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L I B R A R Y



Abstract

Two different methods for probing soil particle surfaces were tested and applied to 
particles from natural soils to examine soil water repellency arising from organic 
coatings on their surfaces.

The applicability of laser scanning confocal microscopy to the characterisation of 
organic soil particle surface coatings was examined. Individual particle fluorescence 
showed a correlation with organic matter present in the corresponding soil, although 
not all organic material in soil fluoresces. This indicates that fluorescence could be 
used to probe soil particle surfaces. Other parameters such as the extent of coverage 
with fluorescent material, number of fluorescent areas and their size gave no 
consistent results, but seemed to be strongly dependent on sample origin and possibly 
factors such as the surface roughness of the particles.

Another new method for investigating soil particle surfaces involved measurement of 
the height of a water lamella pulled up by an individual particle. Good agreement 
was found between lamella height and the contact angle of bulk soil materials of 
various but known water repellencies. Soil samples generally contained particles 
with a wide distribution of individual water repellencies. However, particles from 
water repellent soils showed more variation in lamella height than those from 
wettable soils, indicating a non-uniform distribution of hydrophobic surfaces within 
soil.

The influence of pH on soil water repellency was examined by changing soil pH 
using gases rather than liquid reagents. Addition of base led to a decrease in water 
repellency confirming observations that soils of high pH are seldom water repellent.

Using these methods it was not possible to unravel all the characteristics and effects 
of organic particle coatings on soil water repellency. However, the results indicate 
that these coatings, and their chemistry, may not be the only factor involved. 
Physical properties, such as surface roughness, may interact with the chemistry.
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DOM Dissolved organic matter
DRIFT Diffuse reflectance infrared Fourier transformation
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EDX or EDS Energy dispersive X-ray spectroscopy
FA Fulvic acid
FT-IR Fourier transformation infrared
g-mWPM Gravimetric micro Wilhelmy plate method
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mWPM Micro Wilhelmy plate method
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o-mWPM Optical micro Wilhelmy plate method
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A Area [m2]

ap Size of fluorescent areas

Cp Fluorescence coverage [%]
d Diameter [m] or [mm]
E Energy [J]

fa Absolute frequency of pixels of a certain intensity
fcum.z Cumulative frequency of intensity per optical slide z

F Force [N]

g
5 1 9

Gravitational constant [m‘ kg' s' ]
y Surface tension [J m'2] or [N m"1]; with subscripts 

lg: liquid gas, si: solid-liquid, sg: solid - gas
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h z-stack intensity scaled by factor 1 O'5
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o Standard deviation



Chapter 1 

Introduction and literature review



Chapter 1 -  Introduction 2

1.1 Soils and their role in the environment

Soils are defined as the top layer of loose material formed from weathered rock and 

other minerals with organic material in various states of decay. It is confined by 

rocks at the base and the atmosphere, and possibly vegetation cover, at the top (Wild, 

1993; Scheffer et al., 2002).

While some other parts of our ecosystem are visible and their importance thus more 

obvious soils are often neglected within concerns about environmental issues despite 

their important regulatory functions within global and regional ecosystems. Soils are 

a storage and filter medium for water. Nitrogen and carbon cycles are partly 

controlled by soil organisms, e.g. atmospheric nitrogen fixation is restricted to 

special soil fungi (Mycorrhiza) living in symbiosis with plant roots (Wild, 1993); 

organic matter is decomposed by soil organisms thus transforming “dead” organic 

matter back into the building blocks of life. Soils also form the habitat for plants and 

animals, especially decomposers and microorganisms. They are the base for 

agriculture and therefore the base of modem life. Additionally, soils can be an 

archive of landscape history. Both natural and cultural history is conserved in soils: 

soil profiles, for example, can give information about the climate during their 

formation, and also preserve fossils and man-made objects (Scheffer et al., 2002).

The investigation and understanding of soil processes and disturbances to them is 

important to preserve soil quality. This study concerns aspects of the variability in 

natural soil water repellency on the individual soil particle scale.
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1.2 Soil water repellency

1.2.1 Definition

Soils are often thought to wet instantly when in contact with water due to capillary 

forces, porosity and gravity. However, it is commonly observed that there is a 

significant delay in the penetration of water into the soil surface, during which water 

may evaporate leading to reduction or complete elimination of its uptake. Soils are 

then called water repellent or hydrophobic (e.g. Wallis et al., 1992).

In this work the term water repellent is used for natural soils and the term 

hydrophobic is reserved for chemical substances, and for materials rendered water 

repellent by treatment with such chemicals. The many methods available to 

determine the strength and persistence of water repellency (WR) are described in 

detail in chapter 2. The strength of water repellency is here defined as the initial 

degree of water repellency, i.e. measured as contact angle between solid and liquid. 

The persistence is defined as the time it takes for the water repellency to break down 

during contact with water (Doerr, 1998; Regalado et al., 2009).

1.2.2 Occurrence

Water repellency was identified for the first time in the late 19th century in relation to 

fairy rings (DeBano, 2000b). Fairy rings are circles of poor grass growth or fungal 

growth within a perfectly healthy grass area (e.g. Albrecht et al., 2001). The 1960s 

brought a renewed interest in the wetting behaviour of soils and the amount of 

published work greatly increased. Since then soil water repellency has seen 

increasing attention in scientific investigations (DeBano, 2000b).

Early studies reporting water repellency were conducted on soils under arid or semi- 

arid climates like Australia (e.g. Bond, 1964; Gilmour, 1968; DeBano, 1969b), 

southern USA (e.g. Adams et al., 1970; Cahn, 1977; Berens, 1989) and Spain (e.g. 

Diaz-Fierros Viqueira, 1977). However, later work has shown that water repellency 

is not restricted to these climatic conditions (Doerr et al., 2000a; Jaramillo et al., 

2000) and is also found under humid climates. Regions under investigations have 

been the Netherlands (Hendrickx et al., 1988; Bisdom et al., 1993; Dekker et al., 

1996a), the UK (e.g. York et al., 2000), Sweden (e.g. Berglund et al., 1996) and
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Germany (e.g. Capriel et al., 1995; Ellerbrock et al., 2005; HurraB et al., 2006) to just 

mention a few.

Soil water repellency is mostly associated with sandy soils (e.g. Roberts et al., 1971; 

McGhie et al., 1980; HurraB et al., 2006) but has also been found in soils with high 

clay contents (e.g. Dekker et al., 1996a). Factors influencing soil water repellency 

that have been widely investigated are vegetation type (e.g. DeBano, 1969a; McGhie 

et al., 1981; Scott, 2000), organic matter content (e.g. Taumer et al., 2005 ; Wallis et 

al., 1990) and composition (e.g. Roberts et al., 1972; Capriel et al., 1995; Llewellyn 

et al., 2004), the soil water content (e.g. Dekker et al., 1994) and soil pH (e.g. Wallis 

et al., 1992; Kamok et al., 1993; Steenhuis et al., 2001). Apart from research on 

naturally occurring soil water repellency, very detailed research has been conducted 

on fire-induced water repellency (e.g. DeBano et al., 1970; DeBano, 2000a; 

Robichaud, 2000). Additionally, soil water repellency can be found following 

contamination of soils with hydrophobic materials such as crude oil (e.g. Roy et al., 

1998; Roy et al., 2003; Buczko et al., 2006) or after irrigation of soils with waste 

water (e.g. Wallach et al., 2005; Graber et al., 2006).

Further details on the most important factors influencing soil water repellency and 

environmental problems arising from it are presented in section 1.5.

1.2.3 Consequences of soil water repellency

The occurrence of water repellency in soils, although a natural phenomenon, has 

multiple and, in some cases, serious implications. One of the main direct 

consequences is reduced water infiltration into the affected soil (e.g. Doerr et al., 

2000a). Many studies have been conducted on the influence of soil water repellency 

on infiltration rates, including modelling of the reduced and uneven infiltration in 

water repellent soils (e.g. Witter et al., 1991; Clothier et al., 2000; Ritsema et al., 

2000; Wang et al., 2000). An early example is the study by DeBano (1971), who 

found that infiltration rates were 25 times lower in a water repellent soil compared 

with the same soil rendered wettable by intense heating.
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Reduced water infiltration into soil can lead to increased overland flow (e.g. 

Leighton-Boyce et al., 2007; Jordan et al., 2008), which tends to accumulate and 

pond in local depressions on the surface (e.g. Jordan et al., 2008). In combination 

with steep slopes and heavy rainfall events, this can increase the risk for flooding 

(Contreras et al., 2008). Increased overland flow enhances the risk of soil erosion 

(e.g. Keizer et al., 2005), especially after wildfires when the protecting plant cover 

has been removed (e.g. Varela et al., 2005). However, quantifying the direct 

influence of water repellency on water erosion especially after fires is difficult as 

other factors influence erosion (Benito et al., 2003; Shakesby et al., 1993; Benda et 

al., 2003). Despite these problems two studies on Dutch dune sands were able to 

identify, quantify and model the impact of water repellency on water erosion in this 

environment (Jungerius et al., 1989; Witter et al., 1991).

When water infiltration occurs into water repellent soil, it is mostly uneven and 

localized at zones with the lowest water repellency or along macropores, particularly 

below small depressions where water collects and gravity aids infiltration. Water can 

then flow quickly through the water repellent zone down to deeper layers of wettable 

subsoil or directly into the aquifer bypassing the unsaturated zone (e.g. Van Dam et 

al., 1990; Hendrickx et al., 1993; Ritsema et al., 2000; Clothier et al., 2008). The 

unsaturated zone provides capacity to filter water and buffer the transport of 

agricultural or other chemicals deposited on the surface. Bypassing of this zone by 

large quantities of water or solute can not only lead to inefficient use of the applied 

chemicals, but also to the direct transfer of nutrients or pollutants into water storage 

areas, ground water or surface reservoirs (Van Dam et al., 1990; Hendrickx et al., 

1993; Scanlon et al., 1997; Bauters et al., 1998; Horn et al., 2000; Hallett et al., 2001; 

Clothier et al., 2008). The bypassing often occurs through macropores. These may be 

formed by a variety of mechanisms, such as action by soil fauna (e.g. earthworms), 

channels remaining when plant roots decay, or when soil cracks due to drying or 

along boundaries of different material. Macropores and preferential pathways are not 

restricted to water repellent soils and occur more generally in soils. They are 

effective in inhibiting a homogeneous distribution of soil water content (Scheffer et 

al., 2002). This can affect plant growth, especially in agricultural systems, relying on 

even distribution of irrigation water (Das et al., 1972; Blackwell, 2000; Clothier et 

al., 2008).
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The vegetation cover over water repellent soils is often poorer than over wettable 

soils (Jungerius et al., 1989). This is due to uneven moisture distribution and can 

make them more prone to wind erosion. The period during which water repellent top 

soils are dry is longer than for wettable soils. This further increases the risk of wind 

erosion in the former (Doerr et al., 2000b). Soil water repellency, therefore, can 

indirectly increase wind erosion of soils.

Despite these detrimental effects of water repellency, some benefits can also can be 

found. For example, the evaporation rate in water repellent soils was found to be 15 

to 35 % lower than in a similar wettable soil (DeBano, 1969a). This could serve as an 

advantage for certain plant species adapted to arid and semi-arid conditions or those 

that may create water repellent soil conditions themselves, like pines and eucalyptus 

(e.g. Blackwell, 2000). However, a direct correlation between vegetation cover and 

soil water repellency is not proven. Less evaporation and increased preferential flow 

through the water repellent top layer into deeper soil layers could also conserve water 

within these deeper layers and thus favour deep-rooted plants (DeBano, 1969b).

Under normal circumstances water evaporates quickly in arid environments, but 

having a water repellent surface means surface runoff is enhanced and the water can 

then be stored in reservoirs. Therefore, water repellent soils could be used for water 

harvesting in such climates (DeBano, 1969b; DeBano, 1981).

Additionally, it was shown that subcritical water repellency (contact angles between 

0 ° and 90 °, Hallett et al., 2001; Hallett et al., 2004; Lamparter et al., 2006) can 

increase the pore structure stability and, therefore, soil stability may increase (Hallett 

et al., 2001). This can be used for engineering purposes e.g. in road base 

construction. Unfortunately soils normally are not water repellent in areas where it 

would be useful for these kind of applications; therefore soils have to be artificially 

rendered water repellent (DeBano, 1969b).
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1.3 The principle o f wetting

In order to understand soil water repellency it is necessary to understand the physical 

background of the wetting process.

Any contact area between two different materials is called an interface. Technically a 

surface onlz exists in a vacuum, but both terms are commonly used interchangeably. 

Three interfaces are involved in the wetting process: liquid -  gas (lg), liquid -  solid 

(si) and solid -  gas (sg).

The force acting at the surface of a liquid, causing the liquid to minimise its surface 

area is called its surface tension (y). Surface tension is caused by the “desire” of a 

liquid to expose the smallest possible surface: within the body of a liquid phase, 

molecules interact with neighbouring molecules in all directions and, therefore, the 

net time-averaged force of attraction such a molecule is experiencing equals zero. A 

molec'ule at the surface with no neighbouring molecules beyond the surface to 

counteract the attractive forces from molecules inside the liquid experiences a net 

attraction towards the liquid (Figure 1-1). Therefore, liquids tend to minimize their 

free energy and surface area (de Gennes, 1988).

Liquid surface

Figure 1-1: Forces experienced by molecules within the liquid body and at the surface.

The intermolecular forces involved in the surface tension are mainly short range, 

such as dispersion forces and hydrogen bonding (Garbassi et al., 1998). In order to
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overcome these forces and increase the surface area (by dA) of a liquid work (SW) is 

required.

SW = y -dA (1-1)

The surface tension or surface free energy, can thus be defined as “the energy that 

must be supplied to increase the surface area by one unit” or as “a force [...] in the 

plane of the surface directed toward the liquid” (de Gennes et al., 2004, p. 4 and 5,

respectively). Depending on the definition, two different ways of expressing the unit
0 1for the surface tension are given: J m' or N m' , respectively. Although the

definitions of surface free energy or surface tension are based on observations made

in liquids any surface has this characteristic property.

A liquid has to overcome the solid surface tension in order to wet a solid surface. 

Complete wetting will only happen if the liquid acquires a lower energy state. 

Zisman (1964) developed the model of the critical surface tension yc stating that for a 

given solid surface a surface tension exists below which liquids will wet the solid 

and above which the solid will not be wetted completely. Hence, the wetting of 

surfaces with a high surface energy is easier than of a surface with low surface 

energy.

The process of total wetting is described by the Young equation (Young, 1855):

rsĝ rsi+rig d-2)

where ysg is the surface tension at the solid -  gas interface, ysj the one at the solid- 

liquid surface and yig the one at the liquid -  gas interface. If this equation does not 

apply, the liquid will not spread instantly over the solid surface, but will form an 

angle at the three phase interface -  the so called contact angle 6 and equation (1-2) 

becomes:

r,g =r,/+ /igcos0 (1-3)
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Both types of wetting are shown in Figure 1-2. Although the Young equation 

illustrates the relationship between surface energies it neglects other influences on 

the wetting process such as gravity, surface impurities and surface roughness.

Figure 1-2: Complete and partial wetting of a smooth solid surface (adapted from Schwuger, 
1996).

The contact angle formed at the three phase interface depends on the properties of 

the phases involved. yig can be measured directly, but the term ySg-ysi is not 

measurable on its own so that the measurement of the contact angle has to be used in 

order to describe the relationship between solid and liquid phases. On a flat surface, a 

contact angle > 90 ° is an indicator for a hydrophobic (i.e. non-wetting) surface. 

Contact angles of < 90 °  indicate partially wetting surfaces and only that of 0° 

indicates a totally wetted surface (Garbassi et al., 1998).

So far the description of wetting refers to a smooth solid non-porous surface. When 

surface heterogeneities, roughness and the influence of gravity are considered the 

description of wetting becomes much more involved (McHale et al., 2005).

In order to describe the influence of a rough chemically homogeneous surface where 

the liquid is in contact with the solid at all points a correction factor r can be 

introduced to the Young equation, equation (1-3) (e.g. Wenzel, 1949; Hiemenz, 

1977). The equation is such that with increasing roughness 6r increases when the

0 =  0 0>O

| liquid
/ / / / / / / / / / / / / / / / / / / / / / / * / / / / / / /  ->« * / / / / / / / / / / /  solid
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contact angle of the corresponding smooth surface is larger than 90 ° and 0r decreases 

when the smooth contact angle is lower than 90 °.

r ' cos#r = r sg -  7si (1-4)

However, if a surface is rough, air gaps may exist between the contact points of the 

liquid with the solid surface (Figure 1-3). A water droplet in contact with a mixed 

solid-air interface only contacts the solid interface itself in some areas, the rest of the 

contact area consists of air; this is called the Cassie-Baxter state (Cassie et al., 1945; 

Shirtcliffe et al., 2006; Koc et al., 2008). As the interfacial tension between air and 

water is very high, the water-air contact angle is 6 = 180 °, water will not easily wet 

such surfaces.

Water droplet

rough solid surface

Figure 1-3: Liquid droplet on a rough solid surface including air gaps.

In such cases, the critical condition for wetting on rough solid-air interfaces may not 

be found at 90 ° contact angle, but at much lower values (Shirtcliffe et al., 2006), 

which is referred to as subcritical wetting (Hallett et al., 2001; Lamparter et al., 

2006). Shirtcliffe et al. (2006) considered a closed pack of spheres as a rough model 

for hydrophobic soils and calculated a critical contact angle for wetting of 50.73 °. 

This value was confirmed by contact angle measurements on beds of hydrophobic 

beads.

However, the model holds true only for particles with gaps smaller than the capillary 

length (k *) of the liquid, otherwise the liquid is not able to bridge the gaps between



Chapter J -  Introduction 11

particles. In the case of water this is 2.7 mm as determined by equation (1-5) 

(McHale et al., 2007).

and air, the liquid density ) and g  the gravitational constant.

When dealing with partially wettable or non-wettable surfaces the influence of 

gravity on the shape of the droplet should also be examined as this influences the 

observed contact angle. Gravity can be neglected for all droplets with a smaller 

footprint than 1/10 of the capillary length of the liquid (McHale et al., 2007). In order 

to ensure water infiltration driven solely by the surface free energy it is, therefore, 

necessary to use small volumes of liquid for contact angle determination (Shirtcliffe 

et al., 2006).

The description of the wetting process thus far was described as a static process and 

involves no infiltration of liquid into the pores of a particulate medium such as soil. 

The infiltration process into a rough porous medium can only occur if the contact 

angle is smaller than the critical value. This critical value is often given as > 90 ° 

(Drummond et al., 2004), but may be well below that at around 50 ° (Shirtcliffe et 

al., 2006). If it is larger than the critical value the surface is water repellent and the 

water will sit on top of the solid-air surface. In order to wet a water repellent surface 

it is necessary to change the properties of that surface or the liquid (Hiemenz, 1977), 

which may happen on various time scales of seconds to hours in soils (e.g. Ma'shum 

et al., 1985; Roy et al., 2002, cf. section 1.4). This process can be measured using 

other methods or time dependent contact angle measurements (Diehl et al., 2007).

The contact angle or any other time independent method measured directly or shortly 

after liquid application (i.e. water), thus characterises an initial state of the sample 

surface, i.e. it can be defined as the severity of its water repellency (Zavala et al., 

2009). The process of the breakdown of the contact angle with time and the 

following water penetration describes the persistence of water repellency (Doerr, 

1998). This can be measured by water drop penetration time (section 1.4.3).

(1-5)

where A/> is the difference in density between liquid and gas (i.e. in the case of water
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The contact angle is a commonly used method to describe surface wettability and is 

also often applied in soil water repellency research. As described above the 

measurement of the contact angles on bulk soil samples involves various problems 

and results may deviate strongly from the contact angle an individual soil particle 

surface would form with water solely due to its surface properties.

Details for the measurement of contact angle are given in section 1.4.1.

1.4 Measuring soil water repellency

To be able to compare different soils and classify their wettability, standard methods 

are necessary and, ideally, one standard procedure that allows comparison of 

different investigations is desirable. Although much research has focused on soil 

water repellency no universally accepted standard procedure exists and different 

techniques are employed to determine soil wettability. Unfortunately results from 

these different techniques are not easy to compare. While some measure the severity 

of water repellency namely the contact angle methods (Zavala et al., 2009) others 

represent the persistence of soil water repellency (Doerr, 1998; Regalado et al., 

2009). The following section introduces commonly used techniques and discusses 

their relative merits and disadvantages.

1.4.1 Contact angle

The contact angle, formed at the three phase interface, is described in the simplest of 

cases by Young’s equation (see section 1.3); wettable surfaces are generally 

characterized by a contact angle smaller than 90 0 and water repellent ones by those 

greater than 90° (e.g. King, 1981; Garbassi et al., 1998). On smooth surfaces the 

contact angle can be determined very easily by optical methods. This is more 

difficult on rough and porous media (Wallis et al., 1992) so that other methods have 

been developed. Three of these methods are commonly used to measure contact 

angles in porous media and are described in detail below.
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1.4.1.1 Wilhelmy plate method

Normally the Wilhelmy plate method is used to measure surface tensions o f  liquids 

(Richter et al., 2006). For this measurement one would use a plate fully wettable by 

the liquid o f  interest in order to have a contact angle o f  0°. If  the solid is not 

completely wetted by the liquid a situation as depicted in Figure 1-4 occurs.

p

A r

balance

Figure 1-4: Principle of the W ilhelmy plate m ethod for contact angle m easurem ent.

A lamella is formed between liquid and plate. The angle 0 which the lamella forms 

with the plate is the contact angle between solid and liquid and is determined by the 

material, wetted length o f  the material, immersion depth and the surface tension of 

the liquid. A plate is useful for these measurements due to its simple geometry which 

provides for ready evaluation o f  the wetted length. When immersing the plate into 

liquid, the force F acting on it changes and this change is determined by (Kvitek, 

2002):
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AF  = -pg(dhl) + 2(1 + d)y]g cos 0 = A mg (1.6)

where -pg(dhl) represents the upthrust acting on the plate and 2(l+d) the wetted 

length. Apart from cosO all variables are measurable so that cosd can be evaluated 

from:

cos<? = Amg + pgidhl)
2 ( i+ d )r lc (1' 7)

Soil samples are normally prepared for this method by completely coating a glass 

microscope slide with sample material using double sided adhesive tape (Bachmann 

et al., 2003; Woche et al., 2005). This glass slide is then used instead of the 

Wilhelmy plate and immersed into water. It is a quick and simple method if the 

equipment is available, but also has a big disadvantage when it comes to dealing with 

porous media in general. The exact geometry of the plate has to be known in order to 

calculate the contact angle correctly. When using soil coated plates, the true 

circumference of the sample is not known due to its roughness, so that accurate 

contact angle determination with this method can be difficult for very rough samples. 

Thus, sieving into very narrow particle size fractions prior to analysis is advisable 

(Bachmann et al., 2003; Woche et al., 2005).

1.4.1.2 Capillary rise and Washburn method

Measurement techniques based on the principle of capillary rise are indirect methods 

for determining contact angles, but are limited to wettable material as the liquid 

needs to actually rise up in the porous medium. If the medium is not wettable no 

infiltration of liquid will occur (Letey et al., 1962; Letey, 1969; Schwuger, 1996).

A glass tube with a glass frit at the bottom is filled with material and lowered into 

water or any other liquid of interest and the amount of liquid infiltrating the medium 

within a certain time period is measured. The amount of liquid taken up is 

determined by the capillary pressure pulling liquid up and the weight of liquid, i.e. 

gravimetric force, pulling the liquid down. This mechanical force equilibrium is 

determined by equation (1-8) with the force exerted by the capillary pressure on the
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left hand side and weight force of the liquid column on the right hand side. This 

equation is not only valid for a single capillary but also for a bundle of capillaries in 

parallel. This is assumed to be equivalent to the situation in porous media, although 

e.g. the tortuosity of the capillaries is neglected.

2rx(ysg - r J  = nr2pgh^, ( , _ 8 )

with r -  radius of the capillary bundle and hmax -  capillary rise.

From that equation the maximum capillary rise can be determined as

, 2(r,s -r,i)
* „ « = ------------------ (1-9)

rpg

Substituting equation (1-3) in (1-9) provides a connection between maximum 

capillary rise and contact angle:

2 /lg cos 6
max

rpg (1-10)

In this equation all variables apart from r and 6 are measurable. If r can be calculated 

independently the contact angle 6 can be determined. It is commonly assumed that 

ethanol or hexane wet any porous medium completely and instantly, therefore 

reducing 6 to zero, so that r can be calculated. Assuming further that the capillary 

radius is similar for two sub-samples the contact angle can be calculated after 

repeating the experiment with water. Therefore, identical packing of the two sub

samples has to be achieved.

For this experiment a certain, always identical, time period is chosen. For example, 

Letey et al (1962) used a 24 h period for the soil in order to reach an equilibrium 

state.

A similar approach is the so-called Washburn method, which is also based on the 

principle of capillary rise, but exploits the kinetics of liquid capillary rise: the weight 

change of the system per time unit is measured. The height of capillary rise is 

described by the Washburn equation (Schwuger, 1996):
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Jv,_ rcosO
'  ( M , >

where t is the time for capillary rise and rj the viscosity of the liquid.

However, equation (1-12) is only valid for a single capillary. For a bundle of 

capillaries it is expressed as:

m /
h = — =  ̂ (1-12)

A r 7thn

where V is the total volume of the capillary bundle, A the cross section of the 

capillary bundle, m the liquid mass and n the number of capillaries.

Combining equations (1-11) and (1-12) and solving for cosO we get:

0 m2 ^  2ij
cos 9 = —— • C ------—  (1.13)

* V  P

where C is a material constant

^  1C  (1.14)
r n

This again can be determined using a reference measurement from ethanol or hexane. 

The advantage of the Washburn method over the capillary rise method is that results 

can be obtained rapidly. However, more sophisticated apparatus and data processing 

are needed to compute the contact angle.

1.4.1.3 Sessile drop contact angle measurement

The direct method of contact angle measurement is optical. Although this is more 

difficult than it would be for a smooth surface, contact angle measurements were 

adapted to measurements of soil water repellency (Bachmann et al., 2000a; 

Bachmann et al., 2000b). The physical and mathematical background for these 

measurement techniques is described in detail in section 1.3.
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In order to be able to measure initial contact angles (within the first 10 seconds after 

droplet application) optically over the full range of wettable and water repellent 

samples, fixation of a single layer on a glass slide is necessary to inhibit infiltration.

Contact angles may be determined manually from images of a liquid droplet, usually 

water, obtained using a camera (e.g. Diehl et al., 2007) or directly using a 

microscope fitted with a goniometric scale (e.g. Bachmann et al., 2000b).

1.4.2 Molarity of ethanol droplet (MED) test

The MED test is a simple and indirect method to quantify soil water repellency. It 

can be carried out in the field due to its easy and straight forward nature.

The test is based on Zisman’s concept of the critical surface tension (yc) which states 

that liquids with low surface tension wet a surface better than liquids with a high 

surface tension. Solids with a high surface tension are wetted easier than solids with 

a low surface tension and so a critical liquid surface tension exists below which a 

liquid wets a solid of a given surface tension (Zisman, 1964; Schwuger, 1996).

The MED test involves placing droplets of aqueous ethanol, of various 

concentrations, on the soil. From the drop with the lowest ethanol concentration that 

enters the sample after a prescribed time period (1 -  10 s depending on the study) the 

molarity of ethanol is recorded as the MED. The concentration of ethanol may be 

adjusted to provide various intervals in y so that estimates of yc may be refined as 

considered necessary. Pure ethanol has a very low surface tension of 22.39 mN m'1 at 

20 °C and, therefore, wets practically every solid instantly; a sample that is only 

wetted by pure ethanol is classified as extremely hydrophobic.

1.4.3 Water drop penetration time (WDPT) test

The WDPT test is based on the breakdown of the water repellency and the reduced 

infiltration rate of water into water repellent soils. This is measured by the time 

required for a droplet of water, placed on the sample surface, to infiltrate completely 

(Letey, 1969). The WDPT is more a measure of the persistence of soil water
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repellency than its severity because it measures the breakdown of water repellency of 

the specimen in contact with the water droplet (Wallis et al., 1992; Doerr, 1998; 

Regalado et al., 2009). The fact that the water does not penetrate instantly means the 

solid -  liquid contact angle is greater than a critical value (calculated to be -50°, 

Shirtcliffe et al., 2006) and the net soil surface energy must be lower than that of the 

water droplet which is 72.8 mN m'1 at 20 °C (e.g. Doerr, 1998; Letey et al., 2000). 

The surface tension of water and evaporation rate are functions of temperature. This 

also explains why the WDPT test is highly dependent on environmental factors such 

as temperature and relative humidity (Doerr, 1998).

After the initial contact of the solid surface with water the contact angle decreases 

until the water droplet finally infiltrates the soil. The longer this process takes the 

higher the persistence of the water repellency. WDPT measurements can be made in 

the field. Some studies, however, indicate that the WDPT test might only be sensitive 

in a narrow range of contact angles around 90° (King, 1981; Bachmann et al., 

2000b).

Soils are often classified into different categories of wettability based on the WDPT 

measurements. Not all publications use the same classification system, but the one 

introduced by Bisdom et al. (1993) is commonly used in its original or modified form 

(Table 1-1).

Table 1-1: Wettability classification for soils after Bisdom et al. (1993).

WDPT tsl Classification

<5 Wettable

5 - 6 0 slightly water repellent

6 0 -6 0 0 strongly water repellent

600-3600 severely water repellent
>3600 extremely water repellent

While the definition of various wettability classes may be useful for scientific 

purposes as it allows differentiation between samples and changes in wettability, 

they might be less relevant in terms of environmental considerations. However, a
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general definition of environmental implications is difficult as some of the classes 

may be only relevant for certain conditions, others under all conditions: e.g. in cases 

of heavy rainfall events in combination with poor vegetation cover the definition of 

the <5 s limit for wettable soils may be much too long as the high impact velocity of 

water droplets may already cause erosion whereas plant coverage would prevent it.

King et al. (1981) found a logarithmic relationship between MED and water drop 

penetration time (WDPT) values, but only for highly water repellent soils as other 

studies have found no correlations between these methods for samples in the 

moderate water repellency range (e.g. Doerr, 1998).

1.5 Influences on soil water repellency

1.5.1 Temporal and spatial variability

Soil water repellency shows temporal variations in both the long and short term as 

well as spatial variations on different scales. Many publications examined influences 

on these variations and identified possible factors.

In some environments very small scale spatial variations (~10' m) have been found 

(Dekker et al., 1996b; Taumer et al., 2005; HurraB et al., 2006). Water content was 

identified as one of the main factors in the appearance of water repellency, but it is 

unclear as to what may cause such small scale differences in this property (see 

Section 1.5.5). It is also unclear whether water content changes are the cause of water 

repellency or resulting from it. Other special variations occur within the soil profile. 

Water repellent layers are often found just beneath the organic horizon but also in 

deeper layers indicating that spatial variations in repellency occur both vertically as 

well as horizontally (e.g. Doerr et al., 1996; Leighton-Boyce et al., 2007; Rodriguez- 

Alleres et al., 2007a).

During summer months with high temperature, an increased water repellency can be 

found for some sites (e.g. Dekker et al., 2001; Hubbert et al., 2005; Leighton-Boyce 

et al., 2005; Taumer et al., 2005; HurraB et al., 2006; Buczko et al., 2007; Keizer et
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al., 2007; Lemmnitz et al., 2008). Apart from this seasonal variation, some sites show 

changes in water repellency over periods of ~3 days and 2 weeks (e.g. Keizer et al., 

2007). Buzko et al. (2007) suggested that both long term seasonal and short term 

variations can be explained by a complex interplay between water availability (i.e. 

rainfall) and temperature.

Temporal changes in water repellency were also related to the crop cycle: Keizer et 

al. (2007) investigated the temporal variations of water repellency during a crop 

cycle for different plant species, but could only find a clear pattern for maize. Before 

planting the soil was wettable, showed increased water repellency before harvest and 

returned to a wettable state afterwards. Variations of the average soil moisture 

content, during the crop cycle, did not themselves account for the changes in 

repellency.

1.5.2 Influences of soil chemistry

The influence of soil organic matter (SOM) and with that its chemistry is still widely 

discussed. Many studies so far have been investigating the influence of SOM, but no 

overall relation was found.

It is widely agreed that hydrophobic and/or amphiphilic substances are responsible 

for the occurrence of soil water repellency. These materials can either be present in 

the soil as part of soil particle coatings or as particulate organic matter (e.g. van't 

Woudt, 1959; DeBano, 1981; Harper et al., 1994; Franco et al., 1995). Hydrophobic 

material can be introduced to the soil through decomposition of plant material such 

as roots or leaves, microbial and fungal decomposition products or exudates and 

plant root exudates (DeBano, 1981; Bisdom et al., 1993; Franco et al., 2000a) (for 

more details see section 1.5.6).

The amount of soil organic matter, measured mostly as total organic carbon (TOC) 

content, has been investigated with respect to soil water repellency. Assuming that 

organic matter is the critical factor for the development of water repellency the 

amount of organic material may be correlated to its severity. While some researchers 

found positive correlations between TOC and water repellency (Wallis et al., 1990;
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McKissock et al., 2003; Taumer et al., 2005) some did not find correlations at all 

(Jungerius et al., 1989; Doerr et al., 2006). Amongst others, DeBano (1969a), 

Bisdom et al. (1993) and, more recently Doerr et al. (2006) showed that even soils 

with a very low TOC content can be water repellent. Soils with TOC of only 0.1 % 

were found to be water repellent while others with > 5 % were less repellent or 

wettable. In general it can be said that only very little hydrophobic material needs to 

be present in a soil in order to render the whole soil water repellent, thus explaining 

the often poor correlation between TOC and soil water repellency (Wallis et al.,

1992). Therefore, it was suggested that rather the nature of organic material, i.e. the 

chemical structure, rather than the amount was responsible for water repellency 

(Wallis et al., 1992). Capriel et al. (1995) found a positive correlation between the 

amount of CH groups in arable soil and the water repellent character of the soil 

organic matter using diffuse reflectance infrared Fourier transformation DRIFT 

analysis of the samples. Additionally, they found that sandy soils contain relatively 

more alkyl C and less carbohydrates and proteins than clay soils. This suggests a 

more hydrophobic nature of organic matter in sandy soils and could explain the more 

prevalent occurrence of water repellency in sands (Capriel et al., 1995). However, 

Doerr et al. (2005b) could not verify the relationship between CH groups and water 

repellency in samples of different origin and texture, neither could HurraB and 

Schaumann (2006) find such correlations, for samples from two urban locations, 

using Fourier transformation infrared FT-IR spectroscopy.

One group of substances often referred to in the context of soil water repellency are 

humic substances (DeBano, 1981; Bisdom et al., 1993). These have amphiphilic 

character and thus could be potentially hydrophobic. Specifically, poly acidic humic 

acids, which are commonly present in soils, are known to form hydrophobic films 

and also are very stable in soils (Graber et al., 2009). Nevertheless, the group of 

humic substances is a variable mixture of different materials, leaving much room for 

closer investigations of specific SOM components that might have an influence on 

water repellency.

Many investigations have been conducted in order to obtain more information about 

the specific organic compounds involved in the development of water repellency 

(e.g. Ma'shum et al., 1985; Franco et al., 1995; Home et al., 2000; Mainwaring,
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2004). No standard procedure has so far been established to investigate soil organic 

matter composition. Most procedures require an extraction prior to using 

instrumental analysis techniques. Numerous different extraction techniques and 

different extraction solvents combined with numerous types of analytical techniques 

have so far been used. One of the most common techniques is that of Soxhlet 

extraction, sometimes in combination with a sequential extraction procedure. The 

Soxhlet technique allows an intensive extraction with a continuous reflux of solvent, 

whereas sequential extraction uses various solvents in sequence and distinguishes 

between SOM components on the basis of relative affinity of soil and solvent 

(Lewandowski et al., 1997) and allows detection of changes in wettability after each 

extraction step.

In combination with these or other extraction techniques a variety of solvents has 

been used. One of the more commonly used solvents is an isopropanol -  

aqueous ammonia mixture (7:3 v:v), because it removes large amounts of organic 

material and renders soil wettable (e.g. Ma'shum et al., 1988; Franco et al., 2000a; 

Home et al., 2000; Litvina et al., 2003; Doerr et al., 2004; Mainwaring et al., 2004; 

Morley et al., 2005); other solvents used are hot and cold water (Roberts et al., 1972; 

McGhie et al., 1980; Home et al., 2000), chloroform (Roberts et al., 1972; McGhie et 

al., 1980; Franco et al., 2000a), ethanol (e.g. Roberts et al., 1972), acetone (e.g. 

Roberts et al., 1972), methanol (e.g. Roy et al., 1999) and strong oxidising agents e.g. 

hydrochloric acid (Roberts et al., 1972) or hydrogen peroxide (Bisdom et al., 1993).

Many types of characterization can be used for identification of components in the 

extract. Frequent use has been made of infrared spectroscopy (e.g. Ma'shum et al., 

1988), nuclear magnetic resonance spectroscopy (e.g. Kogel-Knabner, 1997) and gas 

chromatography coupled to mass spectrometry (GC-MS) (e.g. Home et al., 2000).

Much of the research into the chemical causes of water repellency in the last decades 

has been devoted to identification of specific substances, leading to the general 

acceptance that several substance groups are relevant to soil water repellency: 

aliphatic hydrocarbons and fatty acids (e.g. Franco et al., 2000a; Home et al., 2000), 

especially long chain fatty acids (e.g. Ma'shum et al., 1988; Graber et al., 2009); long
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chain carboxylic acids, amides, alkanes, aldehydes and ketones (Mainwaring et al., 

2004; Morley et al., 2005).

Although both bulk particulate organic matter and soil particle coatings have been 

identified as potentially inducing water repellency, Home and McIntosh (2003) argue 

that if free particulate organic matter within the soil determined the water repellency 

there should be some kind of correlation with TOC, total lipid extract or any lipid 

fraction. Such correlations are generally not found. The determining factor for the 

wettability of particle coatings, however, should only be the amount of hydrophobic 

material within the outermost layer which would be poorly reflected in the TOC 

content (Home et al., 2003). Therefore, hydrophobic particle coatings are more likely 

to influence water repellency than bulk organic material at least in soil where no 

correlation between TOC and water repellency exists.

Doerr et al. (2005b) found that extracts from both water repellent and wettable 

samples were able to induce water repellency in an acid washed sand. This suggests 

that the mere presence of hydrophobic substances in the soil is not sufficient to 

render a soil water repellent. Other factors are clearly involved in the phenomenon of 

water repellency.

One conceptual model explaining this observation is to consider the role of 

amphiphilic substances like fatty acids in the expression of water repellency. 

Although generally not hydrophobic, they can render a surface hydrophobic due to 

their orientation on that surface (Ma’shum et al., 1985; Home et al., 2000; Ellerbrock 

et al., 2005; HurraB et al., 2006). Bozer et al. (1969) suggested that the hydrophilic 

end of an amphiphilic molecule binds to hydrophilic soil mineral particle surface and 

thus the hydrophobic tail sticks out into the inter-particle pore space (see Figure 

l-5a). Mineral surfaces are mostly negatively charged (e.g. clay), but some can also 

be positive (e.g. AI2O3 surfaces at pH < 8), which then influences the adsorption of 

organic amphiphilic molecules. These can be both negatively (anionic surfactants) 

and positively (cationic surfactants) charged.

Although the ionic bond is only one possible mechanism for organic material to bind 

to the mineral surface, it could account for some of the observed phenomena related 

to water repellency, like changes in severity with time. However, the possible
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mechanisms for binding of organics to the mineral surface are manifold. Some of 

them are shown in Figure l-5b: hydrogen bonding (1), complex formation (2) or van 

der Waals dipole -  dipole interactions (3).

a)

b) (1) (2) (3)

Figure 1-5: a) different possibilities of binding of amphiphilic molecules to the mineral surface, 
rendering the surface hydrophobic b) different possible binding mechanisms of organics to the 
mineral surface apart from electrovalence: (1) hydrogen bonding, (2) complex formation, (3) or 
van der Waals dipole -  dipole interactions.

Ellerbrock et al. (2005) further considered the so called ‘effectiveness’ of SOM for 

the expression of water repellency. They suggest that depending on the weight ratio 

of organic matter to mineral matrix, the organic material has a disposition to induce 

water repellency or not. In their model, a low ratio of TOC to mineral matrix means
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hydrophilic groups are orientated towards hydrophilic mineral surface and 

hydrophobic groups are pointing outwards, rendering the soil water repellent. With 

increasing ratio of TOC to mineral surface, more organic material is present per 

mineral surface area, forcing the molecules into a more upright position due to space 

restrictions exposing more hydrophilic groups and resulting in a wettable soil. At 

very high organic matter contents, and in the presence of multivalent cations, a 

second layer of organics could form exposing the non-polar molecular “backbone” in 

the pore space (Ellerbrock et al., 2005). This model is shown in Figure 1-6. However, 

although the relative surface area of the mineral and the ability of the available SOM 

to cover the surface are likely to be involved in the expression of water repellency, 

its relevance is difficult to quantify.

Whereas most models do not specify any substance class Graber et al. (2009) 

postulated that the only substance class able to account for all of their observations 

were divalent long chain fatty acid salts arranged in monolayers on the particle 

surface. They found fatty acids of molecular weights between 242 and 283 g mol"1.

S u r f a c e  p r o p e r t i e s

Hydrophobic Hydrophilic Hydrophobic

Hydrophobic 
carbon 
backbone /

Hydrophilic 
functional goups

Fe”+ Ca2+ Fe”+ Ca2

OM molecules

Fen+ Ca2+ Fe"+ Ca2+ 
Mineral Phase

'e"+ ca2+ Fen+ Ca24 
Mineral PhaseMineral Phase

OM/mineral ratio: Low Medium H i g h

>10SOC content ( g kg-1): <10 =10

Figure 1-6: Model of organic material arrangement on mineral surface depending on organic 
carbon content (from Ellerbrock et al., 2005).
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Most models assume a static state of organic matter in an often dynamically 

changing soil system. Depending on external circumstances such as water content, 

temperature or soil pH, the conformation of the organic matter may change 

(Ma’shum et al., 1985; Roy et al., 2000). These changes could be very slow 

(occurring over timescales of days, weeks or years) or also might happen within 

minutes or hours during the actual wetting process (Ma'shum et al., 1985; Roy et al., 

2000; Bayer et al., 2007; Diehl et al., 2007). Furthermore, the nature of the kinetic 

process which is described by either a chemical or a physical rate-limiting step may 

be influenced by the soil itself (Diehl et al., 2007).

The existing models that explain and to some degree allow prediction of the 

occurrence and development of water repellency are useful. However, they are based 

on very limited evidence. Most models are derived using evidence gained from 

changing bulk soil properties or soil extraction procedures. Those using aggressive 

solvents (Roy et al., 1999), however, can modify organic molecules and disrupt any 

extended networks adsorbed on soil surfaces. Models based on the assumption that 

the conformation of organic matter on particle surfaces is relevant, lack evidence 

which cannot easily be provided by methods of bulk soil investigation. The direct 

investigation of SOM in its natural state in soil samples, especially on soil particle 

surfaces in relation to the wettability of the surface is, therefore, necessary in order to 

verify the models. However, research on that size scale so far has been neglected in 

soil water repellency research.

1.5.3 Influences of soil physics

When soil water repellency was first discovered it was associated with sandy soils. 

Most research, to this day, is focused on such soils. DeBano (1981) found that water 

repellency was most likely to occur in sandy soils with a clay content below 10 %. 

Other studies also came to the conclusion that water repellency is mainly caused by 

the coarse fraction (Roberts et al., 1971; McGhie et al., 1981; Crockford et al., 1991). 

This was explained by the lower specific surface area of coarser material and, thus, a 

higher coverage with organic material at the same level of organic matter content in 

comparison with a clay-bearing soil.
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However, water repellency is not restricted to sandy soils (e.g. McGhie et al., 1980; 

Wallis et al., 1992). McGhie and Posner (1980) argued that clay soils might be water 

repellent when hydrophobic material covers clay aggregates whose internal surfaces 

are not readily available to distribute organic adsorbates. Later studies, however, did 

not support this argument as they found the highest water repellency within the 

smallest size fraction (< 0.05 mm) (Bisdom et al., 1993; Doerr et al., 1996; de Jonge 

et al., 1999; Mataix-Solera et al., 2004; Rodriguez-Alleres et al., 2007b). Doerr et al. 

