that best fitted the drop shape (Diehl & 

Schaumann, 2007). 

Modification of soil pH  

Soil samples were exposed to various concentrations of gaseous HCl and NH3 in air to 

change their pH. 

pH increase: Ammonia solutions 32% and 35% were obtained from Carl Roth and Fisher 

Scientific Ltd (Germany and UK, respectively). A known sample volume of ammonia gas 

(5 - 100 mL) was drawn from the headspace of an ammonia solution using a glass syringe 

via a silicone septum fitted in the screw cap of a containing bottle. The sample was then 

injected through a similar septum in the cap of a small bottle containing soil (~10 or 40g) 

(Figure 5-1 A). AU, NL, UK soil samples were treated with ammonia from the 35% 

solution and those from Germany with that from the 32% solution). After 24 h, the bottle 

containing the soil was opened and the wettability and then pH and of the soil were 

determined. 

pH reduction: Hydrochloric acid solutions, 37%, and 36%, were obtained from Carl 

Roth, Germany and 36 % Fisher Scientific Ltd., UK resp. A known sample volume 

between (25 - 500 mL) of air was introduced into a dispersion tube and passed through a 

gas wash bottle (250 mL) filled with HCl. The air enriched in HCl was passed through 

flexible silicone tubes and glass stopcocks into a second wash bottle (250 mL) containing 

soil (~10 g) (Figure 5-1 B). AU, NL and UK soil samples were treated with fumes from 

the 36% solution and those from Germany with fumes from the 37% solution. After 24 h, 

the bottle containing the soil was opened and the wettability and the pH of the soil were 

determined. 

pH range: Both procedures were applied to known masses of soil and various volumes of 

HCl and NH3 fumes to determine the range of adjustment possible to soil pH.  

Surface charge 

Particle surface charge of selected soil samples (sieve fraction < 0.063 mm), at native and 

adjusted pH (as described above), were determined by titration following dispersion of 
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the samples in laboratory water (prepared by deionisation and reverse osmosis; 

5.4 < pH < 6.6; specific conductivity < 2 µS) using a particle charge detector (PCD 02, 

Mütek company, Germany). Stepwise additions of cationic polyelectrolyte (polydiallyl-

dimethylammonium chloride, 0.01, 0.1 or 1 mmol L-1) were made in for negatively 

charged particles, and anionic polyelectrolyte (sodium polyethylene-sulfonate, 0.1 mmol 

L-1), for positively charged particles, using an automatic titrator (Mettler Toledo DL 25) 

to effect neutralization of electrokinetic charge. The amount of polyelectrolyte of charge 

(c) in volume (V) required to reach the isoelectric point (IEP) of a sample mass (w), was 

detected by the PCD as an electrokinetic potential of zero. The titratable charge (Q) of 

the sample was calculated as: 

w

qV
Q

⋅
=         (5-2) 

Provided that the PCD signal is only used in combination with polyelectrolyte 

titration to detect the sign of particle charge and to indicate the isoelectric point (IEP), 

PCD technique is reported to produce reasonable results for titratable surface charge 

(Böckenhoff & Fischer, 2001). 
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Figure 5-1: Experimental design of modification of soil-pH. A Exposition of soil to gaseous ammonia 
enriched atmosphere. B Exposition of soil to HCl enriched atmosphere. 

Long-term investigation of Buch and Tiergarten site 

Between spring 2002 and spring 2004, the sample sites Tiergarten and Buch (Germany) 

were subjected to a long-term study of seasonal sampling and characterisation of wettable 

and repellent samples, amongst others, pH, electrical conductivity (EC), C/N ratio and 

“Mehlich” extractable iron (Mehlich, 1984). Some EC and pH data were presented by 
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Hurraß & Schaumann (2006). C/N ratio was determined by combustion and 

quantification of CO2 and N2 using gas chromatography and thermal conductivity 

detector (C/N NA 1500 N Carlo Erba).  

5.4 Results 

5.4.1 General sample characteristics 

The long-term investigations showed that repellent samples in Tiergarten were restricted 

to a range 3.5 < pH < 4.5 whereas wettable Tiergarten samples and all Buch samples 

were found in a range of 3.5 < pH < 5.5 (Figure 5-2 A). Wettable samples from both sites 

had EC values < 350 µS cm-1, whereas repellent samples had maximum EC values of 

< 1300 µS cm-1 and < 550 µS cm-1 for Tiergarten and Buch sites, respectively (Figure 

5-2 B). Although Tiergarten samples have higher C/N ratios than Buch samples (Figure 

5-2 C), absolute N content is comparable in both sites (data not shown). Tiergarten 

samples possessed significantly higher contents of “Mehlich” extractable iron than Buch 

samples, in absolute values (Figure 5-2 D) as well as related to SOM content (data not 

shown). 
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Figure 5-2: A pH, B electrical conductivity (EC), C Soil C/N ratio, and D “Mehlich”-extractable iron 
measured in wettable and repellent soil samples from Tiergarten (TW, TR) and from Buch (BW, BR, 
respectively) from a study of seasonally sampling between spring 2002 and spring 2004. 
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Water repellency (WDPT) of the originally wettable samples from Germany (TW, BW) 

changed significantly after drying at 19°C at constant relative humidity of 31%RH. 

Values for BW samples increased from 0 s in field moist state up to 1200 s following 

drying (Table 5-2). In contrast, values for TW samples increased from 0 s in field moist 

state to 5 s following drying and so the soil remained wettable. The effect of drying on 

WDPT of the repellent samples (TR, BR) was the inverse: After drying WDPTs were 

shorter than those for field moist samples (Table 5-2). 

CECpot was significantly lower (17 cmolc kg-1) in the TR sample than in the other 3 

German samples (25-37 cmolc kg-1) which may reflect the low SOM content in the TR 

samples, 26 g kg-1 in comparison with ~ 50 g kg-1 TOC of the others (Table 5-2). The TR 

sample also has a noticeably lower pH (4.0) in comparison with the others (4.4 - 4.6) 

(Table 5-1). 

TOC in the NL samples decreased with increasing depth from 36 g kg-1 in the topsoil 

(0-10 cm) down to 0 (the detection limit) at a depth of 30-40 cm. The TOC of UK and 

AU samples varied between 2 and 14 g kg-1. Original pH values of the samples from 

vegetated sites ranged between 3.9 in NLR2 and NLR3 (in a depth of 10-30 cm of the NL 

soil profile) and 5.1 in sample AUR2. Only the pH of the UKW sample, from a 

vegetation-free site, was distinctly higher (7.0) than those of the others (Table 5-1). 

5.4.2 Effects of exposure to gaseous NH3 and HCl 

As the volumes of gaseous ammonia or hydrogen chloride, added to soil samples B and T 

increased, the resulting pH changes increased and decreased respectively away from the 

initial value and form sigmoidal curve (Figure 5-3 D). The slope of pH increase / 

decrease is steepest around pH 4 – 5 (untreated samples) and flattens with increased gas 

volume. The pH approaches a value of 8.8 – 9.3 after addition of 10 mL/g of NH3-

enriched air and to a value of 1.8 – 2.4 after addition of 50 mL/g of HCl-enriched air. 

The pH of the TR sample was slightly more sensitive to increases in concentration of 

NH3 in comparison with its wettable counterpart (TW). In order to increase pH of TW 

sample from 5.2 to 8.1, ~ 4 mL/g of NH3 enriched air is needed, whereas TR sample 

requires only ~ 3 mL/g to increase pH from 5.3 to 8.3. The difference between pH of this 

pair vanished after the addition of 1 mL/g NH3 (pH 5.3) and reappears clearly inverted 

after the addition of 4 mL/g NH3. 

The initial pH of untreated BW and BR were identical, but addition of NH3 (up to 

4 mL/g) resulted in slightly higher pH change for BR than for BW. With further additions 

of NH3, the pH of the TR-TW pair converged at 9.3 and at 8.8 – 9.0 (Figure 5-3 D). 

The pH of the repellent sample TR decreased with a steeper slope, than that of TW 

after addition of HCl (up to 15 mL/g). Within this range, the pH of the TW sample is 

higher than that of TR, whereas the pH of BW is slightly lower than that of BR. Only 

after addition of volumes (20 and 50 mL/g) of HCl enriched air, did the pH of all samples 

converge to specific values of 1.8 for T and 2.4 for B pairs (Figure 5-3 D). In order to 

decrease the pH of TW from its original value (4.4) to that of TR (4.0), it was necessary 



5  Reaction of soil water repellency on artificially induced changes in soil pH 

 

 68

to add ~ 3 mL/g of HCl enriched air. A further reduction to pH 3.0 required additions of 

~ 12 mL/g and 7.5 mL/g to TW and TR respectively. 

Samples from Buch have comparable TOC content for the wettable and the repellent 

sample (50 and 47 g kg-1) respectively). In contrast, TOC of the wettable TW sample 

(48 g kg-1) was almost twice as high as that of its repellent counterpart TR 

(26 g kg-1) (Table 5-1). 
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Figure 5-3: Artificially induced soil-pH as a function of the added volume of HCl- and NH3-enriched air 
for D samples from Germany, NL samples from Netherlands, UK samples from the UK, and AU samples 
from Australia. 

