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Abstract 

 

Soil water repellency (SWR) is a phenomenon whereby water does not immediately 

infiltrate into the soil and may pond on the soil surface. It occurs globally, in a range 

of soil textures and under different climates. The global occurrence of SWR has 

become one of the key constraints affecting agriculture production. Although SWR 

has been studied since the 19th century, the lack of global standard laboratory practice 

(e.g. soil drying) developed for conducting a SWR study may explain the many 

confounded findings related to SWR. As SWR data have been regularly documented 

to vary with temperature, relative humidity and soil water content, it is difficult to 

understand the relationship between SWR and soil water content based on the 

literature. For example, SWR may initially increase with soil water contents below the 

wilting point (-1500 kPa) before it decreases in response to continued soil wetting. 

The low soil water content below the wilting point can occur in a non-irrigated dryland 

during summer in a Mediterranean climate with extended dry periods of no rain and 

high evaporative demands. It is unclear whether this initial response of SWR to soil 

wetting is solely due to increasing soil water content as the effect of different 

temperatures employed in previous studies during drying were often not considered. 

This is because the approaches taken to dry the soil during experimentation have 

confounded the interpretation of the relationship between SWR and soil water content. 

Hypotheses have been postulated, but no quantitative experimental evidence is 

available to support these mechanisms. The overall objective of this thesis was to 

evaluate whether the inconsistent relationship between SWR and soil water content 

below the wilting point is due to artefacts generated under different laboratory 

environments or practices and if not, provide a quantitative evidence to identify the 
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mechanism responsible for why SWR increases with soil water content below the 

wilting point. This included developing techniques that do not confound interpreting 

the relationship between SWR and soil water content.   

 

Chapter 2 reviewed to identify the potential source of inconsistencies in the 

relationship between SWR and soil water content below the wilting point by 

understanding the development of SWR, how soil preparation and uncontrolled SWR 

measurement conditions can influence the measured SWR. Findings from non-soil 

related research and knowledge of surface energy were incorporated to gain a deeper 

understanding on how water molecules may interact with the surface of water repellent 

soil particles and affect soil wettability.  

 

Chapter 3 aimed to develop a reproducible soil vacuum drying method at room 

temperature for SWR determination. Two drying methods, a conventional 105 ̊ C oven 

drying under oxic conditions (101.3 kPa) (presence of oxygen) and 20 ˚C vacuum 

drying under anoxic conditions (1.3 kPa) (absence of oxygen) were compared and 

showed that both drying methods removed the same amount of water from the soil. 

The effect of atmosphere (oxic or anoxic), temperature and air pressure (1.3 or 101.3 

kPa) on SWR and residual soil water content after drying was then investigated. A 

study in the 1960s found that the autoxidation of pure oils did not result in a change 

to the sample mass under anoxic conditions. Commonly used stearic acid to artificially 

induces SWR volatilises slowly at 90–100 ˚C and decreasing air pressure can increase 

the volatilisation process. Consequently, under both oxic and anoxic conditions, it was 

hypothesised that SWR would 1) decrease with low air pressure; 2) remain unchanged 

with temperature under anoxic condition; and 3) residual soil water content would be 
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the highest under conventional air drying treatments. The soil used was sieved (< 2 

mm), field moist and collected from a cropping field. Fisher’s least significant 

difference showed SWR, determined by the molarity of ethanol droplet (MED) test, 

was unchanged following drying under anoxic conditions, but decreased significantly 

under oxic conditions at either high temperature (from ~MED 1.58 to 1.34 M) or low 

air pressure (from ~MED 1.58 to 1.42 M). Consequently, vacuum drying water 

repellent soil under anoxic conditions at 20˚C and 1.3 kPa is recommended when 

assessing temperature effects on SWR. 

 

Chapter 4 aimed to investigate how the drying method prior to experimentation 

influences the increase in SWR with soil water content in a sandy-textured soil. The 

temperature maintained during experimentation and four different sieved soil fractions 

were also examined. In the first experiment, soil samples were either oven dried 

(105˚C) or vacuum dried (20˚C) before incubating soil at 20˚C under 10 to100% 

relative humidity depending on the desired soil water content. In the second 

experiment, soil samples were vacuum dried at 20˚C and similarly incubated under 10 

to 100% relative humidity but at three incubation temperatures (4˚C, 20˚C and 40˚C). 