(1996) suggested that very fine organic particulate material within this size fraction 

may be responsible for water repellency rather than organic adsorbates.

The direct investigation of individual soil particle properties may help differentiation 

between the pure physical effect of bulk soil roughness inducing or amplifying soil 

water repellency and real properties of the soil particle surfaces (section 1.5.2). 

Investigations on the individual particle scale so far have been neglected and need to 

be addressed.

1.5.4 Influences of soil pH

It is generally accepted that soil pH may have an influence on soil water repellency 

although the correlation between pH and water repellency still remains inconclusive 

(Wallis et al., 1992). Soil wettability was often increased after addition of lime, 

which increases the pH (e.g. van’t Woudt, 1959; Blackwell, 1996) or after the 

addition of sodium hydroxide to localized dry spots on golf greens (Kamok et al.,

1993). Some systematic studies on pH and water repellency found water repellent 

soils were more likely to have a lower pH than wettable soils. Roberts and Carbon 

(1971) found this connection for sandy soils from south-western Australia, Steenhuis 

et al. (2001) for more than 3000 garden and agricultural samples from New York 

State and HurraB and Schaumann (2006) for 46 samples from inner city parkland in 

Berlin. However, HurraB and Schaumann (2006) did not find a significant correlation 

between pH and water repellency for a former sewage field in Berlin. Although 

water repellency occurs in calcareous forest soils with a generally very narrow range 

of pH, a tendency for water repellent areas to have lower pH than wettable areas was 

found within this environment (Mataix-Solera et al., 2007).



Chapter 1 -  Introduction 28

The influence of pH on soil wettability has been related to the state of functional 

groups and the ratio of dissolved to particulate organic matter (Tschapek, 1984; 

Babejova, 2001). At low pH relatively more humic acids (HA) are present in a soil 

than fulvic acids (FA). As fulvic acids are soluble over a wide pH range while humic 

acids are soluble only at high pH, fulvic acids are readily leached. The addition of 

HA to soil samples has been shown to increase their water repellency. A higher ratio 

of HA to FA may favour water repellency (Tschapek, 1984; Babejova, 2001). Stable 

humic acid complexes were identified as an important contributing factor for water 

repellency in some sandy soils (Roberts et al., 1972). Although HA are not 

completely hydrophobic, they are thought to act similarly to amphiphilic molecules 

and orient the non-polar groups into soil pore space and render it water repellent 

(Tschapek, 1984).

The local agent for reducing soil pH could be fungal exudates (Lin et al., 2006). This 

reduction could lead to the precipitation of FA and HA within these regions and so 

be responsible for the resulting water repellency. In a study of water repellency in 

Taiwan the contact angle of FA and HA extracts was found to be higher the lower 

the pH of the extract was, so that the pH might be an indicator for the hydrophobic 

potential of the organic matter (ibid). However other studies did not find increased 

fungal growth within the water repellent areas of the soil (e.g. HurraB et al., 2006; 

Bayer et al., 2007).

In a different approach to clarify the influence of pH on soil water repellency Bayer 

and Schaumann (2007) increased soil pH artificially by addition of NaOH to soil 

samples. The water repellency in some samples increased with slightly increased pH, 

but decreased dramatically at pH > 9. The increased water repellency at slightly 

increased PH was explained by the stretching of organic molecules after a first 

deprotonation of functional groups which in turn could lead to a mutual repulsion of 

these groups (Deo et al., 2005) and a consequent stretching of the molecules 

exposing hydrophobic parts to the pore space. With even higher pH this effect is 

overcompensated by the increasing polarity of the organic matter. At pH 4 only 31 % 

of carboxylic groups in humic acids are deprotonated whereas at pH 7 most are 

dissociated (Terashima et al., 2004).
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A recent study on the influence of pH, multivalent cations and their interplay 

developed a model based on the behaviour of fatty acid salts in monolayers. With 

high pH and only in the presence of Ca2+ the water repellency of their samples 

increased with increasing pH. This was explained by the complexation of 

undissociated free fatty acids and the mineral surface via Ca2+ bridges leading to a 

higher density of fatty acids on the mineral surface increasing the water repellency of 

said surface (Graber et al., 2009). Although these mechanisms may be of relevance 

for soil water repellency the model has to be considered carefully, as it is based on 

the behaviour of pure components within a monolayer. Soil organic matter is 

composed of various different substances so that the formation of continuous
^ I

monolayers is unlikely. The addition of Ca was only locally and for short time 

periods. Any long term changes in water repellency (more than several hours) are not 

accounted for in the model.

All models for the influence of pH on soil water repellency are based on the 

molecular scale, but validation, at this scale, has yet to be made.

1.5.5 Influences of soil water content

Water repellent conditions in soils are generally associated with low soil water 

content and wettable conditions with higher water contents (e.g. Leighton-Boyce et 

al., 2005; Ziogas et al., 2005) with a transition region dividing the two states, 

sometimes referred to as critical water content or transition region (e.g. Dekker et al.,

2001). Most soils become wettable eventually after prolonged contact with water. 

Bringing wettable and water repellent samples from one location to a similar water 

content often adjusts their wettability to a similar level (e.g. de Jonge et al., 1999; 

Dekker et al., 2001). Some soils, however, do not show this adaptation and keep their 

differences even after adjustment to similarly high moisture levels (e.g. HurraB et al., 

2006; Bayer et al., 2007).

Measuring wettability on dried samples is often referred to as the ‘potential water 

repellency’ in contrast to the term ‘actual water repellency’ used for measurements 

under field conditions (e.g. Dekker et al., 2001). As the water repellency 

development is not predictable upon drying, the term is not particularly useful as it
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does not reliably predict observed increases and decreases in water repellency (e.g. 

Rodriguez-Alleres et al., 2007a).

Different drying conditions or regimes (e.g. variations in temperature; oven drying or 

freeze drying) have been found to lead to a variety of outcomes where water 

repellency had been induced in some soils (e.g. Dekker et al., 2001) and destroyed in 

others (Ziogas et al., 2005).

Other studies found a complex relationship between water content and sample 

wettability: some samples had a maximum in water repellency at low water contents, 

but at water contents below 1 % after oven drying were wettable again (de Jonge et 

al., 1999; Goebel et al., 2004; Bayer et al., 2007). This decrease in water repellency 

was found for some sandy samples even after air drying (Doerr et al., 2006). This 

behaviour could be explained by the absence of adsorbed water molecules on particle 

surfaces at very low water contents, resulting in high energy surfaces with a great 

affinity for water molecules resulting in a wettable soil (Derjaguin et al., 1986; 

Vogler, 1998). The decrease of water repellency at very low water contents 

following drying could also be connected to conformational changes in the surface 

layer of the organics (Wallis et al., 1990). With increasing water content, a water 

film is formed on the particle surface, reducing the surface free energy of the solid. It 

does not behave like free water until a critical film thickness is reached and, 

therefore, wettability may be reduced. Above this critical water content the water 

film shows properties of free water and may render the sample wettable again 

(Clifford, 1975; Zettlemoyer et al., 1975; Goebel et al., 2004).

In general the heating regime seems to influence the resulting wettability of the 

partially or fully dried sample. The drying temperature itself seems to have a 

significant influence probably due to the different energy fluxes into the soil 

providing different opportunities for conformational changes to occur (e.g. Dekker et 

al., 1998; Bayer et al., 2007).

If the water content is changed by increasing the relative humidity, an unexpected 

increase in water repellency is often observed even for previously wettable samples 

(e.g. Jex et al., 1985; Hubbell, 1988). This was often explained by factors not directly 

related to the water content, but the increased growth of fungi and actinomycetes 

under these favourable conditions (Savage et al., 1972; Jex et al., 1985; Hallett,
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2002). A different explanation was given by Doerr et al. (2000a) who suggested that 

the high mobility of water vapour allows the molecules to penetrate into the pores, 

increase the water content of the soil and disrupt hydrophobic bonds at the mineral 

surface with the release of enthalpy of condensation, but would not increase the 

wettability at the soil surface.

Investigating conformational changes in SOM due to water content changes in situ is 

difficult. However, this is necessary for validation of the models, in order to relate 

such changes e.g. to consequences for pollutant adsorption which is highly dependent 

on the state of the organic matter (e.g. Gaillardon, 1996; Altfelder et al., 1999; 

Johnson et al., 1999).

1.5.6 Influences of soil biology

Data from various soils suggest that the vegetation may influence their wettability. 

Plants with very waxy leaves, like different species of the Pinus and Eucalyptus 

families, are supposed to induce water repellency in soils when leaves are 

decomposed and waxes and oils are incorporated into the soil (Imeson et al., 1992; 

Ferreira et al., 2000; Scott, 2000; Mataix-Solera et al., 2007; Rodriguez-Alleres et al., 

2007a). Other plant families commonly associated with soil water repellency are 

various shrubs (Verheijen et al., 2007) or dune grass (Jungerius et al., 1989). Whole 

plant families are often associated with water repellency (e.g. Eucalyptus: Garkaklis 

et al., 2000; Scott, 2000, pine: Robichaud, 2000; Scott, 2000 and coniferous trees: 

van't Woudt, 1959). The severity of induced water repellency can vary with the 

species (Verheijen et al., 2007). Plants may also contribute to soil water repellency 

via root exudates and/or their products of decomposition (Dekker et al., 1996c; Doerr 

et al., 1998). Hydrophobic root exudates of some plants may serve to reduce water 

evaporation rates and so provide an advantage of location over other plant species 

(Hallett et al., 2001).

Fungi and microorganisms have both been implicated to play a role in soil water 

repellency. Bacteria are mostly associated with decomposition of organics and, so, 

may be responsible for the production of low molecular mass hydrophobic 

substances. They also might use hydrophobic biofilms as part of a survival strategy
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in order to store water and nutrients or to attach to certain surfaces. Schaumann et al. 

(2007) found that bacterial biofilms can affect mineral and soil surface wettability, 

depending on the bacterial species. a-Proteobacterium and Variovorax paradoxus 

proved to render a soil water repellent in a laboratory experiment. More generally 

Feeney et al. (2006) investigated bacterial respiration rates with respect to soil water 

repellency and established a connection between increased respiration and increased 

water repellency.

Fungal biomass was directly linked to the severity of water repellency in some 

studies (e.g. Bond, 1964; White et al., 2000; Hallett, 2002). Either the fungi 

themselves or their metabolic products could be responsible for development of 

water repellency. Investigations on so-called fairy rings also often found a 

connection between the circular zones of water repellency in turf grass soils. These 

rings of poor turf grass quality and high water repellency often show an increased 

fungal colonization (e.g. Fidanza et al., 2007). Other studies suggest that exudates of 

filamentous fungi change local pH and induce a very localized water repellency (Lin 

et al., 2006). Strong water repellency was developed in soils following storage at 

moderate temperatures and of high relative humidity (RH) conditions suitable for 

rapid growth of fungi (Savage et al., 1972; Jex et al., 1985; Hallett, 2002). However, 

not all studies could find clear relationships between fungal biomass and water 

repellency.

1.5.7 Fire-induced water repellency

Many studies have been conducted on the influence of fires on soil water repellency. 

Wildfires have no consistent effect on the occurrence or severity of water repellency. 

Fire was noted to induce or enhance water repellency in wettable soils (DeBano, 

2000a), but also to decrease pre-existing repellency (Giovannini et al., 1983; Spaeth 

et al., 2007) or have little to no effect on pre-existing water repellency when soil 

temperatures remained below the temperature at which organics are sufficiently 

altered (Doerr et al., 1996).

These differences are largely attributed to the temperature reached in the soil and its 

duration, which in turn depend on fuel characteristics, the fire temperature and
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duration, and soil texture and moisture (DeBano et al., 1976; DeBano, 1981; Wallis 

et al., 1992; Robichaud et al., 2000; Pierson et al., 2008).

On some sites the surface soil layer showed no or low water repellency following 

fires whereas deeper layers developed a more severe water repellency (e.g. Letey, 

2001). High temperatures at the surface vaporize and combust all organic material 

and thus leave the soil wettable (DeBano, 2000a). The volatile organic material is 

translocated along the temperature gradient downwards into the soil into a region of 

sufficiently low temperature for organic material to condense. Organic matter may 

accumulate in this region and water repellency is often induced. This might be a 

temporary or permanent feature of the affected soil (Savage et al., 1972; DeBano et 

al., 1976; Doerr et al., 2000b; Pierson et al., 2008).

1.6 Remediation strategies

Where water repellency has detrimental implications, a number of different 

remediation strategies may be applied.

In any agricultural system a relatively simple way of avoiding the occurrence of soil 

water repellency is irrigation. If the soil water content is maintained above the 

critical water content at which soil water repellency may occur it will not develop 

(Cisar et al., 2000). As this critical water content is generally not known and 

irrigation needs to be very even and above this level, it is only an option for regions 

with high water availability or on high value soil systems such as golf greens (Wallis 

et al., 1992; Cisar et al., 2000). At highly managed systems like golf course turf, 

grasses are easily affected by uneven wetting and can develop localized dry spots 

(Cisar et al., 2000; Kostka, 2000). Wetting agents have been used to improve 

irrigation and efficiency of use of water (Kostka, 2000; Dekker et al., 2005; Roper, 

2006). These, however, are expensive and must be used repeatedly as they are 

biodegradable. Their use is problematic as their decomposition products may be 

phytotoxic (e.g. Miyamoto et al., 1978; DeBano, 2000a). This narrows their 

applicability to highly managed systems such as golf greens. Wetting agents 

normally reduce the surface tension of the irrigation water and so facilitate the
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wetting process (see also section 1.3). On reaching the soil most modem wetting 

agents adsorb to the particle surfaces and create a temporarily wettable surface 

(Kostka, 2000). Cationic surfactants and non-ionic surfactants are commonly used 

(Miyamoto et al., 1978; Sunderman, 1983; Kostka, 2000).

Other strategies to reduce or remove water repellency involve the use of wax- 

degrading bacteria (Roper, 2004; Roper, 2005; Roper, 2006). Schaumann et al. 

(2007), for example, showed that some bacteria (Bacillus sphaericus) have the 

potential to render a soil hydrophilic. Although these methods have so far been tested 

mainly in the laboratory they might prove useful for wider application. However, the 

problem at the field scale is often that other nutrients may be available which are 

easier to metabolize than the organics responsible for the water repellency. On the 

contrary, microbial activity itself might create hydrophobic material counteracting 

the positive effects of decomposition (e.g. Franco et al., 2000b; Hallett, 2002)

The addition of lime has been shown to have positive effects for soil wettability, but 

as often huge amounts are needed (1 0 0 1 ha'1) it only seems applicable if lime is 

available on site or close by (Roper, 2006). However, even a limited addition of 1 to 

5 t ha'1 may help to improve wettability as it helps to increase the population of wax- 

degrading bacteria (Roper, 2005; Roper, 2006). The reason for the positive effect of 

lime addition may also lie in the changes to soil texture by the addition of a fine 

particle fraction, thus, increasing the wettable surface area of the soil and through 

increasing the soil pH (Blackwell, 2000).

Increasing the surface area of the soil through the addition of clay to sandy soils has 

proven to be a successful strategy in reducing water repellency (Ma’shum et al., 

1988; Blackwell, 2000; Ismail et al., 2007). It is a very safe strategy as no chemicals 

or non-native microorganisms are added to the soil system and can have a long term 

effect especially in areas with a clay subsoil where the clay is readily available 

(Ward et al., 1993). In such soils, ploughing and tillage can improve wettability 

greatly by incorporating the clay from the subsoil into the upper layers (Harper et al., 

2000). The addition of kaolinite was found to be successful was found to be effective 

in reducing water repellency. The kaolinite covered the sand grains, and only 1 -3 % 

was needed to reduce the severity of soil water repellency (McGhie et al., 1981;
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Ward et al., 1993). Additionally, clay has improved the general soil quality by 

increasing water storage capacity, nutrient availability and reducing the risk of wind 

erosion (e.g. Bisdom et al., 1993; Blackwell, 2000).

Ploughing and tillage alone can also reduce water repellency in the upper layers by 

diluting the water repellent material with wettable soil from deeper layers (Roberts et 

al., 1972). Nevertheless, ploughing in general might bring other problems like an 

increased potential for wind erosion through decreasing soil stability (Wallis et al., 

1992) and the destruction of microorganism communities potentially disturbing the 

whole soil structure (Hallett, 2002).

1.7 Identifying research gaps

The review provided above, highlights that for most findings reported in the 

literature about soil water repellency, there is some other work which does not 

support such findings. There always seems to be contradictory evidence available 

from field studies. No common basis for explaining the occurrence of water 

repellency has so far been established despite significant research effort.

Water repellency affects soil at a range of scales. At the individual particle scale 

(0.063 -  2 mm), soil water repellency is relevant to the interactions between sub- 

microscopic and microscopic soil components. It may influence the retention of soil 

organisms and macromolecules and a localised ability to interact with any water 

available. This in turn may influence the stability and strength of soil aggregates at 

the scale of ~10'3 m. At this scale water repellency may influence the participation of 

individual aggregates in the retention and storage of water and its transport in inter

aggregate pore space. In the locality of an individual plant, inter-aggregate behaviour 

may influence plant growth and this in turn may modify aspects of local soil 

structure (and water repellency). At the scale of 1 * 101 m and above, soil water 

repellency may influence soil behaviour in response to precipitation such as surface 

run-off, ponding or infiltration.
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Although the problem occurs at all size scales, many theoretical approaches and 

models explain the manifestation of soil water repellency on a molecular level, i.e. 

the sub-microscopic scale of soil component behaviour, but evidence at these scales 

is mainly based on evidence from bulk soil material. This evidence, however, does 

not provide direct information about the distribution and orientation of the organic 

materials at smaller scales. Little work has focused on the pore or particle scale and 

soil water repellency at the scale of individual soil particles and/or where individual 

soil conditions are adjusted with minimal disturbance to others (Doerr et al., 2007).

One of the main problems in soil water repellency research seems to be the 

difference between the occurrence of soil water repellency on all kind of scales and 

the model explanations of the mechanisms behind it on a purely molecular scale, but 

without any direct evidence. Therefore, the development of new research tools or the 

application of research tools from other research areas (biological investigations, 

materials science etc.) on a nano- to micrometer scale is necessary for the validation 

of the models predicting or explaining soil water repellency.

1.8 Research aims and strategy

This study addresses the scaling problem by developing and employing new methods 

as well as adapting methods from other research fields for the non-invasive 

investigation of soil particle surfaces on a micro- to nano-scale with respect to soil 

water repellency.

Data obtained by these methods are compared with those determined from common 

methods for bulk soil investigations in order to validate the findings. A particular 

focus, hereby, is made on identifying the mechanisms responsible for changes in and 

the occurrence of soil water repellency. Attempts are also made to induce changes in 

soil or particle properties and to determine the consequent changes in water 

repellency. This helps to identify mechanisms in a direct ‘action to reaction’ 

situation.
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Central research questions:

1. What are the mechanisms behind water repellency?

2. What is the nature of soil water repellency?

The primary aims of the research were, therefore, to:

1. develop new methods for nano- to micrometer scale investigations of 

individual soil particles;

2 . evaluate the new methods for their use in soil water repellency investigations 

by comparing them to data obtained from bulk soil investigations;

3. induce artificial changes in the water repellency of samples in order to 

elucidate the mechanisms involved;

4. use the data for validating existing models of water repellency or suggesting 

new mechanisms for soil water repellency.

Research approach:

1. Evaluation and application of Laser Scanning Confocal Microscopy (LSCM) 

for soil particle surface characterisation.

2. Development of a method to investigate individual soil particle wettability.

3. Inducing changes to the surface properties of soil particles and investigating 

these changes at the macroscopic and microscopic scales, such as the 

extraction of organic material and the change of soil pH.

4. Applying Atomic Force Microscopy (AFM) -  a method only recently applied 

in soil research -  and cross-correlation with results from LSCM and other 

investigations.

5. Cross-correlations of data obtained from the application of these methods.

Figure 1-7 provides an overview of the research strategy for this work chosen to 

achieve these aims, and a very brief outline of the following chapters. Specific details 

of each topic are presented in individual chapters.
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Materials and methods
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2.1 Soil samples

Soil sample material was taken from a sample pool collected between October 1999 

and May 2001 for a European Fifth Framework project entitled “Water Repellent 

Soils”. These samples were chosen because they had been the focus of a number of 

investigations, providing valuable background information. Sample codes, origin and 

selected characteristics are given in Table 2-1. Results from investigations of the 

samples used in this thesis can be found e.g. in Doerr et al. (2002), Doerr et al. 

(2005a), Doerr et al. (2005b), Morley at al. (2005), Douglas et al. (2007).

All samples are sandy soils from various origins, climates and with different 

vegetation cover from five different countries. Sampling sites in Portugal (PT) and 

Australia (AU) exhibit a Mediterranean-type climate with long dry periods during the 

summer, whereas the sites in the Netherlands (NL) and the United Kingdom (UK) 

exhibit an oceanic humid-temperate climate with rainfall throughout the year. The 

sampling sites in Greece (GK) are also under a temperate climate, but with a 

pronounced dry summer season.

Apart from the NL samples, which were taken from a single soil profile, samples 

were taken from the upper 20 cm of the soil (Table 2-1). Originally, each sample set 

of each country included two or three water repellent samples and one wettable 

control sample (see Table 2-1). Wettable control samples (suffix ‘C’) were taken as 

close as possible to the sites of the water repellent soils to eliminate in so far as 

possible variations in soil type and land use. In the case of the Dutch samples NL, the 

wettable sample (NLC) was taken from 40 cm depth. Unfortunately, insufficient 

wettable soil material GKC was available for comprehensive investigation in this 

study.
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Samples were dried at 20 °C in an oven and then stored in a laboratory environment 

at room temperature.

Samples were passed through a 2 mm sieve. All material apart from some organic 

debris passed through the sieve so that the composition was essentially unchanged. 

All samples are medium-textured sands (0.22-0.70 mm) with a clay content below 

0.1 %.

Representative sub-samples (—15 g) were obtained from bulk sample material 

following the use of the coning and quartering method (Lewandowski et al., 1997). 

These were sufficient for multi-particle analysis. Where required, individual particles 

were selected from a small amount (~15 mg) of one of these sprinkled on a 

microscopy glass slide. Particles were picked randomly using the heat-sealed tip of a 

glass pipette.

Further details on sample preparation and specimens for LSCM investigations and 

the micro Wilhelmy plate technique are given in the corresponding sections.
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2,2 Materials

All chemicals and materials used, and their suppliers, are given in Table 2-2.

Table 2-2: M ateria ls and  chem icals used, supp lier and  chem ical grades o r  o th e r details.

M aterial Supplier Details, G rade

5-Carboxy-fluorescein diacetate 
jV-succinimidyl ester

BioChemika for fluorescence, ~95 %

Acid washed sand Fluka quartz, purum p.a.

Acrylic polymer beads Imperial Chemical Industries brand name Diakon
Ltd., UK mean diameter 270 pm

Ammonia Fisher Scientific Ltd., UK 0.88 S.G., 35 %

Anglin’ glue™ Fisherman’s choice, UK -

Fabsil™ Grangers, UK silicone-based water 
proofing

Fluorescein 5(6)-isothiocyanate 
(FITC)

Sigma, UK -9 0  %

Glass beads unknown source mean diameter 120 pm

Glass beads unknown source mean diameter 270 pm

Glass micro-fibre extraction Whatman, UK internal diameter 30 mm
thimbles external length 100 mm
Hydrochloric acid Fisher Scientific Ltd. 1.18 S.G., 3 6 %

Isopropanol Acros Organics

Methanol Fisher Scientific Ltd.

Microscope glass slides Menzel, Germany -

Microscope cover slips Menzel, Germany 22 x 22 mm, thickness 0.16 

-0 .1 9  mm

Microscope cover slips Menzel, Germany 22 x 22 mm, thickness 0.08 

- 0.12 mm

Nitric acid Fisher Scientific Ltd., UK 7 0 %

Nile Red BioChemica for fluorescence, -9 8  %

Oxalic acid Aldrich 9 9 %

Potassium hydroxide Fisher Scientific Ltd., UK 0.1 M

Rhodamine B Sigma, UK -9 5  %

Water, prepared by deionisation and reverse osmosis (5.5 < pH < 6.7, specific 

conductivity < 2 pS) was used throughout unless stated otherwise.
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2.3 Water repellency measurements

Water repellency measurements were performed using two methods. Water drop 

penetration time (WDPT) was measured according to Letey (1969) and contact 

angles (CA) were measured with the sessile drop method (Bachmann et al., 2000a). 

These two were chosen to represent different classifications of water repellency: the 

WDPT test being a measure of the persistence of water repellency (Doerr, 1998; 

Regalado et al., 2009) whereas CA is a measure of its severity (Zavala et al., 2009).

2.3.1 Water drop penetration time (WDPT) test

Samples (5-10 g) were placed in a plastic weighing dish. The surface was smoothed 

gently using a spatula. Samples were equilibrated at 20 °C and a RH ~50 % for 24 h 

in order to minimise effects from local variations in atmospheric conditions. Three to 

five droplets of water (~40 pi) were placed carefully from a height of less than 5 mm 

on the sample surface from a pipette and the time required for their complete 

infiltration recorded. The number of droplets was adjusted to the available area of 

sample surface, with a minimum of three per sample. Mean WDPT values were 

rounded to the nearest 5, 10 or 100 seconds, for values <100 s, <1000 s or >1000 s, 

respectively. Measurements made in 2001 (WDPT200O were grouped into sub

categories (Table 2-3) and the value given (Table 2-4) is the upper limit of the 

corresponding sub-class of WDPT.

T able 2-3: W D PT  classes, sub-categories and  repellency rating . U pper lim its o f these w ere used 
as W D PT2001 values.

W D PT  
Classes (s)

<5 10 30 60 180 300 600 900 3600 18000 >18000

Sub-category 1 2 3 4 5 6 7 8 9 10 11

R epellency
R atin g

Wettable Slight Strong Severe Extreme
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Table 2-4 shows WDPT originally measured in 2001 (Llewellyn, 2004; Mainwaring, 

2004) and values obtained in the present work 2006/2007 together with the water 

repellency rating according to Bisdom et al. (1993) (see section 1.4.3). Significant 

differences between the two measurements were found. These are discussed in 

chapter 7.

2.3.2 Contact angle measurement with a sessile drop

Specimens were prepared by sprinkling the sample on to a glass microscope slide 

whose surface was covered in double-sided adhesive tape. The glass slide was then 

tapped gently against the bench top to remove loose material.

Contact angles of bulk materials were measured using a goniometer (Easydrop

DSA100, Kruess GmbH, Hamburg, Germany; software DSA Version 1.900.14). A 

droplet of water (~15 pi) was placed on the sample surface, using a software- 

controlled stepper-motor-driven syringe and images of it were recorded by camera at 

1.67 frames per second for a total of 60 s. The contact angle was then calculated 

using the software. This fits a function to the drop profile and uses it to find the 

tangent at the three phase contact point, from which the contact angle is determined. 

In order to minimize the effect of gravity, an ellipsoid shape is used.

Two contact angles were determined (Table 2-4): i) the initial contact ( C A j )  angle 

which was calculated from the first image after the droplet was placed on the surface 

and ii) the average contact angle ( C A m ean )  determined from 10 images obtained at 5 s 

intervals during the period 7 -  60 s (Bachmann et al., 2000a).

In order to remove the effects of variations in particle size between samples (cf.

Table 2-1), additional CA measurements were carried out on sieved samples 

(sv <150 pm; see Table 2-4)

Although differences were found between initial and mean contact angles, the 

general trend was similar for both measures. Therefore, only the mean contact angle 

(following Bachmann et al., 2000a) is used in this study.
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No significant differences were found between the contact angles of the unsieved 

samples and the fraction <150 pm. In the following the contact angle of the unsieved 

samples is used.
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2.4 Soil characteristics

2.4.1 pH measurement

Soil pH was measured using a pH meter (pH/mV/temperature meter, Fisher 

Scientific Ltd., UK) with temperature compensation, following a standard procedure. 

This involved using 12 g of soil and 25 ml of 0.01 M aqueous CaCb solution (DIN 

ISO 10390). Where possible these amounts were used. However, where there was a 

restricted availability of sample material, the quantities used were reduced to 5 g soil 

sample and 11 ml solution. The suspension was shaken ensuring total wetting of the 

sample and then left for one hour. After stirring once more, the material was left to 

settle and the pH of the supernatant liquid was measured.

Llewllyn (2004) determined the sample pH using distilled water. Sample AU7 was 

not used in that study.

T able 2-5: pH  values determ ined w ith distilled w ate r (*) and  0.01 M  C aC l2 solution (2). E rro rs  
a re  the s ta n d a rd  deviation calculated  from  th ree  replicate samples.

Sam ple
code

pH 1
determ ined in 2001

pH 2
determ ined  in 2006

AU1 5.2 (±0.6) 4.8 (±0.4)
AU2 5.1 (±0.6) 4.4 (±0.5)
AUC 6.8 (±1.5) 5.1 (±0.7)
AU7* n.d. 5.2 (±0.7)

NL1 4.4 (±0.4) 4.7 (±0.3)
NL2 5.4 (±0.4) 3.9 (±0.3)
NL3 4.7 (±0.6) 3.9 (±0.5)
NLC 4.1 (±0.3) 4.1 (±0.2)
GK1 5.4 (±0.7) n.d.**

GK2 4.8 (±0.4) n.d.**

GK3 4.1 (±0.3) n.d.**

PT1 6.3 (±0.6) n.d.**

PT2 4.4 (±0.7) n.d.**

PT3 4.7 (±0.8) n.d.**

PTC 4.2 (±0.4) n.d.**

UK1 5.3 (±0.4) 4.2 (±0.6)
UK2 4.4 (±0.6) 4.5 (±0.3)
UKC 6.0 (±0.7) 7.0 (±0.5)

* Used only for pH change experiment (chapter 5).
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** Not determined, as not enough sample material was available.
Sample pHs originally determined using distilled water (Llewellyn, 2004) rarely 

agree precisely with those determined using CaCL in the present work. This may be 

the effect of the solvent as CaCL is specifically used in order to mimic the soil 

suspension and to exclude the influence of ions other than H+ by adding Ca2+ 

(Schlichtling et al., 1995). However, significant differences, in relation to the error in 

pH are rare.

2.4.2 Total organic carbon (TOC) content

Total organic carbon (TOC) was determined using a Skalar Primacssc Solid Sample 

TC Analyser connected to an oxygen supply, a balance and a PC. The latter allows 

complete control of the apparatus. The apparatus was calibrated using oxalic acid 

(25, 50, 75 and 100 mg). Depending on the anticipated carbon content, between 

20 mg and 1.5 g of material was weighed into quartz containers. Material was pre- 

ground to improve combustion using a ceramic mortar. Samples were then placed in 

the instrument and heated to 1050 °C for seven minutes. As samples were carbonate 

free, total carbon (TC) was used as a measure of TOC. Samples were oxidized or 

decomposed in the presence of pure O2 into CO2. The amount of CO2 was measured 

with an IR detector at a wavelength of 4.2 pm and TC content calculated from the 

calibration using oxalic acid.
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Table 2-6: TO C  of sam ples in g kg'1

sam ple T O C  [g kg M

AU1 11.7 + 1.0
AU2 1 4 .410 .5
AUC 2.2 ± 0.4
GK1 1 0 .4 1 0 .2
GK2 21.2 1 0 .8
GK3 6 .2 1 0.7

NL1 3 6 .2 1 2 .9
NL2 5 .9 1 0 .3
NL3 0.8 1  0.2
NLC none detected

PT1 6 .3 1 0 .1
PT2 10 .311 .5
PT3 0 .6 1 0 .4
PTC 0.1 1 0 .2
UK1 11 .4 1 2 .7
UK2 7 .8 1 1 .0
UKC 3 .1 1 0 .6

Some particles were recovered from the instrument following TOC analysis as these 

were assumed to be free of organic material and are here referred to as ‘oxidised’.

2.4.3 Particle size analysis

Particle size measurements were obtained from Mainwaring (2004). A Malvern 

Lasersizer 2000 and Beckmann Coulter LS 230 Particle Size Analyzer (Dry Powder 

Module) were used for analysis. The mean particle diameter values for the samples 

were calculated based on particle diameter and assuming that particles were spherical 

and non-porous (Table 2 -1).

2.4.4 Roughness determination

Individual particles were glued to a glass microscope slide using double sided 

adhesive tape. Roughness (R) of individual particle surfaces was determined by 

atomic force microscopy from topographical images (in air at 20 °C, RH 40 ± 5 %) 

using a Dimension 3100 scanning probe microscope in tapping mode (Digital
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Instrument, Inc., Santa Barbara, CA). Probes with a spring constant of 42 N m'1 and 

nominal tip radius of 5 nm were used for imaging areas of 1 pm2 and 25 pm2 at a 

scan rate of 1 Hz. All imaging parameters were kept constant for comparability. In 

total between 10 and 15 images were taken per sample so that results given are 

average R values. Mean roughness (Ra) values are shown in Table 2-7 with the 

standard deviation (values partly from Cheng et al., 2008 and courtesy of Dr Shuying 

Cheng). The mean roughness was determined as:

p-i)
r>M

where n is the number of observations and y, the deviation from the mean.

Table 2-7: A verage roughness (Ra) determ ined  by A FM  for area  o f l x l  pm 2 (R j ) and  5x5 pm 2 
(R2s)- E rro rs  a re  the  stan d ard  e rro rs  calculated from  rep licate sam ples.

sam ple Rj  [nm] 
( l x l  pm 2)

R 25 [nm] 
(5x5 pm 2)

AU1 13.2 ± 3 .2 53.3 ± 13.9
AU2 14.4 ± 2 .5 61.5 ± 13.4
AUC 14.9 ± 2.8 54.9 ± 18.0
GK1 14.3 ± 2.9 70.1 ± 12.0
GK2 8.4 ± 1.5 40.7 ± 5 .8
GK3 15.9 ± 4 .4 71.3 ± 22 .4
NL1 8.5 ± 0.3 46.5 ± 6.8
NL2 14.3 ± 6.8 63.8 ± 8.6
NL3 10.8 ± 1.8 67.1 ± 7.6
NLC 16.3 ± 4 .5 79.1 ± 13.1
PT1 25.6 ± 6.4 60.3 ± 19.1
PT2 12.9 ± 2 .4 82.3 ± 26.7
PT3 26.1 ± 5 .7 77.8 ± 10.4
PTC 11.6 ± 0 .7 54.4 ± 7 .9
U K 1 13.9 ± 2 .8 98.4 ± 22.3
UK2 20.9 ± 3 .9 58.3 ± 8.6
UKC 15.5 ± 2 .2 53.5 ± 5.2
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2.4.5 Extraction of organic m aterial using Soxhlet extraction

Soil samples were extracted for 24 h using a Soxhlet apparatus. Single and sequential 

extraction procedures were carried out. The Soxhlet apparatus (capacity 5 L) allows 

intensive extraction. A diagram is shown in Figure 2-1.

Soil samples (40 g) were pre-wetted with the solvent mixture for 15 min prior to 

refluxing. Single extractions involved one litre o f  isopropanol : aqueous ammonia 

(7:3) (IPA/NH3) mixture in contact with the samples (AU2, NL1 and UK1). Samples 

were placed in a Whatman glass microfibre extraction thimble (30 mm internal 

diameter, 100 mm external length) and an isomantle was used as heat source.

cooling water out fc condenser

-♦—cooling water in

l iquid s o lv e n t  f l o w • vapour solvent f low

extraction thimble

soil

Q solvent

heat
Figure 2-1: Soxhlet appara tu s (adapted  from
http ://w w w .rsc.org/chem istryw orld/lssues/2007/Septem ber/C lassieK itSoxhletExtractor.asp)
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The extracted soils were cooled and dried at room temperature (~20 °C). Water 

repellency measurements and TOC contents of the samples after extraction are 

shown in Table 2-8.

Samples in their native condition are termed “original”, those that have been 

extracted are termed “extracted” and those “extracted” to which their extracts have 

been quantitatively re-applied are termed “re-applied” (see section 2.4.6).

Table 2-8: TO C , W D PT and  CA; afte r single extraction, acid w ashing and  re-application  of 
extract.

Pre-extracted IPA/NH3 Acid washed Re-applied

T O C  [g k g 1]
AU2 11.7 3.8 n.a. 7.1
NL1 36.2 12.6 n.a. 12.4
UK1 11.4 3.0 n.a. 3.6
W D PT [s]
AU2 10 1-5 <1 7
NL1 1320 1-5 <1 47
UK1 1600 1-5 <1 37
CAj [°]
NL 112 ± 4 87 ± 4 64 ± 4 128 ± 6
AU 95 ± 3 72 ± 3 64 ± 3 85 ± 3
UK 106 ± 4 82 ± 2 58 ± 5 108 ± 2

The procedure for sequential extractions follows the one described above for single 

extractions, but different solvents were used on the same sample in series. The first 

extraction step involved chloroform, the second IPA/NH3, followed by washing with 

deionised water and finally aqueous NaOH (0.01 M). Data for chloroform are not 

shown here as the sample following the first step was not used further (no data for 

single extractions was available as chloroform was only used in sequential 

extractions).
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T able 2-9: TO C  and  CAj o f sequentially ex tracted  sam ple NL1.

Pre-extracted JPA/NHs Water N aO H

TOC [g k g 1] 

CA, [°]

36.2

1 1 2 ± 4

1.32 

93± 3

0.74 

70 ± 10

0.04 

68 ± 5

2.4.6 Re-application of extracted material

The extracts were re-applied to the extracted soil samples by rotary evaporation at 

45 °C, in order to examine (i) whether the substances isolated from the soils using 

Soxhlet extraction are capable of causing water repellency, and (ii) how soil particle 

surfaces are affected by this re-application. The extracted solutions were directly 

applied to the extracted soil after cooling. 25 % of the extract solution was added to 

25 % of the extracted soil sample. Water repellency measurements and TOC values 

are shown in Table 2-8.

2.4.7 Treatment with acid or base

Treating the samples with acid was used in order to remove organics, especially 

organic coatings on soil particle surfaces and in the case of purchased clean sand to 

remove impurities. The purchased sand was termed acid washed sand (AWS) only 

after this procedure. Acid treatment consisted of heating the sample (~10 g) in HNO3 

(70%) at 130 °C for 4 hours. The samples were then rinsed with deionised water 

until the natural pH of water was reached. All acid washed samples were dried at 

room temperature (-20 °C). For simplification this treatment is referred to as “acid 

washing” in the following.

In some cases additional base washing was used in order to remove organics that 

may not be dissolvable at low pH (e.g. humic acids). Base washing consisted of 

shaking the sample (-20 g) in NaOH (-100 ml, 0.1 M) for 24 hours, then rinsing 

with water until the natural pH of water was reached.

When samples were subjected to both procedures, acid washing was performed first.
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Samples subjected to this treatment are referred to as “acid-washed” (AW) or “base- 

washed” (BW). If procedures are combined samples are termed AW+BW.

Water repellency measurements and TOC values are shown in Table 2-8 and Table

2.4.8 Statistical analysis

All error bars and values given are based on the standard error (SE) calculated from 

the standard variation (a) unless stated otherwise.

where n is the number of observations.

In the following, where results are referred to as “significant”, a statistical analysis 

was conducted at the significance level of a = 0.05 unless stated otherwise. For 

testing whether two means (Mi and M2) have the same value, t-tests were used and 

the t-variable calculated from:

2-9.

(2-1)

t =
- M 2

(2-2)

If the calculated t value is higher than the critical ta value, the null hypothesis 

(Mi = M2) is rejected at the appropriate significance level a.



Chapter 3

Laser scanning fluorescence microscopy (LSCM) 

on natural soil particles: 

method testing and application



Chapter 3 -  Fluorescence microscopy 57

3.1 Introduction

In the following chapter the applicability of laser scanning confocal microscopy 

(LSCM) to the investigation of soil particle surfaces is tested and subsequently 

applied to a broad range of natural soil samples.

The confocal microscope was invented in 1955 by M. Minsky (US Patent #3013467, 

1957). The resolution of a confocal microscope is much higher compared to a normal 

light microscope. Instead of illuminating the whole sample, the light is focused on 

one spot in one thin optical plane and then scanned over the whole sample (see below 

for a more detailed description). At that time a conventional (incoherent) light source 

was used for sample illumination. In 1979 a laser scanning confocal microscope 

(LSCM) was developed (Wilkinson, 1998). The wide application of the technique 

was initiated in the 1990s with the development of powerful and stable lasers as well 

as computers that were able to deal rapidly with the large quantities of data produced. 

LSCM fluorescence imaging is now a widely used microscopic technique in 

biological applications such as identification of biochemical processes in living cells 

and neural networks (Hibbs, 2004).

In contrast to a normal light microscope, the light source, i.e. laser, in a scanning 

confocal microscope is passed through a pinhole and reflected from a dichroic mirror 

through the objective and focused on one point within the specimen (see Figure 3-1). 

The fluorescence emitted from the specimen at this point, which has a longer 

wavelength than the incident excitation light, is passed back through the objective. It 

is separated from the reflected and scattered light, which is not associated with the 

point of excitation, by the dichroic mirror and passed through a second pinhole. The 

light is then collected by a photomultiplier. A scan head moves the point of 

excitation/imaging over the surface of the specimen and so builds an image out of 

individual points. Several optical planes can be imaged in this way (by changing the 

focus) and finally a 3D image can be formed by combination from the planes, a so 

called z-stack (Minsky, 1988; Wilson, 1993; Wolf, 1997; Atkins, 1998; Hibbs, 

2004).
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By imaging point by point, no contrast or resolution is lost at the edges o f  the field of 

view and the digital imaging process allows image enhancements after the data 

collection (Wilson, 1993).

light
source

pinholes filters

dichroic mirror

Photomultiplier

objective

out of focus in focus = one optical slice

Figure 3-1: Principle of a confocal microscope (adapted from Wolf, 1997).

Fluorescence is the emission o f  light o f  a longer wavelength {Xf) after excitation with 

light of  shorter wavelength (Xe). The process o f  fluorescence is schematically 

depicted in Figure 3-2, the so called Jablonski-diagram (Wilson, 1993). An electron 

is moved into an excited state through the absorption o f  light (stage 1 in Figure 3-2). 

Every electron has several possible excited states and which o f  them is reached is 

dependent on the energy input during excitation. The excited state is not stable and 

the electron will lose energy in small quantities moving through all possible states 

until it reaches the lowest excited state which is semi-stable (2 in Figure 3-2). This is
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called the transient state. The electron then falls back into the ground state, losing the 

remaining energy in the form of light emission. Due to the energy loss during the 

transient state the emitted light has a lower energy than the excitation light and, 

therefore, a longer wavelength (3 in Figure 3-2). The wavelength shift o f  the emitted 

light to longer Xf is called the Stokes shift (ibid).

AAAr

excited
state

ground state

Figure 3-2: Jablonski-d iagram  of fluorescence emission (adapted  from 
http://icecube.berkeley.edu/~bram all/w ork/astrobiology/fluorescence.htm ).

In theory, a molecule can go through this cycle indefinitely, but a high intensity of 

excitation can destroy or partly disrupt the molecule by overheating it (Hibbs, 2004). 

The molecule may then not fluoresce anymore. This process is called photo- 

bleaching (ibid).

The spectrum of molecular fluorescence emission is within the visible light range, 

which makes it very easy to use for imaging purposes.
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Figure 3-3: Visible light spectrum  from  380 nm (violet) to 750 nm (red) (adapted  from 
http://de.w ikipedia.org/vviki/Lichtspektrum ).

Many natural materials have the ability to fluoresce. Commonly all molecules with 

large conjugated 7i-electron systems or double bonds can fluoresce as the ground and 

lowest excitation state are relatively close in these systems so that the energy input 

required for excitation is modest. Such ^--bonding occurs mainly between elements of 

the second period like C, O and N (Riedel, 1999).

In contrast to the spontaneous occurrence o f  fluorescence in molecules, the so-called 

auto-fluorescence, special fluorophores also can be introduced. These fluoresce when 

bound to target molecules. Ideal fluorophores do not fluoresce in the unbound state 

or at least change the wavelength of  fluorescence after binding.

Fluorescence spectroscopy has been applied to investigate humic matter extracts 

from aquatic and soil environments. The technique does not provide detailed 

structural information due to the heterogeneity o f  humic matter, but can be used for 

comparison of humic matter from different origins and for distinguishing between 

fulvic acid (FA) and humic acid (HA) (Ewald et al., 1983). Although fluorescence 

only accounts for a part o f  the organic matter it can be o f  considerable interest as it 

can be measured non-destructively and under ambient conditions (Alberts et al., 

2004).