Most curves of pH as a function of the applied gas volume obtained from NL, UK 

and AU samples were sigmoidal in shape, similar to those obtained from the German 

samples. However, the limits of the induced pH change were narrower than those of the 

German samples. Most curves have more than one inflexion point so that in some cases 

the convergence to a maximum (e.g. NLC, AU1) and minimum pH values (e.g. NL1, 

AU2) was not readily observed within the range investigated (Figure 5-3 NL, UK, AU).  

In most NL, UK and AU samples, a second inflexion point in the curve shape 

forming a plateau like shape is indicated in the range just below the original pH of the 

samples, suggesting a buffering system in this pH range. This buffering zone is most 

strongly pronounced in the sample AU-R2 (Figure 5-3). 

In good accordance to the TW and TR samples, the slope of pH as a function of 

added NH3 volume seems to be steeper for samples with a lower TOC than for samples 

with a higher TOC: As ammonia was added, the pH of NLR2 and NLR3 (with TOCs of 6 

and 1 g kg-1 resp.) increased with a steeper slope than that of NLR1 (with a TOC of 
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36 g kg-1), similarly the pH of UKW (with a TOC of 3 g kg-1) increased with a steeper 

slope than those of UKR1 and UKR2 (with TOCs of 11 and 8 g kg-1 resp.) and the pH of 

AUR2 (with a TOC of with 2 g kg-1) increased with a steeper slope than those of AUR1 

and AUW (with TOCs of 12 and 14 g kg-1 resp.) (Figure 5-3 NL, UK and AU).  

The sparse array of data (3-4 points) available for acidified samples is not sufficient 

to provide a detailed description of the behaviour of NL, UK and AU samples. Whilst 

this method of soil acidification appears useful, the experimental design does not provide 

a relationship between the added HCl-enriched air volume and the specific HCl 

concentration in the wash bottle containing the soil sample. 

5.4.3 Reaction of repellency on changes in soil pH 

WDPTs of the German samples whose pH was adjusted were found to fall in the range 

0 < WDPT < 14400 s with increasing maxima (TR 1 h, BW 2 h and BR 3 h) and minima 

(at 2, 12 and 90 s respectively). Data for TW fell in the range 0 < WDPT < 5 s indicating 

a minimal influence of pH in the range 2 < pH < 9. WDPT decreased with increasing pH 

for all samples ((Figure 5-4 D). Slopes of the best fit linear regression lines of log WDPT 

vs pH in the alkaline direction were -0.36 ± 0.02 and -0.42 ± 0.03 (p < 0.0001, both) 

comparable for BW and BR, respectively, but  significantly steeper (-0.66 ± 0.04, 

p < 0.0001) for the TR. This sample became wettable (WDPT < 10 s) above pH 8.3, 

whereas both Buch samples remain repellent (WDPT > 10 s) up to the limit of pH 9.3 

((Figure 5-4 D). 

As pH was reduced, WDPT behaved in an inconsistent manner: The WDPT of TR 

decreased with a maximum at the original pH. Variations in the relatively short WDPTs 

of TW are probably of little practical significance (with little net change in relation to the 

value at the original pH). Contact angles measured either from sessile drops or using the 

Wilhelmy Plate method decrease with decreasing pH for all Tiergarten samples (Figure 

5-4  B, C). In contrast, WDPTs of both Buch samples did not decrease upon pH 

reduction, but remained within a range of 2 < WDPT < 4 h for BR and increased from 

0.3 h to 1 h for BW. 

Changes in WDPT arising from adjustment of soil pH of the repellent NL, UK, and 

AU samples follow the trends shown by the repellent German samples (BR and TR): In 

all cases, WDPT decreased with increasing pH (Figure 5-4).  

Two types of behaviour were observed as pH decreased: I) samples with a maximum 

WDPT in the region of the original pH and WDPT decreasing with decreasing pH (TR, 

NLR1, UKR2, AUR1 and AUR2) and II) samples with constant or increasing WDPT 

(BW, BR and UK-R1) after reduction of pH. Samples NLR2 and NLR3 possessed local 

maxima in WDPT at the original pH, and WDPT decreased with pH, except for the lowest 

induced pH, where WDPT reached a second maximum with a value comparable with or 

higher than, that at the original pH (Figure 5-4 NL).  

In contrast to TW, all wettable NL, UK, and AU sets exhibited instant penetration 

(WDPT ~ 1 s) over the pH range examined. Sample BW became repellent after drying 

and, suffered a reclassification as repellent. 
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Figure 5-4: Water drop penetration time (WDPT) as a function of artificially induced pH of repellent 
samples and wettable control samples: D from two sites in Germany, NL from a profile in the 
Netherlands, UK from two sites in UK, and AU from two sites in Australia. 

5.4.4 Comparison of contact angle and WDPT data 

Contact angle measurements (Θsess) made on the German samples show qualitatively 

comparable trends with WDPT. In principle, all three curves (Figure 5-5 A, B, C) indicate 

a decrease in repellency upon increase from the original pH for all samples, and a 

decrease in repellency upon decrease from the original pH for TW and TR samples and 

only small or negligible changes in repellency upon decrease from the original pH for 

BW and BR samples. Correlation of WDPT and ΘWPM with Θsess (Figure 5-5 D) shows 

clustering about a linear regression line of log(WDPT) data of the form:-  

( ) 29.0038.0log −Θ= sessWDPT      (5-3) 

with a range of ~ 40° over the range 0 < WDPT < 10 s. 

Contact angles ΘWPM cluster in a similar manner to Θsess only at low values with a 

significant departure at high values indicating a relative insensitivity of ΘWPM. These 

effects can be seen in the scatter ΘWPM as a function of Θsess, where ΘWPM data cluster 

around the line:  

°+Θ=Θ 8073.0 sessWPM       (5-4) 
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in the range 0° < ΘWPM < 120°, whereas in the range 120° < ΘWPM < 130°, where 

Θsess > 60° scatter is random about the horizontal. The regions of low sensitivity of the 

WDPT method and Wilhelmy plate method, in relation to sessile drop method, are shown 

shaded in Figure 5-5 A and C, respectively.  

The WPM method did not resolve the differences between BW and BR detected in 

the WDPT and Θsess data. There is little clustering of data in the vertical direction to 

suggest regions where Θsess is insensitive to WDPT or ΘWPM. The boundary between 

wettable and repellent samples defined as WDPT ~ 5 s (Dekker et al., 1998) correspond 

with Θsess of ~ 26° and ΘWPM of ~ 100° using Equation (5-4) and (5-3), respectively. 
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Figure 5-5: Wettability of the German Tiergarten (TW, TR) and Buch (BW, BR) samples as a function of 
artificial induced soil pH: A as contact angle measured by Wilhelmy Plate Method (ΘWPM), B as contact 
angle measured by sessile drop method (Θsess), and C measured as water drop penetration time (WDPT). D 
WDPT and ΘWPM as a function of the respective Θsess. 

5.4.5 Surface charge changes of German samples 

Negative surface charge (Q) strongly increased with increasing pH in all samples (Figure 

5-6). and data from repellent and wettable samples from Buch (BW, BR) did not differ 

significantly from each other in surface charge over the range of pH investigated. At the 

lowest investigated pH (1.7 for BW and 2.3 for BR), both revealed minima in Q of 

-0.9 (±0.9) cmolc kg-1 and -0.5 (±0.6) cmolc kg-1, respectively. Both samples had 
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maximum Q of -20 cmolc kg-1 at the highest pH (9.3) (Figure 5-6). Both Tiergarten 

samples had positive Q (1.1 (±0.2) cmolc kg-1 for TW and 3.5 (±0.4) cmolc kg-1 for TR) at 

their lowest pH (1.7 and 1.8, respectively). At their highest pH of 9 and 8.8 (TW and TR, 

respectively) both had more negative charge than the Buch samples at similar pH (TW: 

-39 (±4) cmolc kg-1, TR: -30 (±3) cmolc kg-1, Figure 5-6). The slope of Q as a function of 

pH showed a minimum between pH ~ 3 and pH ~ 6 for all samples (Figure 5-6), 

suggesting the elements of a sigmoidal shaped curve, with at least one inflexion point, 

whose detail is not made clear by the sparse data points. As Q data were available for 

four only pH values, estimates of Q values at intermediate pH were made by linear 

interpolation between these (Figure 5-6). 
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Figure 5-6: Particle surface charge (Q) of soil fraction < 63 µm of selected pH-treated sub-samples with 
highest, lowest and medium artificially induced pH from the wettable and repellent Buch samples (BW, 
BR) and Tiergarten samples (TW, TR, respectively). 