In the third experiment, four sieved soil fractions were vacuum dried at 20˚C and 

incubated under 10 to 100% relative humidity at 20˚C. In all experiments (n=5), SWR 

remained constant (measured by molarity of ethanol droplet) and only increased when 

reaching a ‘threshold soil water content’, above which, SWR responded linearly and 

positively with increasing soil water content. The different threshold soil water content 

obtained for the four sieved soil fractions was related to specific surface area. 

Increasing the incubation temperature increased the rate that SWR responded to soil 

water content above the threshold soil water content. This study demonstrated the 
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same drying method and incubation temperature should be employed throughout the 

experiment when investigating the response of SWR to soil water content. 

 

Chapter 5 evaluated whether or not the threshold soil water content observed in the 

previous experiments coincided with a monolayer of water molecules. Previously 

published studies employing attenuated total reflection infrared spectroscopy 

observed a monolayer of water molecules on solid surfaces (e.g. silicon oxide) was 

‘ice-like’. The ‘ice-like’ water molecules have been found to be less hydrophilic than 

the ‘liquid-like’ water molecules.  The less hydrophilic ‘ice-like’ monolayer of water 

molecules may thus explain why SWR increases above a threshold soil water content. 

The relationship between SWR and soil water content was generated by exposing 20˚C 

vacuum dried soil to 10 to 100% relative humidity at 20˚C for six days, and then 

measuring the resultant SWR using the molarity of ethanol droplet test. Monolayer 

water content was calculated from the specific surface area of the soil as determined 

from a water adsorption isotherm and an octane adsorption isotherm. The isotherms 

were obtained by plotting the adsorbed water or octane on the surface as a function of 

their relative pressure in gas phase. The monolayer water content (gravimetric) was 

determined to be 0.20% using the water vapour adsorption isotherm, and 0.03% using 

the octane adsorption isotherm. However, SWR only increased when the soil water 

content reached 0.66 ± 0.02 % at 20˚C. The water vapour adsorption isotherm instead 

indicates the increase in SWR with soil water content coincided with capillary 

condensation of water and not a monolayer of water molecules in the soil. 

Chapter 6 aimed to gain insight into why SWR responds non-linearly with soil water 

content by investigating the surface energy and the surface energy heterogeneity of 

the soil at an increasing soil water content by exposing dry soil to 0% and 90% relative 
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humidity. This was achieved by determining the surface energy of water repellent soil 

at increasing relative humidity using a novel technique, inverse gas chromatography. 

Investigating surface energy of water repellent soil at different relative humidities may 

allow better insights into how water molecules interact with the surface of water 

repellent soil particles. Soil water repellency is inversely proportional to surface 

energy and the increased SWR above a threshold soil water content suggests a 

decrease in surface energy of the soil. Relative humidities below and above 75% 

relative humidity were chosen for the investigation because the previously described 

experiments found the threshold soil water content occurred at approximately 75% 

relative humidity. A moderate water repellent soil (WR) and a control soil where soil 

organic carbon was removed (HT; H2O2 treated) were packed into inverse gas 

chromatography silanised columns. The total surface energy of the soil (n=2) was 

analysed using polar molecules to determine the specific surface energy and non-polar 

molecules to determine the dispersive surface energy at 0% and 90% relative humidity. 

The total surface energy (sum of specific and dispersive surface energy) of the soil 

was approximately two times lower at 90% than at 0% relative humidity for both the 

WR and HT soil. The dispersive surface energy (80% of the total surface energy) for 

both the WR and HT soil was approximately two times lower at 90% than at 0% 

relative humidity, but no differences was observed for the specific surface energy 

between the WR and HT soil and at either the relative humidity treatment. Differences 

in dispersive surface energy between the relative humidity treatments suggest 

increasing soil water content (but below the threshold soil water content) increases 

SWR by decreasing surface charge.  

The research presented in this thesis highlights that SWR only increases when above 

a threshold soil water content. The threshold soil water content was found to coincide 



 

 viii 

with the onset of capillary water condensation and the increase in SWR when above a 

threshold soil water content could possibly be due to the decrease in surface charge by 

counterions. Previously proposed mechanisms based upon thin layer of water 

molecules, blockage of soil pores and transition from Cassie-Baxter to Wenzel wetting 

regime are not supported by the findings herein. The vacuum drying technique under 

anoxic conditions at 20˚C and 1.3 kPa developed in this thesis has reconciled the 

conventional soil drying issues pertaining to variable temperature, soil water content 

and drying duration. As such, a standard experimental approach (e.g. vacuum drying 

soil at 20˚C under anoxic condition) is suggested for performing future SWR studies 

in a laboratory, which may thus account for the inconsistent SWR reports in the 

literature. This research presented in this thesis also demonstrated how different 

experimental approaches (drying method, incubation temperature and specific surface 

area) influences SWR and its response to soil water content, but the overall trends 

between SWR and soil water content did not change. Future studies on the counterions 

effect on SWR is needed to provide deeper insight into the underlying mechanisms 

responsible for how SWR responds to soil water content.  
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1  General Introduction 