The mostly widely used excitation wavelength is 340 nm emission and emission 

wavelengths are captured between 240 and 600 nm. It is assumed that if the 

wavelengths o f  the emission maxima of  humic substances are similar, then also their 

condensed structures are similar and they have a similar molecular weight (Bayer et 

al., 2002).
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HA extracted from soil shows a low intensity emission profile with a broad 

maximum at 510 nm. This is typical for systems with a high degree of conjugation, 

e.g. condensed aromatic ring and unsaturated bond systems, and the presence of 

electron withdrawing groups like carbonyl and carboxyl species (Chen et al., 2002).

It is known that aquatic FA have a lower maximum emission wavelength than HA, 

which is associated with the reduced proportion of aromatic structures, a lower 

molecular weight and the presence of electron donating groups like hydroxyls and 

methoxyls (Chen et al., 2003; Alberts et al., 2004).

The fluorescence intensity of FA is higher than that of HA: although the higher 

molecular weight of the latter means that probably more conjugated systems are 

present the large molecules also tend to re-absorb the fluorescent light (Alberts et al., 

2004). Also, HA with a low degree of humification show stronger fluorescence than 

those with a high degree of humification (Bayer et al., 2002).

Apart from decreasing with increasing molecular weight of the compounds, the 

fluorescence intensity also is lower for solutions with lower pH and increasing ionic 

strength (Chen et al., 2003). It is known that spectra of aromatic compounds with 

basic or acidic functional groups are pH sensitive. An increase in ionization of 

phenolic hydroxyls with increase in pH causes a decrease in particle association and 

leads to decoiling of macromolecular structures, e.g. the disruption of inter- and 

intramolecular hydrogen bonds. This lowers the molecular weight of the compounds 

and increases fluorescence intensity. However, the pH did not influence the 

maximum emission between 350 and 450 nm (Chen et al., 2003).

However, commonly used fluorescence spectroscopy can only be applied to liquid 

samples and gives no information about spatial fluorescence distribution. The 

LSCM, however, is able to image solid samples and no extraction procedures are 

necessary. The high spatial resolution allows specimen fluorescence to be mapped 

(Hibbs, 2004).

Literature on soil water repellency suggests that apart from the chemical nature of 

organic material present in soils, the conformation and distribution of organic
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material might be of importance for the expression of water repellency (e.g. Doerr et 

al., 2000a; Ellerbrock et al., 2004). Particle coverage with fluorescent material may 

give insight into relationships between particle coverage and water repellency or 

other relevant parameters.

LSCM imaging of soil samples was, therefore, chosen here as one promising method 

to gain information about organic matter distribution and possibly structural 

information from the organic matter on the individual particle scale. Detailed 

examination of fluorescence may help to gain information about distribution of 

organic matter as well as structural information as only certain organic matter 

fractions will exhibit fluorescence. The LSCM additionally gives the possibility of 

fluorescence spectral analysis. However, this is not very detailed as it does not work 

continuously, but only captures separate wavebands.

In order to investigate soil particles with LSCM, the general applicability of the 

method was tested, and the reproducibility and repeatability of quantitative 

fluorescence measurements was evaluated. This is described in the first part of this 

chapter. The second part of the chapter is concerned with the application of the 

method to various different soil samples. Therefore, various parameters were 

selected and analysed: the amount of total fluorescence on a particle and within a 

multi-particle specimen was used as a simple quantitative measure. Additionally, 

several qualitative measures, such as coverage of the particle with fluorescing 

material, the size and number of fluorescent areas on the particle surface were 

investigated. These were investigated with respect to bulk soil properties like soil 

water repellency, as the distribution of organic matter on soil particle surfaces has 

repeatedly been suggested to have an impact on soil water repellency.
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3.2 Materials and methods

The process of scanning the laser over the selected area, exciting the sample and 

collecting the resulting fluorescence emission is here referred to as ‘imaging’, 

irrespective of whether or not the data were used to produce an image of the 

specimen or to quantify aspects of its fluorescence.

3.2.1 Samples and sample preparation

Individual soil particles (-1 0 0 -3 0 0  pm) were randomly picked, from a selection 

drawn from the bulk soil sample, and glued to a microscope cover slip (22 x 22 mm2 

and thickness 0 .19-0.23 mm) using waterproof cyanoacrylate adhesive (Anglin’ 

glue, Fishermans choice™). Depending on further use of the particles, either one 

particle or a row of several particles was immobilized in this way. A second thinner 

coverslip (22 x 22 mm , thickness 0 .08-0 .12  mm) was equipped with two thin 

strips of acetate sheet along two edges of the same face. This was used as removable 

cover for the particle-bearing slip. The two acetate strips served as spacers of 

sufficient thickness to ensure that the particles did not touch the removable cover 

(see Figure 3-4a). This setup was necessary in order to protect the particles from 

contacting the immersion oil used as coating for the objective lens of the LSCM 

instrument. Particles were imaged through this thinner cover slip to preserve the 

specimen, intact, for re-examination following further treatment or storage.

At least two layers of particles evenly distributed over the glass base of a specimen 

tray so that it appeared to be completely opaque were used to image the fluorescence 

of bulk (multi-particle) specimens (see Figure 3-4b).
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w

F ig u r e  3 -4 : S a m p le  p r e p a r a t io n , a )  fo r  in d iv id u a l p a r t ic le s  a n d  b ) fo r  m u lt i -p a r t ic le  sp e c im e n s  
o f  a t le a s t  tw o  la y e r s  (o n ly  u se d  in  m e th o d  a p p lic a t io n ) .

Soil samples NL2 and NLC, AWS, Lecithin coated AWS and the standard prepared 

slide #3 (FluoCells® mouse kidney section with Alexa Fluor® 488 WGA, Alexa 

Fluor® 568 phalloidin, DAPI, from Invitrogen) were used for method testing. For 

details on the samples refer to chapter 2, table 2-2. For all other experiments various 

samples were used which are also described in chapter 2, table 2-2, and the relevant 

sections in this chapter, including extracted soil samples and such samples to which 

the previously extracted material was re-applied quantitatively (which are referred to 

as “re-applied" samples, cf. chapter 2).

3.2.2 G eneral LSCM  settings

Examinations were performed using a LSM 510meta (Carl Zeiss, Jena, Germany) 

and the proprietary LSM 510 software. Samples were irradiated with light from a 

He/Ne-laser (Ae  = 543 nm) and an Ar-laser (A e  = 488 nm). The He/Ne-laser was used 

at 100 % output (1 mW) and the Ar-laser at 3 % and 82 % of its maximum output 

(30 mW). The manufacturer recommends use o f  the He/Ne-laser at 50-100 % and o f  

the Ar-laser at 1 -3 % output. The 82 % output was used for comparison and possible 

improvement in auto-fluorescence imaging o f  soil samples.

a) b)

*

/
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The instrument parameters and settings like contrast, pinhole opening, resolution and 

number of scans were partly adjusted by trial and error, for both the He/Ne-laser and 

the Ar-laser and are shown in Figure 3-5a and b, respectively. They were chosen in 

order to reach an optimum compromise between image quality and acquisition time. 

These settings were then used for acquisition of all subsequent images of auto

fluorescence from soil particles.

In addition, a transmitted light monochrome image of each particle was captured 

using light from an Hg discharge lamp (the so called ChD-channel on this type of 

microscope) in order to obtain information about the general shape and size of the 

particle. From this type of image it is possible to determine the surface area of the 

planar projection of the particle, using the software for calculating the surface area 

from the outline of the particle. This outline can be selected manually.

Inspection of images and data obtained by excitation of particles selected from soil 

sample NL2 were used to determine optimum instrumental parameters for 

comparison of images and data obtained from particles from various sources. This 

sample provides particles with mean diameters of -0.27 mm and the entire particle 

was captured within the frame of the image. The sample has a TOC content of 

5.9 g kg’1 which is in the midrange of those studied.
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a) b)

BP 420- 
480,v

505“* “>co,lector
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560'

•collector

specimen specimen

nofilter

H FT 4881

no filter

MirrorNFT 545 no filterMirror

HFT 488/543' Excitation 543 Excitation 488

ChD (optional) ChD (optional)

Emission wavelength: 543 nm output: 100% 
Objective: 40x, oil
Pinhole: 2.3 airy units, optical slice: 2.1 pm, 152pm 
Average scans: 4 
Resolution: 512 pixels

Emission wavelength: 488 nm output: 3%, 82% 
Objective: 40x, oil
Pinhole: 2.31 airy units, optical slice: 1.9 pm, 167pm 
Average scans: 4 
Resolution: 512 pixels

i) HFT: Main dichroic beam splitter
ii) NFT: Secondary dichroic beam splitter
iii) LPx: long pass filter, wavelengths longer than x are passed through.
iv) BP xy: band pass filter = wavelengths from x to y are passed through

Figure 3-5: a) Laser settings for the He/Ne-laser at 100 % output intensity as used for all images, 
b) Laser settings for the Ar-laser as used for imaging at 3 % and 82 % output intensity.

Fluorescent images were obtained by scanning the laser across the plane of the 

particle close to the objective (the top, depth defined as 0) and then moving the plane 

of focus in 20 to 25 equally spaced optical slices z\ towards the particle bearing cover 

slip (depth z). These images were then assembled into a 3D projection using the 

associated software. Intensity data, obtained for each optical slice, were exported in 

ASCII format for further calculation.
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Intensity data were provided in the form of the number of pixels per image. This is 

the frequency (fa), with a certain absolute intensity (Ia) in the range of 0 to 255 for a 

monochrome image at 8 bit resolution from black to white (an example of such an 

array is given in Table 3-1). The cumulative frequency or fluorescence intensity per 

optical slice (fCUm,z) was then calculated:

fam , = S / «  • h  with la = (0, 1 ,2 ,..., 255) (3-1)
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T able 3-1: N um ber o f pixels a t various intensities (0-255) obtained from  fluorescence of an 
optical p lane of a partic le  from  soil NL2.

I. f. I. cont f. I. cont f. I. cont f. I. cont f.
0 528972 52 735 104 151 156 46 208 32
1 86588 53 737 105 156 157 48 209 23
2 53674 54 675 106 156 158 43 210 34
3 41246 55 657 107 118 159 50 211 27
4 33848 56 640 108 133 160 47 212 25
5 28522 57 602 109 136 161 58 213 19
6 24648 58 564 110 165 162 40 214 17
7 21262 59 566 111 121 163 42 215 28
8 19063 60 515 112 128 164 42 216 21
9 16468 61 524 113 126 165 53 217 27
10 14736 62 502 114 117 166 40 218 17
11 13037 63 561 115 113 167 39 219 22
12 11907 64 473 116 116 168 42 220 22
13 10809 65 460 117 123 169 44 221 24
14 9674 66 446 118 105 170 36 222 28
15 8756 67 422 119 104 171 38 223 22
16 8026 68 410 120 90 172 43 224 21
17 7251 69 390 121 94 173 41 225 20
18 6825 70 396 122 112 174 35 226 17
19 6119 71 374 123 90 175 36 227 19
20 5523 72 359 124 82 176 41 228 21
21 5129 73 344 125 85 177 39 229 19
22 4844 74 337 126 102 178 34 230 13
23 4333 75 329 127 90 179 27 231 24
24 4032 76 299 128 85 180 35 232 24
25 3701 77 310 129 96 181 31 233 11
26 3355 78 291 130 98 182 27 234 19
27 3266 79 292 131 71 183 27 235 17
28 2960 80 293 132 91 184 25 236 21
29 2662 81 253 133 91 185 30 237 16
30 2558 82 275 134 76 186 28 238 21
31 2334 83 245 135 88 187 40 239 18
32 2233 84 235 136 63 188 34 240 16
33 2097 85 227 137 72 189 45 241 17
34 1902 86 242 138 68 190 31 242 10
35 1826 87 223 139 67 191 17 243 15
36 1732 88 224 140 55 192 26 244 11
37 1642 89 219 141 83 193 32 245 12
38 1581 90 229 142 50 194 23 246 18
39 1400 91 207 143 75 195 33 247 16
40 1339 92 238 144 68 196 27 248 18
41 1282 93 190 145 64 197 29 249 13
42 1193 94 183 146 54 198 26 250 12
43 1106 95 171 147 54 199 22 251 10
44 1038 96 157 148 78 200 34 252 12
45 1041 97 216 149 68 201 25 253 12
46 1005 98 178 150 60 202 23 254 15
47 913 99 158 151 52 203 24 255 230
48 883 100 156 152 47 204 20
49 860 101 138 153 57 205 18
50 758 102 159 154 45 206 31
51 787 103 154 155 45 207 23
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From this the total intensity of a z-stack (7/ o) was calculated as:

z

h / s  = f f c (3-2)
0

A numerical (cubic spline) integration routine was used for calculation (Schwarz et 

al., 1986).

3.2.3 Emission wavelength distribution

An additional facility on the LSM 510meta is the so called meta-mode. This allows 

the fluorescence to be examined in a maximum of 32 channels each receiving a 

discrete waveband of the emission spectrum and providing an associated image. The 

maximum fluorescence is available through inspection of the emission spectrum or 

the images. Composite overlays of images and examination of selected regions allow 

examination of features of the local spectrum of potential use in characterizing the 

specimen.

The laser used to excite the sample was the diode (DAPI) laser at 405 nm and at 

21 % output intensity with a pinhole opening width of 896 pm. Two different sets of 

filters were used: HFT406/514 and NT80/20. The HFT406/514 has the disadvantage 

of cutting out the waveband of 514 nm, but its colour coding seemed to better reflect 

the actual wavelength distribution of the sample; therefore, both settings were 

investigated.

For convenience all values were scaled by the factor 10’6 so that all reported values Ij 

are defined as:

(3-3)

Particles from untreated and processed samples (acid washing, IPA/NH3 extraction, 

base washing or oxidising) were imaged using meta-mode.
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3.2.4 Fluorescence coverage

The area of a soil particle that emits fluorescence was estimated as follows: the 

images comprising a z-stack were exported from the proprietary software in bitmap 

format. These were examined off-line. A region o f  the image, outside o f  the particle 

perimeter was selected to provide a reference o f  the minimum pixel brightness. All 

pixels in the range o f  brightness 0-30 % were then counted to provide the population 

considered to be background («/,), represented as red area in Figure 3-6b. Pixels with 

a brightness in the range o f  31-100%  were considered to reflect the presence of 

fluorophores with a total population ny.

As the total pixel population in the image (nr) and the physical area (A) o f  the 

specimen represented by the image were known, the fluorescent area o f  the image Af

was:

A
AF = (nT- n h) —  (3-4)

nr

■ ‘ ■ • f T 4 *  ■>

S \  *  .
• . •  9.;, ? \  '  >' V  * T Oc*v . V

* <- ’

Figure 3-6: a) z-stack projection of soil particle b) selected background  (autom atically  detected 
afte r choosing a background pixel) in red for coverage determ ination.

The projected area o f  the particle (Ap) was determined directly from an image of  the 

particle in reflected light (the ChD image) obtained with the LSCM. This provided
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an estimate o f  the proportion of projected particle area covered in fluorophores (Cf) 

as follows:

C F = — 100 (3-5)
Ap

The determination of  Cf involves the subjective selection o f  the threshold brightness. 

The approach used here tends to minimise the consequent variation associated with 

the various images inspected to guide selection. There is at least some internal 

consistency at this level, due to the use o f  standardised parameters.

3.2.5 N um ber of fluorescent areas

The distribution of  (fluorescent) heterogeneous organic material on a soil particle 

surface is unlikely to be uniform and may be distributed in various ways (e.g. Doerr 

et al., 2000a) in both large and small patches. The number o f  fluorescent areas Np 

detected on particles may be a measure for this. Areas o f  pixels above a certain 

threshold were defined as a pixel group and counted. The intensity threshold used 

was set to a value o f  30. The software then highlights these areas in the image. 

Figure 3-7a and b also show a comparison between pixel counting methods and the 

identification o f  area of fluorescence. The outcomes are, in essence, identical.

Figure 3-7: a) Selected image background b) fluorescent regions highlighted for N F 
determ ination .
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3.2.6 Size of fluorescent areas

An additional subjective measure for the size of individual fluorescent areas (ay) was 

introduced in order to estimate the manner in which fluorescent material is 

distributed on the particle surface. It was decided, by optical inspection of the 

images, whether the majority of fluorescent regions were small, medium or large in 

size. In many cases a mixture of two size categories was found so the classes were 

subdivided to small/medium or medium/large. In some cases a mixture between 

small and large sized regions was found. Each size class was assigned a numerical 

rank:

1 -  small

2 -  medium

3 -  large

and for mixtures of size classes : 1 .5 - small/medium

2.5 -  medium/large

For the few cases where a mixture of large and small areas occurred, a value of 2 

(medium) was used. However, this was only necessary for five particles out of 120 

examined (1 from AUC, 3 from PT2 and 1 from PTC).

3.2.7 Fluorophore application to soil particles

LSCM can also be used for imaging fluorescence emitted from artificially introduced 

fluorophores or fluorescent dyes. These are molecules, with known excitation and 

emission wavelengths, which ideally do not fluoresce in an unbound state and only 

emit light after excitation when bound to a target functional group. Many such 

fluorophores exist for cell biological investigations. Most are designed to target 

binding sites in DNA, RNA or proteins within cells and have the ability to penetrate 

rough membranes or other cell barriers (Haughland, 2005).

In this study five different fluorophores were tested and their maximum emission and 

absorption wavelengths are shown in Figure 3-8: Nile red; carboxyfluorescein; 

pyrene-l-carboxylic acid; rhodamine B and fluorescein isothiocyanate (FITC). All of
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them, except Nile red, require intensive sample preparation (details given below) in 

order for the molecule to bind to the sample. All dyes interact in a different way with 

parts of the organic matter, e.g. FITC attaches to protein groups via the amino group 

and carboxy fluorescein acts as H donor in reactions. Detailed binding mechanisms 

of these dyes are discussed in Haughland (2005).

The intensive sample preparation may present the limiting step for the application in 

soil science as prolonged contact of dye solutions with soil particles may mobilise 

and remove organic coatings from particle surfaces, especially as methanol is used as 

a solvent. (Alcohol solutions are often used for soil extraction procedures, e.g. 

Roberts et al., 1972 or McGhie et al., 1980.)

Nile red -

Carboxyfluorescein -

Pyrene carboxylic 
acid

Rhodamine & 

FITC-

300 350 400 450 500 550 600 650 700

wavelength [nm]

Figure 3-8: Maximum emission and absorption wavelengths. Based on Haughland (2005).

All artificial fluorophores were used at a solution concentration of 1-5 jliM , which 

was subsequently diluted further up to 103 times. Nile red was dissolved in water, all
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others in methanol. The following preparation steps were carried out for all dye 

solutions apart from Nile red.

1 g soil sample NL2 was mixed with 100 ml dye solution and shaken for 24 h in a 

methanol solution at pH > 7. The solution was then decanted and the soil sample 

washed with methanol and water to remove remaining non-bound dye. Samples were 

left to air-dry for 24 h at -20 °C.

The application of Nile red was easier as it does not fluoresce when dissolved in 

polar solvents like water, but only when bound to lipids. Thus no removal of excess 

dye was necessary. The solution was dripped directly from a pipette on to the soil 

particles and left to dry.

Table 3-2 summarizes the LSCM imaging parameters used for samples enriched with 

fluorescent dyes.

Table 3-2: Excitation wavelength X,E, o u tp u t intensity, pinhole size, filters an d  beam  sp litter 
settings for different fluorescent dyes.

Dye X.E
Inml

O utpu t 
intensity  \% ]

Pinhole
[pm]

F ilter' Beam
splitter''

carboxy fluorescein 458 53 86 HFT 488 LP 505
pyrene carboxylic 
acid

405 20 55 HFT 405/514 LP 420

Rhodamine B 543 50 72 HFT 488/543 
NFT 545

LP 560

FITC 488 2 66 HFT 488 LP 505
Nile red 543 51 167 HFT 488/543 LP 560
i) HFT: Main dichroic beam splitter; NFT: Secondary dichroic beam splitter.
ii) LPx: long pass filter, wavelengths longer than x are passed through
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3.3 Results from testing LSCMfor soil particle investigations

All available lasers were tested for auto-fluorescence imaging of soil particles. Initial 

tests showed that the He/Ne-laser with an emission wavelength of 633 nm did not 

induce or only very weakly induced auto-fluorescence in soil particles so that image 

quality was too poor for evaluation. The DAPI-laser, commonly used at 8 % output 

intensity for an emission wavelength of 405 nm, did induce fluorescence, but image 

contrast and resolution are also too low for data evaluation (see Figure 3-9c).

Both the He/Ne-laser, with emission wavelength of 543 nm, and the Ar-laser, with 

emission wavelength of 488 nm, induced high levels of auto-fluorescence in the 

samples and so images of high contrast and quality were obtained (see Figure 3-10). 

However, generally some differences existed for fluorescence intensity and 

fluorescence distribution on particles imaged by the different lasers (Figure 3-9 and 

Figure 3-10). The images obtained using the He/Ne-laser show a stronger 

fluorescence emission and often a more network-like distribution on the particle 

surface. This led to the decision to use both the Ar-laser and He/Ne-laser for all 

further imaging.
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■
 Sample NL2

a) 488 nm, Ar-laser, 3% 
b) 543 nm, He/Ne-laser, 100% 
c) 405 nm, DAPI-laser, 8%

F ig u r e  3 -9 :  Im a g e s  o f  a p a r t ic le  fr o m  so il  s a m p le  N L 2  o b ta in e d  u s in g  il lu m in a t io n  a t v a r io u s  
e x c ita t io n  w a v e le n g th s .

All NL and AU samples had mean diameters between 0.22 and 0.29 mm, so most o f 

their particles were captured within the frame of the image (see Figure 3-9a and b 

and Figure 3 -10c and d). However, particles from GK, PT and UK samples were 

generally larger than the optical field so that only sections o f the particles were 

imaged (see Figure 3 -10a and b).
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F ig u r e  3 -1 0 :  Im a g e s  o f  p a r t ic le s  fr o m  s a m p le s  U K 1 (a  a n d  b ) a n d  A U 2  (c  a n d  d )  e x c ite d  w ith  an  
A r - la s e r  a t 3  %  o u tp u t  in te n s ity  (a  a n d  c ) a n d  a H e /N e - la s e r  w ith  o u tp u t  in te n s ity  o f  100  %  (b  
a n d  d ).
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3.3.1 Rem oval of organic m atte r

In order to determine whether the cause and nature o f the auto-fluorescence arises 

from the presence o f organic material on the particle or perhaps the mineral itself, 

soil particles and particles following removal o f organics by oxidation (cf. section

2.4.2 for experimental details) were examined (Figure 3-11).

a) b)
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F ig u r e  3 -1 1 :  B a c k g r o u n d  a u to - f lu o r e s c e n c e  o f  n a tu r a l a n d  o x id is e d  p a r t ic le s  w ith  a )  A r  la se r , 
3  % , a n d  b ) H e /N e - la s e r , 10 0  %.

Mean values o f //, obtained from a minimum o f 10 particles per sample, irradiated 

with the Ar-laser fell in the range 300 -  1700, whereas those o f oxidised particles fell 

in a narrow range -2 0 0  (see Figure 3-1 la). Similar data for irradiation with the 

He/Ne-laser fell within the range 1000 -  3000 for original sample material and 500 -  

1400 for the oxidised form (see Figure 3-1 lb).

The black particles drawn from NL1 were assumed to be composed mainly o f 

organic material, due to their extremely strong fluorescence and the fact that 

oxidising the sample removed all black particles.
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The relative reduction o f fluorescence for the He/Ne-laser is smaller than for the Ar- 

laser for all samples (N L1: 75 vs 60 %, NL1 black particles: 86 vs 66 %, AU2: 63 vs 

44 %, with the percentage indicating the reduction o f fluorescence when imaging 

with the Ar- and He/Ne-laser, respectively).

3.3.2 L aser and fluorescence stability

The stability o f the fluorescent signal was investigated by repeatedly imaging one 

focal plane o f a sample over a time period o f 10 minutes, which is twice as long as 

the time needed to image a z-stack o f a soil particle as described above.

a) control slide b) soil particle (NL2)
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Figure 3-12: The proportion  (% ) of the maxim um  fluorescence of one focal plane over 10 
minutes for a) s tandard  control slide and, b) soil particle (NL2).

The fluorescence o f a standard test slide o f a mouse kidney section (Sigma, UK) 

when irradiated with the Ar-laser at 3 % intensity fluctuated less than 2 %, but using 

the same laser at 82 % intensity resulted in a decrease in fluorescence over the 

imaging period o f about 12% . The fluorescence, when using the He/Ne-laser, 

showed fluctuations o f about 5 % but a maximum o f fluorescence after 350 s (see 

Figure 3 -12a).
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The fluorescence fluctuations from a soil particle over the time period of 10 minutes 

were similar for both the Ar-laser irradiation at 3 % intensity and irradiation with the 

He/Ne-laser at -2.5 % and -5  % intensity, respectively. Irradiation with the Ar-laser 

at 82%  reduced fluorescence by 2 0 % of the original value over the 10 minute 

interval (see Figure 3-12b), which is rather more pronounced than for the standard 

test slide.

Reduction in the fluorescence of lecithin coated acid washed sand (AWS) particles 

was found to be more affected by the imaging procedure than natural soil particles:

i) the total fluorescence fluctuations during imaging of a time series were twice 

as high as for natural soil particles;

ii) the total decrease of fluorescence when imaged with the Ar-laser at 82 % 

output intensity was also higher than for the natural soil particle (around 35 % 

of the maximum value compared with 25 % for the soil sample) (see 

appendix A).

Particles from AU and NL samples were generally small enough to fit within the 

optical field of the 40x objective. Objective lenses of lower magnification (lOx and 

20x) which do not need to be immersed in oil provide a larger field of view suitable 

to accommodate larger particles. Prolonged irradiation of particles from soil sample 

NL2 with the Ar-laser at 3 % via the 20x objective showed larger fluctuations (-4 %) 

than particles irradiated via the 40x objective. Use of the lOx objective resulted in an 

overall decrease of fluorescence of -9  %, but with a pronounced periodicity of 

-150 s (Figure 3-13). When the lOx objective was used in combination with the 

He/Ne-laser, fluctuations were even stronger, being up to 55 %. The fluctuation 

observed when using the 20x objective with the He/Ne-laser were also stronger than 

when used with the Ar-laser (see appendix A).
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Figure 3-13: Proportion (% ) of fclim as a function of tim e for a particle from soil sam ple NL2, for 
irrad ia tion  with A r-laser at 3 %, using various objective lenses.

3.3.3 Im age repeatability  and reproducibility

When a z-stack o f images was obtained repeatedly from an individual particle, with 

an interval o f 10 minutes between successive data capture, the fluorescent intensity 

( fcu m ,z )  at each focal plane in the z-stack was found to decrease with each cycle o f 

data capture (Figure 3 -14a). Over a period o f 60 minutes, required for the operation, 

the largest variation occurred at the arbitrary zero focal plane ( f CUm,z = 9 ± 2  arbitrary 

units) and the smallest at ~60 pm ( f CUm,z = 13 ± 1 arbitrary units). The comparison o f 

the integral fluorescence over each z-stack showed a steady decline o f ~5 % over the 

five cycles o f measurement (Figure 3 -14b).
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Figure 3-14: a) F luorescent intensity fcum̂  as a function of depth  (pm ) and, b) integral 
fluorescence // for 5 im aging cycles, using irrad ia tion  with the A r laser a t 3 % .

In order to investigate the influence o f environmental storage conditions, the 

fluorescence o f various particles before and after storage for 8 days in covered Petri 

dishes at -2 0  °C and -5 0  % RH as measured. These indicate a wide range o f 

reproducibility (Figure 3-15). Acid washed sand particles showed generally similar 

levels o f fluorescence to particles from NL2. In some cases fluorescence increased 

after 8 days and in others it did not. Lecithin coated AWS particles (label L) also 

showed this behaviour but generally from 3 to 4 times the levels o f fluorescence and
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stronger variation after 8 days (-40  % reduction for L I) in comparison with AWS 

(-30  % for AWS4) and NL2 (-20  % for NL2_3).

3000 - 

2500 - 

2000 -  

►s* 1500 - 

1000 -  

500 - 

0 -

F igure  3-15: F luorescence  in tensity  / /  o f  ind iv idual part ic les  im aged  with A r- la se r  a t  3 %  on 
d ay  1 and  one week la te r  on day  8.
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3.3.4 Emission w avelength distribution

No significant differences were found between the emission wavelengths (Ay) 

distribution o f particles drawn from various soil samples. Some examples are shown 

in Figure 3-16.

a) A U 1
b) GK1
c )  N L 3
d) PT2
e )  U K 2

Figure 3-16: O verlay images of fluorescence from various emission w avebands (m eta-channels) 
shown in (false) colour code (emission w avelengths a re  associated with colour of that 
wavelength), with main filter H FT 406/514.

Colours represent wave bands. Most particles have a high blue component, at 

A f =  440 -  500 nm (region o f blue marker in Figure 3-17). However, when selecting 

regions, a strong component at I f ~ 550 to 630 nm (green to orange) was observed 

for all particles (as shown in the region o f red markers in Figure 3-17), although this 

does not appear in the colour coded overlays. Information about wavelengths was 

taken from the emission waveband distribution directly in order to overcome the 

shortcomings o f false colour images.
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It is important to note that the reduced intensity at x/r~ 514 nm is probably due to the 

filter used (refer to section 3.2.3).

Figure 3-17: Series o f images of increasing emission wavebands x£ (top left to bottom  right) with 
= (417, 427, 438,..., 748) of particle  from sam ple A D I. The filter H FT 405/514 was used.

Using a different filter (NT80/20) for meta imaging (which does not exclude 

a f = 514 nm) led to a similar ^d is trib u tio n . The only difference was the wavelength 

514 nm, which was present in these distributions (yellow square in Figure 3-18A). 

Therefore, the orange colour, dominating the colour coded images, is probably an 

artefact o f the colour coding procedure (Figure 3-18B).
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A)

a) AU1
b) GK1
c) NL3
d) PT2
e) UK2

Figure 3-18: A) Series of images of increasing emission w avebands XE (top left to bottom  right) 
with = (417, 427, 4 3 8 , . . . ,  748) of a particle from  sam ple AU1, filter NT 80/20. B) Overlay 
images of fluorescence from various emission wavebands shown in (false) colour code, using the 
filter NT80/20.
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Most o f the particles examined from most samples displayed similar fluorescent 

emission spectra and no significant distinction between samples could be made using 

this method. However, particles were encountered that showed significant 

differences with emission maxima at either shorter or longer wavelengths than most 

samples. Further examination o f these particles showed that the associated emission 

was localized in distinct regions o f the particle. Figure 3-19 shows examples o f 

particles with average wavelength distribution (b and d from samples GK2 and PT2, 

respectively) and o f those with distinctly different regions (a and c from samples 

GK2 and PT2, respectively).

Figure 3-19: C olour coded overlays of wavelength d istribu tions of a) and  b) particles from  GK2 
and c) and d) of particles from  PT2.

Acid washing o f particles was found to remove the fluorescence maximum 

440 <Ap<  500 nm (Figure 3-20a). Thermal oxidation reduced the particle 

fluorescence intensity to such an extent that in most cases it was impossible to obtain 

images using the meta mode. Particles still capable o f providing fluorescent images
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showed little or no maximum in the range o f 550 < Xf < 630 nm (Figure 3-20d). The 

situation for particles treated with base was similar (Figure 3-20c), whereas particles 

extracted with IPA/NH3, generally showed no change in comparison with the A* 

distributions o f the original particles (Figure 3-20b).

Figure 3-20: C olour coded overlays of wavelength distributions of particles from  sam ple NL1 
afte r a) acid washing, b) IPA/NH3 extraction, c) base washing and, d) therm al oxidation.

3.3.5 F luorophore application

No increase or change in fluorescence intensity was measured for any sample 

enriched with the fluorophores carboxyfluorescein, pyrene carboxylic acid or FITC 

(see Table 3-3:). Probably too few binding sites were available within SOM for the 

dyes or prolonged shaking o f the sample in the dye solution led to a removal o f 

organic material from particle surfaces. The latter seems to be more probable due to 

the relatively insensitive binding mechanisms o f the dyes: FITC not only binds to 

proteins via the amino groups, but also is used as agent for Fe(II) quantification (Zhu
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et al., 2002); carboxyfluorescein acts as a H donor in reactions and pyrene carboxylic 

acid just acts like any carboxylic acid.

Although rhodamine B increased the fluorescence, it was not used for any further 

investigations due to the very strong increase in fluorescence. The images were very 

bright after application o f rhodamine B. so that no details o f the particle surface 

could be distinguished, even after diluting the dye solution 1:10. Due to the washing 

step during preparation, it was assumed that no free rhodamine B was available and 

only dye molecules attached/bound to the particle surface contributed to the strong 

fluorescence signal. The non-selective binding o f rhodamine B was probably one o f 

the main problems in the applications to soils. SOM offers many binding sites to the 

dye, leading to a relatively even distribution on the particle surface. Rhodamine B 

not only binds to a variety o f functional groups within SOM (Onishi, 1957; Van 

Aman et al., 1959). Furthermore, the LSCM had to be used with settings similar to 

those used for imaging natural fluorescence arising from the use o f the He/Ne-laser, 

so that an overlapping o f the two fluorescence signal probably occurred.

Table 3-3: M ean // of sam ple NL2 im aged with 
d ifferent settings according to dye (see m ethods 
section), w ithout dye application and afte r dye 
application.

dye mean 7/ 
w ithout dye

m ean I t 
w ith dye

Rhodamine B 616 1531

Carboxyfluorescein 370 330

Pyrene carboxylic 
acid

1110 1500

FITC 3940 4810

Figure 3-21: NL2 particle afte r labelling with 
R hodam ine B, im aged with He/Ne-laser, and settings 
for Rhodam ine B.

The advantage o f Nile red is its easy handling compared to other dyes (see methods 

section). This dye binds to proteins and can be applied directly to the sample without
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any preparation as it does not fluoresce in polar solvents like water. This allows 

investigation o f particles already fixed to glass slides, as part o f the general specimen 

preparation procedure, before and after dye application. Two examples o f particles 

imaged after Nile red application are shown in Figure 3-22.

Figure 3-22: Particles from soil sam ple NL1 dyed with Nile red.

These emitted strong fluorescence and not much detail o f  the particle surface can be 

distinguished (Figure 3-22). 7/ increased between three to ten times from that o f the 

original particles (7/ ~ 1200) after dye application (7/~ 7600).

Due to the extremely high intensity and ubiquitous dispersion o f fluorescence over 

the particles following Nile red application, no further investigations were carried 

out. The main problem with the use o f such fluorophores, especially with 

uncharacterised specimens, appears to be the ubiquitous distribution o f target binding 

sites. In the case o f Nile red. these are available at any protein structures, which are 

common in soil organic matter (Scheffer et al., 2002).
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3.4 Discussion o f method testing

It is evident that examination of soil or other particles using LSCM provides 

information about particle size, shape and distribution of sites that auto-fluoresce. 

The natural organic coatings on soil particles consist of humic materials and large 

biomolecules possessing large conjugated electron and double bond systems. These 

are considered to be responsible for auto-fluorescence (Slavik, 1998). Lecithin, a 

relatively small bio-molecule containing double bonds has been shown here to auto- 

fluoresce on irradiation with laser light.

The data obtained here suggest that there are random variations of ~5 % in the 

quantitative fluorescence data held within a series of images obtained by repeated 

scanning of exactly the same specimen. This suggests that there is either

i) instability in the intensity of the irradiating laser and/or

ii) instability within the specimen.

The 20-30 % reduction in fluorescence, arising from use of the Ar-laser at 82 % 

output intensity, suggests that it induces instability in the specimen. The common use 

of this high output is to quench the fluorescence in biological specimens (to which 

fluorescent dyes have been added) in a process called photo-bleaching. This can be 

used for studying diffusion of dye molecules back to their binding sites. The intense 

radiation disrupts the bonds formed between target functional groups in the specimen 

and the dye and may even destroy bonds within the dye molecule itself (Slavik, 

1998; Hibbs, 2004). The pronounced reduction in the auto-fluorescence of soil 

particles, observed following high intensities of laser irradiation, may arise from a 

similar mechanism of quenching. The more commonly used low irradiation 

intensities (1 mW with the He/Ne- and 3 % of 30 mW with the Ar-laser), for periods 

-600 s seem to produce only random fluctuations (5-10 %) in fluorescence, rather 

than decline associated with photo-bleaching. The random fluctuations (-2 %), 

observed in data from the standard test slide, may be limited due to its uniform 

thickness. Biological specimens of non-uniform thickness may produce less precise 

data. Potential instability in laser output or non-uniform specimens do not seem to 

pose substantial difficulties in acquiring quantitative measurements of fluorescence.
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The strong reduction in fluorescence for lecithin coated AWS particles may be due to 

the weak bonds between lecithin molecules and the mineral surface after only 24 h 

equilibration time. Organic substances are known to age, which means that they 

undergo structural changes and cross-linking enhancing their stability and rigidity 

(Schaumann et al., 2008). The weaker the bonds the easier they might be modified, 

dislocated, or broken when irradiated with highly energetic laser light (Slavik, 1998; 

Hibbs, 2004). The lecithin coated AWS particles as used here may, therefore, not be 

such good model particles for mimicking soil particles.

The indirect local heating effect that laser irradiation has on the specimen also needs 

to be considered. Although the photon energy may be insufficient to disrupt weak 

bonds, interactions that either do or do not lead to fluorescent emission may involve 

energy dissipation within the specimen. If volatile materials, such as water, are 

present these may evaporate. Although this would reduce heating of the specimen, 

any fluorophores dependent on the presence of such materials will be affected.

As specimen particles experience changes in temperature and relative humidity (e.g. 

passing from conditions of inspection to those of storage), they might respond to 

these changes. If the extent of hydration of the particle surface is altered, then the 

condition and precise nature of the organic material, its orientation and the extent of 

coverage of mineral surfaces, may change (e.g. Piccolo, 2002; Schaumann et al., 

2008). These changes may influence specimen fluorescence. Although the laboratory 

was air-conditioned, it is not clear as to how well this stabilised the environment, 

especially in relation to relative humidity, in the local environment of the particle. 

The laser irradiation may increase the local temperature at the particle surface and 

with that change RH directly at the surface.

The decrease in fluorescence following treatments to remove surface organic 

material suggests that a significant proportion of the original fluorescence is 

associated with the organic material. The source of remaining florescence in the 

range of 440 < Xf < 550 nm appears to be associated with the underlying mineral. 

This poses some difficulty in the quantitative interpretation of the signals due to the 

possibility that light emanating from the mineral phase may suffer absorption in an 

overlaying organic phase. This would reduce the contribution from the mineral, but
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not necessarily affect the behaviour of the organic material (Slavik, 1998). This 

quenching of the mineral fluorescence may be dependent on the type and amount of 

organic matter present on the particle surface as well as the mineral composition and, 

therefore, on the sample origin. Despite this complication the levels of fluorescence 

from various cleaned particles were similar (per unit projected particle area). 

Although this introduces both systematic and random sources of error, this 

contribution to the total fluorescence of the sample is small (7/ ~ 200 for the Ar-laser) 

and, therefore, not considered in subsequent sections and chapters.

In contrast to heating, acid treatment of soil particles removed the fluorescent 

emission maximum at 440 to 500 nm from the Xp distribution, but did not reduce 

total fluorescence as much. As HA are insoluble at low pH, acid washing may only 

remove selected components from the organic matter (Tschapek, 1984; Babejova, 

2001; Scheffer et al., 2002) and may not be an adequate procedure for providing a 

clean mineral surface. The influence of acid and base on the mineral surface also 

needs to be considered as it is likely to alter it (Jozefaciuk et al., 2002b). This could 

lead to exposure of mineral components, which themselves may be fluorescent, or 

metal components, which can either enhance fluorescence (e.g. Mn at Xf > 300 nm 

and Cr at Xp > 300 ) or quench fluorescence (e.g. Fe) in minerals (Rosier, 1991).

Similarly, it can be assumed that the extraction with IPA/NH3 does not remove all 

organics, as organic material was still found in the extracted samples (by TOC 

measurements) (e.g. Ma’shum et al., 1988; Roy et al., 1999). In contrast to acid or 

base washing, however, a broader spectrum of substances may be removed as 

IPA/NH3 extraction is used for a relatively broad extraction of organic material at 

base pH (Lewandowski et al., 1997; Roy et al., 1999). Therefore, probably only a 

change in fluorescence intensity, but no change in Xf distribution occurs. 

Furthermore it can be assumed that the mineral surface is not damaged by this kind 

of extraction procedure as is probably the case for highly concentrated acid or base 

treatments.
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3.5 Conclusions o f method testing

The following conclusions were drawn from testing LSCM for application in soil 

particle investigations:

i) Levels of auto-fluorescence emitted by particles drawn from various samples 

vary widely.

ii) Removal of organic matter from their surfaces significantly reduces the 

fluorescence.

iii) The total intensity of fluorescence is related to the amount of organic material 

on the particle surfaces.

iv) The relationship is likely to be complex due to variability in the density of 

fluorophores in the organic material.

v) The mineral may have an influence on the expression of fluorescence in soil 

particles.

vi) The application of fluorescent dyes leads to a strong increase in fluorescence 

of soil particle surfaces, but no additional information could be gained. This 

was probably due to the unspecific binding mechanisms of the dyes used 

here.

Each type of molecule has a fluorescent emission independent of the wavelength of 

the (higher energy) excitation radiation (Rosier, 1991) so that the pattern of 

fluorescence of a pure compound should be a characteristic property (Slavik, 1998). 

In contrast, SOM contains numerous different molecules/fluorophores and, therefore, 

shows a pattern dependent upon the wavelength of the irradiating photons. The 

heterogeneity of SOM and the variety of chemistries of the associated particles 

suggest that it is desirable to employ both Ar- and He/Ne-lasers to provide 

complementary information about particles and the distribution of fluorophores.

The standard procedure for the examination of soil particles was, therefore, to use 

both lasers to obtain data concerning fluorescence and, additionally, an image of 

transmitted light (ChD) to obtain information about particle shape and size.
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3.6 Application o f  LSCM  to investigations o f  soil particles: results 

and discussion

3.6.1 C om parison of lasers

Comparison o f mean 7/ values obtained using both He/Ne- and Ar-lasers shows that 

there are systematic differences for all specimens. The relationship between 7/ values 

shows considerable scatter with a linear correlation coefficient o f  r  = 0.8 (Figure 

3-23). The He/Ne-laser always resulted in higher 7/ values and also resulted in much 

higher background fluorescence (section 3.3.1) when imaging oxidised particles. 

This was most likely due to the higher intensity at which it was used rather than 

actual differences in quantum efficiencies at the different wavelengths. However, the 

steeper gradient o f the regression line compared to the 1:1 line indicates either a 

systematic difference between the features excited by the two lasers and/or a 

systematic error due to the high levels o f fluorescence induced by the He/Ne-laser.
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Mean 7/ values of sample NL1 (identified in Figure 3-23) had much larger standard 

errors when the Ar-laser was used. The random errors in 7/ for other samples were 

similar and independent of the laser used. Excluding NL1 from the dataset increased 

the r value to 0.9. For multi-particle specimens, the linear correlation between mean 

7/ of the two lasers is even stronger with r = 0.95 (data are presented in appendix A).

The use of the He/Ne-laser may also lead to a general underestimation of 7/. When a 

significant proportion of bright pixels in the image saturate (i.e. reach the maximum 

brightness of 255 in an 8-bit grey scale) then no further detail is available (personal 

communication: Bryant, 2006). However, this did not appear to be the case for any of 

the samples used in this study.

The background fluorescence obtained after oxidising particles (compare section 

3.3.1) was found to be much higher when the He/Ne-laser rather than the Ar-laser 

was used. This may be due to a stronger mineral fluorescence of the clean soil 

particle surface induced by the former. As these effects are difficult to quantify, the 

Ar-laser was used predominantly for image acquisition, with additional images of 

most samples obtained using the He/Ne-laser.

3.6.2 Total fluorescence intensity

3.6.2.1 Untreated natural soils

Results from method testing suggest that the intensity of fluorescence was dependent 

on the amount of organic material present in the bulk sample, which was likely to be 

present as particle coatings. Therefore, the relationship between TOC and mean total 

fluorescence 7/ of bulk (multi-particle) specimens and of individual particles was 

investigated.