The pH of isoelectric point (pHiep), at which negative and positive surface charge are 

equal, resulting in a net zero surface charge, was found to be higher for TW and TR 

(~ 2 < pH < ~ 3) than for BW and BR (~ 1 < pH < ~ 2), respectively and below the pH 

region of maximum repellency (pH(max. Repell)) for TW and TR (Table 5-3) 

Table 5-3: Point of zero charge, pHpzc (PCD) suggested by PCD measurement, pH of maximum 
repellency (pH(max Repell) and particle charge of maximum repellency (Q(max Repell). 

 TW TR BW BR 

pHpzc (PCD) 2.0 2.6 < 1.7 < 2.3 

pH(max Repell) 3.5 … 5.5 3 …4.5 < 5 < 5 

Q(max Repell) / cmolc kg-1 -3 … -7 -1 … -4 > -5 > -5 

 

The relationships between Θsess (which was the measure of repellency that exhibited 

the highest sensitivity to pH) and (measured and estimated values of) Q show maxima 

(Q(max Repell)) (Figure 5-7) at ~ -2 and ~ -5 cmolc kg-1 for TR and TW, respectively (Table 

5-3). Above Q(max Repell) Θsess decreases with increasing Q. Compared with TW, Q values 

of TR were found to be shifted to higher Θsess and less negative Q values. Θsess of BW 

and BR samples decreased with decreasing Q, but remained constant above 
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Q ~ -5 cmolc kg-1. Compared with BR, Q values of BW were shifted to lower Θsess, but Q 

values were found to be within a similar range. The differences between Θsess data of BW 

and BR are more pronounced at low Q and tend to converge as electroneutral conditions 

are approached. 
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Figure 5-7: Wettability of the German Tiergarten (TW, TR) and Buch (BW, BR) samples as contact angle 
measured by sessile drop method depicted as a function of particle surface charge (Q) of soil fraction 
< 63 µm. Particle surface charge data are measured at four data points for each sample (indicated by 
double symbol frame) and linearly interpolated between these four points by their pH dependency (Figure 
5-6). 

5.5 Discussion 

5.5.1 Comparison of contact angle and WDPT data 

The differences in sensitivity between the various methods for assessment of water 

repellency probably arise as a consequence of various factors involved in the 

measurements and associated properties of soil. WDPT measurements involve the process 

of infiltration and any time dependent changes of soil surfaces arising from chemical 

interaction with water. Penetration depends on surface characteristics, particle and pore 

size distributions and the accessibility and continuity of pores. Soil texture and 

compaction will, therefore, influence the resistance to flow. At short WDPT (< 10s) the 

effects of minor changes in the resistance to flow will contribute a large relative error in 

WDPT reducing the sensitivity to detection of purely surface effects. The contact angle 

methods should avoid significant depth penetration of liquid and so avoid this error (see, 

for example, data for sample TW, in Figure 5-5 A-C). At WDPT < 5s the drop 

penetration in response to the hydrostatic pressure may form a significant component of 

the time measurement effected by the texture and compactness of the soil, and a 

subjective judgement as to when drop penetration is complete.  

In the range ΘWPM > 90°, small differences in the surface characteristics of soil 

particle layers may enhance hydrophobicity through entrapment of air between particles. 

At ΘWPM < 90° this entrapment is known to be less significant.  



5  Reaction of soil water repellency on artificially induced changes in soil pH 

 

 74

However, measurements are influenced, for example, by surface roughness, 

temperature and drop volume and useful comparisons arise when these are known and/or 

controlled. 

5.5.2 Conformational arrangement of SOM molecules 

All samples exhibited maximum repellency at pH 3 - 5, in good agreement with the pKa 

of carboxylic acids in HA from peat (Duval et al., 2005), at which a reduction in 

repulsion forces between these moieties may cause micelle-like aggregation or a more 

compact structure of HA with outward orientated hydrophobic moieties (Ohashi & 

Nakazawa, 1996; Terashima et al., 2004; Duval et al., 2005). However, such 

conformational changes may arise from changes in surface charge density likely to occur 

as soil moisture is gained or lost from soil electrolyte solution. Direct evidence of 

changes in conformational arrangement of SOM is not available from macroscopic 

methods; molecular scale investigations are required. 

5.5.3 pH dependent changes in surface charge 

Buffer systems in the German samples 

The similarity of titration curves for BR, BW and TW (all with similar TOC contents) 

and the greater sensitivity of TR to HCl addition may reflect the significantly lower TOC 

and an associated lower buffering capacity of this sample. 

Increase in pH 

The decrease of soil water repellency with increasing pH may arise from an increased 

population of dissociated acidic functional groups associated with conjugate acid 

(ammonium) ions. NH3 readily hydrolyses on contact with soil moisture, forming 

hydroxyl and ammonia ions. The ionic strength will increase, favouring further 

dissociation of carboxylic groups at 4 < pH < 7 (Terashima et al., 2004) and of phenolic 

groups at 8 < pH < 11 (MacCarthy et al., 1979; Duval et al., 2005). Our results suggest 

that sufficient deprotonated sites became available at the surface, to enhance its affinity 

for water, as pH was increased.  

Decrease in pH 

The decrease in repellency observed with reduction of soil pH, for TW, TR, NLR, UKR2, 

AUR1 and AUR2 samples, may arise from a surplus of a small quantity of acid, albeit in 

a concentrated form, able to maintain local acidic organic functional groups in protonated 

forms on contact with water. Basic functional groups such as amine groups, with pKa ~ 5 

are protonated with decreasing pH and rendered positively charged. If C/N data (Figure 

5-2 C) is used as a surrogate measure of the mass concentration of amine groups, 

responsible for positive surface charge at low pH, then, the decrease in wettability with 

decreasing pH observed for TR and TW but not with BR and BW suggest that amines 

were of little influence. 
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Amphoteric mineral sesqui(hydr)oxides, (like iron, aluminium, manganese or silicon 

(hydr)oxides) may contribute to both positive and negative surface charge at high and 

low pH respectively. Samples from Tiergarten generally have a higher concentration of 

“Mehlich”-extractable iron than those from Buch (Figure 5-2 D). These iron species are 

neutral at about pH 4 and become positively charged with decreasing pH. Only in 

Tiergarten samples may the availability of surface active mineral proton acceptors (e.g. 

sesqui(hydr)oxides) be sufficient to achieve a net positive surface charge density with 

decreasing pH and, therefore, contribute to the increased wettability of Tiergarten 

samples at low pH. 

The development of net positive titratable surface charge in TR and TW (Figure 5-6) 

at 2.5 < pH < 3, below the pH where measurements of water repellency reach maxima, 

suggests that mineral oxides may be responsible. As samples from Buch, did not develop 

net positive charge and exhibited no significant reductions in measurements of water 

repellency at low pH, perhaps there was insufficient Fe-oxide available. 

Net surface charge and wettability 

The close proximity of the maximum WDPTs with the natural pH of the samples suggests 

that this coincides with the lowest density of ionisable sites. The presence of pHiep 

consistently below pH(max Repell) for all B and T samples suggests that both, negatively and 

positively charged sites are present and some negative sites may be permanent. The net 

surface charge is then determined by the sum of (i) permanent charge (Qperm.), (ii) 

variable charge caused by protonation/deprotonation reactions of organic functional 

groups (QSOM) and (iii) mineral compounds (Qmineral) and can be expressed in a simplified 

form on the basis of averaged pKi as follows: 
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 (5-5), 

where Qmax,SOM is the maximum negative charge from deprotonation of the organic 

functional groups, Qmax,mineral is the maximum negative or positive charge from 

deprotonation or protonation of mineral compounds, pKSOM is the deprotonation constant 

of SOM surfaces and pK1,mineral and pK2,mineral are the deprotonation and the protonation 

constants of mineral surfaces, respectively. At pHiep, positive and negative charges have 

the same value and the net surface charge becomes zero. However, maximum repellency 

is probably not related to the zero net surface charge but rather with a minimum of the 

absolute equivalent number of charged sites  (Σ 2
iQ ), which is expressed as follows:  

( ) ( )[ ] ( )[ ]2

min

222 pHQpHQQpHQ eralSOMpermi ++=∑  (5-6) 

Equations (5-5) and (5-6), and the measured ΣQi as a function of pH, allow a search 

of pH dependent contributions of QSOM, Qmineral and Qperm to the net surface charge 

fulfilling the condition that a minimum Σ 2
iQ coincides with pH(max repell) (Figure 5-8, 

Table 5-4).  
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Figure 5-8 shows a combination of the measured net surface charge values (ΣQ) and 

a suggestion, how QSOM and Qmineral may change with pH resulting in a sum of absolute 

equivalent charge values (Σ 2
iQ ) which could explain the measured pH dependent 

wettability. At pH(max Repell) the lowest total number of charged sites is reached and at this 

pH, negatively charged sites dominate in all samples. In Tiergarten samples, below 

pH(max Repell), with the total number of charged sites, wettability increased with increasing 

Q and decreasing pH (Figure 8 TW, TR). This led to the assumption that in these samples 

mineral surfaces are probably available, where the positive surface charge increases with 

decreasing pH, exceeding the negative permanent charge. In contrast, in Buch samples, 

the lack of changes in wettability in the range of pH(max Repell) with < 5 indicates a nearly 

constant total number of charged sites (Figure 8 BW, BR). The number of protonable 

mineral surface sites is probably not high enough to increase wettability with decreasing 

pH.  
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Figure 5-8: Simplified schematic pH dependent interplay of negative and positive surface charge provided 
by SOM surfaces (QSOM), by mineral surfaces (Qmineral), and by permanent surface charge (Qperm.) using 
equation 4 and 5 with parameters (Table 5-4) chosen to create a scenario with minimum Σ

2
iQ  at 

pH(max Repell) and a ΣQ-curve crossing the data points of measured net surface charge of the respective 
German samples. 