1.1.  Background 
 

Soil water repellency (SWR) has been studied since the 19th century (DeBano, 2000) 

and many confounding findings have been reported, which could be due to a lack of 

global standard laboratory practice developed for conducting a SWR study. This is 

despite the fact that SWR data have been regularly documented to vary with 

environmental conditions such as temperature (e.g. Dekker et al., 1998; Ziogas et al., 

2005), relative humidity (Doerr et al., 2002) and soil water content (e.g. King, 1981; 

de Jonge et al., 1999; Chau et al., 2014). The inconsistent relationship between SWR 

and drying temperature (e.g. Dekker et al., 1998; Ziogas et al., 2005) often makes it 

difficult to understand its influence on the relationship between SWR and soil water 

content. Explanation is also lacking for why different trends were found for the 

relationship between SWR and soil water content below the wilting point (-1500 kPa) 

(e.g. King, 1981; de Jonge et al., 1999; Chau et al., 2014). The low soil water content 

below the wilting point can occur in the surface soils (30 cm) of a non-irrigated 

dryland with agricultural drought (Rickard et al., 1969), especially during summer in 

a Mediterranean climate (Hoerling et al., 2012; Zampieri et al., 2009) with extended 

dry periods of no rain and high evaporative demands. Several mechanisms were 

hypothesised to typically explain why SWR increases with soil water content below 

the wilting point, but no quantitative experimental evidence is currently available to 

support these mechanisms.  
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1.2.  Objective of this study 

 

 A flow diagram showing how the thesis addresses the overall objective and how each 

chapter leads to the next experiment is shown in Figure 1.1. 

 

The specific objectives of this study were to: 

 

1. Examine the formerly proposed mechanisms and provide quantitative 

evidences explaining why SWR increases with soil water content below the 

wilting point (-1500 kPa); 

2. Standardising experimental approach for performing SWR laboratory studies 

in order to achieve consistent and reliable SWR results; 

3. Re-evaluate the relationship between SWR and soil water content below the 

wilting point;  

4. Understand whether the increase of SWR with soil water content below the 

wilting point is an effect caused by temperature or soil water content; and 

5. To reconcile why different trends of the relationship between SWR and soil 

water content were found in the literature. 

 

1.3.  Thesis outline 

 

This thesis contains seven chapters. Following the General Introduction, Chapter 2 is 

a literature review that aims to provide an overview of the inconsistent SWR findings 

found in the literature. The SWR measurement methodology is reviewed to minimise 

inconsistent SWR results due to soil preparation, the condition the soil is exposed to 
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during experimentation and how SWR is measured. Factors that might affect SWR 

and their interactive effects on SWR is also presented. Further insights on the 

interactions between SWR and soil water content could be gained from an 

understanding of how adsorption of water molecules occurs on the soil surface.  

Chapters 3–6 are the experimental chapters. Chapter 7 is a synthesis of the findings 

from the previous chapters to address the specific objectives presented in Table 1.1.  

Prospective research studies are also suggested in Chapter 7. 

 

This thesis is formatted as a series of papers and minor repetition may exists in parts 

of the abstract, introduction, and materials and methods details. In addition, each 

chapter has its own list of references and therefore an inclusive reference list is not 

provided at the end of the thesis.  

 

1.4.  Major outcomes of this thesis  

 

In the research for this thesis, a reproducible vacuum drying method was developed 

as a standard method for drying water repellent soil. Soil water repellency was found 

to only increase when above a certain threshold soil water content. The finding of the 

threshold soil water content revealed that the increase in SWR coincides with capillary 

water. The capillary water suggested that the increase of SWR with soil water content 

below the wilting point is due to the decrease in surface charge by counterions. 
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Table 1.1. Thesis chapter addressing the specific objectives 

Specific objectives Thesis chapter  

Examine the formerly proposed 

mechanisms, and to provide quantitative 

evidences explaining why SWRa 

increases with soil water content below 

the wilting point. 

Chapter 4, 5 and 6 

Standardising experimental approach for 

performing SWRa laboratory studies in 

order to achieve consistent and reliable 

SWR results. 