Correlations between 7/ of individual particles and the TOC of the bulk samples from 

which they were obtained returned r ~ 0.6 for the Ar-laser and r ~ 0.3 for the He/Ne- 

laser (Figure 3-24a). These values suggest that only a small proportion of the 

variation in fluorescence is related to this bulk sample property.
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a) all samples b) without NL1, GK2
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Figure 3-24: M ean 7/ of individual particles vs TO C  of bulk sam ples for a) all sam ples and b) 
excluding NL1 and GK2.

Samples GK2 and NL1 both have exceptionally high TOC in comparison with all 

other samples. Such outliers can strongly influence the quality o f the correlations. 

Indeed, a correlation without these two samples (Figure 3-24b) produced lower 

correlation coefficients o f r = 0.5 for the Ar-laser (no change in r for the He/Ne- 

laser).

The relative standard error o f mean 7/ for individual particles is generally high with 

-1 0  % error independent o f the laser used and even higher for samples NL1 and GK3 

(± 15%).

One source o f variation could arise from the effect o f particle size. The particle area 

(A) was determined from the ChD-image using the LSM software, which provides a 

two dimensional view o f the particle outline. This was used to provide the area 

weighted values o f fluorescence per unit projected area (I//A).
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a) with NL1 b) without NL1
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Figure 3-25: M ean I /A  of individual particles ( I /A  calculated for each particle) vs TO C  of bulk 
samples for a) several samples and b) NL1 excluded.

A linear relationship between bulk sample TOC and mean Ij/A seems to exist with 

r  = 0.8 for 12 different soils with three samples per location (AU, NL, PT, UK) 

(Figure 3-25a). However, r falls to 0.4 when NL1 is excluded from the dataset. Thus 

it can be assumed that NL1 with its very high TOC dominates the dataset.

Soil particle surfaces are o f course not two dimensional so that estimating the surface 

area from a planar projection o f a particle underestimates the real surface area. The 

actual surface area will depend on roughness. Particle surface roughness (R2 5 ) was 

therefore determined by AFM (chapter 2, section 2.4.4) and using these estimates, a 

hypothetical surface volume was determined ( Vs=A*R2 5). This was done in order to 

include the factor surface roughness so that the rougher the surface, the bigger the 

volume.
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Figure 3-26: M ean I /V s  vs TO C. 7/ imaged with A r-laser a) for sam ples AIJ, NL, PT and UK b) 
for samples AU and NL, and c) for sam ples PT and UK.

The introduction o f surface volume as a normalizing factor provides no overall 

improvement in the relationship II/VS vs TOC for the four soils (Figure 3-26a). 

Distinguishing between samples with a generally smaller (AU: 0 .2 4 -0 .2 9  mm and 

NL: 0.22 -  0.27 mm) and larger (PT: 0.46 -  0.57 and UK: 0.30 -  0.39 mm) particle 

size distribution (chapter 2, table 2 .2) leads to a linear relationship with increasing 

II/VS for increasing TOC for the small particles (Figure 3-26b) with correlation 

coefficients r ~  1 including sample NL1 and r = 0.7 excluding sample NL1. This 

relationship was not found for II/VS o f larger particles (Figure 3-26c) and neither for 

the original II data o f these samples. One reason for the increase o f  volume weighted 

fluorescence intensity o f small particles with increasing sample TOC may be due to 

their increased coverage with fluorescent material. On the other hand the coverage on 

large particles may not increase that much with increasing TOC as they also seem to 

be rougher (chapter 2, table 2-8) which may lead to thicker but patchier distribution
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of the organic matter. Determining the surface area or volume o f the particles in the 

manner described is time consuming and does not appear to improve these 

correlations significantly. Therefore, the additional work for data analysis seems 

unjustified and particles from the other five samples were not subjected to this 

analysis.

Although most samples supposedly have low particulate organic matter content (by 

optical inspection) and the major component is adsorbed on particle surfaces, bulk 

sample fluorescence was considered in order to include particulate organic matter 

fluorescence as this component is included in TOC measurements. However, 

correlations between mean 7/o f multiple particle specimens and TOC were also poor, 

with correlation coefficients similar to those o f single particles (r = 0.5 for the Ar- 

laser and r  = 0.4 for the He/Ne-laser). Excluding samples NL1 and GK2 from the 

data set (with much higher TOC than any other sample with 36.2 and 21.2 g k g '1, 

respectively), improved the correlation significantly to r = 0.8 independent o f the 

laser used.

a) all samples b) without NL1 and GK2
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Figure 3-27: M ean 7/ of bulk sam ples vs TO C for a) all sam ples, and  b) w ithout NL1 and  GK2.

As an estimate, 3-6 particles (or fractions thereof) were imaged per multi-particle 

specimen. The total number o f particles imaged in this manner was similar to that 

individually imaged (N = 20). It therefore, seems likely that it is not the number o f

r=0.
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imaged particles responsible for the improved correlation of total fluorescence and 

TOC, but other factors like the contribution that particulate organic matter (which 

enters the specimen tray along with the mineral particles) makes to the total 

fluorescence.

Optical inspection of samples studied here appeared to indicate the presence of only 

small quantities of particulate organic matter. Comparisons of bulk properties, like 

TOC, and individual (mineral) particle properties, like //, therefore, may require more 

detailed information of the distribution of bulk properties within samples to improve 

their utility.

Distinguishing between sample origins

Although it was assumed that background fluorescence might be similar for all 

samples, subtle differences in mineral composition or the nature of adsorbed organic 

material on particle surfaces may arise associated with the sample origin. This may 

affect the background signal and/or possibly its nature. Therefore, sample origins 

were taken into consideration separately. Linear correlations are considered, but have 

to be treated as qualitative guides, as only three or four data points were available for 

each sample origin.

The correlation of mean 7/ of individual particles with TOC for sample origins PT, 

NL and UK return an r value of ~1. The r value for NL increases slightly when NL1 

particles are excluded but this is hardly significant (Figure 3-28a, b and c).

No linear relationship was found for GK and AU samples. Although only three 

samples per origin were available, it seems GK has a maximum value for 7/ at around 

TOC of 10 g kg'1 and increased TOC above this level has no influence on 7/ which 

varies at or below the maximum (Figure 3-28c). Fluorescence from AU samples did 

not show a linear relationship with the TOC and variations of fluorescence intensity 

were so large for this sample that no statistically significant difference (t-test, 

a = 0.05) between 7/ at TOC 0 g kg'1 and 12 g kg'1 was found.

^  L I B R A R Y
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Linear correlations o f mean //, obtained from imaging o f multi-particle specimens, 

against TOC were not found be particularly good for NL and PT samples (Figure 

3-29a). The r value for NL samples excluding data for NL1 indicated a substantial 

improvement in r from 0.7 to ~1 (Figure 3-2% ). The value o f r for UK samples was 

~1 and the correlation for AU samples was also reasonably good with r value o f ~1 

(Figure 3-29c and d respectively). However, the error for sample AU1 

(TOC ~ 12 g kg’1) was sufficiently large to render it indistinguishable from the other 

AU samples. The correlation coefficient, therefore, probably overestimates the 

quality o f the data. GK multi-particle specimens did not show a linear relationship 

between mean 7/ and TOC. The trend towards decreased fluorescence at high TOC 

was a little more enhanced for multi-particle specimens than for individual particle 

specimens (cf. Figure 3-28 and Figure 3-29).
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Fluorescence values obtained with the He/Ne-laser gave very similar results for both 

single particles and multi-particle specimens. Although mean 7/ values were 

different, correlations were similar to those presented here with similar correlation 

coefficients (appendix A, table A l).

The slopes o f mean 7/ are different for all sample origins for both multi-particle 

specimens and single particles. Also, a difference in slopes between multi-particle 

and single particle fluorescence was found. The regression line o f individual particles 

from PT samples was much steeper than those o f the others, and the regression lines 

o f multi-particle specimens o f both PT and UK have a similarly strong increase in 7/ 

with TOC, whichever laser was used for excitation.
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One may speculate that variation in the rate of mean 7/ increase is connected to the 

amount of fluorescent material present in the sample depending on the sample origin. 

PT and UK samples may contain relatively more material prone to fluorescence than 

NL samples and relative amounts may be higher with higher TOC for these samples. 

Mainwaring (2004) showed that PT samples in fact do have very similar distribution 

and relative amounts of identified organic compounds (such as alkanes, fatty acids, 

aromatic hydrocarbons).

It is notable that AU samples show a linear relationship between TOC and mean 7/ 

for multi-particle specimens, but not for individual particles. GK samples do not 

seem to exhibit this correlation in 7/ neither for individual particles nor multi-particle 

specimens. The amount of fluorescent material in GK samples may be independent 

of the TOC and thus no correlation between mean 7/ and TOC was found. AU 

samples seem to have a relatively high amount of particulate organic material 

(observed as fine, dark powdered material present in the sample) which may account 

for the correlation between mean 7/ and TOC in multi-particle specimens, but were 

excluded from measurements made on individual particles.
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3.6.2.2 Extracted and cleaned soil samples

Selected soil samples were subjected to various extraction and cleaning procedures 

(see chapter 2). The chosen samples were NL1, AU2 and UK1 as these were 

available in sufficient quantities.

Mean 7/ of sample NL imaged with the Ar-laser decreased with increasing extraction 

strength (assessed as decrease in TOC): IPA/NH3, acid washing, base washing 

(Figure 3-30a; cf. chapter 2, table 2-9).

1200

AU2
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NL1
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Figure 3-30: Mean of original particles, single extractions with IPA/NH3, acid washing and 
NaOH washing and reapplication of extracted material to the extracted particles. All / /  were 
imaged with the Ar-laser.

Reapplication of the IPA/NH3 extracts to the extracted particles (in the same 

proportion in which the extraction was made) by rotary evaporation of the solvent 

mixture, produced an increase in their fluorescence. The TOC was not returned to the 

initial value (e.g. as evident by some deposition of extracted organic material on the 

surface of the evaporator flask) and neither was Ij. However, changes in fluorescence 

could also partly be caused by fluctuations in the laser (section 3.3.2).

Base washing of soil NL1 followed by washing with acid (NaOH+AW) provided 

particles whose 7/ values were above those produced by base washing (BW) alone.
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However, this was not evident in the respective TOC values, as following any of 

these procedures, no organic matter was detected on the particles as TOC.

Mean values of 7/ obtained from particles of UK1 and AU2 soils, subjected to various 

extraction procedures and irradiated with the Ar-laser, showed a different pattern to 

those from NL1 (Figure 3-30a and b). In both cases (UK1 and AU2) extracted 

particles (AW and IPA/NH3) exhibited an increased //, which was above that of the 

original material. This was also the case when the IPA/NH3 extract was 

quantitatively re-applied to the extracted UK1 samples. This material seemed to 

fluoresce significantly more intensely than the original (t-test, a = 0.05). In the case 

of AU2 re-application seemed, within experimental error, to restore fluorescence to 

its original level.

Mean values of 7/ for particles recovered from various extractions and imaged using 

the He/Ne-laser for irradiation were very similar in pattern to those obtained using 

the Ar-laser (see Table 3-4). However, 7/ of particles from sample NL1 were restored 

to their original value after re-application of IPA/NH3 extract and those of particles 

of acid washed UK1 were returned to substantially higher values than those of the 

original particles.

Table 3-4: M ean 7/ im aged w ith H e/N e-laser o f original, ex tracted , acid w ashed and  re-applied 
particles.

trea tm en t NL1
m ean 7/ 

AU2 UK1

orig. 1700± 160 1080± 100 1950± 150

IPA/NH3 1400± 120 2230 ± 230 1800 ± 230

AW 9 0 0 ± 130 2350 ± 270 2440 ± 390

re-applied to 
AW

1640± 140 1440± 170 2440 ± 280

decreasing TOC, 
increasing, 

j  extraction strength 
increased TOC but 
less than original

The mean 7/ values of particles recovered, at each step, from a sequence of 

extractions applied to NL1 (Table 3-5) showed that the IPA/NH3 procedure (first 

step) produced similar values to those reported in Figure 3-30 and Table 3-4 for a 

replicate extraction of this soil. A subsequent extraction with water significantly
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reduced the fluorescence and TOC of the extracted material. A final extraction with 

aqueous NaOH resulted in no significant reduction of mean 7/, but a reduction in 

TOC to the detection limit was observed.

The largest standard error of mean 7/ values (Ar-laser) was associated with the 

IPA/NH3 extraction at ± 18% , whereas those associated with water and aqueous 

NaOH extractions were relatively small at ± 8 %. No such difference was found 

when the He/Ne-laser was used.

T able 3-5: Sequential extraction  o f sam ple NL1 w ith w ater, IPA /N H 3, N aO H ; m ean //.

T O C  [g kg '1] A r-laser

m ean 7/

H e/N e-laser

IPA/NH3 1.32 440 ± 80 1320 ± 220

water 0.74 250 ± 20 750 ± 80

NaOH n.d. 230 ± 20 7 5 0 ± 110

It appears that changes in mean 7/ of material subjected to these various extractions 

are dependent on the nature of the sample. No consistent pattern of behaviour 

emerged suggesting that the detailed nature of organic material in particular soils 

may have a dominating effect. Whether the material is excited using a Ar- or He/Ne- 

laser appears to make little difference.

The increase of fluorescence with removal of organic matter seen in some samples 

could be connected to the increase in bare mineral surface. Although silica itself does 

not fluoresce, inclusions of e.g. manganese, chromium, titanium or fluorides 

containing calcium, magnesium or aluminium (e.g. CaF2, MgF2, Na3AlF6) would 

lead to mineral fluorescence (Rosier, 1991). The use of strong acids and bases (in 

this case NaOH and HNO3) may have an additional influence on the mineral surface 

and could even attack the upper mineral layers, laying bare underlying layers 

(Jozefaciuk et al., 2002a), exposing inclusion of the mineral that enhances 

fluorescence. Oxidising the samples (and thus removing the organic matter), on the 

contrary, led to a strong reduction of fluorescence in comparison to the original
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samples or the acid/base washing. Oxidising the sample at 1050 °C is probably less 

damaging for the surface (melting point of Si02  is -1700 °C) than an attack with 

acid/base and, therefore, oxidation may leave the mineral surface in a less disrupted 

state than chemical etching that arises from acid and/or base washing.

The reduction of water repellency after IPA/NH3 extraction or acid/base washing 

without reduction in fluorescence intensity may be due to several factors:

i) The material extracted itself is not primarily responsible for the fluorescence 

of the sample. This would be the case if mainly structures like alkanes and 

other long chain hydrocarbons were extracted with IPA/NH3. However, this is 

not the case as shown in previous studies (Mainwaring, 2004; Mainwaring et 

al., 2004; Morley et al., 2005).

ii) The organic material is bound in layers to the surface, altering between 

hydrophilic and hydrophobic layers (e.g. McGhie et al., 1980; Ellerbrock et 

al., 2005). Extraction does not lead to a complete removal of the organic 

matter, but only removes the outermost layers, leaving a hydrophilic, tightly 

bound organic layer on the mineral surface. This layer would probably still 

exhibit fluorescence, but leave the sample wettable.

iii) The conformation of the remaining organic material on the surface is altered 

in such a way that fluorescence is increased, i.e. the remaining fluorescent 

molecules are more evenly distributed on the sample surface and 

fluorescence, thus, is increased.

iv) The mineral surface is altered e.g. by exposing fluorescent inclusions inside 

the mineral and, therefore, fluoresces.

3.6.3 Distribution of fluorescence

The extent to which particle surfaces were covered with fluorescing material (C» 

was found to be essentially independent of total fluorescence 7/ (Figure 3-31) for both 

Ar- and He/Ne-lasers. Although a general trend of increasing Cf with increasing 7/ 

can be identified, no significant correlation between the two parameters was found.

Total fluorescence, determined from images captured from several optical slices, 

through the depth of a particle, contains contributions from each slice and some may
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include mineral fluorescence. The slices might have been too large (~5-8 pm) to 

discriminate between layers o f organics on the surface. Cf considers only the 

fluorescing material on the surface, as it was determined from a three dimensional 

projection image o f the particle, and does not differentiate between different focal 

planes. Therefore, any trend o f increasing Cf with increasing // indicates that 

fluorescence from the surface layer is the primary contribution to //.
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F igure 3-31: Mean CF vs m ean / /  of single particles draw n from n atu ra l soil sam ples AU, NL, 
UK and PT.

As the standard deviation o f mean // indicates, the variations between particle 

fluorescence within one sample can be substantial. Individual particle data for Cf and 

I I (Figure 3-32) showed no correlation between the two parameters, but most samples 

displayed a slight trend o f increasing Cf with increasing //. However, AU samples 

seem to be an exception and no increase in Cf with // was observed. This was also 

the case for NL2 and, in the case o f NLC the extremely low values o f Cf (< 2 %)
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contain little information. These outcomes are similar to those when mean sample 

values were considered.
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F ig u re  3-32: CF vs 7/ o f in d iv id u a l p a rtic le s  im aged  w ith  A r-la se r. E r ro r s  w ere  a ssu m ed  to  be no 
m ore  th an  10%  o f th e  value  as a ro ugh  estim ate .

As shown in section 3.6.2.2, fluorescence was not completely removed but only 

reduced following extraction o f samples with IPA/NH3. Also 7/ was not recovered 

after re-application o f the extract to the extracted particles and the development o f 7/ 

upon treatment was dependent on the sample. Coverage (Cy) o f the particles with 

fluorophores did, however, increase from original to extracted and to re-applied, for 

all samples investigated (Figure 3-33).
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Figure 3-33: Cp of original, ex tracted  and re-applied sam ples AU2, NL1 and UK1.

The data suggest that organic material is more uniformly distributed on particle 

surfaces following re-application o f extracted material. Several processes may play 

an important role here:

i) After extraction some organic material is still present on the particle surface 

and seemingly more evenly distributed than before, leading to an even 

distribution o f potential binding sites to accommodate the extract when it is 

re-applied, which in turn promotes an even distribution o f organic material.

ii) Fluorescent material only constitutes a fraction o f the particle coatings. In a 

natural state soils are constantly changing and particle coatings are subjected 

to biogeochemical degradation processes. Microorganisms may be attached to 

particle surfaces, but are probably not evenly distributed and preferentially 

attach to sites with readily available nutrient material. Fluorescing organic 

material, however, may be mainly composed o f large ring structures (von
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Wandruszka, 1998) representing less biodegradable material, so that ‘islands’ 

of fluorescent materials are built (Kalbitz et al., 2003; Kalbitz et al., 2005).

iii) During extraction procedures, some material re-attaches randomly to the 

mineral surface in a very thin but even layer, leading to a more homogeneous 

coverage and when re-applying material, a more homogeneous layer is added 

to the particle surface, which is expressed in the higher fluorescent coverage.

iv) The surface roughness of the mineral particle surface may be of importance 

for the distribution of organic material in a natural state, leading to separate 

‘islands’ of organics. Forcing particles into contact with the extract and 

virtually condensing material on their surface, however, may lead to a very 

smooth distribution, and, therefore, increase coverage.

Further evaluation of the parameters of fluorescence with respect to properties of the 

bulk sample, like bulk wettability or TOC, is presented in sections 3.6.4 and 3.6.6.

3.6.4 Number of fluorescent areas

A scatter diagram of mean Np of various samples plotted against 7/ reveals no relation 

between the two parameters, and no dependency on the laser used for imaging 

(Figure 3-34).
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Figure 3-34: M ean N F vs m ean //. E rro r  bars represent the stan d ard  e rro r, im aged with both 
Ar- and He/Ne-lasers.

Similar to the scatter o f Cp with //, Np and 7/ are not necessarily connected. The 

thickness o f the organic layer, which may contribute (wholly or partly) to //, is not 

related to Np. However, some relationship between the two parameters may arise. 

The scatter diagrams o f individual particle Np against 7/ showed trends towards 

increased Np with increasing 7/ for some samples (AU, NL, PT, Figure 3-35a-c), but 

for UK samples no relationship could be established (Figure 3-35d). Individual 

samples from PT and AU all show similar trends, and those from AU a relatively 

broad data scattering. NL samples, however, show significant variations between 

samples. NL2 and NLC both have strongly increased values o f Np with only slightly 

increasing fluorescence intensity, but NL1 displayed a maximum and constant Np at 

-5 0 0  for 7/> 500.

Due to the high variation in Np within a sample (see Figure 3-35), the mean value is 

probably an imprecise measure (as indicated by the large error bars in Figure 3-34).
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Figure 3-35: N F vs 7/ of individual particles from a) AU, b) NL, c) PT and d) UK samples. E rro r  
b ars (partly  within the limits of the symbols) represen t m axim um  assum ed e rro r  of 10 % per 
particle.

In contrast to C/r, no unique relationship between Nf and 7/ o f the extracted and re

applied samples was found. Both N Ll and UKl samples showed an increase o f Nf 

from original to extracted and re-applied samples (within the experimental error), 

similar to C/r. Sample AU2, however, displayed a significant decrease o f Nf with 

extraction and re-application (Figure 3-36).
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Figure 3-36: N F of original, extracted  and re-applied sam ples AU2, N L l and UKL E rro r  bars 
represent standard  erro rs.

The mechanism behind the distribution o f organic material on the surface, therefore, 

may be different for this sample than for the others. The reduction o f  Np after 

extraction implies that some fluorescing areas were removed during extraction while 

others stayed somewhat intact, which may be connected to the roughness o f the 

underlying material. The rougher the mineral, the more patchy the distribution o f the 

organic coating may be (A ^ A U l) > 7Vf{UKl) > vVf{NLl)). Extraction would then 

perhaps only remove organic material from the more exposed sites o f the particle, 

and hence reduce Nf. The re-attachment o f organic material probably occurs 

primarily at sites where organic matter is already attached to the mineral surface. The 

further reduction o f Nf with re-application o f the extract may then arise from growth 

and merging o f these coated areas on the mineral surface. For the other two samples 

(UKl and N L l) the organic matter present on particles following extraction could be 

distributed in very small areas on their surfaces, leading to a very high number o f
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preferential binding sites for organic material. On contact with the extract the sites 

may grow in size without merging and so preserving Np. Both, i.e. many small 

fluorescing areas and few large fluorescing areas, could lead to an increase in the 

coverage o f the mineral surface due to the reduction in organic layer thickness and 

wider distribution o f the material, and therefore Np and C f need not to be related. 

This concept is presented in the drawing below (Figure 3-37).

F ig u r e  3 -3 7 :  P o s s ib il it ie s  o f  r e d is tr ib u t io n  o f  f lu o r e s c in g  o r g a n ic  m a t te r  a f te r  r e -a p p lic a t io n  o f  
th e  e x tr a c te d  m a te r ia l ,  w ith  l ig h t  g r e y  c ir c le s  r e p r e s e n t in g  p a r t ic le s  a n d  sm a ll d a r k  c ir c le s  
o r g a n ic  m a tte r  m o le c u le s /a g g r e g a te s

Roughness o f the original, extracted and re-applied samples, measured by AFM over 

areas o f 5 x 5 pm 2, was essentially the same for all samples and subject to large 

standard deviations within and between particles drawn from the same soil (Table 

3-6). This may be due to the small scale measurement. Flowever, the R25 values given 

are always total roughness values. It was not possible to distinguish between the 

underlying mineral roughness and the total roughness that includes the organic 

coating. Therefore, the R 75 values may provide only limited information.
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Table 3-6: M ean roughness R2s of original, extracted  and re-applied  sam ples N L l, AU1 and 
U K l, m easured with AFM on 5 x 5 pm 2 areas. E rro rs  are  given as stan d ard  deviation.

R25 original IPA/NH3 re-applied

NLl 46.5 ± 19.2 49.4 ±25.5 54.9 ±20 .6

AU1 53.3 ±34 .2 58.6 ±33.8 63.0 ± 29.4

UKl 98.4 ±52 .0 74.5 ±31.8 81.9 ± 35.9

Comparison o f  Cp and Np

Both Cp and Np parameters showed a positive correlation with 7/ o f extracted soil 

particles and those to which the extracts were re-applied. This does not mean that 

both parameters also have to be positively correlated to each other, but some 

relationship was thought likely and is displayed in Figure 3-38 as a scatter diagram 

for original, extracted, re-applied AU, NL and UK samples. Several types o f 

behaviour were observed.
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Figure 3-38: M ean N F vs CF values of original, extracted  and re-applied sam ples from AU, NL 
and UK. A rrow s represen t the sequence of extraction and re-application.



C hapter 3 -  F luorescence m icro sco p y 118

Both N Ll and UKl samples showed a trend to increased Np with increasing Cf 

(which increased for all samples from original to extracted to re-applied) upon 

extraction and re-application within the experimental error. AU1 samples showed the 

reverse relationship (arrows from left to right). Generally, Cf values o f AU1 and 

UKl samples were within a similar range, but those o f N Ll samples were found to 

be higher. Np values o f all samples were similar.

The positive correlation o f Np and Cp (as is the case for UKl and NLl samples) 

indicates an even distribution o f fluorescent organic matter on the particle surface in 

the form o f many small separate islands from original to extracted to re-applied 

samples. The negative correlation o f the two parameters (as found for AU1) could 

hint at fewer larger aggregates on the particle surface, with increasing sizes but 

reduced number from original to extracted to re-applied particles, supporting the 

model introduced above (Figure 3-37).
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Figure 3-39: M ean 1WF vs m ean CF for AU, NL, UK, PT samples. E rro r  bars represen t standard  
erro rs.
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No general trend was found in the correlations between mean Cf and mean N f  of 

particles from all original samples (AU, NL, PT and UK). No particular dependency 

on the origin of the samples was found (Figure 3-39). This indicates that other 

surface properties such as particle roughness may play a role in the distribution of 

organic material on the particle surface under natural conditions. The aging process 

of the organic coatings is probably different from sample to sample. Even samples 

from a similar origin can suffer very different degradation processes that may be 

dependent on biological factors like the microbial community or physical factors 

such as pH and water content (Schaumann et al., 2008).

3.6.5 Size of fluorescent areas

The size of the fluorescent areas present on a particle surface was determined solely 

by optical inspection of the fluorescence images and is a very subjective measure. A 

standardised automated evaluation was not available (see section 3.2.6). Estimates of 

both Nf and Cf also involve some subjectivity as they are dependent on the 

instrument settings chosen for these. As these settings were used throughout, the 

results, however, are internally consistent and, therefore, comparable. Uncertainties 

in the estimates of aF arise from some additional subjective judgements.



C h a p ter 3  -  F luorescence m icro sco p y 120

3.0

p
cd

0±

Ar-laser
He/Ne-laser

1000 1500 25000 500 2000

mean I, (a.u.)

Figure 3-40: ap vs m ean I,. Dashed lines represen t category limits (sm all/m edium  at 1.5, 
m edium /large at 2.5) and e r ro r  bars represent the s tan d ard  erro r.

The correlation between mean ap o f samples and mean 7/ scattered very broadly for 

data obtained using both Ar- and He/Ne-lasers. No clear trend was apparent (Figure 

3-40) and errors were relatively large, so that it was not possible to distinguish 

between the various samples. The sample with the smallest size (aF = 1.3 ± 0.1), AU1 

also had relatively low //, and that with the largest (ap = 2.7 ± 0 .1 ), PT1, exhibited a 

large //. All other samples fall between 1.5 < ap < 2.5, which is the mid-size range 

(between the dotted lines in Figure 3-40).

None o f the samples whether original, extracted or re-applied showed a difference in 

ay  (appendix A).

Due to the subjective manner in which ap was determined, it is probably imprecise 

and, therefore, an unsuitable measure for assessing other surface properties o f soil 

particles. No further evaluation was therefore made.
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3.6.6 Fluorescence and bulk soil parameters

It is of interest to interrelate the different fluorescent parameters Cf, N f  and 7/ in 

order to understand if any relationships exist between them. No overall correlations 

between single parameters were found, but TOC and 7/ were weakly correlated. It, 

therefore, seems appropriate to include TOC in a suite of single and multiple linear 

correlations. These, at least partly, acknowledge the fact that mineral soil particle 

surface interactions with organic matter are complex with manifold mechanisms 

operating. Multiple linear regressions revealed some relationships between the 

parameters C f , N f , TOC and mean roughness of the particle surface (R25) with the 

fluorescence intensity:

i) A weak multiple linear correlation was found for Nf and Cf with 7/ (r ~ 0.8). 

This indicates that both surface coverage and number of fluorescence areas, 

and with that possibly the layer thickness, influence the measured 

fluorescence intensity.

ii) Another weak correlation (r ~ 0.7) was found between 7/ and C f , R25 and 

TOC, which indicates that the distribution and surface roughness of the 

particle sample as well as the total amount of material present are dependent 

on each other.

However, these correlations are too weak for use as reliable relationships for 

quantitative prediction. They just illustrate that connections between the various 

fluorescence parameters and TOC, as well as R25 exist, but that their relationships are 

complicated.

A comparison between parameters of particle fluorescence and bulk soil properties is 

useful to see whether the former reflect the latter. Figure 3-41a-d shows scatter 

diagrams of various fluorescence parameters ( C f , N f , I i  and cif) and CA as a measure 

of bulk soil wettability. Apart from data for multi-particle specimen 7/, which showed 

a slight trend of increasing 7/ with increasing CA, no correlations between contact 

angle and fluorescence parameters were found when the Ar-laser was used. 

Separating the data for individual samples showed that all UK and NL bulk samples 

reflect the general tendency to exhibit increased 7/ with increasing CA (Table A l, 

appendix A). PT bulk samples exhibited a similar, but smaller tendency. Data from 

AU and GK samples did not follow any such trend. The increase in multi-specimen
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fluorescence intensity with the contact angle could be an artefact of the parallel 

increase in TOC of the samples. However, no correlations were found between either 

TOC and CA (cf. chapter 7) or multi-particle specimen 7/ and CA.

contact angle [°]

30 40 50 60 70 80 90 100 110 120 30 40 50 60 70 80 90 100 110 120

- 1000
multi-particle specimens

~ 1000

30 40 50 60 70 80 90 100 110 120 30 40 50 60 70 80 90 100 110 120
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Figure 3-41: a) M ean CF, b) m ean aF. c) m ean 7/ and  d) m ean N F o f single particle  im ages vs CA 
for various sam ples using an A r-laser.

No correlation was found between 7/ (the only parameter obtained using the He/Ne- 

laser) and CA (table A l, appendix A). Similarly, no correlations were found 

between WDPT and any of the fluorescence parameters (table A l , appendix A).

Multi-linear regression of the parameters TOC, C f , N f , I i  with CA also showed a 

weak correlation (r = 0 .8), but this was too weak to use for quantitative predictive 

purposes. The correlation between TOC and C f (as strongest influence) only 

illustrates that a probably complicated relationship exists between bulk soil 

wettability and the distribution and amount of fluorescent organic material on soil

Np
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aF 
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mineral particle surfaces. However, other factors like the type of organic matter and 

the molecular conformation may be of similar or even greater importance in 

influencing the wettability of a soil sample.

No single correlations or multi-linear regressions were found between WDPT and 

any of the other parameters. The contact angle of a sample, fluorescence parameters 

and TOC present the state of the sample at the moment of measurement, whereas 

WDPT measures the breakdown of water repellency over time, and, therefore, 

measures the stability of the system. A correlation between WDPT and any of the 

other parameters, therefore, seems unlikely as they focus on different physical 

aspects of a sample.

For both CA and WDPT no correlations were found with mean Ij of the 

original/extracted/re-applied samples. This is probably due to the dissimilar 

development of Ij with extraction and re-application, which is strongly dependent on 

the sample (compare section 3.6.2.2), whereas CA and WDPT development with 

extraction/re-application seems to be similar for all samples.

Table 3-7: W ate r repellency (m easured as W D PT and  CA ) and  m ean 7/ o f sam ples AU2, N L l 
and  U K l afte r d ifferen t trea tm en ts. ______

W D PT [s] c a , n m ean 7/ 
(A r-laser)

m ean 7/ 
(He/Ne-laser)

A U 2
orig. 0 93 402 ± 79 1074 ± 9 9

IPA/NH3 0 72 616 ± 6 8 2232 ±231

AW 0 64 785 ± 89 2350 ± 269

re-applied 7 85 471 ± 65 1439± 174

N L l
orig. 4800 107 8 6 6 ± 113 1695± 156

IPA/NH3 0 89 475 ± 66 1406± 123

AW 0 64 306 ± 47 898 ± 129

re-applied 47 128 596 ± 49 1634± 140

U K l
orig. 18000 105 520 ± 55 1949 ± 151

IPA/NH3 0 82 566 ± 80 1799 ±225

AW 0 59 704 ± 109 2437 ± 368

re-applied 37 107 874 ± 96 2435 ± 280
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Further considerations about individual particle water repellency, as determined in 

chapter 4 and fluorescence of individual particles, can be found in chapter 7.

3.6.7 Fluorescence spectra

Use of the confocal microscope in meta mode provides for division of the specimen 

fluorescence into several wavebands ( -1 0  nm resolution) providing an, albeit crude, 

spectrum. The fluorescence intensity within each waveband was calculated from an 

image of the specimen associated with the corresponding waveband. An average 

spectrum was obtained from combination of the various waveband intensities 

obtained from a selection of particles (n = 5) from a soil sample to provide an 

average waveband intensity Ia for various A*?. The lowest value of Ia was then 

subtracted from the others in order to simplify comparison of spectra.

The procedure was applied to one focal plane within the specimen particles (rather 

than integrated over a z-stack) due to the time-consuming imaging procedure and is 

appropriate only for qualitative analysis.

The spectra of the soil particles did not show any prominent differences between 

samples (see Figure 3-42 and appendix A). All spectra have main peaks at the same 

emission wavelengths: a double peak at Af ~ 450 -  460 nm and 475 -  485 nm, and 

other strong peaks at 540 -  560 nm, 630 -  655 nm and 706 -  725 nm with a shoulder 

at -  690 nm. All samples had the main fluorescence emission peak at -630 -  650 nm. 

Apart from these prominent peaks some smaller peaks were found in all samples. 

One difference seems to be that all NL samples do not have a peak at -525 nm 

whereas all other samples show this peak.

The similarity of the spectra suggest that little further information would be obtained 

by imaging emission from various wavebands at different focal planes instead of one 

focal plane as done here. These were essentially randomly sampled from unique 

focal planes within each specimen particle contributing to the average spectra 

presented (Figure 3-42). They would therefore only indicate intra-sample variability.
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A verage baseline norm alized emission spectra of five particles from UK, NL and



Chapter 3 -  Fluorescence microscopy 126

Examples of some colour coded images (one particle per sample) are shown in 

appendix A.

Additional to the investigation of mean Af distributions of a whole particle, it was 

possible to select a specific region and get the local A,f distribution. This showed that 

the variation on some particles, especially from samples UKl, PT1 and PT2, was 

very high, but this had no consequence for the mean spectra of the sample. Figure 

3-43a shows example spectra of selected regions of particles from samples PT1, PT2, 

UKl, GK2 and AU2, that differed from the mean. The respective colour coded 

overlay images of the particles are shown in Figure 3-43b.

Detailed investigations of extracted particles already showed that no overall distinct 

difference in organic matter composition was found for bulk samples (Mainwaring, 

2004; Mainwaring et al., 2004; Morley et al., 2005). Fluorescence emission imaging 

confirmed this on the individual soil particle scale. Some individual particles from 

the samples showed differences in their spectra, but only in certain small regions. 

This, however, had no influence on the overall emission spectra and more 

information on these individual particles would be necessary. However, no method 

available for this study was able to identify the organic material directly on the soil 

particle surface, which would then allow interpretation on a molecular basis.
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Figure 3-43: a) Spectra of individual regions on selected particles from  samples PT1, PT2, U K l, 
GK2, AU1 and, b) colour coded images of these particles.
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5 .7 Synthesis

The relationship between fluorescence of single particles, multi-particle specimens 

and bulk soil properties seems to be very complex. One may speculate that interplay 

of fluorescence intensity (which determines the amount of fluorescing material), 

particle coverage, number of fluorescent areas and possibly size of the fluorescent 

areas is responsible for the expression of bulk soil characteristics. However, this only 

applies if the fluorescent material can be regarded as representative of the total 

amount of organic material present in the sample.

This said, the fluorescent matter represents only a part of the total organic matter 

within the sample and the relative amount of fluorescing organic material may vary 

from sample to sample. It also may be especially influenced by the nature of the 

organic material, which would vary with sample origin. However, a weak correlation 

between TOC and fluorescence was observed for samples with low to mid-range 

TOC content. Thus, it can be assumed that the amount of fluorescing organic 

material may provide a rough estimate of the total organic material in these samples 

and that the relative amount of fluorescing material in each sample is similar.

Although most samples did not contain large amounts of particulate organic matter, 

the presence of such material seemed to be important for the fluorescence 

measurement. The correlation between fluorescence intensity and TOC was mainly 

observed for multi-particle specimen investigations (which include particulate 

organic matter) and not for individual particles. Multi-particle specimen images may 

also be more representative than images of individual particles as they account for 

particle aggregates and large particles. However, different organic compounds can be 

responsible for the fluorescence at each origin, and different degrees of humification 

of the organic matter may be especially important regarding the soil profile NL 

(Kuntze et al., 1988; Scheffer et al., 2002).

As for the origin and nature of the organic material, it is known from previous 

investigations of the same samples that most contain five main component groups in 

similar amounts: long chain fatty acids (C]6-C24), amides (C14-C24), alkanes (C25- 

C33), aldehydes or ketones (C23-C31) and complex sterol compounds (Mainwaring,
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2004; Doerr et al., 2005b; Morley et al., 2005). Within these groups (except the 

alkanes) various aromatic compounds were found, which could be responsible for the 

fluorescence detected. As alkanes were found in all samples (including the wettable 

ones) it was assumed that they are not primarily responsible for the development of 

water repellency in the samples reported here. They were, therefore, considered to 

make a negligible contribution to the fluorescence. All averaged fluorescence spectra 

were found to be similar and independent of the sample, confirming the findings 

from previous studies that overall no significant differences in organic matter were 

detectable in the samples.

UKl, UK2, NLl and NL2 are known to have large amounts of high molecular mass 

polar compounds such as fatty acids and sterols, which are probably a main part of 

the fluorescing compounds, whereas their wettable control samples UKC and NLC 

have less of these materials (Mainwaring, 2004; Doerr et al., 2005b; Morley et al., 

2005). This coincides, in general, with a lower TOC in these wettable samples, so 

that a correlation between their TOC and fluorescence intensities could be mainly 

due to such components, which are likely to have large conjugated 7i-systems that are 

able to fluoresce.

The mineral material may also play a role for total fluorescence. Although silica 

itself does not fluoresce, inclusion of manganese or chromium may lead to mineral 

fluorescence (Rosier, 1991). The nature of the mineral, therefore, may also be of 

importance and depend on the sample source. As samples have diverse origins their 

mineral components may reflect these.

Additionally, changes in the moisture content of the samples cannot be excluded and 

eventually swelling or shrinking of organic matter may occur during measurement 

(e.g. Todoruk et al., 2003; Schaumann et al., 2004). Although it might not change the 

amount of fluorescing groups within a sample, the distribution of organics on the 

surface, its coverage and with that the fluorescence intensity could be affected. Water 

may also be needed for hydration to produce fluorophores. However, all samples 

were air-dried prior to analysis and fluorescence measurements were conducted in an 

air-conditioned laboratory at 20 °C, so that changes in moisture were reduced as 

much as possible. Investigations of soil particles under natural conditions and
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comparison with air-dried particles or investigations under changing moisture 

conditions could clarify the influence of water content on fluorescence. The change 

in moisture content would best be investigated using a water immersion objective in 

order to image the kinetics of water uptake, otherwise drying could occur during the 

imaging procedure.

The variability in fluorescence of particles drawn from a sample was found to be 

high for all samples. This suggests that individual differences exist between particles 

and agrees with the suggestion that e.g. for the expression of water repellency only a 

few particles in a hundred are necessary in order to render a whole sample water 

repellent (Bisdom et al., 1993; Bauters et al., 1998; Bachmann et al., 2000a). The 

conformation and distribution of organic matter on individual particles may, 

therefore, be important for the expression of bulk soil properties. Thus, conformation 

and distribution should be investigated in direct relation to the particle properties, 

like the wettability of the individual particles. A method for the determination of 

such particle wettabilities was developed in this study and is presented in chapter 4. 

The results from fluorescence investigations in comparison with measurements of 

individual particle wettability are presented in chapter 7.

The extraction of soil samples with IPA/NH3 did not remove all organic material (as 

shown in previous investigations, Mainwaring, 2004; Doerr et al., 2005b; Morley et 

al., 2005). The development of fluorescence intensity after extraction with IPA/NH3, 

acid/base washing and a quantitative re-application of the extracted material 

suggested that several, possibly partly antagonistic and sample dependent 

mechanisms were occurring. For samples where fluorescence decreased with 

extraction, two main processes were suggested:

i) non-fluorescent and fluorescent material was removed in equal parts or

ii) extractions preferentially removed fluorescent material.

For samples without reduction or even increase of fluorescence after extractions the 

following mechanisms were discussed:

i) organic matter was removed “layer-wise” during the extraction which may 

have led to an increase in fluorescence depending on the composition of the 

underlying layers;
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ii) non-fluorescing material was extracted which previously may have acted as 

quenching agent, and

iii) the underlying mineral showed increased fluorescence emission due to its 

availability after extraction or its properties were changed due to acid/base 

attack exposing fluorescent areas within the mineral matrix. Inclusions of 

certain minerals such as manganese or chromium compounds may induce 

fluorescence in minerals (Jozefaciuk et al., 2002a).

The alteration of fluorescence, from its original level, when organic extracts were re

applied to the extracted soil material, may have many causes associated with modes 

and mechanisms of re-attachment to particle surfaces:

i) The molecules were extracted without destruction and re-attach in a similar 

manner as before.

ii) Extraction destroyed macromolecules and fluorophores are created/destroyed.

iii) The bonding and structure arising from solvent evaporation is dissimilar to 

the natural processes of soil genesis.

iv) Re-adsorption of the organic extract obscures existing fluorophores.

These mechanisms also encompass changes in the area of mineral surface covered by 

organic material and the population of sites suitable for adsorption of material. The 

distribution of the organic material with re-application may be connected to the 

roughness of the particle surface. This in turn could influence the distribution of 

remaining organic material by shielding material from extraction if layers are very 

thick, e.g. on surfaces with high roughness. Whether that is the bare mineral surface 

or organics remaining on the mineral surface after extraction is probably of less 

importance than the availability of attractive binding sites for the extracts. Therefore, 

the nature of the mineral and the distribution of remaining organic matter may be 

crucial. Many available binding sites (like organic matter distributed somewhat 

evenly on the surface) may lead to a highly spotty coverage of the particle surface in 

contrast to aggregations of organic material into large areas of newly deposited 

organic material. As time elapses in a natural soil the action of microbes and water 

on the organic material may return such artificially modified soil particles to their 

original state.
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3.8 Conclusions

The various parameters associated with fluorescence defined here, such as total 

intensity, intensity normalized per particle surface area, percent of particle surface 

coverage with fluorescent material, and number of fluorescent areas or mean size of 

fluorescent areas, did not provide consistent or conclusive information in relation to 

bulk soil properties. The inter- and intra-sample variation was high. The expression 

of bulk soil properties may be governed by properties of individual particles. If this is 

the case, surface properties, like particle wettability, need to be investigated 

separately and compared with parameters of fluorescence in order to gain precise 

information.

The following chapters (mainly chapters 4 and 6) employ and test various methods 

for the description of soil particle surface properties in order to elucidate possible 

mechanisms affecting bulk soil wettability.



Chapter 4 

Measuring particle water repellency: 

development of a 

“micro Wilhelmy plate method”
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4.1 Introduction

The common method for investigating the wetting behavior of powdered materials is 

the capillary rise method (Preuss et al., 1998) or a modified Wilhelmy plate method 

(WPM). For the latter, the powder is fixed on a plate and then brought into contact 

with water (Woche et al., 2005) (see chapter 1.4.11). Both methods provide data for 

powdered material averaged over many particles rather than for individual particles. 

This is useful if the materials under investigation are pure and have a very narrow 

size distribution (as is the case in pharmaceutical applications).

Soil, however, is polydisperse and soil particles may exhibit a range of wettabilities 

within any particular sample, which somehow determine the overall wettability of 

bulk soil. The ability to estimate individual particle wettability is important in 

facilitating comparisons with data obtained from other (microscopic) particle 

investigations. It cannot be assumed that macroscopic soil properties, such as soil 

water repellency, can be directly correlated with individual particle characteristics, 

because it is not possible to assume that every particle within a bulk soil sample has 

similar wetting characteristics (Bisdom et al., 1993).