 

The parameters of equation 4 and 5 were adapted to create a scenario with minimum 

Σ 2
iQ  at pH(max Repell). A ΣQ-curve was laid through the data points of the measured net 

surface charge of the respective German samples (Figure 5-8, Table 5-4).  
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This offers the following hypotheses which are not adequately tested with present 

data:  (i) The wettable samples have higher Qperm than the repellent samples and (ii) 

Tiergarten samples have higher Qmax, SOMl and higher Qmax, mineral than Buch samples 

(Table 4). (iii) The values of pKSOM are with ~7 lower for Tiergarten samples than for 

Buch samples with ~8. Compared to generally postulated pKa values of 3 – 4 for strong 

acidic carboxylic surface groups, 5 – 6.5 for weak acidic groups and 7 – 8 for phenolic 

groups (Scheffer and Schachtschabel, 2002), the pKSOM used in the scenario (Table 4) are 

rather high, which imples high amounts of weaker acidic functional groups and 

considerable amounts of phenolic groups. The chosen values for pKmineral and the 

resulting pHiep of Qmineral-curves at pH 4.5 – 5 suggest a higher influence of manganese-

(hydr)oxide surface species which reveal a pHiep of 3 – 5, than of silicium-, aluminium- 

or iron-(hydr)oxide surface species with pHiep of 2 – 3.5, 5 – 9 and 7 – 10, respectively 

(Scheffer and Schachtschabel, 2002). However, it has to be kept in mind that the 

parameters in Table 4 are based on only 4 data points of measured surface net charge. 

Further investigations need to focus on distinguishing between different surface species, 

e.g. weak and strong acidic carboxylic sites, phenolic sites and the different relevant 

minerals compounds as clay minerals and sesqui(hydr)oxides and their contribution to 

the surface charge. 

Table 5-4: Parameters chosen in order to create a scenario with minimum Σ
2
iQ  at pH(max Repell) and 

a ΣQ-curve crossing the data points of measured net surface charge of the respective German 
samples (Figure 5-6) using equation 4 and 5: permanent charge (Qperm.), maximum negative surface 
charge obtainable by deprotonation of SOM (Qmax, SOM) and the respective deprotonation constant 
(pKSOM), maximum negative and positive surface charge obtainable by deprotonation / protonation 
of mineral surfaces (Qmax, mineral) and the respective deprotonation and protonation constants 
(pK1, mineral / pK2,  mineral). 

 TW TR BW BR 

Qperm. -4.6 -2.5 -3.5 -2.3 

Qmax, SOM -27 -22 -14 -14 

pKSOM 6.8 7.4 7.6 7.9 

Qmax, mineral 7 7 3 4 

pK1, mineral 7 7 7 7 

pK2, mineral 2.5 2.5 2 2 

 

More detailed information about the contributions of the various surface species (e.g. 

weak and strong acidic carboxylic sites, phenolic sites and the fine mineral component 

clay minerals and sesqui(hydr)oxides) is required. 

The occurrence of the peak in the Θsess-Q curve of TR at higher (more positive) Q 

than that of TW (Figure 5-7) may arise from the relatively low CECpot, of the former, 

which indicates a generally low negative charge density and, therefore, a generally lower 

wettability in TR than in TW. The occurrence of positive charge in the low pH range in T 

samples coincides with a decrease in repellency with decreasing pH which indicates a 

close relation between surface charge and repellency. 
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5.5.4 Chemical reactions 

An alternative explanation for pH dependent changes in repellency is a change of SOM 

surface properties caused by chemical reactions. Acidic hydrolysis and condensation 

reactions as suggested in earlier studies as mechanisms controlling SWR in Buch samples 

(Diehl & Schaumann, 2007) are equilibrium reactions highly related to changes in water 

content and their influence maybe therefore minimized in the dried samples of the 

present study. Irreversible base catalyzed hydrolysis reactions, however, are less 

influenced by water content and may therefore be an additional explanation for 

decreasing repellency with increasing pH.  

5.5.5 Comparison with former studies 

In agreement with the results of Graber et al. (2009), the maximum of WDPT was found 

in the range of the original pH of the soil samples. 

Previous studies involving adjustment of soil pH by addition of aqueous reagents to 

samples from the Buch site (Bayer & Schaumann, 2007) found that, following drying, 

samples were completely wettable over the range 3 < pH < 11, whereas pronounced 

repellency occurred in these soils when the pH was adjusted using gases, with minimal 

effect on soil moisture content. The observed decrease in repellency with increasing pH 

of soils from the Netherlands, UK and Australia indicate that it is a soil characteristic 

spanning various locations. However, Tiergarten samples, exhibited a maximum 

repellency irrespective of how the pH was adjusted, but the repellency of Buch samples 

seem to be influenced by changes in water content resulting from the use of liquid 

reagents. The maximum repellency of Tiergarten samples reported by Bayer & 

Schaumann (2007) was at a higher pH than found in this study, despite a similar original 

soil pH. The addition of liquid NaOH may lead to additional SOM alteration which 

causes a shift in surface charge (Bayer & Schaumann, 2007) whereas the use of acidic 

and basic gases as reagents to modify soil pH without significant impact on soil moisture 

content appears to provide a useful route to examine the pH dependency of SWR.  

Bayer & Schaumann (2007) observed that wettable and water repellent Tiergarten 

samples exhibited similar wettability when brought to similar pH by addition of liquid 

NaOH. In contrast, when pH was altered via the gas phase Tiergarten samples kept their 

original repellency differences, even at the same pH. The addition of moisture to the soil 

which accompanies the addition of liquid NaOH probably caused an equalisation of 

repellency differences between wettable and repellent samples. This indicates that the pH 

alteration via the gas phase applied in this study provide a new method with reduced side 

effects and is, therefore, suitable for changes in soil pH and investigations of those 

changes on SWR.  

5.6 Conclusions 

The comparison of 3 different methods for repellency determination showed the 

advantages and disadvantages of each method: In the range below ~ 10 s, WDPT showed 

a reduced sensitivity compared to the other two methods. In contrast to that, the 
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Wilhelmy plate method seemed to be less sensitive in the range of very strong repellency 

(ΘWPM > 120°) compared to WDPT and sessile drop method. The sessile drop method 

seemed to have no repellency range with reduced sensitivity, but revealed higher 

standard deviation between measurement repetitions compared to the two other methods. 

By using a newly developed method to change the pH in soil samples via the gas 

phase without changing the moisture status, the influence of changes in soil pH on 

wettability was related to the number and type of protonable and de-protonable surface 

sites of organic and mineral surfaces in soils. The highest level of repellency is reached 

at the original pH when the number of charged sites is minimal. With increasing pH 

repellency decreased and negative surface charge increased caused by de-protonation. 

With respect to the repellency reaction on pH decrease, two types of soil can be 

distinguished: i) soils, in which repellency decreased with decreasing pH because of a 

sufficient number of protonable surface sites with a significant amount of positive 

surface charge and ii) soils, with no or not sufficient protonable surface sites to exhibit 

significant positive surface charge and, therefore, their repellency did not decrease with 

decreasing pH. Evidences suggested, that the protonable sites in case of the two 

Tiergarten samples, which are of the soil type I, were rather presented by mineral 

surfaces, than by organic functional groups. 

5.7  Acknowledgments 

The study was financed by the German Research Association DFG (research group 

Interurban, subproject HUMUS; SCHA 849/4-3). We thank Lydiya Shemotyuk for her 

help with the laboratory work and all members of the research group “U-Chemie” for 

lively discussions and constructive teamwork. We also want to thank Marta Casimiro for 

the help with lab work on the NL, UK and AU samples. The data of the long-term study 

of Buch and Tiergarten site are provided by the subproject SOIL from the Interurban 

research group and published here by the courtesy of Prof. Dr. Gerd Wessolek. We 

therefore want to thank him and the laboratory staff of Department of Soil Protection 

(Technical University Berlin). 



6  Synthesis and general conclusions 

 

 80

6 Synthesis and general conclusions 

6.1 Summary of observations 

In order to link the individual results and conclusions of the present studies with each 

other and to find a more general explanation for the role of SOM for SWR, Table 6-1 

gives an overview of the main observations made in this and in earlier investigations. 