Chapter 3 and 4 

Re-evaluate the relationship between 

SWRa and soil water content below the 

wilting point. 

Chapter 4 

Understand whether the increase of 

SWRa with soil water content below the 

wilting point is an effect due to 

temperature or soil water content. 

Chapter 3 and 4 

To reconcile why different trends of the 

relationship between SWRa and soil 

water content were found in the 

literature. 

Chapter 3 and 4 

a soil water repellency
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Figure 1.1. Flow diagram showing how the thesis addressed the overall objective and how each chapter led to the next experiment.
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2  Literature Review 
 

2.1.  Introduction 

 

Soil water repellency (SWR) is a phenomenon often observed in the field whereby 

water does not immediately infiltrate into the soil, and in some instances ponds on the 

soil surface (Ritsema and Dekker, 2003). A soil is known to be repellent if it makes a 

contact angle of 90˚ or greater with a droplet of distilled water. Soil water repellency 

is commonly observed when the soil is dry and disappears naturally when the soil is 

sufficiently wetted (Ritsema and Dekker, 2003). It occurs globally and has been found 

to occur in various soil textures and under different climates; but it is most common 

in coarse-textured soils (Jaramillo et al., 2000; Ritsema and Dekker, 2003).  

 

Soil water repellency has become one of the key soil constraints affecting agricultural 

production globally. More than 10.2 million hectares in southern Western Australia 

are now considered at risk of developing SWR and an estimated annual loss of $AUD 

251 M  (Herbert, 2009). Soil water repellency has similarly decreased pasture 

production in the North Island of New Zealand by approximately 35% and resulted in 

an estimated revenue loss of NZ$400 per hectare (Deurer and Müller, 2010). Other 

studies have also found SWR has impacted the communities of plants and soil 

microbes on temperate ecosystems in the United Kingdom (Wales), with 68% of the 

soils (sampled from grassland, woodland and wetland) exhibiting moderate to severe 

SWR (Seaton et al., 2019).   
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Soil water repellency is a surface physicochemical characteristic of water repellent 

soil that is highly sensitive to environmental differences. Factors such as drying 

temperature and soil water content have been found to affect SWR, but these exact 

relationships are unclear. For example, the relationship between SWR and drying 

temperature has been found to be inconsistent (Dekker et al. 1998). Drying soils above 

ambient air temperatures has either increased (Franco et al., 1995; Dekker et al., 1998), 

decreased (Dekker et al., 1998; Ziogas et al., 2005) or did not result to significant 

change to SWR (Ritsema et al., 1997). Whereas meta-analysis did not find drying 

temperature (20–80˚C) affected SWR (Zheng et al. 2016). The relationship between 

SWR and soil water content has also been found to be inconsistent (de Jonge et al., 

1999; Chau et al., 2014). Soil water repellency has been observed to: 1) remain 

unchanged initially, but then decline with increasing soil water content; 2) increase 

and then decline with increasing soil water content; 3) increase again with increasing 

soil water content after an initial decline; and 4) decline linearly with increasing soil 

water content (de Jonge et al., 1999; Chau et al., 2014). Several studies found SWR 

continues to increase with soil water content till the wilting point (King, 1981; 

Regalado and Ritter, 2005; Karunarathna et al., 2010a) before it begins to decline with 

further increase in soil water content.  

 

The overall objective of this review is to examine the factors that may have led to the 

observed inconsistencies in the relationship between SWR and soil water content 

below the wilting point and to evaluate whether the inconsistent relationship between 

SWR and soil water content is an artefact or a genuine SWR response with soil water 

content. Specifically, the review will examine approaches to measuring SWR, the 

development of SWR, and factors influencing SWR expression. As water vapour is 
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ubiquitous in the atmosphere, it is important to understand how water molecules 

adsorbed on the particle surfaces of water repellent soil.  Surface energy being the 

underlying principle governing SWR responses is also reviewed herein to better 

understand how water molecules may interact with the particle surface of water 

repellent soil. 

 

2.2.  Soil water repellency measurement 

 

Soil water repellency can be measured in a number of ways. The three most commonly 

used methods are water drop penetration time (WDPT), molarity of ethanol droplet 

test (MED) and contact angle (CA) (Letey, 1968; King, 1981). Increasing WDPT and 

MED value indicates increasing SWR whilst increasing contact angle above 90˚ (angle 

between a solid surface and the tangential to the liquid surface where liquid-vapour 

interface meets a solid surface) indicates increasing SWR. Other methods such as 

infiltration tests, which measure the rate of water infiltration into soil has also been 

used (Bond, 1968; King, 1981). The SWR rating for MED, WDPT and CA is given 

by King (1981) as shown in Table 2.1. The MED is the preferred SWR measurement 

method in Australian laboratories due to its simplicity and reproducibility (Carter, 

2002).  