Bisdom et al. (1993) investigated sieve fractions from sandy soil samples and 

suggested that only some particles in each sample were responsible for the 

occurrence of its macroscopic water repellency. Similar to these observation, Bauters 

et al. (1998) found that the addition of only 3 wt% of extremely hydrophobic grains 

to a clean and wettable sand altered the wetting behaviour of the sample to an extent 

that fingered flow was reported. At around 5-6 % of hydrophobic grain content, the 

spontaneous infiltration of water into the sand was impeded and, thus, the material 

became water repellent. The proportion of hydrophobic material necessary to render 

a wettable sandy sample water repellent was much higher in experiments conducted 

by Bachmann et al. (Bachmann et al., 2000a). About 20 % hydrophobic grains were 

needed to obtain a CA of 20 °, 50 % for a CA ~ 70 ° and 80 % for a CA > 90 °. 

Shirtcliffe et al. (2006) found that the transition of water repellent to wettable 

conditions in soils occurred at a contact angle of ~50 °. The different proportions of 

hydrophobic material may be attributed to the different methods used for assessment
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of water repellency and, probably, to the different materials used to render particles 

hydrophobic. Bachmann et al. (2000a) used the sessile drop method for contact angle 

measurement and treated particles with dimethydichlorosilane, whereas Bauters et al. 

(1998) measured WDPTs and treated particles with octadecyltrichlorosilane. Bisdom 

et al. (1993) estimated the proportion of hydrophobic particles from examining and 

quantifying water repellency in sieve fractions of natural sandy soil samples.

Although these studies have added to the understanding of bulk soil water repellency, 

no information was provided about the range of wetting properties of the individual 

particles. Identifying such soil particle characteristics (e.g. individual particle 

wettability) therefore seems necessary. A method used in materials science for the 

determination of both interfacial tension of a liquid-liquid or liquid-gas system and 

the contact angle of a solid material with the interface is the so called sphere 

tensiometer based on the same physical principle as the WPM (Scheludko et al., 

1975; Huh et al., 1976). WPM is a common method for powder or liquid 

investigations. It measures the force required to detach a solid sample from the liquid 

surface, which is proportional to the surface tension of the liquid. The technique is 

mostly used to determine the surface tension of liquids, but can also be used to 

determine contact angles between a solid and a liquid whose surface tension is 

known (see Figure 1-2 in chapter 1.4.1.1) (e.g. Chawla, 1994; Gilboa et al., 2006; 

Richter et al., 2006). The contact angle is calculated directly from the force 

measurement providing that the geometry of the sample is known (equation 1 -7). It 

can also be determined optically from an image by measuring the angle formed 

between the solid and the tangent to the liquid lamella at the point of contact.

In contrast to the WPM which measures the detachment force between liquid and 

solid, sphere tensiometry records force curves while pulling a spherical sample 

through the interface between the two phases. Using very clean materials and precise 

instrumentation the latter is a highly sophisticated, but very complex method for 

exact determination of interfacial tensions and contact angles (Huh et al., 1976). 

Diameters of spheres used normally range between 1.6 mm and 6 mm (Gunde et al., 

1995; Zhang et al., 1996; Zhang et al., 1997).
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Although sphere tensiometry has not been used for measuring the wettability of 

solids, it could, theoretically, be used for this purpose as it is based on the physical 

principle of surface tension. This in turn is closely connected with the contact angle 

(Fieber et al., 1979; sections 1.3 and 1.4).

The adaptation and combination of these two techniques - WPM and sphere 

tensiometry - for determining the wettability of individual particles is explored and 

described in this chapter. The aim of this work was to develop a method for 

estimating the wettability of individual particles. As the development of the method 

is primarily based on the WPM it is referred to as the “micro Wilhelmy plate 

method” (“mWPM”). Two different approaches were chosen in order to obtain data:

i) optical measurements (“o-mWPM”) and ii) gravimetric measurements (“g- 

mWPM”). In the following, these two methods are evaluated separately and then 

compared. The o-mWPM was also applied to soil particles from both water repellent 

and wettable samples, in order to estimate the range of particle wettability in soil 

samples, and its applicability for natural material is discussed.

4.2 Materials and methods

4.2.1 Samples

A range of glass and plastic ballotini of various sizes and displaying different degrees 

of wettability were used as standard particles. Two sizes of glass ballotini with 

average diameters of 120 pm and 270 pm were chosen. Some of these were mixed 

with Fabsil™ (Grangers, UK), a silicon based water repellent liquid formulation 

designed for the treatment of textiles, and left to dry. This rendered the ballotini 

strongly water repellent. Polymethylmethacrylate ballotini (PMMA, brand name 

Diakon) with an average diameter of 270 pm were used as wettable to slightly 

hydrophobic material.

Additionally, soil particles from the water repellent samples NL2 and UK1 and from 

the wettable samples NLC and UKC were used in order to test the applicability of the 

technique to soil particles (cf. chapter 2).
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4.2.2 Bulk contact angle measurement

Contact angles of single layer bulk materials, including those treated with Fabsil™ 

(as described above), were measured as described in chapter 2.2.2. Results and 

abbreviations used for various specimens are shown in Table 4-1. Measurements on 

smooth surfaces were carried out on glass and Fabsil coated glass slides. The contact 

angle of Diakon measured on a smooth surface is taken from Gottenbos et al. (2000).

T able 4-1: C ontact angle of bu lk  m ateria ls (m easured on single layers) and  sm ooth surfaces of 
glass and  Fabsil™  coated glass.

m ateria l /  sam ple abbreviation contact angle on 
single layer [°]

glass ballotini, 120 pm SG 53.0 ± 2 .6

glass ballotini, 270 pm GL 53.1± 1.3

Diakon, 270 pm DIA 100.3 ± 1.3

hydrophobized glass ballotini, SGwr 128.0 ± 2 .2
120 pm
hydrophobized glass ballotini, GLwr 125.6 ± 0 .7
270 pm
smooth glass surface - 29.9 ± 1.2

smooth water repellent glass surface - 103 ± 0.6

NL2 - 102 ± 1

NLC - 82 ± 1

UK1 - 105 ± 0 .5

UKC - 30 ± 1

hydrophobized NL2 NL2wr 126 ± 1

hydrophobized NLC NLCwr 125 ±  1

1 from Gottenbos et al. (2000)
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4.2.3 Estimation of the proportion of water repellent particles per 

sample

To provide an estimate of the proportion of water repellent particles per soil sample a 

sample of material (0.5 g) was sprinkled slowly onto a water surface (~3 cm2). 

Particles left floating after one minute were then collected and their size and 

fluorescence were measured (compare Chapter 3). The experiment was repeated with 

longer time intervals of 1 h, 5 h, 8 h, 24 h and up to 48 h. Additionally, the 

experiment was repeated with acid washed and base washed particles which are 

considered to be fully wettable (see chapter 3 for method).

4.3 Particle wettability determination using the optical micro 

Wilhelmyplate method (o-mWPM)

4.3.1 Method

Several particles were sprinkled on a glass slide and then individual particles were 

selected randomly using the tip of a needle. These were glued individually to the 

middle of a microscope cover slip (one particle per cover slip) using waterproof 

cyanoacrylate adhesive (Anglin’ glue™, Fisherman’s choice, UK). A total of at least 

15 particles per sample were used. The cover slips were then fixed to a special 

device, which was designed to fit the syringe holder of the goniometer. The device 

consisted of a stainless steel tube enveloping a longer steel rod that was fitted with 

disks on both ends. The upper disk was clamped into the syringe holder of the 

goniometer and the lower was used as a platform to hold a glass cover slip using 

double sided adhesive tape. The particle was thus suspended from the lower face of 

the horizontal cover slip (see Figure 4-1). A clean glass microscope slide with a large 

water droplet (> 1 ml) was placed underneath the particle. The large surface area of 

water in comparison with the particle ensured a planar water surface in the contact 

region between them. The particle was then lowered towards the water (Figure 4-la) 

at a speed of 0.011 mm s'1 using the instrument’s stepper motor. When in contact 

with the water surface it was stopped and retracted (Figure 4-lb) until the attached
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water lamella broke. The events were controlled using the associated PC and were 

recorded using the instrument’s video camera.

a)

camera

b)

camera

goniometer

p a r t i c l e ^

water surface

goniometer

) M c i e j i r     |
water surface

F igure 4-1: D iagram  of a) app roach  o f particle to w ate r surface and , b) re trac tion  o f partic le  
w ith w ate r lam ella attached.

Data were obtained by choosing two frames from the video: the first showing the 

water surface without contacting the particle to determine the baseline (i.e. the 

reference height of the free water surface); the second being the last frame before the 

lamella broke (see Figure 4-2). The images were then evaluated using 

SigmaScan Pro 5® software (SYSTAT Software Inc.). Data markers were set for the 

diameter of the particle, for several data points along the water line (pink crosses in
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Figure 4-2), for the wetted perimeter (blue crosses in Figure 4-2) and at the midpoint 

of the particle. Additional data markers were set at cross points of a horizontal line 

through the lowest point of the particle and the water line (red crosses in Figure 4-2). 

From these data the intersection of baseline and water lamella was calculated.

Limit for integration 
with x = f(y)

Lamella contour

Free water surface 
without particle 
touching it, from other 
image

Mid point of particle 
and axis of rotation 
for integrations with 
calculations y = f(x)

F igure 4-2: D eterm ination o f co-ordinates o f th e  liquid surface ju s t before the  lam ella breaks.

The data were saved as text files and then transferred to a program, which converted 

frame pixel co-ordinates to metric units (using a factor of 0.514 mm / 278 pixels, at 

the prescribed magnification which was fixed for all experiments). The program then 

calculated:

i) the distance (h) between the free liquid surface (baseline) and the base of the 

particle,

ii) the particle diameter (d),

iii) the wetted diameter of the particle (dw),

iv) the volume (V) of water drawn between the free surface and the particle 

(assuming circular symmetry),
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v) the increase in potential energy of that water (Epot), relative to the free surface 

and,

vi) the wetted perimeter L (the contact line of liquid on the solid), from the 

wetted diameter (assuming a spherical particle shape).

The volume of water and the potential energy were calculated by numerical 

integration and rotation about the axis. It was possible to consider the volume as a 

stack of cylinders or set of cylindrical annuli, whose elements are rotated around the 

axes, allowing both approaches to be used and their outcomes to be compared. As the 

chosen elements could lie on either side of the particle and, in some cases, lateral 

asymmetry occurred, integrations were performed independently using data 

associated with the individual sides. In doing so, several estimates of V and Epot were 

available for comparison.

Two numerical integration procedures were carried out: (i) trapezium integration 

employing the rule where an element under the curve is described as a trapezium 

(Merziger et al., 1996) and (ii) a cubic spline integration, which uses cubic 

polynomials for piecewise integration over subintervals (Schwarz et al., 1986). Four 

integrations were carried out for each side of each particle comprising cubic spline 

integration and trapezium integration with rotation along the x-axis (following, for 

convenience, rotation of the image) and along the y-axis, respectively.

4.3.2 Results from o-mWPM

4.3.2.1 Lamella height measurements

The lamella height of water pulled up by an individual particle was considered to 

represent the wettability of that particle. A linear correlation (with r ~  1) between 

lamella height (h) and contact angle (0) of the bulk material on a flat surface was 

found for the materials GL, DIA and GLwr (Figure 4-3 a). Mean h values of SG and 

SGwr ballotini were about 0.05 mm smaller than those of GL and GLwr ballotini, 

respectively. Glass beads GL and GLwr, as well as DIA ballotini, had a similar mean 

diameter, whereas the glass beads SG and SGwr were about half that size. The 

differences between h of the samples GL, GLwr and DIA were significant (p = 0.01).
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The influence of particle size was reduced by utilization of the dimensionless ratio

h // d  with d being the individual particle diameter (Figure 4-3b). This reduces the

difference between the mean h of wettable glass ballotini SG and GL, and has a 

similar effect on water repellent glass ballotini Glwr and SGwr. The wettable SG and 

GL group was found to be significantly different from the water repellent GLwr and

h /SGwr group (p = 0.01). / £  reduced the difference between GL, SG and DIA

samples. Both GL and SG materials were wettable and can be clearly differentiated 

from water repellent glass beads (GLwr and SGwr).
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a) 0.40
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F ig u r e  4-3: a )  0  o f  b u lk  m a te r ia l  vs  h e ig h t  o f  w a t e r  la m e l la  a n d ,  b )  6  o f  b u lk  m a te r ia l  vs l a m e l la  
h e ig h t  n o r m a l i z e d  b y  p a r t i c l e  d i a m e t e r .

Box plots (a form o f frequency distribution describing the distribution o f data in a 

simple way) o f  all samples are shown in Figure 4-4. The box represents 50 % o f the 

data with the solid line inside as the median o f the distribution and the dashed line as 

their mean. The upper whisker represents 90 % o f the data (90th percentile) and the
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lower 10 % (10th percentile). The “xs” are defined as outliers o f the data distribution 

and, thus, represent maximum and minimum values.

GL and GLwr have a very narrow ^  distributions for 50 % o f the values (box), but

a wide distribution is found for 90 % o f their values and the outlying points are much 

higher / lower than the 90th / 10th percentile, respectively. SG, DIA and SGwr show a 

much broader distribution for 50 % o f the values, but 90 % and outlying points are 

very close to the 25th and 75th percentile (see Figure 4-4).
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F igu re  4-4:

4.3.2.2 Calculation of potential energies

It was considered that Epot could serve as another measure o f individual particle 

wettability. Although the particles were spherical, Epo, values calculated from the left 

and right hand sides o f the video frames were often found to be different, but set 

apart from very far outlying values the data group around the 1:1 line (Figure 4-5). It

SG GL DIA SGwr

D istrib u tio n  w id th  fo r each sam p le  given as box plots.

GLwr
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can thus be assumed that the two sides are similar. In a few cases, and depending on 

the sample, differences o f up to 30 % were found between the two sides. The average 

difference between sides, however, was 15 % and, for further considerations, mean 

values o f the left and right hand side were used.
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F igu re  4-5: In teg ra ls  o f r ig h t h an d  side d a ta  vs left h an d  side d a ta  fo r all sam p les based  on the  
in teg ra tio n  p ro ced u re s  an d  g eom etric  e lem en ts used  fo r in teg ra tio n .

Cubic spline and trapezium rule integration procedures applied to squat cylinders and 

annuli resulted in similar values for Epot (see Figure 4-6 and appendix B). The 

trapezium integration seemed stable with respect to random variability in the source 

data. However, variation in raw data caused some spectacular failures in the cubic 

spline integration procedure for both squat cylinders and annuli elements. Where it 

performed satisfactorily, it indicated that the trapezium procedure was o f adequate 

precision and the estimates arising from this latter procedure were used here.
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Figure 4-6 shows the relationship between height and potential energy for particles 

from the GL sample (particles from all other materials are presented in appendix B). 

It is obvious that with increasing height o f the water lamella the potential energy also

increases in a linear relationship as expected ( Epot -  m g - h y  However, data are

scattered relatively broadly.
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Figure 4-6: M ean Epo, vs h of sam ple GL.

No clear correlation was found for mean Epot o f  individual particles and contact 

angles o f a flat surface o f the corresponding material measured by the sessile drop 

technique (Figure 4-7a). Although the wettable GL particles have a higher mean Epot 

than water repellent GLwr particles, the wettable DIA particles have the lowest mean 

Epot w ithin this size category. Both mean Epot o f  SG and SGwr are lower than those 

for all other particles examined, probably due to the size o f the particles resulting in a 

smaller water lamella and, therefore, lower potential energy. However, if the 

potential energy is normalised by the respective particle diameter, the measure
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piy ^  shows a good correlation with the contact angle within the large particle size

range (samples GL, DIA and GLwr, Figure 4-7b, r ~  1). However, SG and SGwr 

E /
have much lower poy ^  than GL and GLwr, respectively, thus indicating the size 

alone may not be the only factor influencing the measurement.
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Figure 4-7: a) M ean Epo, and b) m ean Epo/d  of individual particles vs contact angle of the 
m aterial on a flat surface.
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Other measures, such as height normalised by the wetted perimeter ( % ) ,  showed 

distributions similar to the actual height distribution (appendix B). However, SG had 

a higher ^  ratio than GL.

4.3.2.3 Reproducibility of measurements

Lamella heights were found to vary somewhat when measurements were made 

repeatedly on the same particle without intermediate drying, but no directional 

behaviour was observed. However, differences between repetitions were small with a 

maximum standard deviation of around 6 % of the measured lamella height 

(appendix B).

Repeated measurements of lamella height of individual particles (model materials 

and soil particles) were carried out after rotating the particle in the imaging field by 

~90 °. No significant differences in the lamella height were observed with changes in 

position of the particle, but the apparent particle diameter varied strongly depending 

on the individual particle. Model particles had very similar apparent diameters 

independent of their position in the image due to their regular shape. Some soil 

particles, however, were of cylindrical shape and if orientated horizontally on the 

holder, the apparent diameter was strongly dependent on the direction of observation.

Therefore, the consideration of the ratio %  may be error-prone for soil samples.
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4.4 Particle wettability determination using the gravimetric micro 

Willi el my plate method (g-mWPM)

4.4.1 M ethod

An individual particle was randomly chosen and glued to the shorter side o f a 

microscopic glass slide using double sided adhesive tape. The microscopic slide was 

then inserted into the holder o f a tensiometer (DCAT 21, DataPhysics Instruments 

GmbH. Filderstadt, Germany), which was connected to a electronic balance (Figure 

4-8).

balance.

^article

water (20°C)

Figure 4-8: Set-up for SCAT21 tensiom eter (DataPhysics) with a single particle glued to a 
m icroscopy glass slide.
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The measurement is automated and controlled by the SCAT11 software (DataPhysics 

Instruments GmbH). With the specimen in place, the balance was tared and the 

sample was slowly lowered, at a speed of 0.01 mm s'1, into a container of water at 

20 °C. The weight change necessary to trigger a measurement was set to 0.08 mg and 

immersion depth of the sample was set to 0.06 mm and 0.1 mm. This was measured 

from the point the balance registered the required weight change. After some initial 

trials involving the use of both depths it was found that the precision and value of the 

lamella breakpoint was similar in both cases (Table 4-2). So the immersion depth of 

0.1 mm was selected for further work.

Table 4-2: Lamella breakpoint (p) calculated from different immersion depths for materials GL, 
DIA and GLwr for five particles per material using three repetitions for each immersion depth.

p [mm] for immersion depth 

0.06 mm 0.1 mm

GL 1 0.52 ±0.01 0.51 ±0.01
2 0.55 ± 0.01 0.53 ±0.01
3 0.45 ± 0.01 0.42 ±0.01
4 0.55 ± 0.01 0.54 ±0.01
5 0.47 ±0.01 0.42 ± 0.01

DIA 1 0.44 ±0.01 0.39 ±0.01
2 0.44 ± 0.07 0.46 ± 0.02
3 0.39 ±0.01 0.42 ±0.01
4 0.45 ±0.01 0.42 ± 0.03
5 0.47 ±0.01 0.41 ± 0.05

GLwr 1 0.28 ±0.01 0.25 ± 0.01
2 0.31 ±0.01 0.28 ± 0.02
3 0.39 ± 0.02 0.37 ±0.01
4 0.27 ±0.01 0.21 ± 0.02
5 0.25 ± 0.01 0.25 ± 0.04

The system recorded the weight of the water pulling on the sample (in g) in relation 

to the position of the sample (in mm), with the point of origin set at the maximum
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immersion depth. This allowed construction of a weight vs distance curve (Figure 

4-9).

As the specimen was withdrawn, a water lamella was pulled up and the weight 

registered on the balance increased (region A in Figure 4-9). Close to the breakpoint 

of the lamella, the weight of the water lifted by the particle reached a maximum and 

the contact angle between water lamella and particle became zero (point B in Figure 

4-9). The lamella then thinned as water drained from it under the influence of 

gravity. This process happened quickly (in the range of ms) and within a short 

distance (-0.05 mm, point C in Figure 4-9) of the water lamella breakpoint. A 

tangent was drawn on the curve between points B and C and a horizontal line drawn 

at maximum mass. The intersection between these was defined as the lamella 

breakpoint (see inset in Figure 4-9).

This point may not represent the real height of the water lamella pulled up by the 

particle as the height measurement only starts at the moment of the defined weight 

change. The lamella break point, therefore, is not referred to as lamella height but as 

sample position (p). All values were also corrected by the immersion depth of 

0.1 mm and the starting value Cs ~ 0.4 for all samples, so that:

p  = B -  OAmm -  Cs (4-1)
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4.4.2 Results of the g-mWPM

Samples GL, DIA and GLwr of similar size were investigated with this method. GL 

and GLwr particles were significantly different in terms of sample position (p). DIA 

particles had a similar mean height water lamella to that of the wettable glass 

particles, although their contact angles differed significantly (Figure 4-10a).
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Figure 4-10: a) position of sample (p) relative to liquid surface vs contact angle 0 on a smooth 
surface and b) p normalized by wetted length (L) vs 0. Error bars equal standard error.
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In order to compensate for the variation in particle size, the wetted particle perimeter 

(L) was estimated from the maximum force (Fmax) and surface tension of water (yl). 

This was necessary as the method does not offer a direct facility for determination of 

particle size by optical means.

Fv« = m*c,„g = COS 0 (4-2)

The contact angle 6 was assumed to be zero at maximum force (see Figure 4-9b); 

thus, L was calculated as:

t  water <5
L = ~   ( « )

/  water

The correlation of with contact angle (Figure 4-10b) is an improvement over that

of p  itself. Unfortunately, it was not possible to verify the behaviour for particles 

substantially different in size from these due to a lack of availability of a range of 

materials within an alternative and narrow size class.

4.5 Discussion and comparison o f o-m WPM and g-m WPM

Two similar methods for measuring individual particle wettability have been 

evaluated: o-mWPM and g-m WPM. Both involved bringing particles into contact 

with a free water surface and raising it to form a water capillary or lamella which 

eventually ruptures. Absolute values of h calculated from images obtained by o- 

mWPM and the position p  recorded by g-m WPM for particles with similar size and 

properties were found to differ. Nevertheless, a good linear correlation between the 

two methods was found (r ~ 1, Figure 4-11). As only three points were available for 

correlation, the data need to be considered carefully. The data deviate from the 1:1 

line, indicating a systematic difference between the two methods, which is probably 

due to the different principles underlying these measurements. The determination of 

p  from the g-m WPM is an approximation of the lamella height. This in turn is



Chapter 4 -  Particle water repellency 155

dependent on the precision and accuracy of the balance in relation to detecting the 

weight change that triggers measurements. The o-mWPM also approximates the 

measurement of the lamella height, which, in principle, could be very accurate with 

suitable equipment. However, the method as used here was restricted by the 

capturing speed of the camera. Use of a high speed camera would allow observation 

of lamella thinning and precise location of its breakpoint, albeit at the expense of 

some resolution in the images. Using a high speed camera could improve data quality 

and would even allow imaging the thinning of the water lamella.

The standard error of the mean h and p  of all samples is similar for o-mWPM and g- 

mWPM, suggesting a comparable level of precision for both methods.
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Figure 4-11: Mean lamella heights determined by tensiometer (g-mWPM) vs goniometer 
(o-WPM).
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Compensation for variation in particle size by considering %  or appears to be

useful as it reduces the differences associated with material of the same surface 

properties (such as glass beads).

E /  h /The similarity in the strength of correlations involving po,A  and / j  suggest that

the latter might just as well be used for comparison with other data as it is readily 

amenable to manual evaluation directly from the appropriate video frames. The more 

detailed, but also more time consuming, evaluation of Epot appears to be 

unwarranted.

Both o-mWPM and g-m WPM appear to be able to detect differences between model 

particles of different wettabilities. The o-mWPM provides additional information 

about particle diameter and wetted perimeter. The handling of o-mWPM is 

straightforward, but the evaluation by g-mWPM is easier and less time-consuming. 

Sample preparation is similar for both samples and not very time-consuming. 

Particles need to be selected individually and glued to a glass slide. The sample 

measurement time is also similar for both methods.

Data quality would be improved if more detailed information about draining of water 

from the lamella and its rupture in combination with information about particle size 

and shape were available. Therefore a combination of both methods whereby images 

of the particle and water lamella are obtained together with the force measurement of 

the DCAT tensiometer may be useful. Using a substantially higher frame rate than is 

employed by the ‘easydrop’ instrument may deliver additional information about the 

exact time of lamella rupture and lamella thinning just before rupture.
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4.6 Application o f the o-m WPM to soil particles

The key aim of the investigation was enable determination of the range of 

wettabilities occurring amongst natural soil particles. The soil samples used in this 

study are described in detail in chapter 2 and experimental details are as presented in

4.3.1 above.

4.6.1 Results

4.6.1.1 Lamella height measurement of natural soil particles

The distributions of lamella height obtained from the analysis of individual particles 

selected from wettable and water repellent soils showed significant overlap (Figure 

4-12a). Data from o-mWPM showed that the range of h for the wettable soil UKC 

practically falls within that for the water repellent soil UK1, but the latter shows a 

significant proportion of data below that of UKC. The distribution width of UK1 is 

larger than that of UKC. Distributions for both wettable soil NLC and water repellent 

soil NL2 were found to be quite similar. However, a significant difference exists 

between the UK and NL sample pairs in terms of size distribution. Particles from UK 

samples are larger than those from NL samples (see chapter 2), so that a comparison 

of h between these samples is difficult.
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Figure 4-12: Box plots of the distribution of h, h/d and h/L of various soil samples. The dashed 
line represents the arithmetic mean, the solid horizontal line the median and x outliers.

h /Again, the UK pair had significantly different normalised height distributions / j  

from those of the NL pair that fell well below those of the UK pair (Figure 4-12b). 

h /The / j  distribution for UKC was found to fall well within that of UK1 and, as for

h /h, no difference between NL2 and NLC was found. The distribution width of for 

UK1 was again larger than that for UKC.

Lamella height h normalised by the wetted perimeter L also showed that the UKC 

distribution falls well within the limits of UK1 and the two are essentially 

indistinguishable from each other. The distributions of the NL pair are also similar,
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but with means, medians and limits above those of the UK samples. Both water

h /repellent samples show a broader / i  distribution than the wettable ones.

The mean lamella heights of UK1 and UKC samples were higher than those of any 

model particulate material, whereas NL2 and NLC both have a mean h similar to that

h /of DIA. Mean values of both UK samples are between those of GL and GLwr. 

Both NL samples have mean values in the region of that of SGwr (Figure 4-3).

4.6.1.2 Comparison of particles before and after coating with a hydrophobic 

agent

Measurements of lamella heights before and after exposing individual particles to 

water repellent material showed consistent differences with reduction of h following 

exposure. This was found to be the case for model (glass and Diakon) particles and 

for those taken from both wettable NLC and water repellent NL2 soil samples 

(Figure 4-13). The values of h seem to be reduced by a consistent amount for most of 

the particles of each type. This was especially evident for glass ballotini (GL) and 

particles of NLC. The reduction in h values of GL and DIA particles, and those of 

particles from NL2 and NLC, following (water repellency) treatment with Fabsil, 

were significant. The soil particles showed more absolute variation than GL or DIA 

particles (Table 4-3). The highest absolute reduction occurred for NL2 particles. 

Absolute and relative reductions of h for all investigated particles are shown in Table

4-3.

Table 4-3: Absolute and relative mean reductions of h after coating with Fabsil™.

h reduction in mm h reduction in %
GL 0.16 ±0.01 52.6 ± 1.4

DIA 0.15 ±0.01 52.6 ± 1.8

NL2 0.24 ± 0.04 38.7 ±2.8

NLC 0.22 ± 0.01 45.6 ± 1.0
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The h values of all particles rendered hydrophobic with Fabsil returned h values 

within a narrow absolute range (0.07 m m < h <0.12 mm) well below that of the 

original particles (Figure 4-13).
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Figure 4-13: Lamella height h of original and hydrophobized samples.

The addition of a hydrophobic reagent to the samples may have changed the surface 

energy of all particles to the same value as their surface was rendered similar after 

coating. Therefore, normalization of h (by dividing h by the values obtained after 

particles had been rendered hydrophobic) should have eliminated some influence of 

other surface characteristics, such as shape. However, this was not the case, as the 

relative reduction of h was similar for each particle from one sample. (Figure 4-13).
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4.7 Relative amount o f hydrophobic and hydrophilic particles per 

bulk sample

Following sprinkling of soil particles on to a water surface and observing the 

proportion remaining afloat or sinking after 1 minute, little or no difference was 

found between the behaviour of wettable and water repellent soil samples. 

Observations after 48 h suggested that no change in proportions had occurred. This 

behaviour was also observed with acid or base washed particles, such that similar 

proportions floated or sank. This suggests that mechanisms other than water 

repellency influence the division or separation.

The difference found between the particles floating and those that sank was the mean 

particle size (Table 4-4). Those that sank were found to be significantly larger than 

those that floated. This suggests that particle weight was the main factor perhaps 

with smaller influences from particle density, shape and roughness, especially if air 

may be trapped between rough surface features limiting the area of contact with 

water.

Table 4-4: Fluorescence, mean size and mean surface area of floating and non-floating particles.

(Ar-Iaser)

h

(He/Ne-laser) mean d [pm] mean A [pm2l

AW floating 268 ± 60 935 ±183 188 ± 12 30813 ±4374

AW non-floating 326 ± 56 1191± 199 238 ±11 48117 ±5269

NaOH floating 178 ±20 622 ± 68 181 ± 7 2565 ± 2042

NaOH non-floating 197 ±51 892 ± 160 204 ± 7 35515 ±2627

In industrial processing, other methods for the determination of the 

hydrophobic/hydrophilic ratio are used. For example, in the coal industry floatation 

is used to separate hydrophobic from hydrophilic coal particles (e.g. Marmur et al., 

1985). However, this method does not seem directly applicable to soil particles as 

they become wettable some time after being forced into contact with water.



Chapter 4 -  Particle water repellency 162

4.8 Discussion

h /If h or / f l  is considered as an indirect measurement of particle wettability, then the

wide range of values obtained for particles drawn from the same soil sample strongly 

suggests that wettability is a distributed property. This means water repellency is 

probably not caused by particles with uniform properties, but particles with a wide 

range of properties within one sample. This is in agreement with work suggesting 

that behaviour of the bulk material may be influenced by the presence of a small 

proportion of hydrophobic particles (Bisdom et al., 1993; Bauters et al., 1998; 

Bachmann et al., 2000a). Difference in wettability of particles of similar size 

suggests that the property may be non-uniformly distributed around individual 

particles.

h /  h /The wide distributions of / j  and / i  for particles from UK1 and NL2 suggest that

there is a considerable range of individual particle wettability associated with soils 

exhibiting water repellency in comparison with those that are readily wettable. 

Nearly all particles within wettable soil samples can be considered to be wettable. 

Only a small proportion of hydrophobic particles appear to be necessary for a soil to 

exhibit water repellency (where many particles are involved in the assessment, 

Bisdom et al., 1993; Bauters et al., 1998; Bachmann et al., 2000a). However, simple 

flotation was found to have insufficient sensitivity to distinguish between soils 

exhibiting bulk wettable and water repellent behaviour. This may be due to surface 

properties like roughness, which may lead to air inclusions between particle pores 

and water surface, and the fact that soil particles may be rendered wettable once 

forced into contact with water. Aggregates composed of hydrophobic and 

hydrophilic particles may exhibit either wettable or water repellent behaviour when 

tested by flotation, depending on their orientation on the water surface.

From the application of these methods to the assumed isometric particles drawn from

effects of particle size. The orientation of particles of more irregular shape may need 

to be considered and a more appropriate estimate of an equivalent circular diameter

ratios appears to be useful in compensating for
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or wetted perimeter obtained from a more detailed examination of the particle as it is 

rotated about the axis normal to the water surface. Previous work on soil aggregates 

suggested various possibilities for equivalent diameter calculation, such as use of a 

mean diameter of a particle aggregate (Dexter et al., 1985).

The data obtained here support the assumption that particles from the water repellent 

sample NL2 may have different wettabilities, given that the variation in reduction is 

highest for this sample. It is known from previous studies using the same particles 

(Mainwaring et al., 2004) that NL2 and UK1 contain large portions of large polar 

compounds. If the distribution of water repellency is much broader in NL2 than UK1 

this may indicate a possibly more irregular distribution of such compounds on the 

particles in NL2 than UK1. The difference between UKC and NLC, although both 

are completely wettable and contain only very small amounts of TOC, may indicate 

that other influences apart from the surface chemistry may be of importance. These 

could be roughness and particle size. However, particle size effects were excluded 

h /  h /using / d  and / i , but differences between the samples were still existent.

It is well established that the surface roughness of bulk samples influences their 

wettability (de Gennes et al., 2004). The surface roughness of individual particles 

may also influence particle wettability and adsorbed material may contribute to this 

roughness either reducing or increasing roughness. The wettable sample NLC shows 

a broader distribution of h than NL2 and also has a higher average surface roughness

scattered than those of NL2. The mean roughness of UKC particles is smaller than 

that of UK1 particles and all UKC distributions are smaller than UK1 distributions. 

Therefore, it seems that the higher the mean particle roughness, the higher the 

variability in the particle wettability. Factors unrelated to the intrinsic surface 

wettability of the sample could be responsible for this variability such as entrapped 

air in surface irregularities and uneven water drainage when raising the particle from 

the water surface (ibid). In combination with different chemical properties of the 

surface this effect may even be amplified.

(see chapter values for NLC particles are still more broadly
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The more widely scattered h values obtained from particles of UKC in comparison

h/  h /with the narrower ranges of / j  and / i  seem to reflect the relatively broad particle

size range of this soil sample. On the other hand, the similarity of the particle size 

distributions of NL2 and NLC suggests that the size is not significant in accounting 

for the differences in individual particle or bulk soil wettability of these samples.

However, as far as absolute values for comparison of different samples from 

different origins are concerned, the mWPM needs some further investigation. 

Between the two different sample pairs a general difference exists. This could be due 

to any number of reasons, like different mineralogy, roughness, nature of organic 

coatings. In order to use the mWPM for determination of absolute particle 

wettability, a thorough calibration using standard materials of different known 

wettabilities would need to be carried out. This should ideally involve particles of 

various different wettabilities but similar roughness and shape factors to the samples 

in question.

The almost consistent reduction in lamella height following addition of the 

hydrophobic agent to individual particles suggests that some intrinsic properties of 

the original particle surface remains influential to the measurement. This could for 

example be due to preferential binding of the hydrophobic agent to hydrophobic 

areas on the particle surface.

In principle, if more agent were added to provide a more even coating, a more

h /consistent value of h or may result. However, the detailed nature of the

distribution of the added hydrophobic agent on these individual particles was not 

known. The data suggest that the method of application of the agent has some degree 

of consistency. However, it is also possible that the surface roughness of the particles 

was changed by the addition of the hydrophobic agent.

The addition of a hydrophobic agent, which decreased h of an individual particle, 

indicates a relative increase of water repellency and leads to the suggestion that 

removal of existing hydrophobic material may increase wettability and, therefore, h. 

This may be possible by exposing the particle, and its supporting cover slip, to a low
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pressure, low temperature radio frequency oxygen plasma to facilitate a gentle but 

complete oxidation of surface organic material. However, this may also modify the 

effective surface roughness of the particle in a manner depending on the distribution 

of organic mineral and could even influence the mineral surface itself by oxidation of 

inorganic material.

4.9 Conclusions

Both micro-scale adaptations of the Wilhelmy plate method (mWPM) are able to 

detect differences between the wettabilities of model spherical particles from 

different types of samples and of particles before and after treatments applied to 

modify their wettability. Examination of particles drawn from soils with known bulk 

wettabilities produced a wide range of data whose precise interpretation was 

difficult. This may be due to irregularities in particle shape and roughness, surface 

chemical heterogeneity and representative sampling of particles. The ability to 

predict bulk soil wettability from the means or median values of such individual 

particle measurements was found to be poor. However, data suggest that the position 

and width of the distributions of individual particle measurements represent the

Distributions of water repellent samples are broader and include smaller values than 

those of wettable samples. The data indicate that the distribution of large polar 

compounds, responsible for the water repellency in UK1 and NL2, may be different 

for these samples.

Examination of individual particles by mWPM is a simple and non-destructive way 

to investigate relative differences in particle wettability. If the geometry of the 

particle is known and reference material with known wettability is available absolute 

wettabilities can be determined. Particles are available for further examination and 

modification using other microscopy techniques.

h /differences between wettable and water repellent bulk samples: / d

The mWPM offers a relatively fast possibility for the investigation of particle 

wettability within powdered material. The o-mWPM is a very simple method and
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does not require specialised equipment. A camera and stepper-motor driven sample 

holder are sufficient. Additionally, it offers the possibility to investigate the particle 

shape. The data analysis, however, is somewhat time-consuming. A minimum of two 

images per sample are necessary and -15 minutes are needed for image evaluation. 

The data evaluation of the g-mWPM is much faster and mostly automated. The 

measurement is also automated and, therefore, less dependent on subjective 

judgements made by the operator. However, the disadvantage here is that no optical 

component is included and sample shape evaluation is not possible. It would, 

therefore, be desirable to combine the g-mWPM with a camera in order to gain the 

advantages offered by the other method.

The technique is potentially very valuable for particle investigations if particle 

surface properties are under investigation and can complement other methods (e.g. 

scanning electron microscopy (SEM), atomic force microscopy (AFM), fluorescence 

imaging, microscopy).



Chapter 5

Effects of artificially induced changes in pH on soil

water repellency
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5.1 Introduction

A general introduction to the influence of pH on soil water repellency was presented 

in chapter 1. Soils of high pH are generally found to be more readily wettable than 

those of lower pH and the latter seem to be more prone to development of water 

repellency. This has been explained as being due to the deprotonation of functional 

groups on organic molecules at higher pH (e.g. Bayer et al., 2007). This increases the 

availability of negatively charged groups and the organic matter can be readily 

hydrolyzed and consequently wetted. However, some soils with neutral pH have 

been shown to develop water repellency (e.g. Graber et al., 2009). In general no clear 

relationship between soil pH and water repellency was found so far (e.g. Wallis et 

al., 1992; HurraB et al., 2006). The influence of soil pH on water repellency is not 

fully understood, but several mechanisms have been proposed to explain it:

i) changes in the surface charge of organic material (Jozefaciuk et al., 2002b; 

Bayer et al., 2007),

ii) conformational changes in the organic matter due to repulsive or attractive 

forces of charged organic molecules, or parts thereof (Deo et al., 2005; Bayer 

et al., 2007),

iii) changes of the underlying mineral surface charge (Jozefaciuk et al., 2002b) 

and

iv) changes in the bacterial and fungi community, which, for example, stimulate 

production of hydrophobic material, degradation of hydrophobic material or 

result in cell destruction at extremes of pH and release cell material (e.g. 

Roper, 2005; Lin et al., 2006; Bayer et al., 2007).

Few studies have systematically investigated the influence of pH changes on soil 

sample wettability. Bayer and Schaumann (2007) investigated the change of pH and 

its influence on soil wettability upon addition of liquid aqueous HC1 and aqueous 

NaOH to soil samples. In this approach the addition of the liquid itself may provide 

opportunities for the re-arrangement of large organic molecules or flexible side- 

chains and it is thus difficult to distinguish between such effects and the influence of 

a pH change on wettability.
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A different method of investigation was chosen by Graber et al. (2009). Instead of 

changing the soil pH directly, salt solutions of different pH were used to measure 

drop penetration times. (This is effectively a modified form of the WDPT test.) 

Although, this may have an influence on the local pH of the area in contact with the 

droplet, only very short-term influences of pH were investigated. The time frame for 

infiltration of the droplet in this study was a maximum of one hour, so that possible 

conformational changes in the organic matter are restricted to these short activation 

times and are confined to the soil surface.

At the field scale, pH changes are normally achieved through addition of powdered 

lime whose effect is only noticeable when water is introduced and/or microbial 

activity reacts to its presence. The lime provides a readily wettable surface which 

may dominate the available surface area exposed to incoming water (Roper, 2006). 

These factors are difficult to control and separate from others in the soil system.

In the current study, a new method of changing soil pH was developed. Instead of 

liquid addition, samples were treated with gaseous NH3 to increase their pH and HC1 

to decrease it. This eliminates possible changes in the arrangement of soil organic 

matter caused by the addition of a liquid (and any associated wetting and drying 

processes) and is perhaps the most direct approach to isolating pH effects currently 

available.

5,2 Methods

In order to change the pH of soil samples, they were exposed to varying amounts of 

gaseous HC1 and NH3. Details of both methods are described below. Details of pH 

measurement and wettability determinations were given in chapter 2, section 2.4.1. 

Samples with sufficient material available for investigation were NL, UK and AU. 

For sample AU7 only a pH increase was investigated due to a lack of sample 

material available for a more comprehensive investigation.
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In a collaborative study with the University of Koblenz-Landau in Germany 

independent, but similar experiments were conducted with two sets of samples. Each 

set comprised one water repellent and one wettable sample taken directly adjacent to 

each other (within centimetres). One sample set was derived from a former sewage 

field in Berlin Buch (samples BW, BR) and another from an inner city park in Berlin 

(samples TW, TR). The experiments were carried out in a similar way as described 

below (Diehl, personal communication; Diehl et al., submitted). Some experimental 

details varied, such as the absolute amounts of acid or base used, but the general 

experimental procedure was similar. A draft manuscript resulting from this 

collaboration has been submitted to the journal Geoderma and is included here 

(appendix C). This manuscript focuses on the differences between the two German 

sample sites and aims mainly to explain the different response of those samples to 

the pH treatment. The current study focuses on the similarities and differences 

between the samples used throughout this thesis, in order to gain knowledge of the 

general processes involved in the response of soil wettability to pH. In the following, 

some of the results obtained in the German study are also shown as they provide a 

valuable comparison with the experimental data obtained here. All methodological 

details for the German samples are given in appendix C.

5.2.1 pH increase

A bottle of aqueous NH3 (35 %) was fitted with a silicone stopper. A hollow glass 

tube was inserted through this stopper. The exposed end was connected to silicone 

tubing fitted with a quick release clamp. This tubing served as a septum. A syringe 

with a hypodermic needle was inserted into the tube to access the headspace of the 

bottle and withdraw gaseous ammonia from it. The system was airtight and the 

clamp was used for reducing the pressure inside the bottle as necessary. This 

pressure was sufficient to fill the syringe without the need to withdraw its plunger. 

After filling the syringe with a prescribed volume of gaseous ammonia (between 1 

and 40 ml for 40 g of sample) it was transferred quickly into an amber screw cap 

bottle (240 ml) with PTFE / silicone septum containing the soil sample (Figure 5-1).
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F ig u r e  5 -1 :  E x p e r im e n ta l  se tu p  fo r  g a s e o u s  N H 3 a d d it io n .

soil were used and 

containing sample 

“C. They were then

left open to the atmosphere for one hour in order to allow excess ammonia to escape 

prior to measurement o f  pH and WDPT.

The WDPTs and pH of  some samples (NL2, NLC, UK1 and UKC) previously 

treated with gaseous NH3 were re-measured after 3 months in order to study the 

stability o f  pH and associated wettability changes. For sample AU, the material 

available was insufficient to allow this. Therefore another sample (AU7) of  similar 

origin was used instead (chapter 2 , table 2-2).

Depending on the availability o f  sample material, 10 or 40 g of 

the volume of ammonia was adjusted accordingly. The bottles 

material and ammonia gas were left to equilibrate for 24 h at 20

5.2.2 pH decrease

The method used for increasing the pH was not feasible for addition o f  gaseous HC1. 

While it was possible to obtain a syringe full o f  HC1 gas, the delivery o f  the gas into 

the sample bottles resulted in an immediate increase in pressure so that only a small 

volume could be introduced. An open system was chosen instead (see Figure 5-2). A 

needle was attached to a silicone tube ensuring an airtight connection. The tube was 

then connected to a wash bottle filled with aqueous HC1. A second bottle containing
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10 g of  soil sample, and a third one with aqueous NaOH, were connected in series 

using silicone tubing. Each connection was fitted with a clamp so that the bottle in 

the middle containing the soil sample could be removed when clamps were shut and 

thus the bottle closed. The outlet o f  the third bottle was also fitted with a clamp so 

that it too could be sealed and isolated. This clamp was opened briefly to relieve the 

build up of pressure during use.