Although repellency generally increased with gentle drying, the specific effects of drying 

on SWR vary between samples from different sites. In Buch samples, drying resulted in 

an approach of SWR of initially wettable and repellent samples. In contrast, the 

difference in SWR between initially wettable and repellent samples persists in 

Tiergarten. In Buch samples, higher drying temperatures lead to an increased degree of 

surface hydrophobicity. Since wetting, the reverse process, requires high activation 

energy, the surface hydrophobization is probably controlled by chemical processes. In 

Tiergarten samples, higher drying temperatures do not significantly increase surface 

hydrophobicity and activation energy of the wetting process is low. In these samples, 

water content dependent changes in SWR are thus likely controlled by physical processes 

e.g., water evaporation and condensation, or by physicochemical processes, e.g., changes 

in orientation of organic molecules without changes in chemical bonds. 

Artificially induced pH changes in Buch and Tiergarten samples clearly show that 

pH has an effect on SWR At the original pH, the samples reveal the lowest number of 

charged surface sites and thus the highest SWR. The same pattern was observed in soil 

samples from sites of various geographical origins and with various vegetations. This 

indicates that under field conditions, the state with the lowest number of charged sites 

and with the highest degree of repellency is an equilibrium state for both initially 

wettable and repellent samples. A possible explanation is that at field pH a maximum of 

charged sites are occupied by counter ions. With changes in pH, additional charged sites 

develop which are not immediately occupied by the respective counter ions. 

Only at the Tiergarten site do the aqueous extracts of repellent samples tend to have 

lower pH values and higher EC than aqueous extracts of wettable samples. In contrast, 

SWR in the Buch samples does not significantly decrease with decreasing pH below the 

original pH. This indicates that there is a significantly lower number of protonable and 

positively chargeable sites accessible for wetting in the Buch samples than in the 

Tiergarten samples.  

The pH alteration via the liquid phase and subsequent drying of samples from the 

same sites (Bayer & Schaumann, 2007), however, results in complete wettability of both 

originally wettable and repellent Buch samples throughout almost the entire pH range. In 

contrast, Tiergarten samples show a maximum of SWR at pH 4.5-6.5, which are above 

their original pH levels. Furthermore, differences between wettable and repellent samples 

are completely compensated for after pH alteration in Tiergarten samples via the liquid 
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phase. This shows that in the liquid phase additional mechanisms gain in importance and 

superimpose the pure pH effect on repellency in the Tiergarten samples.  

Table 6-1  Overview of the main observations of differences in soil characteristics and in responses 
on changes in environmental conditions between wettable and repellent samples from Buch and 
Tiergarten 

 Buch Tiergarten 

Drying 

Increases repellency; 

differences between  

wettable and repellent 
samples decrease. 

Increases repellency; 

differences between  

wettable and repellent 
samples remain. 

High drying 
temperature 

Increases surface 
hydrophobicity  

(DRIFT-CHN). 

Does not significantly affect 
surface hydrophobicity 
(DRIFT-CHN). 

Activation energy 
of wetting 

65-94 kJ mol-1 

Chemical reactions. 

8-42 kJ mol-1 

Physicochemical processes. 

pH alteration via 
gas phase 

pH

SWR

 pH

SWR

 

Wettable = repellent samples. Wettable < repellent samples. 

pH alteration via 
liquid phase 

pH

SWR

 pH

SWR

 

Wettable = repellent samples. Wettable = repellent samples. 

Field pH 
No significant relation with 
SWR. 

Only samples with pH<4.6 
exhibit repellency. 

Electrical 
conductivity 

No significant relation with 
SWR. 

Higher conductivity for 
repellent samples. 

Surface tension of 
aqueous extracts 

Lower surface tension for 
repellent samples. 

Lower surface tension for 
repellent samples. 
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This overview not only shows a correlation of repellency with environmental 

conditions but also that responses of repellency to changes in environmental conditions 

are highly dependent on the specific location. The differences in the nature of repellency 

between the sites and between wettable and repellent samples within each site may help 

to draw some conclusions on the appearance of SWR and on the factors which determine 

the degree and nature of SWR. In order to explain these differences in nature and 

appearance of SWR, two theoretical models are developed. 

6.2 Chemical nature of repellency in Buch samples 

The activation energy of the wetting process for the Buch samples indicates that chemical 

reactions are involved in changes of SWR. Ester hydrolysis has already been suggested 

as a possible chemical reaction in the course of wetting of water repellent samples 

(Todoruk et al., 2003b). Grasset & Amblès (1998) found that ester groups crosslink 

macromolecular chains of the matrix of humins. Bound by ester groups, aliphatic 

dicarboxylic acids may act as bridges between alkyl chains and fatty acids, alcohols and 

aromatic acids. These ester bonds may be disrupted by base catalysed hydrolysis (Grasset 

& Amblès, 1998) leading to an increasing number of carboxylate groups, i.e., an 

increasing number of charged sites at the SOM surface and thus an increased wettability. 

In the first reaction step of base catalysed hydrolysis, OH- is reversibly added at the 

carboxyl carbon atom forming a tetrahedral activated intermediate. In alkaline solutions, 

this intermediate is irreversibly decomposed to the carboxylic acid anion and an alcohol 

in the second step (Schmeer et al., 1990). For the second step, two competing reaction 

pathways were observed; one pathway involves a direct proton transfer, whereas a second 

pathway involves a water-assisted proton transfer through which the energy barrier for 

the decomposition of the tetrahedral intermediate is significantly lower than through the 

direct proton transfer (Zhan et al., 2000). Thus, under dry conditions, these reactions are 

slow and accelerated only by increasing OH- concentration, i.e. with increasing pH. This 

may explain why the dry Buch samples develop increasing wettability with increasing pH 

after treatment with gaseous NH3 (Figure 6-1, red curve). The presence of water 

accelerates alkaline hydrolysis reactions (Zhan et al., 2000). This explains why Buch 

samples are completely wettable after addition of liquid NaOH and subsequent 

incubation for 1 week at 20°C in closed containers (Bayer & Schaumann, 2007); (Figure 

6-1, blue curve). Since alkaline hydrolysis is a non-reversible reaction, no recombination 

of esters is possible under alkaline conditions (Beyer & Walter, 1998): 

( ) −+−−=− OHROOCR 21   ( ) OHROOCR −+−=− −
21   (6-1) 

In contrast, long-term drying and drying at elevated temperatures under the original 

acidic pH conditions led to enhanced esterification and to an establishment of cross-

linking between carboxylic and hydroxyl functional groups. This has been observed in 

solid state reactions between carboxylic acids and hydroxyl-groups of cellulosic material 

(Pantze et al., 2008) and could explain why samples from Buch which reveal significant 



6  Synthesis and general conclusions 

 

 83

differences in wettability in field moist state reached a comparable degree of repellency 

after long-term drying or after drying at elevated temperatures. 

A reduction in pH favours acidic catalysed hydrolysis which is a reversible process: 

( ) OHROOCR 221 +−−=−  
[H ]

+

 ( ) OHROHOCR −+−=− 21  (6-2) 

Acidic hydrolysis is driven by excess of water and the reverse reaction, e.g., the 

esterification is driven by deficiency of water. The ester concentration at the equilibrium 

point is independent from the pH but highly depends on the amount of available water. 

The pH solely determines the rate at which the equilibrium is reached. Therefore, at 

equilibrium under acidic conditions, the number of hydroxyl and carboxyl groups in dry 

samples is significantly lower than in wetted samples.  

This can explain why the repellency of dry Buch samples remains constant with 

decreasing pH (Figure 6-1, red curve). Only the addition of liquid acid solution (Bayer & 

Schaumann, 2007) provides the excess of water necessary for shifting the equilibrium 

towards a significantly higher number of hydroxyl and carboxyl groups and leading to a 

decrease in repellency (Figure 6-1, blue curve). In that experiment, the subsequent air 

drying at 20°C at 50% RH for two days before measurement of repellency may not have 

reduced water content to a range in which the hydrolysis–esterification equilibrium is 

driven towards a re-esterification, or the equilibrium state was still not reached. 
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Figure 6-1  Schematic model of suggested mechanisms of changes in soil water repellency (SWR) upon 
altering pH via liquid phase and via gas phase in dried samples from Buch. 

 

The suggested mechanism is not restricted to esterification but generally includes 

hydrolysis-condensation reactions which in SOM can occur between a variety of 

substances, e.g., carbohydrates, proteins, lipids etc. 

In Buch samples, higher drying temperatures result in significantly higher relative 

abundance of aliphatic groups (CHN) detectable by DRIFT than drying at lower 
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temperatures, and the correlation between WDPT and CHN is of higher significance for 

Buch samples than for Tiergarten samples. Hydrolysis-esterification reactions are 

expected to occur not only in the outermost layer but also in deeper layers of SOM bulk 

phase, which are subjected to changes in water content. Since the penetration depth of IR 

radiation of DRIFT measurement exceeds the surface-active molecular layer, potential 

changes in the relative abundance of aliphatic groups caused by hydrolysis-condensation 

reactions are better detectable by DRIFT than changes of molecule arrangements in the 

very outermost layer as suggested for Tiergarten samples. 

6.3 Physicochemical nature of repellency in Tiergarten 

During gaseous pH alteration in dried Tiergarten samples, changes in wettability can be 

attributed to pure pH dependent charge effects as discussed in Chapter 5. The decrease in 

repellency with decreasing pH in Tiergarten but not in Buch samples coincides with the 

development of positive surface charge. The positive charge could arise from protonation 

of mineral surface sites e.g., Si-, Al-, Mn- or Fe-(hydr)-oxides. If this is the case, then 

such sites are expected to be less abundant in Buch than in Tiergarten samples which 

have a ~4% higher clay content than Buch samples (< 1 %).  

The decrease in repellency with increasing pH can be explained by an increasing 

deprotonation of carboxylic and phenolic functional groups of humic substances. Base 

catalysed hydrolysis of ester bonds which requires activation energy, e.g., between 60 

and 110 kJ mol-1 for sucrose laurates at pH 11 (Baker et al., 2000), is not rate limiting in 

Tiergarten samples since the activation energy of the wetting process is below the range 

of the chemical reactions. Furthermore, increases in pH via the addition of liquid NaOH 

as investigated by Bayer & Schaumann (2007) resulted in a repellency-pH curve 

completely different from that of Buch samples (compare blue curves in Figure 6-1 and 

Figure 6-3, top). This leads to the conclusion that repellency in Tiergarten samples is 

controlled by additional mechanisms.  

In Tiergarten samples, repellency differences between initially wettable and repellent 

samples remain following drying under various conditions as well as following 

artificially induced pH changes via gas phase. These differences disappear only after 

addition of liquid NaOH (Bayer & Schaumann, 2007). The addition of water and 

subsequent incubation and air drying result in a slight decrease of repellency of the 

repellent sample and an unchanged complete wettability of the wettable sample at their 

original pH (Bayer & Schaumann, 2007). In contrast to this, the addition of 0.05 M 

NaOH slightly increased the pH and resulted in a severe repellency for both the wettable 

and the repellent sample. This repellency maximum extends over a pH range between 4.5 

up to 6.5. At pH ~10, both samples become completely wettable (Bayer & Schaumann, 

2007). The broadening of pH range with maximum repellency and the shift toward a 

higher value compared to the pH alteration via the gas phase indicate that additional 

processes which favour the appearance of repellency in Tiergarten samples are induced 

by the addition of NaOH. 
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Since under field conditions repellent Tiergarten samples generally have pH values 

below 4.6, it is improbable that the increase in pH is responsible for the increase in 

repellency of the wettable samples observed in a pH range between 4.5 up to 6.5. A more 

plausible explanation arises from the differences in EC indicating a larger quantity of 

ions and suggesting a higher ionic strength in the aqueous extracts of repellent samples 

than of wettable samples. Addition of NaOH increases not only pH but also ionic 

strength. It is therefore also probable that the increase in ionic strength caused by NaOH 

addition induces a change in conformational arrangement of amphiphilic molecules at the 

SOM surface. At high ionic strength, repulsion forces between charged functional groups 

are effectively shielded by the counter ions (Fleer et al., 1993). This allows charged 

groups to stay closer to each other and leads to more compact micelle-like structures. 

Upon drying, water evaporates slowly from the outside to the inside of the hydrated SOM 

surface layer. Hydrophilic groups orientate towards the inwards receding water front 

whereas hydrophobic chains orientate towards the air (Swift, 1999; Horne & McIntosh, 

2000). Smaller, water-soluble amphiphilic molecules may form a hydrophobic layer by 

micelle-like intermolecular aggregations at the surface (Terashima et al., 2004).  
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Figure 6-2  Suggested model of orientation of amphiphilic organic molecules at the SOM surface during 
drying in dependence of pH and ionic strength of the soil solution 

 

Due to their polyelectrolytic character (Swift, 1989; Stevenson, 1994), larger HS 

may also undergo intramolecular micellization in principal as described by Engebretson 

& van Wandruszka (1994). At low pH and high ionic strength, these polyelectrolytes 
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preferentially form aliphatic loops and tails (Baßmann, 2001), which, together with 

aliphatic side chains, are directed outward and mask the inward-directed hydrophilic 

groups.  
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Figure 6-3  Schematic model of suggested mechanisms of changes in soil water repellency (SWR) in 
Tiergarten samples upon pH altering via liquid phase (top) and via gas phase in dried samples (bottom) 

These spatial re-arrangements of amphiphilic molecules, which may transform 

wettable into repellent samples, probably require both a liquid environment and a high 

ionic strength as given by the addition of the liquid NaOH solutions. The liquid 

environment allows an effective re-arrangement and a water content driven orientation of 
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the amphiphilic molecules. High ionic strength weakens the repulsion forces between 

negatively charged functional groups and enables an aggregation of hydrophilic groups 

(Figure 6-2 c). Despite increasing pH and an increasing number of negatively charged 

groups, repellency persists within a certain pH range because the ionic strength also 

increases. At a higher pH, deprotonation overbalances the effects of ionic strength. Thus, 

in a pH range above 7, repulsion forces cannot be effectively weakened to lead to an 

aggregation of hydrophobic groups and surface exposition of hydrophilic groups (Figure 

6-2 a).  

Repellent Tiergarten samples tend to have a higher concentration or a higher 

efficiency of water soluble amphiphilic substances and a higher content of smaller-sized 

water soluble molecules than the respective wettable samples (Hurraß, 2006). This may 

favour the process of changes in spatial re-arrangements of amphiphilic molecules and 

the establishment of repellency. In contrast to this, lower concentration and larger 

molecule size of soluble amphiphiles and lower ionic strength in wettable samples inhibit 

the establishment of a stable repellent layer (compare curves and respective cartoons of 

molecular arrangements Figure 6-3, bottom). However, the addition of liquid NaOH 

solution increases ionic strength and thus enables a micelle-like aggregation of 

hydrophobic groups even in the originally wettable samples (compare curves and 

respective sketches of molecular arrangements in Figure 6-3, top).  

The micelle-like aggregation and orientation of hydrophobic or hydrophilic molecule 

moieties toward the outside probably occurs only in the very outermost molecule layers 

of SOM and, most likely, mainly smaller water soluble molecules (Hurraß, 2006) are 

involved in this process. Deeper layers in SOM bulk phase are probably not affected by 

these mechanisms. This can explain why the correlation between WDPT and relative 

abundance of aliphatic groups (CHN) detectable by DRIFT is significantly weaker in 

Tiergarten samples than in Buch samples since the penetration depth of radiation of 

DRIFT exceeds the surface-active molecular layer, and the signal from the surface is 

diluted by the contribution from deeper layers. 

6.4 Site dependent causes for the nature of SWR 

The nature of SWR in Buch and Tiergarten strongly differs between the sites. Although 

protonation, deprotonation and hydrolysis-condensation reactions as well as the 

arrangement of amphiphiles play a role for the appearance of SWR at both sites, different 

site-dependent conditions determine which process dominates the nature of SWR. The 

abovementioned conceptual models suggest water content and temperature dependent 

hydrolysis and condensation reactions in Buch and pH and ionic strength dependent 

changes in the arrangement of amphiphiles in Tiergarten as the dominant processes 

controlling SWR.  

A cause for SWR in the former sewage disposal field at Buch is probably the high 

accumulation of organic matter derived from application of untreated mainly municipal 

waste water (including ~10 % industrial waste water) between 1905 and 1985. Under 

flooded conditions, organic matter could not be decomposed due to oxygen deficiency. 
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Once the site was no longer used as a sewage disposal field, the groundwater level sank 

and the initiated decomposition of organic matter resulted in acidification of the soil. The 

high input of organic matter from the municipal waste water most likely contained, 

among others, household chemicals and detergents as well as high loads of nitrogen- and 

phosphate-containing organic compounds which are highly reactive and therefore 

possible reactants for hydrolysis-condensation reactions. Since the sandy mineral soil 

part of the topsoil is likely completely coated by organic material, no free mineral 

surfaces are available to provide positive surface charges which would enhance 

wettability at this low pH. A high quantity of large pores and a low quantity of medium 

and fine pores in the sandy subsoil cause a very limited soil water storage capacity and 

fast drainage. The hydraulic conductivity of the sandy soil is extremely high under 

saturated conditions but reduced by three orders of magnitude under unsaturated 

conditions at pF 1.8 (Täumer, 2007). The physical properties of mineral soil (texture) and 

chemical properties of SOM together render this soil especially prone to preferential flow 

(Taumer et al., 2006). Once dried, the repellent soil prevents an even infiltration of the 

precipitation, but the water collects in depressions, and infiltrates only at several points 

where hydraulic pressure sufficiently increased, root or animal channels facilitate 

penetration, or chemical reactions increase wettability of SOM. Short-term water 

saturated, the so-formed preferential flow paths drain the water very fast, whereas the 

adjacent soil zones remain dry, and a vicious cycle ensues. 