Air (several amounts between 40 and 180 ml) was introduced into the system using a 

syringe. This was discharged through the needle. As air passed through the first wash 

bottle, it was enriched with HC1 and transported to the second bottle where it was 

brought into contact with the sample. As this had an open connection to the third 

bottle not all the HC1 transported with the air was necessarily retained with the soil, 

but some may have passed directly to the third bottle. The need for several steps 

made a quantitative estimate o f  the actual amount o f  HC1 interacting with the soil 

effectively impossible. The NaOH contained in the third bottle served to neutralize 

any HC1 passing through it, so that it was prevented from leaving the system when 

pressure was relieved by opening the clamp on the outlet.

clamp 2 clamp 3

HC1 soil NaOH

F ig u r e  5 -2 : E x p e r im e n ta l  s e t -u p  fo r  g a s e o u s  HC1 a d d it io n .
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After the gas was added to the system, clamps 1 and 2 (Figure 5-2) were closed and 

the bottle containing the soil sample removed from the system and left to equilibrate 

for 24 h at room temperature (20 °C). It was then opened and left for another hour to 

allow excess gaseous HC1 to escape prior to pH and WDPT determinations.

5.3 Results

5.3.1 pH reaction to acid and base

The amount of NH3 available for reaction with the soil is directly proportional to the 

amount of gas added to the sample as all gas taken from the headspace of the NH3 

bottle was transferred into the soil bottle. However, the amount of HC1 available to 

react with the soil was not directly related to the amount of air passed into the system 

due to the necessity to relieve pressure whilst preventing loss of HC1 to the 

atmosphere (see Figure 5-2). The vapour pressure of ammonia is considerably 

greater than that of aqueous HC1 (e.g. vapour pressure for aqueous HC1 [36 %] at 

20 °C is 14.1 Pa and aqueous ammonia [21.4%] 32 kPa at 19.9 °C) so a higher 

throughput of gas is required to acidify soil than to increase alkalinity. No pressure 

relief was necessary following addition of ammonia gas to soil indicating that little 

additional air was introduced. This indicates a fast reaction between ammonia and 

sample material occurred which quickly reduced the pressure in the head space of the 

bottle. This was not the case following the addition of gaseous HC1 so that apparently 

slower reactions between soil and HC1 seem to occur and/or less recipient sites in the 

soil may be available for reactions.

The range of soil pH resulting from the treatments was between pH 2 and 9 (Figure 

5-3). Few samples reached these extremes. Most samples show an approximately 

sigmoidal relationship of pH as function of introduced gas volume, but have more 

than one inflection point. Some samples did not approach maximum (e.g. UK2, AU1, 

NL1) or minimum pH values (UK2, NL2, AU2) within this experimental range.

Samples UK1 and UK2 reacted similarly to the addition of NH3 or HC1 and reached 

similar end values, but UK1 shows a more pronounced plateau around the original



Chapter 5 Artificially induced pH  changes 174

pH (Figure 5-3a). The pH of sample UKC reached the maximum pH of ~9 after the 

addition of only 10 ml NH3 and generally showed the least variation in pH of all 

samples.

The pH of sample NL1 reacted to the addition of HC1, but only at volumes >60 ml 

was a change in pH found. The slope of pH increase upon NH3 addition is shallowest 

for this sample and it reached the lowest end value of pH ~7 in comparison with the 

other NL samples, which all behaved similarly (Figure 5-3b).

The pH of AU1, AU2 and AU7 changed similarly upon the addition of NH3 and HC1 

more upon the addition of NH3 and reached a higher final pH. The addition of HC1 

changed the pH of AUC less than that of other samples. Only after the addition of 

180 ml of HC1 was a significant reduction was found (Figure 5-3c).

On addition of small volumes of gas (< 40 ml HC1, < 5 ml NH3), most samples show 

little or no change in pH (Figure 5-3). This is readily evident (as a wide plateau in 

pH) with samples AU1, AUC and NL1. Other samples show this plateau on addition 

of HC1, but not with NH3 (UK1 and AU2).
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5.3.2 Changes in wettability

The WDPT of all the water repellent samples was found to decrease strongly with 

increase in pH (Figure 5-4). This observation is in agreement with some previous 

findings (Kamok et al., 1993; Steenhuis et al., 2005; HurraB et al., 2006; Bayer et al., 

2007). All originally wettable samples remained wettable over the pH range 

investigated.

Samples NL3 and UK2 became completely wettable (WDPT < 5 s) at the highest pH 

reached (around pH 8 - 9). The WDPT class of all other samples also decreased 

significantly from originally extremely water repellent (NL1, NL2 and UK1), 

severely water repellent (AUC) or strongly water repellent (AU1) to only slightly 

water repellent.
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The German samples show a similar behaviour o f  WDPT upon changes of pH 

(Figure 5-5) to the AU, NL and UK samples. This was in contrast to an earlier study 

(Bayer et al., 2007) where samples from Tiergarten showed an increase o f  WDPT 

after addition o f  liquid aqueous NaOH, whereas samples from Buch were completely 

wettable over the whole pH range. The addition o f  liquid increases soil moisture 

content, which could also induce changes similar to those observed following cycles 

o f  wetting and drying, hence augmenting those associated with the reagents adjusting 

the pH (ibid). It is noticeable that a difference in behaviour exists between samples 

from these two origins below their original pH values. Both Tiergarten samples show 

a reduction o f  WDPT, but both samples from Buch at some point express water 

repellency similar to the original and even higher. A thorough discussion o f  the 

differences between these two sample origins and the proposed mechanisms is given 

in appendix C.
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F igu re  5-5: W D P T  us pH  a f te r  tre a tm e n t w ith  gaseous HCI an d  N H 3 o f  th e  G e rm a n  sam ples 
(T W , T R , BW , BR). O pen  sym bols re p re se n t o rig in a l values.
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5.3.3 R e-evaluation afte r th ree  m onths

Measurements o f  sample pH, made three months after the treatment with ammonia, 

were consistently found to be below those made after 24 h for, with the largest 

decreases corresponding with samples treated with the largest volumes o f  gas. The 

pH of  sub-samples AU7 suffered the smallest changes and the pH o f  most sub

samples of UKC returned to their original value o f  pH ~ 7 (within the experimental 

error; Figure 5-6).

AU7
AU7 3 months

•  NL2
0 N L 2 3  months 
▼ NLC
a  NLC 3 months

UK1
UK 1 after 3 months 
UKC
UKC after 3 months

•original value

7

x  6 Cl °

5 - 

4  -

10 20  30  40  50  0

amount NH3 added [ml]

10 20 30 40 50

Figure 5-6: pH vs am ount o f NH3 added to the sam ple directly afte r the trea tm en t (black 
symbols) and 3 m onths la ter (open symbols). E rro rs  bars for pH are  w ithin the symbol limits.

Figure 5-7 shows the changes in WDPT at three months after the initial addition of 

ammonia. All wettable samples (UKC and NLC) remained completely wettable after 

three months. The WDPTs o f  all UK1 samples were longer after three months than 

directly after addition o f  ammonia. This was also the case for all NL2 sub-samples to
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which more than 10 ml o f  ammonia gas had been added. Sub-samples treated with 

less than this amount exhibited slightly reduced WDPT after three months. The 

WDPTs o f  all AU7 ammonia treated sub-samples were significantly reduced to 

below 30 s after three months (see Figure 5-7).
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Figure 5-7: W D PT vs am ount o f NH3 added to the sam ple directly afte r the trea tm en t (black 
symbols) and  3 m onths la ter (open symbols).
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5.4 Discussion

The newly developed method for pH change via the gas phase was successful in 

changing soil pH. This provides the opportunity to directly change soil pH, avoiding 

influences from liquid addition that alone may alter soil wettability.

The addition of gaseous ammonia led to increased soil pH in all samples. Larger 

amounts of gaseous HC1 were necessary in order to acidify the soil samples, but a 

distinct decrease of soil pH could be achieved. Although all samples showed pH 

changes after acid/base addition, the strength of reaction was different depending on 

the samples.

The re-investigation of samples after three months showed that pH changes were 

partly reversible, including the re-establishment of soil water repellency in some 

samples. However, not all samples were affected in a similar manner and neither 

were original pH nor original WDPT values reached.

The general decrease of water repellency upon the increase in pH, achieved by 

addition of ammonia, may be due to a deprotonation of functional groups at the 

surface and with that an increase in surface charge within the organic matter (e.g. 

Jozefaciuk et al., 2002b; Deo et al., 2005).

The WDPT of all samples also decreased with a reduction in pH, achieved by 

addition of gaseous HC1. In contrast, several publications report an increase in 

repellency with reduction in soil pH, which is interpreted as being due to protonation 

reducing negative surface charge towards electroneutrality (Hurrafi et al., 2006; 

Bayer et al., 2007). The reduction in water repellency may be explained in terms of 

disturbance of the conformational equilibrium of the organic matter. When HC1 is 

added to the sample, a disruption of the organic matter on the particle surface may 

occur, causing a re-orientation and temporarily leading to better wettability. 

Increased wettability may also be a consequence of oxidation reactions and acid 

catalyzed condensation reactions destroying parts of the organic matrix (Bayer et al., 

2007) or a destruction of the mineral material (Jozefaciuk et al., 2002a). Even though 

the samples were dry, some areas will still contain minimal amounts of water and the
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addition of gaseous HC1 may reduce the pH in these regions very strongly, possibly 

leading to local changes in the organic matter via the mechanisms mentioned above. 

However, as such a low pH is normally not reached under natural conditions, this 

phenomenon is considered here as being of limited relevance for the wettability of 

soils.

A comparison between the WDPT changes and the respective buffer curves (Figure

5-3) indicates that some samples did not reach their maximum pH. It can be 

speculated that a more complete deprotonation of their organic matter may have 

rendered them rapidly wettable if the volumes of gas (HC1 or NH3) had been further 

increased. On the other hand, it may be possible that the capacity for ammonia 

uptake was reached, i.e. no reactive sites were available for binding, and further 

addition would not have had an influence.

The plateau in the pH trend found upon addition of small quantities of acid or base 

indicates some buffering capacity in the soils at original soil pH. Buffering is 

considered to occur mainly in the solid mineral or organic matter phases. Several 

buffer systems are considered to be involved in the process in this pH region (Stisser 

et al., 1991; Scheffer et al., 2002).

i) Clay minerals (CM) and oxides or humic substances: functional groups on these 

sites may be protonated and/or i f  exchanged with metals (M) from complexes 

leading to loss of exchangeable cations.

-CM-OH]M + i f  ̂  CM-OH2] + M+ (pH 8 - < 5)

-CM-OH + i f  -» CM-OH2+ (e.g. Fe-OH + i f  -> Fe-OH2+) (pH < 7)

R-(COO)M + I f  ̂  R-(COO)H + IVf (pH 6 - < 3)

R-NH2 + I f  R-NH3+ (pH >7 -  4)

ii) Silicates: leaching of exchangeable Al into soil solution, loss of exchangeable 

cations and destruction of minerals.

-(SiO)3Al + 3H+ -(SiOH)3 + Al3+ 

-A102M + 4 l f  Al3+ + M+ + 2H20

(pH < 5) 

(pH < 5)
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iii) Oxides/ hydroxides/ hydroxy sulfates: Al, Fe leaching into soil solution

Al(OH)3 + 3H+ -» Al3+ + 3H20  

Al(OH2)63+ + 30H' <» Al(OH)3 + 6H20  

AIOHSO4 + H+ -> Al3+ + S 042' + H20  

FeOOH + 3Fr Fe3+ + 2H20

(pH 5 - 3 )  

(~pH 4) 

(pH 4 - 3 )  

(pH <3)

Some samples (e.g. NL1, Figure 5-3) show considerable buffering upon addition of 

ammonia. Although some buffer systems tend to operate in either acidic or basic pH 

ranges, others like carboxylic groups in humic substances can operate both by 

responding to base by deprotonation and to acid by protonation. The reaction times 

of these buffer systems vary widely, depending on the ease of access to sites, so that 

some buffer curves may reflect only these most reactive and accessible sites in a 

system. The batch-wise method of an effective solid state potentiometric titration 

reported here, coupled with the mobility of gases, suggests that ample opportunities 

were created for contact with active sites.

Both NLC and UKC samples are the samples with lowest TOC content per sample 

origin (NL: 0.8 g kg'1 and UK: 0 g kg'1, although investigations by fluorescence 

microscopy suggested that trace amounts of organics are present). Therefore, the 

differences between UKC and NLC from the other UK or NL samples, respectively, 

may be connected to the amount of organic matter content of the samples. If the 

strength of reaction of the soil to the addition of HC1 or NH3 is connected to the 

organic matter content, this indicates that the organic matter is mainly responsible for 

any buffering reactions occurring in these samples. It is known that soils rich in 

humic substances generally have high buffering capacities (Ceppi et al., 1999).

The buffering in AU samples may possibly be attributed more to the mineral matrix 

or inorganic components (mainly clay minerals) than to humic substances as no 

dependence on the amount of SOM was observed for these samples. If the mineral 

sites are protonated and associated with ammonium ions, they may then also attract 

water vapour, which hydrates the surface, and chemically assist wettability, holding 

both ammonium ions and water at the surface.
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Additionally, factors such as clay and particulate organic matter content have to be 

taken into account as especially clay minerals are strongly involved in buffering 

reactions.

Differences in the distribution of organic matter in terms of coverage and layer 

composition may be another contributing factor. A film of non-polar material in the 

outermost layer may prevent access of acid or base to the reactive sites (AU samples) 

or a uniform distribution of organic matter on the mineral particle surface may 

prevent access to reactive sites of the mineral matrix. Thus, the ratio of mineral 

surface to organic cover may have to be considered.

Apart from reacting directly with the organic matter or mineral surface both 

ammonia and hydrogen chloride could (at least partly) dissolve in the remaining 

water contained in the sample. Although the samples are air-dried some water is still 

present. This water possibly exists as distinct and very small droplets inside the 

sample as, at such low water contents, not enough water is present to form a 

continuous water film on particle surfaces (e.g. Israelachvili, 1992). If such regions 

of water droplets exist, the ammonia/ hydrogen chloride could change the pH of 

these droplets and, therefore, the sample pH at strongly localised spots at the sample 

surface. If this is the case, changes would occur mainly in these localised areas. The 

changes occurring within the sample could then be slower than changes due to direct 

interaction of acidic/basic gas with the organic/mineral surface.

If, as discussed above, the ammonia reacts with the water remaining in the sample, 

diffusion and equilibration processes may lead to a loss of ammonia over the time 

period of three months, again reducing the pH during the process. These changes 

may also indicate that the samples did not reach an equilibrium state before and that 

changes are still going on either back to their original state or as a result of a new 

equilibrium due to the changed chemistry of the organic matter or mineral surface. 

Changes in the conformation of organic matter or at the mineral surface probably 

occur on various time scales up to months (e.g. Ma'shum et al., 1985; Roy et al., 

2000; Diehl et al., 2007). Several conformational and structural changes may occur 

during that time such as cross-linking of side chains of the organic matter or
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reorientation of those chains into a more favourable energetic state (e.g. Schaumann, 

2006a; Bayer et al., 2007).

The changes in pH between 24 h and three months after the addition of ammonia 

were smallest for AU7. This suggests the surface that was available for retaining 

ammonia was more stable over that time frame compared to all the other samples 

examined. Additionally, one may speculate that conformational changes of the 

organic material in this sample are of a slower nature than those of all other samples 

examined. This could be due to an association with the mineral surface that was 

possibly altered by the base addition (Jozefaciuk et al., 2002a). Alterations to the 

interactions of the changed mineral surface and the organic matter may occur over a 

longer time and lead to complete re-arrangement of the organic matter as binding 

mechanisms would be changed (e.g. Ceppi et al., 1999; Jozefaciuk et al., 2002a).

Distinguishing between the influence of the mineral matrix and organic material on 

the buffering capacity of the soil is difficult, as other influences such as the surface 

area of soil particles accessible to base/acid interaction may be of importance when 

considering differences between samples. Rougher mineral surfaces may lead to a 

more patchy distribution of organic material on the particle surface and, thus, 

increased layer thickness of organic material at comparable total amount, which 

again may lead to decreased accessibility of base/acid reactive sites. Also, the type of 

organic matter present in the sample is likely to influence the reaction to base/acid 

interaction. However, previous studies on these samples have shown that at least 

similar groups of organic material in similar percentage are present in most samples 

used here (Mainwaring, 2004; Morley et al., 2005).

Micro-organisms may also be involved in the changes of wettability and even pH 

both short and long term. The drying and storage of samples in a relatively dry 

atmosphere (RH ~ 50 %) prior to pH determinations provided soil water contents 

< 1 % dry weight. Bacteria are able to survive in such environments, but sudden and 

significant increase in their population density seems very unlikely (Schlegel, 1992). 

However, the addition of small amounts of ammonia may e.g. increase microbial 

activity as it adds an additional source of nitrogen and, for some specialised 

microorganisms, of energy, associated with the metabolising of organic matter
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(Schlegel, 1992; Kowalchuk et al., 2001) and may change pH over the course of 

three months. On the other hand, higher concentrations of ammonia may be toxic 

(Schlegel, 1992; Fidanza et al., 2007) and, thus, decrease microbial activity. Fungal 

growth and growths of fungal networks were not observed. The evaluation of 

microbial activity, therefore, would be a valuable addition to this experiment as the 

influence of the microbial community on changes in wettability on short- and long

term bases could not be examined here.

5 .5  Conclusions

The method of gas addition to soil samples was successful in changing the sample 

pH without affecting their water content and so introducing the additional changes 

that arise from the wetting associated with the addition of aqueous acids or bases.

It appears that there are various buffer systems present in soils treated with gases. 

These may depend on the concentration and distribution of organic material in the 

samples. In other soils, minerals and inorganic compounds may provide the dominant 

role unless they are covered with a thin dense film of organic material that confers 

only a small TOC.

Independent of the buffer system of the sample and the mechanisms behind the 

change in pH all samples show a similar development of wettability upon pH change. 

They became more wettable with increasing pH and also with decreasing pH (apart 

from sample BR, that showed increased wettability at pH 3). Some samples showed a 

re-increase of water repellency at very low pH (< 2), but this may be less relevant 

under natural conditions.

Examining samples directly after the change in pH investigates only rapidly 

occurring responses to the changed conditions. Additionally, slow conformational re

arrangements in the organic matter may occur as indicated by the observed changes 

in pH and WDPT of samples three months after sample treatments. Again two out of 

three sample origins showed a reversal of previously induced changes towards the
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original values, indicating some sort of equilibrium state of the organic matter prior 

to the induced change. Although the reversal of wettability is not necessarily 

connected with only one state of organic matter it is possible that several 

conformations lead to a similar bulk soil wettability.

In order to gain more information about the nano-scale properties of soil particles 

with changed pH, AFM investigations were carried on selected samples. These are 

presented in the following chapter.



Chapter 6

Atomic force microscopy (AFM) investigations 

of pH adjusted soil particles
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6.1 Introduction

Atomic force microscopy (AFM) was invented by Binning et al. (1986) and can be 

applied to practically every surface as the samples do not require any special 

preparation. It is not a traditional microscopy technique as it does not use direct 

optical examination o f  the specimen, but instead visualizes a surface by scanning a 

sharp tip over it. AFM is an essentially non-destructive technique for imaging and 

characterization with up to atomic resolution, and commonly used in measurements 

o f  interaction between solid surfaces and probes (Paredes et al., 2003). For a 

schematic overview of  the method see Figure 6- la. An SEM image of  an AFM 

cantilever with tip is shown in Figure 6-1 b.

A laser beam is focused on the back o f  a cantilever and the position o f  the reflected 

beam is recorded by a position-sensitive-photo-diode (PSPD) detector. The PSPD 

can measure changes in the position o f  the laser beam as small as 1 nm, thus giving 

extremely high resolution o f  the cantilever deflection. A topographic map of the 

surface can be generated by scanning (dragging) the tip over the surface. Additional 

parameters, such as mean roughness (Ra), can be obtained from such maps using 

proprietary software.

PLIGHT
M IC RO SCO PE

P S P D
DETECTOR

CANTILEVER

SAMPLE

PIEZO
SCANNER

FEEDBACK
LO O P

F ig u r e  6 -1 :  a )  S c h e m a t ic  o v e r v ie w  o f  A F M  o p e r a t io n  (fr o m  B o w e n  et a l., 1 9 9 7 ) , a n d  b )  S E M  
im a g e  o f  a n  A F M  tip .
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AFM may also be operated in tapping mode (where a small amplitude vibration is 

imposed on the scanning cantilever) to avoid surface damage by dragging the tip. As 

the tip interacts with the surface, the frequency of vibration changes. This provides 

information about the material properties of the surface. Data for both phase shift and 

tip position are captured simultaneously to provide phase and topographic images of 

exactly the same region of the specimen. Comparison of phase images with 

corresponding topography assists identification of different components in composite 

materials and can differentiate between hard and soft regions and their relative 

heights (Jiang et al., 2002).

In addition to topographic images, force -  distance curves may be obtained at one or 

more contact points on the surface. The cantilever is used to bring the tip down into 

contact with the surface and then to withdraw it. During this process any deflection 

of the tip from its intended position arising from interactions with the specimen 

surface is recorded. This provides data for a tip-sample deflection-distance curve as 

depicted in Figure 6-2. Region A represents a moment when the cantilever is far 

from the surface and has no interaction with it so that the cantilever deflection is 

zero. When the cantilever approaches the surface, the tip interacts with it and a 

‘jump-in’ contact usually occurs (see region B in Figure 6-2). Similarly, as the 

cantilever is retracted a ‘jump-off usually occurs (region F). When the tip is in 

contact with the surface (region C for approach and D for withdrawal) the cantilever 

deflection is equal to the displacement of the sample surface/piezo scanner (Noel et 

al., 2004). Measurements may be made in both liquids and gases. However, when 

measured in air, there is significant capillary force between tip and specimen. In 

order to convert the recorded data into force vs sample-tip separation curves, zero 

force, zero distance, cantilever spring constant and cantilever deflection sensitivity 

must be known or determined.
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Jump-in
deflection

>. Jump-off 
deflectionCantilever deflection

Approach

Withdrawal

P ie z o  d is p la c e m e n t

F ig u r e  6 -2 : S c h e m a t ic  r e p r e s e n ta t io n  o f  th e  d e f le c t io n -d is ta n c e  c u r v e  ( fr o m  N o e l e t  a l . ,  2 0 0 4 ) .

If the spring constant o f  the cantilever and vertical deflection at the moment when 

jump-off occurs (Azjump-0ff) are known, then the adhesion force (Fadh) between the tip 

and specimen can be calculated using Hooke’s law (assuming an elastic regime):

J7 — Jc • A 7
adh tip ju m p -o ff (6- 1)

where k tjP is the force/tip constant.

AFM has been applied successfully in materials characterisation (e.g. Albrecht et al., 

1988; Bowen et al., 1997; Paredes et al., 2003; Boussu et al., 2005) and other surface 

characterisation processes down to the atomic level. It has also been applied to the 

study o f  aggregate size and shape o f  humic, fulvic acids and other natural organic 

matter (NOM) from aquatic systems adsorbed on smooth surfaces (e.g. Namjesnik- 

Dejanovic et al., 1997; Balnois et al., 1999; Lead et al., 1999; Wilkinson et al., 

1999). The size of  adsorbed aggregates o f  HA, o f  relatively hydrophobic nature, 

extracted from peat seems to be dependent on the solution pH (Balnois et al., 1999).
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At low pH (pH ~ 3) large aggregates were dominant and co-existed with individual 

molecules, but at higher pH (pH ~ 7) no aggregates were found. This was explained 

by the electrostatic repulsion of the de-protonated groups in HA leading to an 

extended conformation of individual macro-molecules, whereas at low pH 

neutralisation and shielding of charge on those groups favoured coiling of molecules 

and inter-molecular bonding (ibid).

The first study of humic substances under natural conditions, i.e. on soil particle 

surfaces under dried and field moist conditions, was conducted by Gerin and Dufrene 

(2003). Although this study shows that AFM may be a useful tool in soil particle 

surface investigations it also points out the shortcomings of using contact mode 

AFM, which may displace or distort soft organic matter. Cheng et al. (2008) used 

topographical images and phase images in tapping mode as well as force-distance 

measurements of soil and model particle surfaces to describe their nano-properties 

and relate them to bulk soil properties such as TOC and water repellency. Sub

samples of some of the soils investigated (ibid) were also used in the present work. 

The samples taken from the soil profile (NL samples) show an increase in roughness 

(calculated from 10 topographical images) with increasing soil depth and decreasing 

TOC, but for model particles coated with HA the trend was reversed. This increase 

of roughness with depth was explained by the ageing of organic material for the 

natural soil particles where the organic matter closer to the surface is exposed to 

highest micro- and meso-organism activity and water percolation causing 

hydrodynamic shear and smoothing of the surface (Cheng et al., 2008). In contrast, 

the highest amount of material covering the surface of clean model particles resulted 

in the roughest surface, which, under natural conditions, would undergo changes 

over time, such as microbial or chemical degradation.

Phase images reflect surface mechanical, elastic and chemical properties as well as 

local topography. They can thus provide information about (soft) organic matter 

distribution (coverage and thickness) on (hard) soil particle surfaces. The bright areas 

in images (higher phase angles) usually represent soft organic matter and dark areas 

(lower phase angles) hard mineral surface, as shown for glass and HA covered glass 

(Cheng et al., 2008). On natural soil particles the roughness and non-uniform 

coverage have to be considered and lead to broad phase angle distributions (ibid).
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The force between a clean glass surface and the AFM tip was calculated to be much 

larger (with a smaller standard deviation) than that between HA coated glass and the 

tip {ibid). This can be explained by the significant contribution made by the capillary 

force to the adhesion force in humid air. Water vapour can condense on the tip and 

sample and forms a water capillary between them. Hydrophilic surfaces attract more 

water and, therefore, have higher capillary force contributions than hydrophobic 

surfaces. The humic acid used was found to have a higher contact angle than clean 

glass and contains hydrocarbon moieties that could inhibit water condensation. This 

relationship was found for natural soil particles, where NL1, with the strongest bulk 

water repellency, also had the smallest AFM adhesion force and NL3 with low bulk 

water repellency had the highest adhesion force. Again, the influence of the surface 

roughness had to be considered and the rougher surfaces exhibited broader force 

distributions (Cheng et al., 2008).

In chapter 5 the effect of pH change on bulk soil water repellency was examined. 

The alterations in pH and associated changes in water repellency did not involve 

contact with aqueous media and subsequent drying, which are processes known to 

affect the persistence of water repellency. Here the outcomes of the application of 

AFM techniques for examination of the surfaces of individual particles are presented. 

Adhesion force measurements made at these surfaces provide evidence of the scale 

of local surface hydrophobicity and its distribution. This provides complementary 

information allowing a comparison between individual particle and bulk soil 

properties in relation to changes in the bulk soil pH. The aim of this specific study 

was to find supporting evidence for assumed changes taking place in the organic 

material of natural soil samples after artificially induced changes in soil pH. If this 

change in wettability is also expressed at the particle level, as discussed above, the 

force measured on the particle surface should increase in samples with higher pH. 

The surface roughness of similarly sized soil particles, selected for examination, was 

assumed to be similar and unaffected by the procedure to effect the pH change.
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6.2 Method

Adhesion forces between an AFM tip and soil particles were measured using a 

Dimension 3100 scanning probe microscope (Digital Instruments, Santa Barbara, 

CA) in contact mode. A cantilever with a v-shape end and a spring constant of 

0.26 N m '1 (Veeco, Cambridge, UK) was used for force measurements. The ramp 

size was set to 1000 nm and a maximum loading of 15 nN was applied. Five particles 

were selected randomly from each sample and glued onto a microscope glass slide 

(for detailed method see chapter 4).

A topographic image (1 x 1 pm with 512x512 pixels) of an area of particle surface 

was captured and an array of 15 x 15 points selected for force measurements within 

it. A total of 8 areas, selected from the five particles (per sample), were examined 

and the force data pooled together to provide 1800 point force measurements. The 

force distribution was calculated from the pooled data.

As the force was measured in contact mode, the topographic images were obtained 

using a point and shoot module. This provides little information about the 

distribution of organic matter on the particle surface and images were not very clear 

due to possible distortion of the organic matter and the high roughness of the samples 

(Gerin et al., 2003). Surface topographical (height) and phase images of specimens 

obtained previously (with the same AFM instrument, but using tapping mode) were 

kindly made available by Dr. Shuying Cheng. These two images were captured 

simultaneously with tapping mode cantilevers (Olympus, Tokyo, Japan) with a 

spring constant of 42 N m'1 and a nominal tip radius of 5 nm at a scan rate of 1 Hz. 

All imaging parameters were kept constant (Cheng et al., 2008). From these images 

the mean roughness (Ra) was determined for 1 x 1pm2 and 5 x 5 pm2 areas (see 

chapter 2).

Soil samples examined were NL1 and UK1 and their corresponding sub-samples, 

which after processing resulted in the highest soil pH (see Chapter 5 and Table 6-1). 

Additionally, the UK1 sub-sample adjusted to the lowest soil pH was investigated. 

Adjustments of soil pH were achieved through addition of gaseous HC1 or NH3 (see 

chapter 5).
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T a b le  6 -1 : p H , W D P T  a n d  T O C  o f  N L 1  b e fo r e  a n d  a f te r  t r e a tm e n t  w ith  g a s e o u s  N H 3 a n d  HC1.

p H  a f te r o r ig in a l W D P T  a fte r p H  a f te r W D P T  a f te r
o r ig in a l n h 3 W D P T n h 3 H C I H C I T O C

p H tr e a tm e n t Is] t r e a tm e n t  | s | t r e a tm e n t t r e a tm e n t  | s | I g k g ' l

NL1 4 .7 7 .4 4 8 0 0 106 n.d. n.d. 3 6 .2  ± 2 . 9

UK1 4 8.1 1 8 0 0 0 17 2 .8 1 1 4 0 0 1 1 .4  ± 2 . 7

Only sample UK1 was investigated by AFM after HC1 treatment, due to the limited 

amount of material o f  sample NL1 available.

6.3 Results and discussion

Topographical images and phase images show typical areas representative o f  the 

surface of particles drawn from soils UK1 and NL1 (Figure 6-3). Light areas 

represent surfaces of  high elevation and dark ones surfaces o f  lower height. The 

overall height differences in topographical images indicate the roughness o f  the 

surface and mean particle roughness (Ra) calculated from image data. The height 

difference for the UK1 specimen is bigger than that for NL1 (see Figure 6-3a and c). 

This is reflected in the mean Ra values for these and all the other areas examined: 

UK1: Ra = 1 3 .9 (± 2 .8 )n m  and 98.4 (± 22.3) nm, NL1: Ra = 8.5 (± 0.3) nm and 

46.5 (± 6 .8) nm, for 1 x 1 pm2 or 5 x 5 pm2, respectively.

Although the soil profile NL showed a relationship between increasing TOC and 

decreasing roughness, this was not found for all samples (Cheng et al., 2008). UK1 

has a much lower TOC and appears to be rougher than NL1 (see Table 6-1). Other 

factors such as the particle size distribution may influence surface roughness, i.e. 

UK1 particles have a larger mean size (0.33 mm) than those o f  NL1 (0.27 mm).

The range of phase angles is higher for NL1 than for UK1 (see Figure 6-3b and d as 

examples). The phase angle indicates different textures o f  materials, with lower 

phase angles representing harder surfaces and vice versa (Cheng et al., 2008). This 

appears to reflect the relatively high TOC content (36.3 ± 2.9 g kg '1) o f  the bulk NL1
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sample in comparison with that o f  UK1 (11.4 ± 2.7 g kg '1). NL1 probably has a more 

complete coverage o f  mineral surfaces, with a more variable thickness o f  soft organic 

matter, than UK1 whose mineral surfaces may be more sparsely covered by a 

(generally) thinner layer o f  organic materials, which barely cushion them. However, 

this interpretation assumes that the mechanical nature o f  the organic material is 

independent o f  its origin and history.

Measuce Data Zoom '  < ►

I : H e ig h t

DataZoom

F ig u r e  6 -3 :  a ) a n d  c )  A F M  to p o g r a p h y  im a g e s  a n d  b ) a n d  d )  p h a s e  a n g le  im a g e s  o f  sa m p le  N L 1  
a n d  U K 1 p a r t ic le  s u r fa c e s  (p r o v id e d  b y  D r . S h u y in g  C h e n g ) .
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The mean adhesion force o f  sample UK1 is 20 ± 13 nN (± standard deviation) and 

the distribution lies between 0 and 60 nN with a dominant mode between 10 and 

15 nN (see Figure 6-4a). After an increase of  pH to 8.1 the force distribution became 

evenly spread, with no dominant mode, but appears to comprise three overlapping 

symmetrical distributions o f  similar amplitude (see Figure 6-4b). The mean force 

increased significantly to 37 ± 16 nN.

A decrease in pH from the original value (4) to pH 2.9 resulted in a mean force o f  

24 ± 16 nN and a dominant mode at ~10 nN with a second lower mode between 25 

and 35 nN (see Figure 6-4c). In comparison with the force distribution at pH 8.1 

(Figure 6-4b) it might appear that data have been shifted down towards lower force 

values and form the same overlapping trio o f  distributions, but now with reduced 

modal amplitudes as the force increases (Figure 6-4c).
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The force distribution obtained from particles o f  NL1 (at the original pH 4.7) shows 

a predominant mode between 5 and 15 nN and a mean of  9 ± 4 nN (Figure 6-5a). The 

distribution following an increase to pH 7.4 is similar in shape, but the amplitude of 

the mode is reduced, and the mean force increased to 12 ± 9 nN. There is a spread of 

force data to high values (Figure 6-5b), although at low frequency, suggesting 

behaviour o f  a similar type to that o f  U K 1, but which does not occur to the same 

extent.

The force distributions o f  NL1 are narrower than those o f  UK1. After increasing the 

pH a distinct mode was retained for NL1 but not for UK1 (cf. Figure 6-4 and Figure 

6-5).
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Figure 6-5: Adhesion force d istribution  on particles from sam ple a) NL1 and  b) NL1 with 
increased pH afte r trea tm en t with gaseous NH3.

An increase in pH increases deprotonation o f  undissociated weakly acidic groups in 

the organic matter and, therefore, increases its bulk and local hydrophilicity. The 

more hydrophilic particle surface may lead to development o f  a thicker water film on 

the organic surface, which increases the capillary force between tip and specimen.

Although the soil particles are essentially dry, the enhanced intrinsic pH facilitates 

deprotonation as water capillaries form during tip-specimen contact in the AFM. 

This enhances the hydration o f  the local surface and encourages the development of  a
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strong adhesion force through the attraction of water for the surface. Although the 

particles are dry and bulk water content is low, some water is bound to the particle 

surface (Israelachvili, 1992; Findenegg et al., 2008). This water has been described 

as gel-like or non-freezing water and may have different properties from free water 

(Findenegg et al., 2008), but may still act as a facilitating agent for deprotonation.

The increased frequency of force data at high values, for distributions obtained from 

soil particles at elevated pH, also suggests an increase in the availability of 

hydrophilic sites, although the modest increase in the mean force may not be a useful 

statistical parameter to represent the surface.

A more detailed discussion (in relation to a broader range of samples) of changes 

occurring on soil particle surfaces arising from pH adjustment and its influence on 

wettability is presented in chapter 5.

Some differences between the force distributions for these samples may arise from 

their different surface roughness and TOC contents (Cheng et al., 2008) as the 

roughness affects the area of contact between the AFM tip and specimen. This in turn 

affects the force exerted on similar interactions at the same pressure, thus broadening 

the force distribution. The breadth of UK1 distributions is probably partly due to its 

higher surface roughness in comparison with that of NL1. It is also likely that the 

high organic content of NL1 may mask the intrinsic mineral surface roughness by 

occupying the hollows and crevices and presenting a more chemically uniform 

surface. The manner and conditions under which organic matter is integrated into soil 

may also affect the mode of adsorption to mineral surfaces so that the effect on 

surface roughness could be quite variable. It was unfortunately not possible to 

measure the force at exactly the same position before and after pH change with the 

equipment available at the time of this study. Hence, no information about detailed 

changes in a specific location could be gained. A new AFM system (made by Veeco) 

promises the possibility to measure force during imaging with tapping mode using a 

specialised cantilever. In combination with a sample holder that enables precise 

determination of location, this offers new possibilities for investigations of particles 

after subjecting them to e.g. pH changes.
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The humidity of ambient air provides the source of water vapour, which forms the 

capillary at the AFM tip-specimen contact point. The relative humidity (RH) was not 

well controlled during measurements, but usually was in the range 37-43 %. This 

may have introduced some independent variation to the adhesion force. There is also 

some variation (which can be up to 40 % in extreme cases depending on the 

manufacturer) in the spring constants of the cantilevers (Jing et al., 2007). It was 

necessary to use a new cantilever with each sample. However, these cantilevers were 

all taken from the same batch.

Such factors render a reliable comparison of absolute values between samples 

difficult and so, as yet, the precise influence of TOC on surface roughness cannot be 

quantified. It is also possible that the relative frequencies of hydrophilic and 

hydrophobic sites on a particle surface may prove to be better indicators of 

wettability than the estimate of the mean adhesion force.

6.4 Conclusions

AFM force measurements can be used to investigate surface hydrophobicity. The 

adhesion force measurements using AFM confirmed a change to a more hydrophilic 

surface following adjustment of pH as suggested by bulk wettability measurements 

made on corresponding samples drawn from bulk material. However, no detailed 

information about changes in surface properties could be gained as it is currently not 

possible to measure the force at exactly the same position before and after the pH 

treatment. Further advances in sample preparation and AFM technology may allow 

this obstacle to be overcome.

Both roughness and organic matter distribution affect the force measurements so that 

high surface roughness and uneven organic distribution on soil particle surfaces have 

to be considered for interpretation of force measurements made on soil particle 

surfaces. Therefore, the systematic investigation of pH change on organic material 

(e.g. humic acids) on a smooth surface may prove useful to eliminate such influences 

and provide reference data for the interpretation of the data gained on complex soil
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particle surfaces. It has, for example, been possible to investigate the conformation of 

dissolved organic matter (DOM) and natural organic matter (NOM) (e.g. Lead et al., 

1999; Maurice et al., 1999; Namjesnik-Dejanovic et al., 2001) and to differentiate 

between hydrophobic and hydrophilic areas in humic acids attached to flat surfaces 

(Maurice et al., 1999). New AFM systems (e.g. the Icon from Veeco) allow 

additional measurements of surface properties parallel to topographical images, such 

as force measurements and measurements of surface rigidity. This allows a mapping 

of the properties and would help investigations of highly heterogeneous systems like 

soil particles.

Another promising approach may be the use of electrostatic force microscopy 

(EFM), which could provide more information about the charge and charge 

distribution of the organic material. This, however, cannot be easily applied to soil 

particles because the specimen or an underlying connected layer needs to be 

conductive. The roughness of samples also influences the quality of such 

measurements, so that investigations on flat surfaces are more promising. Therefore, 

the application seems to be restricted to organic material adsorbed on flat and 

conductive surfaces (e.g. Das et al., 2006).



Chapter 7 

Synthesis and Conclusions
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7.1 Introduction

This chapter provides (i) a summary of the key results of this work; (ii) an evaluation 

of the methods used and developed; (iii) assessments of the application and 

transferability of methods between various scales ranging from sub-particle, 

individual particle, multi-particle (single layer arrays) to bulk soil; (iv) conclusions 

drawn from this study and (v) recommendations for further work. A variety of 

correlations between various particle properties, described in previous chapters, are 

examined to assist with these assessments. The various estimates of soil water 

repellency used in this study are compared and discussed, and the limitations of the 

study and recommendations for future research are identified and discussed.

More specifically, the following questions are addressed:

• What are the main findings of this work?

• In how far were the central research questions answered in this study?

• How may the information provided by the various methods be inter-related 

and related to the phenomenon of bulk soil water repellency?

• What techniques may be used to further probe the soil system in order to 

examine surface properties of soil particles, such as the particular 

arrangement of organic molecules on a surface?

Key findings of this study were:

• Individual soil particles irradiated, at wavelengths X = 488 nm and 

X = 543 nm, in a laser scanning confocal microscope auto-fluoresce due to the 

presence of an organic coating. (Chapter 3)

• Although not all organic material present in a soil sample can be assumed to 

fluoresce, a relationship between fluorescence and total organic carbon 

content was found. Therefore, it can be assumed that the fluorescing material 

represents an approximately consistent proportion of the total material in all 

samples. It can thus also be assumed that fluorescence measurements can be 

used to describe the organic matter coating on the surface of soil particles in 

terms of coverage, distribution and amount present. (Chapter 3)
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• All parameters of fluorescence show large standard deviations. This indicates 

an uneven distribution of organic material within samples. (Chapter 3)

• The two methods developed for particle water repellency measurement 

(g-mWPM, o-mWPM) detect differences in water repellency between 

particles of known wettability (clean glass ballotini, hydrophobic coated glass 

ballotini, Diakon ballotini). (Chapter 4)

• Differences between the wettabilities of individual soil particles were 

detected by o-mWPM. The particle wettability varied strongly within a soil 

sample, indicating that the bulk soil wettability is a widely distributed 

property at the individual particle scale. (Chapter 4)

• The parameters on the particle scale showed mostly only weak correlation 

with bulk wettability, but a multi-factor correlation, including several 

fluorescence parameters, was found, suggesting that mechanisms inducing 

bulk soil water repellency are complex. (Chapters 3 and 4)

• Changing the sample pH artificially without changing the moisture content 

led to a change in wettability. (Chapter 5)

• The changed wettability following the adjustment of pH was also observed at 

the micro-scale. AFM measurements showed an increase in the hydrophilicity 

of particle surfaces after the adjustment. (Chapter 6)

7.2 Bulk soil water repellency measurements

Both methods for determining bulk soil water repellency, WDPT and contact angle 

(introduced in chapter 2), are appropriate measurements for describing this soil 

property. The relationship between the two measurements has been investigated 

previously, but no universal relationship was found as they are relating to somewhat 

different soil properties (e.g. King, 1981; Doerr, 1998; Diehl et al., submitted). 

WDPT measures the time a droplet needs to penetrate into a soil and, therefore, can 

be interpreted as a measure of the persistence of water repellency. The contact angle 

on the other hand, is obtained within the first minute after water droplet application 

measuring the state at that moment and, thus, represents the initial strength of water 

repellency. Differences in relationships between WDPT and contact angle found in
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various studies could also be due to variation in water drop volumes, sample 

preparation (like compaction) and environmental conditions during measurements. 

WDPT is, in general, a relatively subjective measure as the researcher needs to 

decide when droplet penetration is complete. This can be difficult, especially for 

samples containing fine material, as this tends to be pulled upwards by the surface 

tension o f  the water obscuring the surface o f  the water droplet underneath. This 

limits the comparability o f  absolute values between studies.

In this study an increase in WDPT with contact angle was found for 0 >  85 0 and 

WDPT > 20 s (Figure 7-1). However, a correlation was poor due to data scatter. 

WDPT appeared to be insensitive as it did not vary between soil samples whose 

contact angles fell within the range o f  30 ° < 6 <  80 °. This is in agreement with a 

recent study (Diehl et al., submitted) which found that WDPT is not sensitive to 

contact angle changes at values < 10 s, but measurements o f  contact angles o f  sessile 

drops were found to be sensitive over the whole range of  measured values ( 10- 

110°).
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F igu re  7-1: log W D P T  vs co n tac t ang le  o f all sam ples. M in im um  logW D P T  values w ere  tak en  as 
being 0.1 s.
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The commonly used, but arbitrary WDPT boundary value of < 5 s between wettable 

and slightly water repellent samples (as described in chapter 2, section 2.3.1) may 

not be of practical use in the light of these findings. If the WDPT is insensitive to 

contact angle changes at penetration times < 10 s no useful information is gained 

from a boundary of < 5 s. Therefore, it may be better to adopt a wettable -  water 

repellent transition boundary at 10 s as used by Adams et al. (1970). Additionally, 

the determination of the contact angles of samples below this boundary may be 

useful in order to better define their wettabilities as demonstrated by Shirtcliffe et al. 

(2006). Here, contact angles < 50 ° on rough uneven surfaces, as found on soil 

samples, were considered wettable, whereas contact angles > 50 ° were considered to 

indicate slight water repellency or sub-critical water repellency.

A question remains as to how far WDPTs < 10 s are environmentally relevant. On a 

level surface, under vegetation cover, such short WDPTs will not present a problem, 

but on steep unvegetated slopes and after fires, even such a short delay in infiltration 

may promote erosion, by run-off, during heavy rainfall. The relevance of short 

WDPT, so called sub-critical water repellency, therefore, depends on the 

environment. Sub-critical water repellency also influences the water distribution 

within soils and, thus, may influence promotion of preferential flow. The additional 

effort of determining contact angles of samples with short WDPTs may be 

worthwhile for locations with critical environmental conditions. The decision as to 

whether complementary assessments of water repellency are chosen for 

investigations depends on the research aim. Samples with sub-critical water 

repellency should preferably be investigated by contact angle as it is the more 

sensitive measurement. In less critical environments WDPT may be more appropriate 

and adequate. Another method especially developed for cases of sub-critical water 

repellency is the measurement of sorptivity of water against that of ethanol (which is 

not affected by water repellency, Tillman et al., 1989; Hallett et al., 1999). This 

method defines a water repellency index proportional to the infiltration rate of water. 

However, sample preparation in the laboratory removed the water repellent 

behaviour of the samples and it therefore may be primarily used for field 

investigations (Tillman et al., 1989).
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In this study, the contact angle was chosen to represent soil wettability for correlation 

with most other soil sample and particle properties as it reflects the initial wettability 

o f the material. Nevertheless, WDPT data were obtained for all samples as they were 

considered relevant for environmental implications of water repellency and facilitate 

comparison with previous measurements made on the same samples in earlier studies 

(e.g. Doerr et al., 2004; Mainwaring et al., 2004; Morley et al., 2005). The original 

WDPTs measured directly after sampling and then after subsequent drying in 2001 

(ibid) differ significantly from those measured in this study (Figure 7-2). Under the 

same conditions of storage, most samples (apart from samples AUC, NL1 and UK1) 

became less water repellent during storage. In contrast, the WDPTs of AUC, NL1 

and UK1 increased from 0 s to 800 s, 180 s to 4800 s and 900 s to 18000 s, 

respectively. Several mechanisms could produce these diverse changes. The so- 

called ageing of SOM (e.g. Schaumann, 2006b), which is described as 

conformational changes in soil organic matter structure due to chemical or physical 

changes or microbial activity (e.g. Hallett et al., 1999; Roper, 2005; Schaumann, 

2006b; Diehl et al., in press). Conformational changes in the organic matter may 

include formation of hydrogen or cation bridges and, therefore, extended networks of 

organic molecules may form. Within these networks some regions may be more 

hydrophilic others more hydrophobic (Maurice et al., 1999; Pan et al., 2008). The 

formation of micro-pores may also be favoured (e.g. Jaeger et al., 2006; Jaeger et al., 

2007) and this may lead to inclusion of the remaining water, leaving hydrophobic 

groups oriented towards the air interface, rendering a soil more hydrophobic. The 

ionic strength of the soil solution may increase locally when soils are dried, and, 

therefore, increase the density of ions available for binding organic molecules and 

forming such extended networks. Alternatively other mechanisms must be available 

to render soils more wettable, such as microbial activity (which needs at least low 

amounts of water) or other slow re-arrangement processes with time that may lead to 

destruction of the organic matter network. This may leave more hydrophilic moieties 

and/or mineral sites exposed at the surface, thus, rendering the surface more 

hydrophilic. In case of soils with high ionic strength of the soil solution, drying may 

lead to precipitation of salts if the solubility product is exceeded. These salts could 

lead to an improvement in wettability. However, all the speculations made above 

need to be tested in order to determine which processes produce these long-term
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changes following the initial drying and storage of samples under relatively stable 

environmental conditions.

20000  -  

18000 - 

16000 - 

14000 -

„  12000 -
C /3

a l 10000 - 
Q
^  8000 - 

6000 - 

4000 - 

2000  -  

0 -

Figure 7-2: W D PT as m easured in 2001 and 2006. Values from  2001 are  given as the upper limit 
of the corresponding W D PT category (cf. ch ap te r 2).

A comparison o f  the wettability o f  samples that have been stored under dissimilar 

conditions may be even more difficult as the development of  water repellency, with 

time, seems to depend on drying and storage temperatures, relative humidity and 

other factors (e.g. de Jonge et al., 1999; Doerr et al., 2002; Bayer et al., 2007). As 

shown above, not even samples stored under similar conditions show similar water 

repellency development with time. Therefore, in order to compare samples, a similar 

treatment should be chosen and a measurement protocol followed. That means the 

sample preparation and storage conditions should be stated in detail. If other 

temporally variable soil properties, such as water content, pH, microbial activity etc, 

are correlated with sample wettability the evaluation o f  all parameters should be 

carried out at the same time in order to gain a snap-shot o f  the state o f  the sample at 

that point in time.
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Generally, the correlation of different bulk soil measurements may be difficult as 

they do not sample the same soil properties. The wettability of soils is variable while 

TOC can be assumed to be comparatively constant during sample storage in a 

laboratory and changes only slowly under field conditions, e.g. during the course of 

the year. Attempts to predict the prevailing level of soil water repellency by means of 

correlations with TOC content, clay content and other more or less static soil 

properties, therefore, seem to be of limited value.

The experiments conducted in chapter 4 demonstrate that not all particles within a 

water repellent soil exhibit water repellency or possess similar wettabilities. 

Measurements of WDPT and contact angle always sample the properties of arrays of 

particles, providing average values of the pertinent properties exposed at the surface. 

In order to determine the mechanisms underlying water repellency, and possibly 

develop a model which allows confident prediction of its occurrence, it is necessary 

to understand the characteristics of the various surfaces present and their contribution 

to the expression of water repellency. This is also important when considering 

temporal changes in water repellency. If only a few grains within a sample are 

hydrophobic, for modest changes in the properties of these surfaces it may be 

sufficient to render the array wettable, whereas an array containing many 

hydrophobic grains may remain under their influence.

The number of particles typically included in measurements of bulk sample 

wettability such as WDPT and contact angle is of interest if bulk wettability 

measurements are compared to individual particle measurements. For a rough 

calculation it may be assumed that with a water soil contact angle of 90 ° and a 

droplet forming a perfect hemisphere with a diameter of 3 mm (this equals a volume 

of ~14 pi), the droplet has a contact area of -7  mm2. Assuming one sandy soil 

particle has a diameter of 200  pm and is also a perfectly shaped sphere, it has a 

maximum circular area of -0.03 mm2. This provides contact between -200 particles 

and the water droplet. This will clearly depend on the droplet volume, the contact 

angle and the particle size distribution. The volume of water used in this study for 

contact angle measurements was 15 pi (cf. chapter 2 ).
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7.3 Comparison o f  particle properties and bulk soil measures

In this study, different methods for describing soil particle properties have been 

developed, tested and applied to particles drawn from various sandy samples of 

different origins. In the previous chapters it was shown that mean values o f  these 

particle properties such as fluorescence and particle wettability correlate only weakly 

with bulk soil properties (TOC, bulk soil wettability). Possible reasons for this were 

discussed and are summarised below for particle auto-fluorescence and particle 

wettability:

i) The expression o f  bulk soil water repellency (measured by WDPT or contact 

angle) may be described as an average o f  wettabilities o f  the particles in 

contact with the water droplet (i.e. -200  particles per water droplet). 

However, the bulk wettability is not necessarily determined by an arithmetic 

mean of the particle properties involved (cf. chapter 4). Slight water 

repellency could be caused by a mixture o f  some very hydrophobic grains and 

wettable grains (Figure 7-3a). The measurement o f  bulk wettability in this 

case would not deliver any information about the individual surface 

properties of the soil particles as it is a mean o f  very different surface 

properties. In contrast, if slight water repellency is caused by a homogeneous 

system of  slightly hydrophobic grains (Figure 7-3b), bulk wettability 

measurements contain information about these surfaces, e.g. the surface free 

energy that is similar for all surfaces.

water repellent soils

Figure 7-3: Particle a rray s  containing a) w ettable (brow n) and some strongly 
hydrophobic grains (red) and b) only grains with a uniform , slightly hydrophobic 
surface (pink).
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ii) The linear correlation between TOC and particle fluorescence intensity (//) 

suggests that one partly reflects the other (r -  0.6). Although not all organic 

material fluoresces, it suggests that fluorescence can be used as a surrogate 

measure of this material too. (Chapter 3)

iii) The improved correlation between the fluorescence from multi-particle 

specimens (r -  0 .8), which may contain fine organic fluorescent particulates, 

and TOC suggests that such fine organic particulates are present in soil. 

These are not associated with the individual mineral particles. Apart from 

their contribution to fluorescence such fine organic particles may influence 

soil wettability. (Chapter 3)

iv) The measurement of particle auto-fluorescence, performed by integration of 

the fluorescence obtained from several optical slices of the particle, is 

affected by some uncertainty for thick specimens. This arises when the 

optical slices are not directly adjacent to each other and gaps exist between 

them whilst continuity of fluorescence is assumed within the gap. There is 

usually also some subjective judgement involved in the selection of the 

optical plane from which to start the analysis. (Chapter 3)

v) The poor correlation between fluorescence measurements and those of bulk 

soil wettability may reflect a poor and variable representation of particle 

properties in the latter (as described in (i) above). Although the thickness of 

the layer over which fluorescence is measured is relatively small in relation to 

the particle sizes examined, a minimum requirement for a reasonable 

correlation would perhaps be contact with water over this layer during the 

wettability measurement. The variable distribution of fluorescent material 

over the particle surface and with depth suggests a potential roughness to this 

material in addition to any contribution from the mineral substrate. This 

approach, reported in chapter 3, provides a multi-parameter linear correlation 

between contact angle and the fluorescence parameters //, Cf and Nf, as well 

as the TOC of the sample. This returned a correlation coefficient r = 0.8. The 

relationship between measured and predicted contact angle (on this purely 

heuristic basis) is shown in Figure 7-4. Apart from the experimental value of 

contact angle of -3 0 °  for sample UKC, the predicted and experimental 

values were in reasonable agreement. Excluding data for sample UKC from 

the set led to an improvement of the correlation with r increasing to ~0.9.
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However, the use o f  the associated regression equations for the prediction o f  

soil water repellency is not deterministic, although the procedure may assist 

in the development o f  a more general predictive capability. Nevertheless, the 

data support the fact that the quantity, distribution and thickness of organic 

matter present in a sample interact with other factors to influence the 

wettability o f  the soil samples investigated here. (Chapter 3)

« 80 -

20 30 40 50 60 70 80 90

measured contact angle [°]

100 110 120

Figure 7-4: Predicted vs m easured contact angle.

vi) Measurements by AFM showed that mean surface roughness (mean o f  5 

regions on 5 particles) varied significantly between samples, but standard 

deviation o f  the mean was high for all samples and no correlations of other 

parameters and roughness were found. The micro-structure o f  a particle may 

have an impact on the wettability o f  the bulk sample by influencing the water 

distribution at that scale, i.e. within inter-particle pores. Correlation o f  the 

bulk soil wettability, measured as contact angle, and the micro-roughness 

measured by AFM, however, did not reveal a general relationship between
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the two measurements (Figure 7-5). However, particles with roughness 

> 80 nm were only found for three samples with high contact angle (> 80 °). 

On porous surfaces that are, as such, only slightly hydrophobic a high surface 

roughness may lead to an additional hydrophobic effect, by trapping air 

between liquid and solid surface in the nanopores. This could enhance 

apparent water repellency in samples with very rough particle surfaces, 

similar to macroscopic rough samples that display hydrophobicity (e.g. 

Shirtcliffe et al., 2004; McHale et al., 2005; Shirtcliffe et al., 2006). The 

roughness determined by AFM includes the contributions from any organic 

material on the surface. Phase data from the AFM also indicate regions where 

the surface is soft, suggesting the potential for conformational rearrangement 

of material associated with these regions. This would provide opportunities 

for the expression of hydrophobicity. (Chapter 6)

Two fundamentally different effects may play a role in the development of soil water 

repellency: surface roughness effects, which are purely physical in nature, and the 

chemical nature of the surfaces. These two effects may be apparent in the scatter of 

contact angle with micro-roughness (Figure 7-5). In the region between the two 

dashed lines, samples show increasing contact angle with increasing micro

roughness (this includes particles from samples UK1, PT2, NLC, PT3, GK3 and 

GK1), and suggests a dominance of the physical surface roughness effect. No 

dependency of contact angle and micro-roughness was found for samples between 

the dotted lines (this includes particles drawn from samples NL1, GK2, AU1, AUC 

and NL2), suggesting that the physical effect was less important and that the 

chemical nature of the surface may be the dominant influence on wettability. The 

samples falling in both regions (AU2, UK2, PT1, PTC and UKC) may be influenced 

equally by both physical and chemical properties. The regions of influence suggested 

here reflect to some extent the amount of organic matter present in the samples. 

Those with very high TOC (NL1, GK2) are found in the group where the chemical 

influence dominates and those with lower TOC (GK3, PT2) in the range where 

physical influence dominates. As samples from both regions exhibit extreme water 

repellency, both factors seem equally potent in inducing water repellency in soils. 

However, some slightly hydrophobic surfaces are probably present in all samples, as 

roughness on its own cannot induce water repellency.
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Figure 7-5: C ontact angle vs m icro roughness (as m easured by AFM on 5 x 5 fim2), 
dotted and dashed lines indicating different influence factors on the bulk wettability.

7.4 Comparison o f  different particle properties

Measurements o f  several individual particle properties were introduced in this study 

(chapters 3 and 4). These show that the distribution o f  such properties in soil may be 

broad. Mean values of, for example, fluorescence, individual particle water 

repellency or roughness may be associated with considerable variations. No simple 

and significant two-way correlations of  means o f  any o f  these individual particle 

properties were found. Correlations between the fluorescence parameters of 

individual particles (a: //, b: O ,  c: Np\ Figure 7-6) and their corresponding lamella 

height, measured by o-mWPM, as an indicator of  particle wettability, reveal little of 

particular interest. A slight trend o f  increasing values o f  both Nf  and 7/ with 

increasing lamella height was found. However, data scatter is significant and in order 

to test this further a considerable number o f  additional data points would be required.
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Given the time-consuming procedure o f  data acquisition and analysis it is 

questionable whether the additional effort would be justified.
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Figure 7-6: a) //, b) Cy and e) N F o f single individual particles vs h determ ined by mW PM .

No multi-parameter correlations were found between fluorescence measurements and 

the lamella heights. One reason for this may be the influence o f  particle surface 

roughness. This probably influences wettability in a similar manner to the roughness 

o f  a particle array, where air is trapped between liquid and solid at depressions in the 

surface when the particle comes into contact with water affecting the local contact 

angle (see chapters 1 and 4; e.g. Shirtcliffe et al., 2004; Shirtcliffe et al., 2006; 

McHale et al., 2007).
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The mean values of micro-roughness Ra measured by AFM (chapters 2 and 6) are 

representative of selected regions of selected particles. Detailed analysis of the 

surface roughness of an individual particle is both time-consuming and difficult. 

Features at the scale of the length of the AFM probe are difficult or impossible to 

scan. Data are confined to regions where the features are below this length. Even in 

the case where, for example, a 200  pm particle presents a relatively large and 

featureless planar region, an individual 5><5 pm2 scan will merely sample -0.1 % of 

the surface. The LSCM offers an additional facility to estimate the surface roughness 

of a specimen, in this case one soil particle or a large fraction thereof, without 

additional analysis time. However, this requires additional software that was not 

available at the time of this study.

Additionally, the orientation of a particle needs to be considered when its water 

repellency is measured by mWPM (cf. chapter 4). It is unlikely that the particle 

surface will be regular or chemically homogeneous. During the process of 

attachment of the particle to the support, there is little chance to select its orientation. 

It is possible that it may present alternative types of surface to the support on a 

purely random basis. It is not clear as to how representative the exposed surface of 

the particle is in relation to the surface as a whole. This source of variation may be 

superimposed on effects arising from the general orientation of the particles, which 

can vary strongly depending on their shape. The mWPM method is likely to provide 

data representative of symmetrical particles with homogeneous surface chemistry. In 

the field, natural sand particles form components of aggregates and of a large porous 

and permeable medium. They possess points and areas of contact with other particles 

and contribute other regions of surface to pore walls. When they are removed from 

the field and subjected to processing, drying and storage, aggregates are disrupted 

and contact areas separated. It seems reasonable to assume that, in the field, areas of 

particle/particle contact will experience a different history of exposure to percolating 

fluid than regions of inter-particle pore walls and are, therefore, likely to possess 

different surface chemistries as a consequence. As soil particles are irregular in shape 

and size they may form contacts significantly larger in area than those occurring in a 

bed of for example uniformly sized spherical particles. It has been suggested that 

these areas of inter-particle contacts (within aggregates) are likely to be of less
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significance in relation to soil wettability in the field (Urbanek et al., 2007), although 

they contribute to many measurements and assessments made in the laboratory.

7 .5  Summary

Two methods for the investigation of individual soil particle surfaces have been 

developed and tested in this work. The mWPM was used to test individual particle 

wettability and LSCM was used to probe the distribution of organic material over 

particle surfaces. Fluorescence may provide some insight into reorganisation and 

rearrangement of this material arising from changes in environmental conditions. 

Long-term investigations of the same particle are possible providing that the 

instrumental parameters and operating conditions are faithfully reproduced. The 

technique is still limited by the resolution available with the wavelength of the 

radiation involved. Thus, changes at the scale of <1-2 pm are unlikely to be 

detected. Changes at the level of individual molecules will require other methods that 

can operate at such small scales (e.g. scanning electron microscopy (SEM) or 

environmental scanning electron microscopy (ESEM)). The mWPM gives insight 

into the distribution of soil wettability at the individual particle scale. This may allow 

estimation of the proportion of water repellent surfaces. In combination with an 

estimate of the specific surface area of the soil this may provide a bulk parameter 

useful for comparison with model predictions of water distribution in water repellent 

soils.

Investigation of soil particle surfaces poses various challenges arising from the high 

heterogeneity of soil sample material. This is reflected in the large variations in 

measurements for particles of essentially similar size and mineralogy drawn from 

individual soil samples. These are probably not well represented by mean values 

within broad distributions, which suggest many and various contributions to the 

variance.

The changes between water repellent and wettable soil conditions are commonly 

attributed (mainly on the basis of circumstantial evidence and speculation) to the
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conformation of the organic matter on soil particle surfaces and the changes in 

conformation in response (over a range of timescales) to local conditions.

Soil water repellency is probably caused by an interaction of particles with a variety 

of different surface properties distributed across their surfaces at a variety of scales. 

If speculations concerning molecular conformations are correct then the properties 

affecting water repellency may also vary in both space and time. Two quite different 

situations may arise, above the individual particle scale, where a soil with properties 

uniformly distributed on each particle may express the same (strong) water 

repellency as a soil containing a mixture of two populations of particles with 

wettable and non-wettable properties. In the former case a significant and uniform 

adjustment of properties is needed to confer wettability, but in the latter, perhaps, 

conversion of only a small proportion of particles to a wettable state may influence 

the bulk behaviour. The mWPM method may be able to differentiate these two cases 

as it is possible to distinguish between wettable and strongly repellent particles, but 

acquisition of representative data is likely to be time-consuming. It may not be 

sensitive enough to distinguish slight differences in wettability associated with the 

effect of surface roughness. The method is non-destructive and may allow individual 

particle wetting behaviour to be observed over time between repeated contacts with 

water films.

If the surface roughness (a physical state) of individual particles contributes to the 

development of bulk soil water repellency (as suggested by Figure 7-5) then the 

chemistry of raised topographic features is also likely to be of influence. If these 

consist of mineral material, then it is likely that they will be hydrophilic, whereas if 

organic material is present, which, in itself, may contribute to topography, then a 

wider range of behaviour is possible. This may include physical removal of organic 

material from high peaks by abrasion as well as removal by microbial ‘grazing’. This 

in turn affects particle micro-topography. The heterogeneous and polydisperse nature 

of soil humic materials and the strong tendency to adsorb on surfaces (at the usual 

environmental pH in wet soil) probably provides little opportunity for the 

establishment of an equilibrium distribution of organic material. Little preference 

may be shown for any particular type of topography on initial contact which may 

well immobilise a large portion of the molecule. The interplay of both physical and
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chemical factors are, therefore, likely to influence the development and modification 

of soil wettability in all but the most extreme cases.

The effort required to render water repellent soils wettable may depend strongly on 

the mechanism responsible for water repellency. As shown in chapter 5, not all 

samples react similarly to the addition of acid and base, suggesting that different 

mechanisms may be involved in water repellency development and the manner in 

which it changes with time. In the case of chemically hydrophobic surfaces, the 

addition of surfactants able to convert a hydrophobic surface to a hydrophilic one or 

microbial degradation of hydrophobic material may alter wettability. In the case of 

water repellency influenced primarily by physical aspects such as roughness, these 

measures may be less successful, as the surfaces themselves may already be mostly 

wettable. Soil water repellency is likely to be of relevance not only for water uptake 

into soils, but also for sorption of nutrients and contaminants. If water repellency is 

caused mainly by a chemically hydrophobic surface other sorption mechanisms may 

dominate than in the case of a very rough, but mainly hydrophilic surface that may 

also display macroscopic water repellency.

The prediction and management of soil wettability remains a very complex problem 

and may not be resolved using the methods commonly available as too many factors 

influence its development, persistency and intensity. The more detailed knowledge 

we gain on the biological, chemical and physical processes occurring during the 

evolution of a soil in relation to the development and change of water repellency, the 

better we are prepared for this task and for tailoring solutions for individual sites. 

This may enable us to manage water repellency in a sustainable way, taking 

advantage of it when beneficial to do so and by amelioration when not, in order to 

make better use of water resources.

Suggestions for further work

The methods introduced in this study deliver information about organic coatings on 

individual soil particles and soil particle wettability. However, information on the 

even smaller scale, at the molecular level, is needed in order to fully understand the 

development of and mechanisms behind soil water repellency. Therefore, other 

methods are required to investigate the organisation of material at this scale.
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However, only few techniques are able to gain information about elemental 

compositions and distributions, especially within such a complex heterogeneous 

system like soil organic matter. In the following some promising methods for such 

investigations are discussed.

One possibility would be to create fluorescent dyes that bind to specific functional 

groups within soil organic matter to predict their spatial distribution within the 

organic surface coverage. Such fluorescent dyes exist for (micro)biological 

applications and were tested in this study (cf. section 3.3.5) for their applicability to 

soil particles. Those currently available commercially require elaborate sample 

preparation, which wets and modifies the surface and they do not bind strongly. The 

development of specialised fluorescent dyes would, thus, be necessary.

Other possibilities for a total analysis of the composition of the organic matter in situ 

could involve SEM or ESEM in combination with energy dispersive X-ray 

spectroscopy EDX (also called EDS, Cheng et al., 2004), where the EDX system is 

able to provide an elemental composition of the sample. These methods often require 

a relatively complex sample preparation and essentially destructive analysis so that 

any changes in individual specimen behaviour, which are of particular interest here, 

are beyond its scope. The advantage of ESEM is a working pressure close to 

atmospheric, so that artefacts in sample imaging caused by the vacuum in the 

chamber of a conventional SEM are minimized. However, the resolution of the 

instrument is commonly poorer than that of SEM, but it is possible to observe the 

development of water droplets and films at the micro-scale and infer local properties 

from their formation and behaviour.

XRD (X-ray diffraction) and XRF (X-ray fluorescence) also deliver information 

about the elemental composition of a sample. XRD has been used, for example, to 

investigate the structure of proteins (Losche, 1997), but like other methods (e.g. 

infrared spectroscopy DRIFT) the spatial resolution is poor, although the depth of 

beam penetration into the substrate can be varied by changing the beam voltage. 

However, both systems require arrays of particles as specimens, which ideally should 

be flat in order to minimise effects from light scattering due to surface roughness.
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The methods described above are powerful tools for investigations of elemental 

compositions, however, the interpretation of data obtained from systems as complex 

as soil is likely to benefit from comparison with those obtained from model particles 

and organic materials.

Apart from investigations of the surface chemistry of soil particles, distinguishing the 

chemical influences on wettability from possible physical effects may be of interest 

for future research. In the case of mainly chemically influenced water repellency, the 

treatment of soils may be easier and feasible by the addition of surfactants. In the 

case of mainly physical effects (as an extreme example) this may not help as the 

particle surfaces themselves may be only slightly hydrophobic. Distinguishing 

between these two mechanisms may, therefore, be of interest for water repellency 

management. However, in natural soils both influences probably contribute to water 

repellency development. A first approach to learn more about the two states would 

be to create particle surfaces (similar to soil particles in size and general shape) of 

different roughness with exactly the same surface chemistry and also surfaces with 

similar roughness but different and known surface chemistry and conformation. If 

such surfaces can be produced in particulate form to produce a range of mixtures, 

then these may serve as a suitable range of model soils.

The role of soil micro-organisms was not investigated in this study, but should be 

included in further research. The long term changes in soil wettability (over several 

years) reported for soils examined in this and previous work may result from 

microbial activity. A small quantity of water is held in the samples during storage 

and may be recycled within the soil. This water may provide for a low level of 

continuous microbial activity. In natural systems microbial activity will always be of 

importance for soil building processes and, thus, probably also for development and 

changes in water repellency.

One of the most important tasks for future research will be to up-scale findings from 

the particle level to the macroscopic level, i.e. field scale. This needs models that use 

information on water repellency gained on the micro-scale to predict water flow and 

uptake in the field. Such information, however, is currently only obtained via the 

disruption of the structure of soil as it exists in the field. Therefore, it is necessary to
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obtain information about this structure on a smaller scale. This could perhaps be 

achieved through sampling a suitably large core of soil material so that the structure 

may be examined by non-destructive techniques such as X-ray tomography and/or 

magnetic resonance imaging (MRI). These may provide details of the pore structure 

and distribution and the distribution or air and water within it. It may then be 

possible to sample individual soil aggregates and examine the influence of inter

particle contacts on the nature and distribution of their surface properties in relation 

to their position in the pore space.

Summary of main conclusions

i) Water repellency is a phenomenon that affects soil and is influenced by the 

physico-chemical properties of regions within individual sandy soil particles 

and manifest at the scale of such individual particles and within arrays of 

particles constituting or approximating bulk soil. In order to fully understand 

this phenomenon, it is likely that the contributions made at all of these scales, 

and their interactions, need to be considered.

ii) The changing of bulk soil sample properties (like pH) is displayed on both 

bulk and particle scale. Therefore, the influence of environmental conditions 

on the particle scale seems to be of high importance for soil wettability.

iii) Physical and chemical properties of the soil particle surfaces are to some 

extent distinguishable. They influence particle wettability to various degrees 

and, for most samples, it is likely that an interplay occurs between them.

iv) Soil water repellency appears to be rather unpredictable due to the highly 

complex interactions at various scales involving approximately constant 

physical factors and variations in chemical factors and processes.

Recommendations for further research

i) The in situ investigation of particle surface chemistry and elemental 

composition (by the various methods discussed above) is necessary in order 

to identify chemical structures on the particle surface and, therefore, possibly 

identify hydrophobic and hydrophilic regions on the particle surface.

ii) In order to identify mechanisms behind the changes in water repellency, it is 

necessary to develop methods that allow investigations of particles at exactly 

the same position before and after environmental changes. A new AFM
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system (by Veeco) promises to offer this possibility not for elemental 

investigations themselves, but for surface properties like softness and 

hydrophilicity together with topographic information.

iii) Investigations of the mineral particle surface (e.g. by XRD) as well as its 

organic coverage may help to gain information about the association process 

of mineral and organic phase. Depending on the underlying mineral, different 

adsorption processes for the organic material may dominate, which may well 

influence the arrangement of organic material on the surface and, thus, the 

development of water repellency. Therefore, it would be necessary to first 

investigate total particle surfaces, then remove the organic coatings and re

investigate the same particle again, as no method is currently available with a 

high spatial resolution to build up 3D models of a particle surface. The 

challenge here again is posed by the re-investigation of exactly the same 

particle surface before and after treatment.

iv) The role of soil biota should be investigated, as it may influence soil 

chemistry by degradation processes, through its dependence on soil moisture, 

and also effective roughness and contributions to aggregate formation.

v) This study has demonstrated that water repellency is not evenly distributed 

within soil. Investigations of undisturbed soil followed by careful and highly 

selective sampling of individual particles from soil aggregates may help to 

identify the impact and nature of inter-particle contacts and the manner in 

which the contact areas may differ from regions where particle surfaces 

constitute the wall of a pore. Water distribution within soil could be 

investigated by magnetic resonance imaging (MRI) in order to identify wet 

and dry domains or X-ray tomography for investigating the pore system 

within soil that then may be selected for more detail by analysis.
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Figure A-6: M ean I| of single particle images vs CA; various sam ples, He/Ne-laser.
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Figure A-7: C olour coded overlays of w avelength distributions. F irs t row: NL1, NL2, NL3, 
second row: NLC, UK1, UK2, th ird  row: U KC, G K1, GK2, fourth  row: G K C , PT1, PT2.
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Figure A-8: C olour coded overlays of wavelength distributions. F irs t row: PT3, PTC, AU1, 
second row: AU2, AU3.
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F ig u re  B-6: p/L o f in d iv id u a l p a rtic le s  vs 0 o f  th e  m a te ria l on a fla t su rface ; m easu red  by g- 
m W P M .

T ab le  B - l:  M ean  h o f lam ella  he ig h t m easu rem en t rep e titio n s  o f sam p le  UK1 (5 rep e titio n s  p e r 
sam ple), s ta n d a rd  d ev ia tio n  a in m m  and  % .

m ean  h [m m ] a [m m ] <7 [% ]
A 0.37 0.00 1.22
B 0.36 0.01 2.66
C 0.36 0.00 0.93
D 0.18 0.01 6.81
E 0.19 0.01 6.81
F 0.21 0.00 2.17
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1 Reaction of soil water repellency on artificially induced changes in soil pH

2  D. D i e h l 1, J.V. B a y e r 1,2, S.K. W o c h e 3, R. B r y a n t 2, S.H. D o e r r 4,G . E. S c h a u m a n n 1
3 'Universitat Koblenz-Landau. Institute for Environmental Sciences, Department o f  Environmental
4  and Soil Chemistry, Fortstr. 7, D-76829 Landau, Germany
5 2School o f Engineering, Swansea University, Singleton Park, Swansea SA2 8PP, UK
6 3Universitat Hannover. Institut o f  Soil Sciences. Herrenhauser StraBe 2. 30419 Hannover
7  4School o f Environment and Society, Swansea University, Singleton Park, Swansea SA2 8PP, UK.
8 Correspondence: Dorte Diehl. E-mail: diehl@ uni-landau.de.
9

10 Abstract

11 Few studies have systematically investigated the relationship between soil water repellency (SWR)
12 and soil pH . The hypothesis that the p H  may control repellency via changes in the variable surface
13 charge of soil material has not yet been tested. Previously it has been shown that it is necessary to
14 eliminate the direct influence of changes in soil moisture content so that the unique relationship
15 between p H  and SWR can be isolated.
16 A method has been developed which allows adjustment o f the p H  o f soils with low moisture
17 content via the gas phase with minimal change in moisture content. The method was applied to 14 soil
18 samples from Germany, Netherlands, the UK and Australia, using the water drop penetration time
19 ( WDPT) as the indicator o f SWR. Sessile drop and Wilhelmy plate contact angles (©*«* and © wpm

2 0  resp.) were measured on the four samples from Germany and the data correlated with those o f WDPT.
2 1 The titratable surface charge o f these four soils was measured at selected p H  values using a particle
22  charge detector (PCD).
23  The comparison o f  repellency determination by WDPT, ®sess and ® w p m  highlights the advantages
2 4  and constrains of each individual method.
2 5  Changes in SWR with soil p H  were found to be influenced by the density and type o f sites able to
2 6  interact with protons at the available surfaces o f organic and mineral materials in soil. The maximum
27  SWR occurred for soil at natural p H  and where the charge density was minimal. As p H  increased,
28  negative surface charge increased due to deprotonation o f sites and WDPT decreased. Two types o f
2 9  behaviour were observed: Those in which (i) WDPT shortened with decreasing p H  and ii) WDPT  was
3 0  sensibly constant with decreasing pH . The data suggest that the availability and relative abundance o f
31 proton active sites at mineral surfaces, and those at organic functional groups influence the behaviour.

32  Keywords:

33  Soil water repellency, pH, surface charge

34  Introduction

35  Soil water repellency (SW R) is a world wide phenomenon leading to uneven water distribution in
36  soils, preferential flow and enhanced surface runoff, which in turn may result in a lack of water to
37  support plant growth, accelerated leaching and transport of surface nutrients and contaminants toward
3 8  groundwater, top soil degradation and erosion. The causes and mechanisms affecting SW R are many
39  fold and not fully understood. Soil wettability was observed to improve following addition o f lime,
4 0  kaolinite clay, ammonia and sodium hydroxide solution (Kamok et al., 1993; Roper, 2005; van't
41  Woudt, 1959) This led to the general acceptance that, among others, soil p H  influences SWR (Wallis
4 2  and Home, 1992). Roberts & Carbon (1971) found that water repellent sandy soils from south-western
43  Australia were more likely to have a lower p H  than wettable soils. Similar trends were reported for
4 4  3000 garden and agricultural samples from New York State by Steenhuis et al. (2001) for 66 samples
45  from calcareous forest soils with a generally very narrow range o f p H  (Mataix-Solera et al., 2007) and
4 6  for soils from ants’ nests (Cammeraat et al., 2002). Hurrass & Schaumann (2006) observed that, from
47  a batch o f  46 soil samples from an inner city park “Tiergarten” in Berlin, repellency was only detected
48  in those with p H  below 4.5. However, they did not find any correlation between p H  and water
4 9  repellency o f samples drawn from a former sewage disposal field in Berlin.

5 0  Several mechanisms for the pH -  SWR relationship have been proposed:

51 I) Changes in the surface charge o f  organic material: The hydrophobicity o f humic acids (HA) was
52  observed to increase with decreasing p H  in the ranges 8 < pH < 11, caused by protonation o f phenolic
53  groups (Duval et al., 2005; MacCarthy et al., 1979) and 4 < p H < 7 by protonation o f carboxylic
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54  groups (Terashima et al., 2004). In these ranges this results in a reduction o f negative surface charge
55  which in turn leads to a less polar and, therefore, less wettable surface. Holmes-Farley et al. (1985)
5 6  observed the same p H  effect on sessile drop contact angle (0*ew) at a polymer surface (PE) with
57 covalently attached carboxylic acid groups. The same mechanisms could be responsible for a decrease
58  o f soil water repellency as observed in field studies after increasing the p H  via lime addition (Roper,
59  2005; van't W oudt, 1959) or the application o f 0.1 M  NaOH to repellent soils (Kamok et al., 1993). A
60  further decrease in p H  may lead to positive charge, e.g. by protonation o f amine groups. On
61 heptylamine plasma polymer surfaces this leads to an increasing wettability of the material (Chatelier
6 2  et al., 1997).

63  II) Conformational changes in the organic matter: HA are not completely hydrophobic, but have
64  amphiphilic character, and can render a soil water repellent when orienting the non-polar groups
65  towards the pore space (Tschapek, 1984). Changes in p H  may result in the rearrangement o f moieties,
6 6  fragments or entire molecules o f SOM, which may influence their hydrophobicity (Duval et al., 2005;
67  Ohashi and Nakazawa, 1996; Terashima et al., 2004). Deo et al (2005) observed, that at low pH,
68 carboxylic groups on organic macromolecules with hydrophobic side chains, were orientated toward
6 9  the bulk water, protecting the hydrophobic groups by encasing them in the inner part of coiled
70  macromolecules. As p H  increased and carboxylic groups were deprotonated, electrostatic repulsion
71 was considered responsible for the observed swelling, loosening and/or chain expansion of
72  hydrophobic nano-domains leading to an increased outward orientation of hydrophobic groups.
73  Similar mechanisms were also suggested for water repellent soils (Ma'shum and Farmer, 1985; Valat
74  et al., 1991). A decrease in p H  from 7 to 5 was found to facilitate a membrane-like aggregation of HA
75 on mineral surfaces by hemimicelle or admicelle-like formations with increasing hydrophobicity of
76  HA (Terashima et al., 2004). This was caused by protonation o f carboxylic and phenolic groups
77  leading to a reduction in repulsion forces between these moieties (Ohashi and Nakazawa, 1996) and to
7 8  the formation o f H-bridges and a more compact structure o f HA with a maximum compaction around
79  the pK a o f carboxylic sites.

80 III) Leaching o f  fulvic acid (FA)s: The relatively high solubility o f FA at low pH , in comparison with
81 those of HA, provide opportunities for preferential dissolution and transport that do not arise at higher
82 p H  (>7). These high solubilities reflect a wettable character to FA so the quantities o f FA and HA, and
83  their relative abundances, may influence SWR (Babejova, 2001; Chen and Schnitzer, 1978; Tschapek,
84  1984); high FA/HA may confer wettability and low FA/HA may lead to SWR. Generally, the addition
85  o f HA to soil samples has been shown to increase their water repellency, and stable humic acid
8 6  complexes were identified as an important contribution to water repellency in some sandy soils
87  (Roberts and Carbon, 1972). The contact angle o f FA and HA extracts was found to be the inversely
88 related to their pH , indicating that p H  might be an indicator for the hydrophobic potential of these
89  materials (Lin et al., 2006).

9 0  IV) Changes in bacterial and funga l communities: Fungal exudates could be an agent for local p H
91 reduction. This could lead to polymerization and/or precipitation o f FA and HA and, therefore, be
92  responsible for the resulting SW R observed in areas o f high fungal activity (Lin et al., 2006). Liming
93 may increase soil wettability not only by increasing its p H  directly, but also by promoting microbial
94  activity o f wax degrading bacteria (Roper, 2005). However, some studies (Bayer and Schaumann,
95  2007; HurraB and Schaumann, 2006) did not find increased fungal growth within water repellent areas
9 6  o f soil.

97 Few studies have systematically investigated the influence of p H  changes on soil sample wettability.
98  Instead o f changing the soil p H  directly, Graber et al. (2009) used Na+ and Ca2+ solutions at various
99  pH s  to measure drop penetration times (a modified form o f the WDPT test). The maximum time

100 occurred using drops in the range 7 < p H  < 9 near to the original soil p H  ( ~7.3 - 7.7) which was not
101 adjusted. Only in the presence o f Ca2+ did the water repellency o f their samples increase with
102  increasing pH . This was explained as the complexation o f free undissociated fatty acids with the
103 mineral surface via Ca2+ bridges leading to a higher density of fatty acid groups on the mineral surface
104 and hydrocarbon tails left to express water repellency above them.
105  Bayer & Schaumann (2007) investigated the change o f p H  and its influence on soil wettability
106 following the addition of aqueous HC1 and NaOH solutions to soils. These actions only affected the
107  wettability o f  samples from “Tiergarten” with a distinct maximum in SWR occurring in the range 4.5
108  < p H  < 6.5. and a similar wettability when brought to similar p H  by addition o f liquid NaOH.
109  However, they found no such effect on samples from “Buch” . As soil moisture content is altered by
110 the addition of aqueous reagents, this approach provides opportunities for partial solvation and re-
111 arrangement of large organic molecules or flexible side-chains, which would not arise in the field
112 where SWR has developed through natural drying. It is, therefore, difficult to resolve the effects of the
113 imposed p H  change from the impact o f the method on soil moisture content on SWR (Bayer and
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114  Schaumann, 2007). Differences in repellency following drying have been observed between Buch and
115 Tiergarten soils. Some mechanisms for the influence o f water content on repellency in them (such as
1 1 6  conformational changes in SOM at the surface, together with water coverage) were suggested by
11 7  Diehl et al. (in press). Diehl & Schaumann (2007) discussed this in the context o f several chemical
118  reactions with activation energies o f 65 -  94 kJ mol"1, 42 kJ m ol'1 and 8 - 20 kJ mol"1 for the wetting
1 1 9  process of dried Buch, repellent and wettable Tiergarten samples respectively.
120  This study presents an alternative approach to the investigation o f the relationships between soil
121 p H  and SWR where the soil moisture content is essentially unaffected so that the mobility of organic
122  material is not enhanced by solvation effects. The method involves exposing samples to various
123  concentrations o f gaseous hydrogen chloride or ammonia (drawn from the headspace gas above their
124  respective concentrated solutions) for 24 h. The outcomes o f the method are compared with those o f
125  previous studies (Diehl and Schaumann, 2007; HurraB and Schaumann, 2006; Taumer et al., 2005)
126  concerning SWR o f soils from “Buch” and “Tiergarten” sites, in Berlin, Germany, and the differences
127  between them. The method was also applied to soil samples from the Netherlands, the UK and
128  Australia and correlated with WDPT  data. The p H  data, from processed German soils, are compared
129  with those from water drop penetration times (WDPT), water contact angles, estimates o f both surface
130  charge density and potential cation exchange capacity (CECpot) and an assessment o f the influence o f
131 interactions between surface sites and protons in relation to p H  and SW R is presented.

132 M ateria l and  M ethods

133 Soil samples
1 3 4  German soil samples originate from two strongly anthropogenically influenced sites, a former
135  sewage field in the north east o f  Berlin “Buch” and an inner city park in Berlin “Tiergarten” . The
1 3 6  locations are in a transition zone between temperate oceanic and continental climates with moderate
13 7  precipitation (< 500 mm a"1) and highest yield in the summer months.
138  At both sites the topsoil consists o f medium sized sand with clay content below 5 % and is
1 3 9  characterized by high soil organic matter content (SOM) between 5 and 20 % (Diehl and Schaumann,
1 4 0  2007; Hoffmann, 2002; Schlenther, 1996; Taumer et al., 2005).
141 Samples were collected at the sites in spring 2007. The grass cover was removed (~ 1 m2) and four
142  individual samples taken in a depth o f 10-20 cm from visibly distinguishable dry or wet patches
143  known to reflect different SWRs (HurraB and Schaumann, 2006). The wet and dry soil samples differ
1 4 4  strongly in actual wettability (Table 1 and Table 2). Samples are identified by their source locations
145  and SWRs as initially determined in their field moist states: Buch-wettable (BW), Buch- repellent
1 4 6  (BR), Tiergarten-wettable (TW) and Tiergarten-repellent (TR).
1 4 7  Table 1
148  Table 2
1 4 9  Samples from the Netherlands were obtained from an individual profile (4). Samples o f topsoils
1 5 0  were collected from the UK (3) and Australia (3) between October 1999 and May 2001. Each set
151 consisted o f 2 or 3 water repellent samples (NLR, UKR and AUR) and one wettable sample (NLW,
15 2  UKW  and AUW, respectively). W ettable samples were collected as close as possible to the sites o f
153  water repellent soils to eliminate, insofar as possible, variations in soil type and land use. Sample
1 5 4  information (Table 1) was obtained from Llewellyn (2004) and Mainwaring (2004) and further details
1 5 5  o f precise locations are available (Doerr et al., 2002; Doerr et al., 2005a; Doerr et al., 2005b; Douglas
1 5 6  and Doerr, 2007; Morley et al., 2005). All samples are sandy soils representing various locations,
15 7  covering vegetation, and climates (Table 1). The Australian samples (AU) are from a Mediterranean-
158  type climate with long dry periods during the summer, whereas those from the Netherlands (NL) and
1 5 9  the United Kingdom (UK) are exposed to oceanic humid-temperate climates with rainfall throughout
1 6 0  the year.

161 Sample preparation and characterization

1 6 2  Sample storage
163  The German samples were air dried and then stored (> 8 weeks at 19°C) over saturated CaCl2-
1 6 4  solution at ~ 31 % relative humidity (RH). The NL, UK and AU samples were dried at 20°C in an oven
165  and then stored in closed bottles at ambient conditions without temperature control. Prior to
1 6 6  assessments o f  SWR these samples were equilibrated at 20°C and R H  ~  50% for 24 h.

167  SO M  content
168  The SOM  content o f the German samples was assessed by loss o f ignition (samples sieved
1 6 9  < 2  mm, heating at 550°C for 5 h, DIN 18128) and total organic carbon content (TOC) estimated by
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1 7 0  dividing SO M  by the factor 1.72 (AG Boden, 2005). TOC  o f NL, UK and AU samples was
171 determined using a Solid Sample TC Analyser (Primacssc, Skalar, Netherlands) controlled by a PC.
172  Oxygen was used as the oxidant. Samples were ground, by hand, to improve the rate o f combustion
173 and heated to 1050°C for seven minutes. As samples were free o f  inorganic carbon, total carbon (TC)
17 4  content was considered equivalent to TOC. The quantity o f C 0 2 released on combustion was
175 determined, at a wavelength o f  4.2 pm, using an IR  detector. The instrument was calibrated using
17 6  oxalic acid as a standard.