In contrast to that, there is likely a higher salt content and a lower pH in repellent 

samples than in wettable samples at the Tiergarten site, which leads to the development 

of a stable amphiphilic layer with outward directed hydrophobic molecule moieties after 

drying. Remoistening of a repellent soil may slightly reduce repellency but does not 

change it into a wettable one. The Tiergarten soil is not grown naturally but rather an 

artificially backfilled topsoil with a clay content of ~5%. Therefore it has a higher water 

storage capacity than the Buch soil and not all mineral surfaces are covered with SOM, 

and thus free mineral surfaces are available to provide positive surface charge at low pH. 

A possible cause for SWR at this site is a mineral fertiliser for the lawn which is 

irregularly applied in form of salt grains. This leads to spots with higher salt 

concentrations. A low pH in these spots provide favourable conditions to SWR. A lower 

wettability in these spots consequently would lead to a reduced leaching of fertiliser and 

thus to an accumulation of salt that enhances the repellency effect.  

Using the example of the two investigated sites, it can be shown that the nature of 

SWR and dominant processes which cause its appearance and dynamics are determined 

by the history of the respective site. 

6.5 Final conclusion 

The main conclusion of the present thesis is that SWR is subject to numerous 

antagonistically and synergistically interacting environmental factors. The degree of 

influence that a single factor exerts on SWR is site-specific, e.g., it depends on special 

characteristics of mineral constituents and SOM which underlies the influence of climate, 
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soil texture, topography, vegetation and the former and current use of the respective site. 

The investigation of two sites with exceptionally different natures of repellency leads to 

new insights in the variety of appearance of SWR since all investigations were carried 

out in parallel for both sites and are therefore directly comparable.  

The previously debated assumption that changes in the arrangement of molecules and 

functional groups in the outer layer of SOM determine the degree of SWR (e.g., 

Tschapek, 1984; Horne & McIntosh, 2000; Doerr et al., 2005b) can only explain the 

nature of repellency at the Tiergarten site. The spatial arrangement of these molecules 

upon drying is strongly influenced by properties of the soil solution, i.e., pH, EC, and 

quality and amount of dissolved organic matter (DOM). Both the macromolecular (e.g., 

Pignatello, 2003) and the supramolecular view of SOM (e.g., Schulten & Schnitzer, 

1997) can explain changes in molecular arrangement. However, several observations 

suggest smaller water soluble substances are responsible for SWR. E.g., Arye et al. (Arye 

et al., 2007) reported a decrease in soil hydrophobicity with increasing amount of DOM 

leached out by water. Hurraß & Schaumann (2006) found a higher quantity and a smaller 

size of amphiphiles in soil solutions of repellent samples than of wettable samples. Other 

authors made the observation that components accumulated in the soil solution serve to 

retard the wetting process (Krispil et al., 2006; Graber et al., 2007). These observations 

emphasize the role of smaller molecules for SWR and can thus be better explained by a 

more flexible supramolecular association of relatively small molecules at the SOM 

surface. The influence of ionic strength of soil solution on SWR has barely been 

investigated. Graber et al. (2009) varied salt concentration and pH in drop solution for 

penetration tests and found a higher influence of CaCl2 than of NaCl concentration on 

drop penetration time and thus on repellency. They explained this influence with the 

complexation of fatty acid headgroups at positively charged surfaces or via divalent 

cation bridges at negatively charged surfaces. Since ionic strength of CaCl2 is three times 

higher than that of NaCl at the same concentration, it cannot be excluded from their 

experiments that ionic strength may have a relevant influence on spatial arrangement of 

amphiphilic molecules at the SOM surface and thus on the penetration time. 

Unfortunately, drop penetration times were indicated as ratio of (salt solution) drop 

penetration time (DPT) to water drop penetration time (WDPT) and therefore does not 

allow for direct comparison with the results from the present investigations.  

For the other site investigated in this study (Buch site), the results indicate that SOM 

can chemically bind water by hydrolysis reactions as suggested by Todoruk et al. 

(2003b). This mechanism is, however, dominant only in one of the two investigated sites. 

SOM, which was accumulated during the time when the site was used as a sewage 

disposal field, likely contains a high number of reactive functional groups and thus 

promotes WC-driven hydrolysis-condensation reactions as the mechanism controlling 

SWR. The high WC dependency of acidic hydrolysis-condensation equilibrium can also 

serve as an explanation for the concept of critical water content (WCcrit) for SWR 

(Dekker & Ritsema, 1994). Depending on SOM properties a WC is required that can 

provide an excess of water in the hydrolysis-condensation equilibrium and minimise 
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condensation. Below this WC, condensation increases with decreasing WC, and an 

increasing number of hydrophilic functional groups are bonded leading to reduced 

wettability. Hurraß (2006) reported no significant differences of the intrinsic SOM 

quality between wettable and repellent samples for the site with chemical nature of 

repellency. Together with the concept of WC-driven hydrolysis-condensation 

equilibrium, this can explain why Täumer et al. (2005) found a good correlation between 

SOM content and WCcrit for this site. Furthermore, according to this concept, increasing 

SWR with increasing drying temperature (Dekker et al., 2001) can be explained by an 

increased reaction rate of condensation at an elevated temperature.  

The two suggested mechanisms of chemical and physicochemical control of 

repellency are probably not restricted to one of the two sites but occur in some degree on 

both sites. Specific local soil characteristics determine which mechanism dominates and 

controls the nature of repellency. Furthermore, it cannot be excluded that additional 

mechanisms play an important role for repellency at other sites. However, the two 

suggested mechanisms together with the previous history of the sites allow identifying 

critical conditions which may favour SWR. Long hot and dry periods may enhance soil 

water repellency especially in soils with high organic accumulation. In these soils 

chemically bonded water can be released from organic matter by condensation reactions. 

Rewetting requires high activation energy, i.e. it is slow at ambient temperatures but can 

be accelerated by elevated temperature as long as the water does not evaporate. Special 

care is also needed in soils with a relatively high salt concentration, a low pH, and a 

SOM containing a relatively high amount of water soluble low molecular amphiphilic 

molecules. The combination of high ionic strength and low pH in the soil solution can 

favour the appearance of SWR after drying. 

6.6 Outlook 

Although the suggested conceptual models can explain most observations made in this 

study and many observations of other studies, they need to be verified further. New 

measurement techniques are required that enable the investigation of small scale 

variations in SOM or mineral surfaces.  

IR radiation penetration depth of DRIFT spectroscopy exceeds the molecule layer 

relevant for surface characteristics and is disturbed by the high absorbance of water. 

Attenuated total reflectance (ATR) FTIR is a more promising method to identify 

functional groups in a surface layer of organic or mineral samples under natural 

conditions, i.e, with varying water content. Due to the small light penetration depth, the 

ATR technique is promising for highly absorbing samples and for surfaces and thin film 

measurements (Grdadolnik, 2002) and allows for measurements under various conditions, 

e.g., in solid or liquid state, at various WCs, pHs, salt and DOM concentrations, etc. In 

combination with the new methods developed in this study, ATR FTIR can help to test 

the hypothesis that water content driven SWR changes in the Buch samples are related to 

hydrolysis–condensation reactions. The time dependent sessile drop measurement 

(TISED) can be improved by the use of a video-based optical contact angle meter instead 
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of manual evaluation. Together with the artificial pH alteration via gas or liquid phase, 

wetting kinetics obtained by TISED dependent on pH will give further information about 

the nature of chemical reactions during the wetting process. ATR-FTIR measurements 

are expected to detect changes in the amount of functional groups upon drying and upon 

pH changes in the outer surface layer.  

Another promising technology is atomic force microscopy (AFM) which can 

measure and image forces at surfaces at the nanometer level. Well established in material 

sciences, AFM has been used successfully in life sciences for characterisation of 

biochemical surfaces, e.g., proteins (Schuck, 2007), cell surfaces (Ahimou et al., 2003), 

and organic self-assembled monolayers (SAM) on biological surfaces (Koch et al., 

2004). Its application in soil science has only just started (Ulery & Drees, 2008). A study 

of conformations and aggregate structures of sorbed natural organic on mineral surfaces 

(Namjesnik-Dejanovic & Maurice, 1997; Namjesnik-Dejanovic & Maurice, 2001) 

indicates a possible implication for investigations with respect to SWR. Currently, the 

first comprehensive AFM analysis of a natural soil system correlates to nano-scale 

observations with established soil science measurements regarding SWR (Cheng et al., 

2008). Thus, AFM measurements can help to verify the hypothesis that surface micelle 

formation induces repellency and investigate the relevance of this mechanism in 

dependence of pH, ionic strength and DOM content. Attractive or repulsive forces 

between chemically functionalized AFM tips and samples can give detailed information 

about surface-properties, e.g., hydrophobic or hydrophilic interactions, charge effects etc. 

Furthermore, by using AFM, the degree of mineral surfaces covered with organic 

coatings (Cheng et al., 2008) can be compared between Buch and Tiergarten samples. To 

test the hypothesis that positive charge of mineral surfaces enhances wettability with 

decreasing pH in Tiergarten samples, the influence of artificially lowered pH on surface 

forces measured by AFM has to be investigated. Therefore, an important future challenge 

is the evaluation of specific nano-scale measures and respective methods which can be 

directly correlated with the degree of repellency. 

Approaches in the described techniques will give new insights in the nature of SWR 

and can help in the better understanding of mechanisms leading to changes of SOM 

surface on a molecular scale. The knowledge about these mechanisms is closely 

connected to a general understanding of structure and behaviour of SOM which becomes 

increasingly important in the course of global climate change. 
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8 Annex 

8.1 List of abreviations 

Latin symbols 
 

a semi-major axis of an 
ellipse 

 
[m] 

Aact actual contact area [m2] 

Ageo geometric area, i.e., the 
planar projection of Aact 

 
[m2] 

Ageo,s geometric water covered 
solid area 

 
[m2] 

Ai area of the material i  [m2] 

Ap cross sectional area  
of the plate  

 
[m2] 

As surface area  [m2] 

Atot total area [m2] 

b semi-minor axis of an 
ellipse 

 
[m] 

B1; B2  weighting factors of the 
subprocesses at the whole 
process 

 
 

[ - ] 
C geometrical factor [m] 

c weight 
concentration 

 
[mg kg-1 SOM] 

C/N C to N ratio [ - ] 

CECpot potential cation 
exchange capacity 

 
[cmolc kg-1] 

CH combined integral area under 
the peaks at 2930 and 
2850 cm−1 for intensity of 
asymmetric and symmetric 
C-H-stretching vibrations of 
aliphatic CH3 and  

 

 CH2 groups [K.-M. unit cm-1] 

CHN; OHN normalized CH and OH by 
dividing the respective 
areas by the Ref area 

 
 

[ - ] 
E energy [J = kg m2 s-2] 

EA activation energy [kJ mol-1] 

EC electrical 
conductivity 

 
[µS cm-1] 

F force, gravitational force 
Fg, buoyancy Fb and 

 

 surface force Fs [N = kg m s-2] 

g gravitational 
acceleration (9.80665) 

 
[m s-2] 

h height  [m] 

k rate constant [µL h-1] 

k1; k2 rate constants of the 
subprocesses 

 
[µL h-1] 

LoI Loss on ignition  [weight %] 

ls perimeter [m] 

Lw wetted length [m] 

OH integral area under the 
O-H band of DRIFT 
spectra (3800 and 

 

 2500 cm−1) [K.-M. unit cm-1] 

p hydrostatical pressure [N m-2] 

pH negative decimal 
logarithm of the 
hydroxonium ion activity 
in an aqueous solution 

 
 
 

[ - ] 
pH(max Repel) pH of maximum 

repellency 
 

[ - ] 

pHpzc pH of point of zero charge [ - ] 

pKa deprotonation constant [ - ] 

pK1, mineral 

pK2, mineral 

 

deprotonation and the 
protonation constants of 
mineral surfaces 

 
 

[ - ] 
pKSOM deprotonation constant of 

SOM surfaces 
 

[ - ] 
q charge of the titrant [molc L

–1] 

Q charge [cmolc kg-1] 

Q(max Repell) charge of maximum 
repellency 

 
[cmolc kg-1] 

Qek electrokinetic 
charge 

 
[cmolc kg-1] 

Qmax, mineral maximum negative or 
positive charge from 
deprotonation or 
protonation of mineral  

 

 compounds [cmolc kg-1] 

Qmax, SOM maximum negative charge 
from deprotonation of 
organic  

 

 functional groups [cmolc kg-1] 

Qmineral charge caused by 
protonation and 
deprotonation of mineral  

 

 compounds [cmolc kg-1] 

Qperm permanent charge [cmolc kg-1] 

QSOM charge caused by 
deprotonation of organic  

 

 functional groups [cmolc kg-1] 

R universal gas 
constant 
(8.32441) 

 
 
[J K–1 mol–1] 

r0 radius of curvature at the 
drop apex 

 
[m] 
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r1; r2  radii of curvature at (x0, y0) [m] 

Ref integral area under 
DRIFT spectra (4000  

 

 and  400 cm−1) [K.-M. unit cm-1] 

RH relative air humidity [%] 

t time [h; min; s] 

T temperature [°C] 

TOC total organic carbon 
content 

[g kg-1] 

Up perimeter of the plate [m] 

V volume: Vl of the displaced 
liquid, Vp of the plate 

 
[m3] 

w weight [kg] 

Wadh work of adhesion [J = kg m2 s-2] 

Wapp apparent work of 
adhesion  

 
[J = kg m2 s-2] 

Wapp
0 initial work of 

adhesion for t = 0 
 

[J = kg m2 s-2] 
WC water content  [weight %] 

WCcrit critical water 
content for soil 
water repellency 

 
 

[weight %] 
WDPT water drop penetration   

time [h = 60 min = 3600 s]  

z immersion depth [m] 

Greek symbols 
 

α, β, γ  parameters of linear 
regression 

[ - ] 

ε model parameter for 
distance between spherical 
particles 

 
[ - ] 

γαβ interfacial tension between 
the phases a and b with v 
for vapour, l for liquid and s 
for  

 

 solid phase [N m-1= J m-2] 

η viscosity [kg m−1 s−1] 

κ−1 capillary length [m
m] 

Θ contact angle [°] 

Θadv advancing contact angle [°] 

Θapp apparent contact angle [°] 

Θeff effective contact angle [°] 

Θr contact angle of a rough 
chemically homogenous 
surface 

 
 

[°] 
Θrec receding contact angle [°] 

Θsess sessile drop contact angle [°] 

Θsm contact angle of a smooth 
chemically heterogeneous 
surface 

 
 

[°] 
ΘWPM Wilhelmy plate contact angle [°] 

ΘY Young´s law contact angle [°] 

ρ density [kg m-3] 

Statistical measures 
 

n number  [ - ] 

R correlation coefficient [ - ] 

P probability of error [ - ] 

Methods 

1H-NMR proton nuclear magnetic resonance 
spectroscopy 

AFM atomic force microscopy 

ATR 
FTIR 

attenuated total reflectance infrared 
fourier transform spectroscopy 

BET method of determination of the 
inner surface using the BET theory 
developed by S. Brunauer, P. 
Emmett, and E. Teller and called 
after the initials in their last names 

CRM capillary rise method 

DRIFT diffuse reflectance infrared fourier 
transform spectroscopy 

PCD particle charge detection 

TISED time dependent sessile drop 
measurement 

WPM Wilhelmy plate method 

Sample names 

NLW originally wettable samples from 
Ouddorp, Netherlands 

NLR originally repellent samples from 
Ouddorp, Netherlands 

UKW originally wettable samples from 
Pennard Golf Course, United 
Kingdom 

UKR originally repellent samples from 
Nicholaston Dunes, United 
Kingdom 

AUW originally wettable samples from 
Myome, Australia 

AUR originally repellent samples from 
Pine Views, Australia 

Others 

DOC dissolved organic carbon 

DOM dissolved organic matter 

SOM soil organic matter 

SWR soil water repellency 

HS humic substances 

FA fulvic acids 

HA humic acids 

HU humins 

PHA peat humic acid 
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8.2 List of Figures 

Figure 1-1  Sample site Berlin-Tiergarten (photo: K. Täumer, Department of Soil 

Protection, TU-Berlin) .................................................................................. 13 

Figure 1-2  Sample site Berlin-Buch: result of an attempt of afforrestation (left), small-

scale differences in WC visible in dark wettable and light repellent patches at 

a depth of 5 cm during sampling in Berlin-Buch (Hurraß & Schaumann, 

2006); (right); (photos: K. Täumer, Department of Soil Protection, TU-Berlin)
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Figure 2-1  Interfacial tensions at the three phase line (TPL) of the adjacent liquid, solid 

and vapour phase for various contact angles Θ. ............................................ 17 

Figure 2-2  Schematic drawing of hydrogen bonds between water molecules ................ 17 

Figure 2-3  Gravitational force Fg, buoyancy Fb and surface force Fs acting at the three 
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Figure 2-5  (a): Sessile drop on rough surface with decreasing apparent contact angle, 
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t0 to t2. (b – d): sinking of drop water into air filled gaps in a zoomed 
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Figure 3-2  Apparent work of adhesion, Wapp, according to Eq 3  as a function of contact 

time of one representative sessile drop on all investigated samples at 5°C, 

20°C and 30°C and the respective double exponential fitting curves (standard 

deviation ± 5 mN m-1) .................................................................................. 36 
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groups (uncharged groups as white circles) and persist drying and re-wetting. 

Re-wetting requires medium EA at repellent samples for conformational re-
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± 15% and estimates of the standard deviation from triplicate measurements 
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Figure 4-4  Water drop penetration time (WDPT) calculated using Equation (1) and the 
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Tiergarten samples, respectively. .................................................................. 53 

Figure 4-5  Plane of wettability (water drop penetration time, WDPT) as a function of 

water content (WC) and surface hydrophobicity (normalized peak height of C-

H band intensity, CHN) of Buch (B) and the Tiergarten (T) soils as calculated 
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Figure 5-2: A pH, B electrical conductivity (EC), C Soil C/N ratio, and D “Mehlich”-

extractable iron measured in wettable and repellent soil samples from 
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