177  Water content, so il p H  and electrical conductivity
178 Soil p H  and electrical conductivity were determined using field moist un-sieved soil (~ 12 g) in
1 7 9  CaCl2-solution (25 ml, 0.01 M) (DIN ISO 10390) using a pH-meter (Q ph70, VW R International).
1 8 0  Similar p H  determinations were also made using less material (German samples ~  2g soil and 4 ml
181 CaCl2-solution or AU, NL and UK samples ~  5 g and 11 ml CaCl2-solution). Soil water content o f un-
182  sieved material (WC) was determined gravimetrically by oven drying for 24 h at 105°C (DIN ISO
183 11465). The values are reported on a dry weight basis.

184 Potential cation exchange capacity (CECpot)
185  CECpot was determined by complete displacement o f  all cations by Ba2+ ions at p H  8.1 and a
1 8 6  subsequent replacement o f Ba2+ by M g2+ ions. 8 -  9 g o f  air dried soil sample (m0) were placed in a
1 8 7  centrifuge tube (mf)  and shaken in an overhead shaker for one hour with 30 mL o f a 1:1 mixture o f
188  1 mol L '1 BaCl2-solution and a triethanolamine solution (9 vol%, adjusted at p H  8.1 with HC1). The
1 8 9  samples were then centrifuged for 10 min at 3000 g. Afterwards, the supernatant was decanted. This
19 0  procedure was repeated twice. After manual shaking with water and subsequent centrifugation and
191 decantation, the centrifuge tube was weighted again (m2). Finally, 30 mL o f a 0.02 mol L 1 MgSC>4
1 9 2  solution was added and shaken overnight. The concentration (c) o f Mg ions in the solution was
193 determined by FAAS (Perkin Elmer) and CECpot calculated as:

{
3000

bl 30
194 CECm = -------- -̂---------------------------4. (1)

mn

(30 + m7 — m, )
cM—c

195 Water drop penetration time
196 The resistance o f soil samples to wetting was determined using water drop penetration time,
197 WDPT (Letey, 1969). Samples were placed in small containers, the surface gently smoothed and the
198 containers placed in a incubator at 20°C. Three drops (100 pL) o f  distilled water were placed on each
199 sample and the period required for complete penetration was determined. When WDPT  exceeded
200 1 min, the period was determined from magnified digital photographs (Canon A300) taken
201 automatically at increasing intervals from 12 s up to 10 min, such that the relative error o f WDPT did
202 not exceed 5 % (Diehl and Schaumann, 2007). WDPT  o f  UK, NL and AU samples were determined
203 using drop volumes o f  35 pL.

204 Contact Angle: Wilhelmy Plate M ethod

205 Advancing contact angles ( ® w pm )  were determined by the Wilhelmy Plate M ethod using a
206 Dynamic Contact Angle Meter and Tensiometer (DC A T21, Data Physics, Filderstadt, Germany).
207 H alf a glass microscope slide (76 x 26 x 1 mm) was covered completely with double sided adhesive
208 tape and a thin layer o f  soil attached to it. The ®wpm o f the slide was measured as an advancing
209 contact angle (Diehl and Schaumann, 2007).

2 1 0  Contact Angle: Sessile Drop M ethod
2 1 1  A thin layer o f the soil sample was attached to one side o f a glass microscope slide using double
212 sided adhesive tape (Bachmann et al., 2000). Three drops o f water (100 pi) were placed on the
213 surface. After one minute a digital image was taken (Canon A300) and the sessile drop contact angle
214 (©«>«) was calculated from the tangent to the three-phase contact point associated with the ellipse that
2 1 5  best fitted the drop shape (Diehl and Schaumann, 2007).

2 1 6  Modification o f  soil p H
2 1 7  Soil samples were exposed to various concentrations o f gaseous HC1 and N H3 in air to change
2 1 8  their pH .
219
220 p H  increase
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221  A m m o n ia  so lu t io n s  32%  and 35%  w e r e  o b ta in ed  from  C arl R o th  and  F ish e r  S c ie n t if ic  L td
222  (G erm a n y  and  U K , r e s p e c t iv e ly ) . A  k n o w n  sa m p le  v o lu m e  o f  a m m o n ia  g a s  ( 5 - 1 0 0  m L ) w a s  draw n
223  fro m  th e  h e a d sp a c e  o f  an  a m m o n ia  so lu t io n  u s in g  a g la s s  sy r in g e  v ia  a  s i l ic o n e  se p tu m  fitted  in  the
2 2 4  sc r e w  cap  o f  a  co n ta in in g  b o ttle . T h e  sa m p le  w a s  then  in je c te d  th ro u g h  a  s im ila r  sep tu m  in  th e  cap  o f
225  a sm a ll b o ttle  c o n ta in in g  so il  ( ~ 1 0  o r  4 0 g )  (F ig u re  1 A ) . A U , N L , U K  s o il sa m p le s  w e r e  trea ted  w ith
2 2 6  a m m o n ia  fro m  th e  35%  so lu t io n  an d  th o se  fro m  G erm an y  w ith  that from  th e  32%  so lu t io n ). A fter
227  2 4  h , th e  b o tt le  c o n ta in in g  th e  so il  w a s  o p e n e d  and th e  w e tta b ility  an d  th en  p H  and o f  th e  so il  w ere
228 determined.
22 9
2 3 0  p H  reduction
231  H y d ro ch lo r ic  a c id  so lu t io n s , 37% , an d  36% , w e r e  o b ta in ed  fro m  C arl R o th , G erm a n y  and  3 6  %
232  F ish e r  S c ie n t if ic  L td ., U K  resp . A  k n o w n  sa m p le  v o lu m e  b e tw e e n  (2 5  - 5 0 0  m L ) o f  air w a s  in trod u ced
233  in to  a  d isp e r s io n  tu b e  an d  p a sse d  th rou gh  a  g a s  w a sh  b o ttle  ( 2 5 0  m L ) f i lle d  w ith  HC1. T h e  air en r ich ed
2 3 4  in HC1 was passed through flexible silicone tubes and glass stopcocks into a second wash bottle
235  ( 2 5 0  m L ) c o n ta in in g  so il ( ~ 1 0  g )  (F ig u re  1 B ) . A U , N L  and U K  so i l  sa m p le s  w e r e  treated  w ith  fu m es
2 3 6  from  th e  36%  so lu t io n  an d  th o se  fro m  G erm a n y  w ith  fu m e s  from  th e  37%  so lu tio n . A fte r  2 4  h , the
237  b o ttle  c o n ta in in g  th e  so il  w a s  o p e n e d  an d  th e  w e tta b ility  and  th e  p H  o f  th e  so il  w e r e  d eterm in ed .
238
23 9  p H  range
24 0  B o th  p ro ced u res  w e r e  a p p lied  to  k n o w n  m a ss e s  o f  so il  an d  v a r io u s  v o lu m e s  o f  HC1 an d  N H 3
241 fumes to determine the range of adjustment possible to soil pH .

242  Surface charge
243  P a r tic le  su r fa c e  ch a rg e  o f  se le c te d  so il  sa m p le s  ( s ie v e  fraction  <  0 .0 6 3  m m ), at n a tiv e  an d  adjusted
2 4 4  p H  (a s  d esc r ib ed  a b o v e ) , w e r e  d eterm in ed  b y  titration  fo l lo w in g  d isp ers io n  o f  th e  sa m p le s  in
245  lab oratory  w a ter  (prep ared  b y  d e io n isa t io n  and  r e v e r se  o sm o s is ;  5 .4  <  p H  <  6 .6 ;  sp e c if ic
24 6  co n d u c tiv ity  <  2  p S )  u s in g  a p a rtic le  ch a rg e  d etec to r  (P C D  0 2 , M iitek  co m p a n y , G erm a n y ). S te p w ise
247  a d d itio n s  o f  c a t io n ic  p o ly e le c tr o ly te  (p o ly d ia lly l-d im e th y la m m o n iu m  ch lo r id e , 0 .0 1 , 0 .1  o r  1 m m o l L'
248 ') were made in for negatively charged particles, and anionic polyelectrolyte (sodium polyethylene-
24 9  su lfo n a te , 0 .1  m m o l L"1) , fo r  p o s it iv e ly  ch a rg ed  p a r tic le s , u s in g  an au tom atic  titrator (M ettler  T o le d o
25 0  D L  2 5 )  to  e f fe c t  n eu tr a liz a tio n  o f  e le c tr o k in e tic  ch a rg e . T h e  am o u n t o f  p o ly e le c tr o ly te  o f  ch a rg e  (c )  in
251  v o lu m e  (V) req u ired  to  r ea ch  th e  iso e le c tr ic  p o in t ( IEP) o f  a  sa m p le  m a ss  (w ), w a s  d e tec ted  b y  th e
252  P C D  a s  an  e le c tr o k in e tic  p o te n tia l o f  z e r o . T h e  titratab le ch a rg e  ( Q )  o f  th e  sa m p le  w a s  c a lcu la ted  as:

V a
253 Q  = —  (2)

w
2 5 4  P r o v id e d  that th e  P C D  s ig n a l is  o n ly  u se d  in  co m b in a tio n  w ith  p o ly e le c tr o ly te  titration  to  d etect
255  th e  s ig n  o f  p a r tic le  ch a rg e  and to  in d ic a te  th e  iso e le c tr ic  p o in t (IEP), P C D  te c h n iq u e  is  rep orted  to
2 5 6  p ro d u ce  rea so n a b le  resu lts  fo r  titratab le su rfa ce  ch a rg e  ( B o c k e n h o f f  and F isch er , 2 0 0 1 ) .
25 7  F igure  1

258  Long-term investigation o f  Buch and Tiergarten site
2 5 9  B e tw e e n  sp r in g  2 0 0 2  and  sp rin g  2 0 0 4 , th e  sa m p le  s ite s  T iergarten  and  B u c h  (G erm a n y ) w e r e
2 6 0  su b jec ted  to  a  lo n g -term  stu d y  o f  se a so n a l sa m p lin g  an d  ch a ra cter isa tio n  o f  w e tta b le  an d  rep e llen t
261  sa m p le s , a m o n g st  o th ers, pH, e le c tr ic a l co n d u c tiv ity  (EC), C /N  ratio  and “M e h lic h ” ex tra c ta b le  iron
26 2  (M e h lic h , 1 9 8 4 ) . S o m e  E C  and p H  data w e r e  p resen ted  b y  HurraB &  S ch au m a n n  (2 0 0 6 ) . C/N  ratio
263 was determined by combustion and quantification of C 02 and N2 using gas chromatography and
2 6 4  th erm al c o n d u c tiv ity  d e tec to r  (C /N  N A  1 5 0 0  N  C arlo  E rba).

265 Results

2 6 6  General sample characteristics
26 7  T h e  lo n g -te r m  in v e st ig a t io n s  sh o w e d  that rep e llen t sa m p le s  in  T iergarten  w e r e  restr ic ted  to  a  range
268  3 .5  < p H <  4 .5  w h e r e a s  w e tta b le  T ierg a rten  sa m p le s  and a ll B u c h  sa m p le s  w e r e  fo u n d  in  a  ran ge o f
26 9  3 .5  < p H  <  5 .5  (F ig u re  2 A ) . W e tta b le  sa m p le s  fro m  b o th  s ite s  h a d  E C  v a lu e s  <  3 5 0  p S  c m '1, w h erea s
27 0  r ep e llen t sa m p le s  had  m a x im u m  E C  v a lu e s  o f  <  1 3 0 0  p S  c m '1 an d  <  5 5 0  p S  c m '1 fo r  T iergarten  and
2 7 1 B u c h  s ite s , r e sp e c t iv e ly  (F ig u r e  2  B ) . A lth o u g h  T iergarten  sa m p le s  h a v e  h ig h er  C/N  ra tio s th an  B u ch
272  sa m p le s  (F ig u re  2  C ), a b so lu te  N  c o n ten t is  co m p a ra b le  in  b o th  s ite s  (da ta  n o t sh o w n ) . T iergarten
273  sa m p le s  p o s s e s s e d  s ig n if ic a n tly  h ig h er  co n ten ts  o f  “M e h lic h ” ex tra cta b le  iron  than  B u c h  sa m p le s , in
27 4  a b so lu te  v a lu e s  (F ig u re  2  D )  a s w e ll  a s  re la ted  to  S O M  co n ten t (d a ta  n o t sh o w n ).
275 F igure  2
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2 7 6  W ater repellency (WDPT) o f the originally wettable samples from Germany (TW, BW ) changed
27 7  significantly after drying at 19°C at constant relative humidity o f 31 %RH. Values for BW  samples
278  increased from 0 s in field moist state up to 1200 s following drying (Table 2). In contrast, values for
2 7 9  TW samples increased from 0 s in field moist state to 5 s following drying and so the soil remained
2 8 0  wettable. The effect o f drying on WDPT  o f  the repellent samples (TR, BR) was the inverse: After
281  drying WDPTs were shorter than those for field moist samples (Table 2).
282  CECpot was significantly lower (17 cmolc kg '1) in the TR sample than in the other 3 German
283  samples (25-37 cmolc kg '1) which may reflect the low SO M  content in the TR samples, 26 g kg '1 in
28 4  comparison with ~  50 g kg '1 TOC of the others (Table 2). The TR sample also has a noticeably lower
285  pH (4.0) in comparison with the others (4.4 - 4.6) (Table 1).
2 8 6  TOC  in the N L samples decreased with increasing depth from 36 g kg '1 in the topsoil (0-10 cm)
28 7  down to 0 (the detection limit) at a depth o f 30-40 cm. The TOC  o f UK and AU samples varied
288  between 2 and 14 g kg '1. Original p H  values o f the samples from vegetated sites ranged between 3.9 in
2 8 9  NLR2 and NLR3 (in a depth o f  10-30 cm o f the N L soil profile) and 5.1 in sample AUR2. Only the
29 0  p H  o f  the UKW  sample, from a vegetation-free site, was distinctly higher (7.0) than those o f the
291  others (Table 1).

29 2  Effects of exposure to gaseous NH3 and HCl
293  As the volumes o f gaseous ammonia or hydrogen chloride, added to soil samples B and T
2 9 4  increased, the resulting p H  changes increased and decreased respectively away from the initial value
295  and form sigmoidal curve (Figure 3 D). The slope o f p H  increase / decrease is steepest around p H  4 -
2 9 6  5 (untreated samples) and flattens with increased gas volume. The p H  approaches a value o f  8.8 -  9.3
29 7  after addition o f 10 mL/g o f  N H 3-enriched air and to a value o f  1.8 -  2.4 after addition o f  50 mL/g o f
298  HCl-enriched air.
2 9 9  The p H  o f  the TR sample was slightly more sensitive to increases in concentration o f NH3 in
3 0 0  comparison with its wettable counterpart (TW). In order to increase p H  o f  TW sample from 5.2 to 8.1,
301  ~ 4 mL/g o f NH3 enriched air is needed, whereas TR sample requires only ~  3 mL/g to increase p H
302  from 5.3 to 8.3. The difference between p H  o f this pair vanished after the addition o f 1 mL/g NH3
303  (pH  5.3) and reappears clearly inverted after the addition o f 4 mL/g NH3.
304  The initial p H  o f  untreated BW  and BR were identical, but addition o f NH3 (up to 4 mL/g) resulted
305  in slightly higher p H  change for BR than for BW. W ith further additions o f NH3, the p H  o f the TR-
306  TW pair converged at 9.3 and at 8.8 -  9.0 (Figure 3 D).
307  H ie p H  o f the repellent sample TR decreased with a steeper slope, than that o f TW  after addition
308  o f HCl (up to 15 mL/g). W ithin this range, the p H  o f the TW  sample is higher than that o f TR,
3 0 9  whereas the p H  o f  BW is slightly lower than that o f BR. Only after addition o f volumes (20 and
3 1 0  50 mL/g) o f HCl enriched air, did the p H  o f  all samples converge to specific values o f 1.8 for T  and
311  2.4 for B pairs (Figure 3 D). In order to decrease the p H  o f TW  from its original value (4.4) to that o f
312  TR (4.0), it was necessary to add ~ 3 mL/g o f HCl enriched air. A further reduction to p H  3.0 required
3 1 3  additions o f ~  12 mL/g and 7.5 mL/g to TW  and TR respectively.
3 1 4  Samples from Buch have comparable TOC  content for the wettable and the repellent sample (50
3 1 5  and 47 g kg '1) respectively). In contrast, TOC  o f  the wettable TW  sample (48 g kg '1) was almost twice
3 1 6  as high as that o f  its repellent counterpart TR (26 g kg '1) (Table 1).
3 1 7  F igure  3
3 1 8  Most curves o f p H  as a function o f the applied gas volume obtained from NL, UK and AU
3 1 9  samples were sigmoidal in shape, similar to those obtained from the German samples. However, the
3 2 0  limits o f the induced p H  change were narrower than those o f the German samples. Most curves have
321  more than one inflexion point so that in some cases the convergence to a maximum (e.g. NLC, AU1)
322  and minimum p H  values (e.g. NL1, AU2) was not readily observed within the range investigated
323  (Figure 3 NL, UK, AU).
3 2 4  In most NL, UK and AU samples, a second inflexion point in the curve shape forming a plateau
325  like shape is indicated in the range just below the original p H  o f  the samples, suggesting a buffering
3 2 6  system in this p H  range. This buffering zone is most strongly pronounced in the sample AU-R2
327  (Figure 3).
328  In good accordance to the TW and TR samples, the slope o f p H  as a function o f added NH3
329  volume seems to be steeper for samples with a lower TOC than for samples with a higher TOC: As
330  ammonia was added, the p H  o f NLR2 and NLR3 (with TOCs o f  6 and 1 g kg '1 resp.) increased with a
331  steeper slope than that of NLR1 (with a TOC  of 36 g kg'1), similarly the p H  of UKW  (with a TOC  of
332  3 g kg '1) increased with a steeper slope than those o f UKR1 and UKR2 (with TOCs o f 11 and 8 g kg '1
333  resp.) and the p H  o f  AUR2 (with a TOC  o f with 2 g kg '1) increased with a steeper slope than those o f
3 3 4  AUR1 and AUW  (with TOCs o f  12 and 14 g kg '1 resp.) (Figure 3 NL, UK and AU).
335  The sparse array o f data (3-4 points) available for acidified samples is not sufficient to provide a
3 3 6  detailed description o f the behaviour o f NL, UK  and AU samples. Whilst this method o f soil
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337 acidification appears useful, the experimental design does not provide a relationship between the
338 added HCl-enriched air volume and the specific HCl concentration in the wash bottle containing the
33 9  soil sample.

34 0  Reaction of repellency on changes in soil pH
341 WDPTs of the German samples whose p H  was adjusted were found to fall in the range
342 0 < WDPT < 14400 s with increasing maxima (TR 1 h, BW 2 h and BR 3 h) and minima (at 2, 12 and
343 90 s respectively). Data for TW fell in the range 0 < WDPT < 5 s indicating a minimal influence of p H
34 4  in the range 2 < pH < 9. WDPT  decreased with increasing p H  for all samples (Figure 4 D). Slopes of
345 the best fit linear regression lines of log WDPT  vs p H  in the alkaline direction were -0.36 ± 0.02 and
34 6  -0.42 ± 0.03 (p < 0.0001, both) comparable for BW and BR, respectively, but significantly steeper
347  (-0.66 ± 0.04, p  < 0.0001) for the TR. This sample became wettable ( W DPT< 10 s) above p H  8.3,
348  whereas both Buch samples remain repellent ( WDPT>  10 s) up to the limit of p H  9.3 (Figure 4 D).
34 9  As p H  was reduced, WDPT  behaved in an inconsistent manner: The WDPT  of TR decreased with
350  a maximum at the original pH . Variations in the relatively short WDPTs of TW are probably of little
351 practical significance (with little net change in relation to the value at the original pH ). Contact angles
352  measured either from sessile drops or using the Wilhelmy Plate method decrease with decreasing p H
353 for all Tiergarten samples (Figure 5 B, C). In contrast, WDPTs of both Buch samples did not decrease
35 4  upon p H  reduction, but remained within a range of 2 < WDPT < 4 h for BR and increased from 0.3 h
355 to 1 h for BW.
356  F igure 4
357  Changes in W DPT  arising from adjustment of soil p H  of the repellent NL, UK, and AU samples
358  follow the trends shown by the repellent German samples (BR and TR): In all cases, WDPT  decreased
35 9  with increasing p H  (Figure 4).
36 0  Two types of behaviour were observed as p H  decreased: I) samples with a maximum WDPT  in the
361 region of the original p H  and WDPT  decreasing with decreasing p H  (TR, NLR1, UKR2, AUR1 and
362  AUR2) and II) samples with constant or increasing WDPT  (BW, BR and UK-R1) after reduction of
363 pH . Samples NLR2 and NLR3 possessed local maxima in W DPT  at the original pH , and WDPT
36 4  decreased with pH , except for the lowest induced pH , where WDPT  reached a second maximum with
365 a value comparable with or higher than, that at the original p H  (Figure 4 NL).
36 6  In contrast to TW, all wettable NL, UK, and AU sets exhibited instant penetration (WDPT ~ 1 s) over
367 the p H  range examined. Sample BW became repellent after drying and, suffered a reclassification as
368  repellent.

36 9  Comparison of contact angle and WDPT data
3 7 0  Contact angle measurements (©«.„) made on the German samples show qualitatively comparable
371 trends with WDPT. In principle, all three curves (Figure 5 A, B, C) indicate a decrease in repellency
372  upon increase from the original p H  for all samples, and a decrease in repellency upon decrease from
373 the original p H  for TW and TR samples and only small or negligible changes in repellency upon
3 7 4  decrease from the original p H  for BW and BR samples. Correlation of WDPT  and ®wpm with ®sess
375 (Figure 5 D) shows clustering about a linear regression line of \og(WDPT) data of the form:-
3 7 6  log (WDPT) =  0 .0 3 8  -  0 .2 9  (3)
37 7  with a range o f ~ 40° over the range 0 < WDPT < 10 s.
378  Contact angles ®wpm cluster in a similar manner to only at low values with a significant
3 7 9  departure at high values indicating a relative insensitivity of ®wpm- These effects can be seen in the
3 8 0  scatter ®Wpm as a function of ®sess, where ®wpm data cluster around the line:
381 e wf,u  =  0 .73  +  80° (4)

382  in the range 0° < ®wpm ^ 120°, whereas in the range 120° < ®wpm ^ 130°, where 0 sm > 60° scatter
383 is random about the horizontal. The regions of low sensitivity of the WDPT  method and Wilhelmy
38 4  plate method, in relation to sessile drop method, are shown shaded in Figure 5 A and C, respectively.
385  The WPM method did not resolve the differences between BW and BR detected in the WDPT  and
38 6  ©Jew data. There is little clustering of data in the vertical direction to suggest regions where ®sess is
387  insensitive to W DPT  or ®wpm- The boundary between wettable and repellent samples defined as
388  W DPT~ 5 s (Dekker et al., 1998) correspond with @sess of ~ 26° and ®wpm o f ~ 100° using Equation 2
38 9  and 3, respectively.
39 0  F igure 5
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391 Surface charge changes o f German samples
392  Negative surface charge (Q) strongly increased with increasing p H  in all samples (Figure 6). and
393  data from repellent and wettable samples from Buch (BW, BR) did not differ significantly from each
39 4  other in surface charge over the range o f p H  investigated. At the lowest investigated p H  (1.7 for BW
395  and 2.3 for BR), both revealed minima in Q o f  -0.9 (±0.9) cmolc kg '1 and -0.5 (±0.6) cmolc kg"1,
39 6  respectively. Both samples had maximum Q  o f  -20 cmolc kg '1 at the highest p H  (9.3) (Figure 6). Both
397  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
398  their lowest p H  (1.7 and 1.8, respectively). At their highest p H  o f 9 and 8.8 (TW and TR,
3 9 9  respectively) both had more negative charge than the Buch samples at similar p H  (TW:
4 0 0  -39 (±4) cmolc kg'1, TR: -30 (±3) cmolc kg '1, Figure 6). The slope o f Q  as a function o f p H  showed a
401  minimum between p H ~  3 and p H ~ 6  for all samples (Figure 6), suggesting the elements o f a
4 0 2  sigmoidal shaped curve, with at least one inflexion point, whose detail is not made clear by the sparse
403  data points. As Q data were available for four only p H  values, estimates o f Q values at intermediate
4 0 4  p H  were made by linear interpolation between these (Figure 6).
405  Figure 6

4 0 6  The p H  o f isoelectric point (pH iep), at which negative and positive surface charge are equal,
4 0 7  resulting in a net zero surface charge, was found to be higher for TW and TR (~ 2 < p H  < ~ 3) than for
408  BW  and BR (~ 1 < p H  < ~ 2), respectively and below the p H  region o f maximum repellency ipH(max
4 0 9  Repeuj) for TW and TR (Table 3).
4 1 0  Table 3
411  The relationships between ©sess (which was the measure o f repellency that exhibited the highest
4 1 2  sensitivity to pH ) and (measured and estimated values of) Q show maxima (Q(max Repeu)) (Figure 7) at
413  ~ -2 and ~ -5 cmolc k g '1 for TR and TW, respectively (Table 3). Above Q(maXRepeU) ©jew decreases with
4 1 4  increasing Q. Compared with TW , Q  values o f TR were found to be shifted to higher ©ieM and less
415  negative Q  values. Qsess o f  BW and BR samples decreased with decreasing Q, but remained constant
4 1 6  above Q ~ - 5  cmolc kg ''. Compared with BR, Q values o f BW  were shifted to lower ©sess, but Q
41 7  values were found to be within a similar range. The differences between ©ie„  data o f BW  and BR are
4 1 8  more pronounced at low O and tend to converge as electroneutral conditions are approached.
4 1 9  Figure 7

4 2 0  Discussion

421 Comparison of contact angle and WDPT data
4 2 2  The differences in sensitivity between the various methods for assessment o f water repellency
423  probably arise as a consequence o f various factors involved in the measurements and associated
4 2 4  properties o f soil. WDPT measurements involve the process o f infiltration and any time dependent
4 2 5  changes o f soil surfaces arising from chemical interaction with water. Penetration depends on surface
4 2 6  characteristics, particle and pore size distributions and the accessibility and continuity o f pores. Soil
4 2 7  texture and compaction will, therefore, influence the resistance to flow. At short WDPT (< 10s) the
4 2 8  effects of minor changes in the resistance to flow will contribute a large relative error in WDPT
4 2 9  reducing the sensitivity to detection o f purely surface effects. The contact angle methods should avoid
4 3 0  significant depth penetration o f liquid and so avoid this error (see, for example, data for sample TW,
431  in Figure 5 A-C). At WDPT  < 5s the drop penetration in response to the hydrostatic pressure may
43 2  form a significant component of the time measurement effected by the texture and compactness of the
433  soil, and a subjective judgement as to when drop penetration is complete.
4 3 4  In the range 0 w p m >  90°, small differences in the surface characteristics o f soil particle layers may
435  enhance hydrophobicity through entrapment o f air between particles. At ©wpmk  90° this entrapment
4 3 6  is known to be less significant.
4 3 7  However, measurements are influenced, for example, by surface roughness, temperature and drop
4 3 8  volume and useful comparisons arise when these are known and/or controlled.

4 3 9  Conformational arrangement o f SOM molecules
4 4 0  All samples exhibited maximum repellency at p H  3 - 5 ,  in good agreement with the pK a  of
441  carboxylic acids in HA from peat (Duval et al., 2005), at which a reduction in repulsion forces
4 4 2  between these moieties may cause micelle-like aggregation or a more compact structure o f HA with
443  outward orientated hydrophobic moieties (Duval et al., 2005; Ohashi and Nakazawa, 1996; Terashima
4 4 4  et al., 2004). However, such conformational changes may arise from changes in surface charge density
445  likely to occur as soil moisture is gained or lost from soil electrolyte solution. Direct evidence o f
4 4 6  changes in conformational arrangement o f SOM is not available from macroscopic methods;
4 4 7  molecular scale investigations are required.
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448 pH  dependent changes in surface charge

4 4 9  Buffer systems in the German samples
4 5 0  The similarity o f titration curves for BR, BW  and TW (all with similar TOC  contents) and the
451 greater sensitivity of TR to HC1 addition may reflect the significantly lower TOC  and an associated
45 2  lower buffering capacity of this sample.

453  Increase in p H
4 5 4  The decrease o f soil water repellency with increasing p H  may arise from an increased population
455  o f dissociated acidic functional groups associated with conjugate acid (ammonium) ions. N H 3 readily
4 5 6  hydrolyses on contact with soil moisture, forming hydroxyl and ammonia ions. The ionic strength will
4 5 7  increase, favouring further dissociation o f  carboxylic groups at 4 < p H < 7 (Terashima et al., 2004)
458  and o f  phenolic groups at 8 < p H <  11 (Duval et al., 2005; MacCarthy et al., 1979). Our results
4 5 9  suggest that sufficient deprotonated sites became available at the surface, to enhance its affinity for
4 6 0  water, as p H  was increased.

461 Decrease in p H

4 6 2  The decrease in repellency observed with reduction o f soil pH, for TW, TR, NLR, UKR2, AUR1
463  and AUR2 samples, may arise from a surplus of a small quantity of acid, albeit in a concentrated
4 6 4  form, able to maintain local acidic organic functional groups in protonated forms on contact with
465  water. Basic functional groups such as amine groups, with pK a ~ 5 are protonated with decreasing p H
4 6 6  and rendered positively charged. I f  C/N  data (Figure 2 C) is used as a surrogate measure o f the mass
4 6 7  concentration of amine groups, responsible for positive surface charge at low pH , then, the decrease in
4 6 8  wettability with decreasing p H  observed for TR and TW but not with BR and BW  suggest that amines
4 6 9  were o f little influence.
4 7 0  Amphoteric mineral sesqui(hydr)oxides, (like iron, aluminium, manganese or silicon (hydr)oxides)
471 may contribute to both positive and negative surface charge at high and low p H  respectively. Samples
4 7 2  from Tiergarten generally have a higher concentration o f  “Mehlich”-extractable iron than those from
473  Buch (Figure 2 D). These iron species are neutral at about p H  4 and become positively charged with
4 7 4  decreasing pH . Only in Tiergarten samples may the availability of surface active mineral proton
475  acceptors (e.g. sesqui(hydr)oxides) be sufficient to achieve a net positive surface charge density with
4 7 6  decreasing p H  and, therefore, contribute to the increased wettability o f Tiergarten samples at low pH .
4 7 7  The development o f  net positive titratable surface charge in TR and TW (Figure 6) at
478  2.5 < p H <  3, below the p H  where measurements o f water repellency reach maxima, suggests that
4 7 9  mineral oxides may be responsible. As samples from Buch, did not develop net positive charge and
4 8 0  exhibited no significant reductions in measurements of water repellency at low pH, perhaps there was
481  insufficient Fe-oxide available.

4 8 2  Net surface charge and wettability
483  The close proximity o f  the maximum WDPTs with the natural p H  o f  the samples suggests that this
4 8 4  coincides with the lowest density o f  ionisable sites. The presence o f pH iep consistently below
485  p H (max Repeu) for all B and T samples suggests that both, negatively and positively charged sites are
4 8 6  present and some negative sites may be permanent. The net surface charge is then determined by the
4 8 7  sum of (i) permanent charge (QpermX 0 0  variable charge caused by protonation/deprotonation
4 8 8  reactions o f organic functional groups (Q s o m ) and (iii) mineral compounds (Qmj„erai) and can be
4 8 9  expressed in a simplified form on the basis o f averaged pK t as follows:

l o ,  ( p H )  Q perm . ^ S O M  ^m in  era/

4 9 0  Q  Q  Q  (5), y-v ^  max, SOM ^  max, min era! ^  max, min era! v '
perm. JQ (pKS0M-pH) j  trmeral~P^) _|_ J |  q (P ^ ” P^2, miners/) _|_ J

491  where Qmax,soM is the maximum negative charge from deprotonation o f the organic functional
4 9 2  groups, Qmax,mineral is the maximum negative or positive charge from deprotonation or protonation o f
493 mineral compounds, p K SoM is the deprotonation constant of SO M  surfaces and pK j mineral and p K 2 mineral
4 9 4  are the deprotonation and the protonation constants o f mineral surfaces, respectively. A t p H iep,
495  positive and negative charges have the same value and the net surface charge becomes zero. However,
4 9 6  maximum repellency is probably not related to the zero net surface charge but rather with a minimum

4 9 7  o f the absolute equivalent number of charged sites (£ yfOf ), which is expressed as follows:

498 Z V e F  (pH) = jQ iZ  + J\Q SOM(pH)Y + 4 Q meJ p H ) f  (6)



Appendix C 262

4 9 9  Equations 5 and 6, and the measured 20 , as a function o f pH , allow a search o f p H  dependent
50 0  contributions o f  Qsom, Qminerai and Qperm to the net surface charge fulfilling the condition that a

501 minimum 2 coincides with p H (max repeu) (Supporting information). This offers the following
502  hypotheses which are not adequately tested with present data: (i) Wettable samples have higher Qperm
503  than the repellent ones, (ii) Tiergarten samples have higher Qmax, mineral than Buch samples and (iii) the
50 4  values o fpK S0 M are lower for Tiergarten samples than for Buch samples.
505  More detailed information about the contributions o f the various surface species (e.g. weak and
506  strong acidic carboxylic sites, phenolic sites and the fine mineral component clay minerals and
507 sesqui(hydr)oxides) is required.
508  The occurrence of the peak in the ©sess-Q curve of TR at higher (more positive) 0  than that of TW
5 0 9  (Figure 7) may arise from the relatively low CECpot, o f the former, which indicates a generally low
51 0  negative charge density and, therefore, a generally lower wettability in TR than in TW. The
511 occurrence of positive charge in the low p H  range in T samples coincides with a decrease in
5 1 2  repellency with decreasing p H  which indicates a close relation between surface charge and repellency.

513 Chemical reactions
514  An alternative explanation for p H  dependent changes in repellency is a change o f SOM surface
5 1 5  properties caused by chemical reactions. Acidic hydrolysis and condensation reactions as suggested in
5 1 6  earlier studies as mechanisms controlling SWR in Buch samples (Diehl and Schaumann, 2007) are
5 1 7  equilibrium reactions highly related to changes in water content and their influence maybe therefore
5 1 8  minimized in the dried samples o f the present study. Irreversible base catalyzed hydrolysis reactions,
519  however, are less influenced by water content and may therefore be an additional explanation for
5 2 0  decreasing repellency with increasing pH .

521 Comparison with former studies
522  In agreement with the results of Graber et al. (2009), the maximum of WDPT  was found in the
523  range o f the original p H  o f the soil samples.
52 4  Previous studies involving adjustment o f soil p H  by addition o f aqueous reagents to samples from
525  the Buch site (Bayer and Schaumann, 2007) found that, following drying, samples were completely
52 6  wettable over the range 3 < p H  < 11, whereas pronounced repellency occurred in these soils when the
527  p H  was adjusted using gases, with minimal effect on soil moisture content. The observed decrease in
528  repellency with increasing p H  o f  soils from the Netherlands, UK and Australia indicate that it is a soil
52 9  characteristic spanning various locations. However, Tiergarten samples, exhibited a maximum
53 0  repellency irrespective o f how the p H  was adjusted, but the repellency o f Buch samples seem to be
531 influenced by changes in water content resulting from the use of liquid reagents. The maximum
532  repellency o f Tiergarten samples reported by Bayer & Schaumann (2007) was at a higher p H  than
533  found in this study, despite a similar original soil pH . The addition o f liquid NaOH may lead to
53 4  additional SOM alteration which causes a shift in surface charge (Bayer and Schaumann, 2007)
535  whereas the use o f acidic and basic gases as reagents to modify soil p H  without significant impact on
536  soil moisture content appears to provide a useful route to examine the p H  dependency o f SWR.
537  Bayer & Schaumann (2007) observed that wettable and water repellent Tiergarten samples
538  exhibited similar wettability when brought to similar p H  by addition o f liquid NaOH. In contrast,
53 9  when p H  was altered via the gas phase Tiergarten samples kept their original repellency differences,
54 0  even at the same pH . The addition of moisture to the soil which accompanies the addition of liquid
541  NaOH probably caused an equalisation o f repellency differences between wettable and repellent
542  samples. This indicates that the p H  alteration via the gas phase applied in this study provide a new
543 method with reduced side effects and is, therefore, suitable for changes in soil p H  and investigations
5 4 4  of those changes on SWR.

545 Conclusions

546  The comparison of 3 different methods for repellency determination showed the advantages and
547  disadvantages o f  each method: In the range below ~  10 s, W DPT  showed a reduced sensitivity
548  compared to the other two methods. In contrast to that, the W ilhelmy plate method seemed to be less
54 9  sensitive in the range o f very strong repellency (&wpm> 120°) compared to W DPT  and sessile drop
55 0  method. The sessile drop method seemed to have no repellency range with reduced sensitivity, but
551 revealed higher standard deviation between measurement repetitions compared to the two other
552 methods.
553  By using a newly developed method to change the p H  in soil samples via the gas phase without
554  changing the moisture status, the influence of changes in soil p H  on wettability was related to the
555 number and type of protonable and de-protonable surface sites of organic and mineral surfaces in
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556  soils. The highest level o f repellency is reached at the original p H  when the number o f charged sites is
557  minimal. With increasing p H  repellency decreased and negative surface charge increased caused by
558  de-protonation. W ith respect to the repellency reaction on p H  decrease, two types o f soil can be
559  distinguished: i) soils, in which repellency decreased with decreasing p H  because o f a sufficient
560  number o f protonable surface sites with a significant amount o f positive surface charge and ii) soils,
561 with no or not sufficient protonable surface sites to exhibit significant positive surface charge and,
562  therefore, their repellency did not decrease with decreasing pH . Evidences suggested, that the
563  protonable sites in case o f the two Tiergarten samples, which are o f the soil type I, were rather
564  presented by mineral surfaces, than by organic functional groups.
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6 8 6  F igure  C aptions

687  Figure 1: Experimental design o f  modification o f soil-/?//. A Exposition o f soil to gaseous
6 8 8  ammonia enriched atmosphere. B Exposition o f soil to HC1 enriched atmosphere.
689
690  Figure 2: A pH , B electrical conductivity (EC), C  Soil C/N ratio, and D “Mehlich”-extractable iron
691  measured in wettable and repellent soil samples from Tiergarten (TW, TR) and from Buch (BW, BR,
692 respectively) from a study of seasonally sampling between spring 2002 and spring 2004.
693
694  Figure 3: Artificially induced soil-/?// as a function o f the added volume o f HC1- and N H3-enriched
695  air for D samples from Germany, N L samples from Netherlands, UK samples from the UK, and AU
69 6  samples from Australia.
697
698  Figure 4: W ater drop penetration time (WDPT) as a function o f  artificially induced p H  o f repellent
69 9  samples and wettable control samples: D from two sites in Germany, NL from a profile in the
70 0  Netherlands, UK from two sites in UK, and AU from two sites in Australia.
701
7 0 2  Figure 5: Wettability o f the German Tiergarten (TW, TR) and Buch (BW, BR) samples as a
703  function o f artificial induced soil pH : A as contact angle measured by Wilhelmy Plate M ethod (®wpm),
7 0 4  B as contact angle measured by sessile drop method (©,«,)» and C measured as water drop penetration
70 5  time (WDPT). D WDPT  and @wpm as a function o f  the respective ©ie„.
7 0 6
70 7  Figure 6: Particle surface charge (Q) o f  soil fraction < 63 pm o f  selected /?//-treated sub-samples
70 8  w ith highest, lowest and medium artificially induced p H  from the wettable and repellent Buch
7 0 9  samples (BW, BR) and Tiergarten samples (TW, TR, respectively).
71 0
711  Figure 7: W ettability o f the German Tiergarten (TW, TR) and Buch (BW, BR) samples as contact
71 2  angle measured by sessile drop method depicted as a function o f particle surface charge (Q) o f soil
7 1 3  fraction < 63 pm. Particle surface charge data are measured at four data points for each sample
7 1 4  (indicated by double symbol frame) and linearly interpolated between these four points by their p H
7 1 5  dependency (Figure 6).
7 1 6  
111 
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737 Supporting information

738  Figure 8 shows a combination o f the measured net surface charge values (LQ) and a suggestion,
739  how Qsom and Qmi„erai may change with p H  resulting in a sum o f absolute equivalent charge values

740  ( 2 - j Q f )  which could explain the measured p H  dependent wettability. At p H (maxRepeu) the lowest total

741  number o f charged sites is reached and at this pH , negatively charged sites dominate in all samples. In
742  Tiergarten samples, below p H (maxRepeu)t with the total number o f charged sites, wettability increased
743  with increasing Q and decreasing p H  (Figure 8 TW, TR). This led to the assumption that in these
744  samples mineral surfaces are probably available, where the positive surface charge increases with
745  decreasing pH , exceeding the negative permanent charge. In contrast, in Buch samples, the lack of
746  changes in wettability in the range o f p H (maxRepeu) with < 5 indicates a nearly constant total number of
747  charged sites (Figure 8 BW, BR). The number o f protonable mineral surface sites is probably not high
748 enough to increase wettability with decreasing pH .
749  Figure 8
750  The parameters o f equation 4 and 5 were adapted to create a scenario with minimum Z j o f  at

751  pH(max Repeii). A 10-curve was laid through the data points o f the measured net surface charge o f the
752  respective German samples (Figure 8, Table 4). This lead to the following hypotheses which need to
753  be tested in further investigations: (i) The wettable samples have higher Qperm than the repellent
7 5 4  samples and (ii) Tiergarten samples have higher Qmax,soMi and higher Qmax. mineral than Buch samples
755  (Table 4). (iii) The values o f p K S0 M are with ~7 lower for Tiergarten samples than for Buch samples
756  with ~8. Compared to generally postulated pK a  values o f  3 -  4 for strong acidic carboxylic surface
757  groups, 5 - 6 .5  for weak acidic groups and 7 - 8  for phenolic groups (Scheffer and Schachtschabel,
75 8 2002), the pK SoM used in the scenario (Table 4) are rather high, which imples high amounts o f weaker
759  acidic functional groups and considerable amounts o f phenolic groups. The chosen values for pK mineral
760  and the resulting p H iep o f 0 m,„era/-curves at p H  4.5 -  5 suggest a higher influence o f  manganese-
761  (hydr)oxide surface species which reveal a pH iep o f  3 - 5 ,  than o f  silicium-, aluminium- or iron-
762  (hydr)oxide surface species with p H iep o f  2 - 3 . 5 ,  5 - 9  and 7 - 1 0 ,  respectively (Scheffer and
763  Schachtschabel, 2002). However, it has to be kept in mind that the parameters in Table 4 are based on
764  only 4 data points o f measured surface net charge. Further investigations need to focus on
765  distinguishing between different surface species, e.g. weak and strong acidic carboxylic sites, phenolic
76 6  sites and the different relevant minerals compounds as clay minerals and sesqui(hydr)oxides and their
767  contribution to the surface charge.
768  Table 4
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Table 4: Parameters chosen in order to create a scenario with minimum at p H (maxRepeu} and a

I^ -cu rv e  crossing the data points o f measured net surface charge of the respective German samples 
(Figure 6) using equation 4 and 5: permanent charge (Qperm.), maximum negative surface charge 
obtainable by deprotonation of SOM (Q max So m .) and the respective deprotonation constant (p K SoM), 
maximum negative and positive surface charge obtainable by deprotonation / protonation of mineral 
surfaces ( Q max. mineral) and the respective deprotonation and protonation constants (p K , minerai / p K 2
m in era l

TW TR BW BR

Qperm. -4.6 -2.5 -3.5 -2.3

Qmax. SOM -27 -22 -14 -14
p K s o m 6.8 7.4 7.6 7.9

Qmax. mineral 7 7 3 4
p K i ,  mineral 7 7 7 7
p h -2 , mineral 2.5 2.5 2 2

Figure 8: Simplified schematic p H  dependent interplay of negative and positive surface charge 
provided by SOM surfaces ( Q s o m ) , by mineral surfaces (Q mineraiX and by permanent surface charge 
(Q perm  ) using equation 4 and 5 with parameters (Table 4) chosen to create a scenario with minimum 

at p H (max Repen, and a S(2-curve crossing the data points o f measured net surface charge of the 

respective German samples.
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