 

2.2.1.  Principle of soil water repellency measurements 

 

The water repellent and wetting phenomena on a solid surface is governed by the 

energy acting between a spherical water droplet and a solid surface. Upon contacting 

a solid surface, the edge of a water droplet experiences an energy from the solid 
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surface called surface energy (Israelachvili, 2011). A spherical water droplet will 

spread on a solid surface if the surface energy of the solid is greater than water 

(Israelachvili, 2011). Surface energy is the fundamental to all SWR measurement 

methods and a brief discussion on surface energy is provided in Section 2.6.  

 

Table 2.1. Soil water repellency (SWR) rating for molarity of ethanol droplet test 

(MED), water drop penetration test (WDPT) and contact angle (CA) at 20˚C for air-

dried sands. Adapted from King (1981). 

Rating Severity of SWR MED valuea WDPTb (s) CAc (˚) 

1–2 Not significant - 1–7 75–80 

3–5 Low 0.0–1.0 8–53 81–86 

6–8 Moderate 1.2–2.2 85–1500* 87–93 

9–10 Severe 2.4–3.0 2300–8000* 94–97 

11–12 Very severe 3.2–>3.8 >8000* 98–>101 

a Molarity of ethanol droplet test with 40 µl drop size 
b Water drop penetration test with 40 µl drop size 
c Contact angle determined by capillary rise  
* WDPT calculated based on the equation provided by Harper and Gilkes, (1994). 

 

2.2.2.  Potential errors in soil water repellency measurement techniques 

 

Inconsistent SWR will be obtained if measurement is performed at different 

temperatures (King, 1981). The interfacial energy of a liquid (also known as surface 

tension) and solid decreases with temperature (Sugden, 1924; Rulison, 2005). 
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Consequently, SWR decreases with increases in soil and liquid temperature (King, 

1981). For example, there will be a change in SWR of ~MED 0.2 M for each change 

of 5˚C in the soil’s temperature and change in surface tension of ~0.4 mN/m for each 

change of 5˚C for pure ethanol solution. In other words, the SWR measured by 

applying a cold standard ethanol solution on a warm water repellent soil would be 

different to if warm standard ethanol solution or cold water repellent soil is used.  

Hence, measurement of SWR by MED method should always be conducted in a 

temperature-controlled environment (Carter, 2002). In situ measurement of SWR also 

needs to consider the potential variability in SWR due to soil’s temperature or the 

temperature of the water drop applied to the soil surface. However, studies measuring 

SWR in situ do not account for the potential effects by the temperature of the soil or 

the droplet applied (Dekker and Ritsema, 1994; Dekker et al., 2019). 

 

Soil sieving and drying temperature will also contribute to inconsistent SWR results 

when the same soil is investigated. Soil sieving may abrade the organic compounds 

from the surface of soil particles and decrease SWR (King, 1981). Increasing soil 

drying temperature often increases SWR, but a decreasing SWR has also been reported 

(Dekker et al., 1998) and as is reviewed in further detail below (Section 2.4.1. 

Consequently, interpreting SWR results may be quite challenging if the compounding 

effects (e.g. temperature of soil and ethanol standard solutions, drying temperature and 

abrasion) are not properly addressed.  
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2.3.  Development of soil water repellency  

 

Natural soil organic compounds typically cause SWR although anthropogenic origins 

have also been reported. Natural sources of soil organic compounds primarily derive 

from vegetation such as trees, shrubs, pasture and turfgrass (Barton and Colmer, 2011; 

Uddin, 2017) and fungi (Franco et al., 2000). The organic compounds associated with 

SWR are seasonal and dependent on vegetation species (Uddin, 2017). The organic 

extracts of the plant materials (litter, bark and leaves) and their partial decomposed 

residue (e.g. particulate organic matter), were found to induce SWR when added to 

clean sand (Roberts and Carbon, 1972; Franco et al., 1995, 2000). Furthermore, studies 

investigating how contaminants decrease the surface energy of clean quartz surface 

(see Section 2.6 on surface energy) suggest SWR can also be induced on clean sand 

by the organic compounds produced from root exudates (Czarnes et al., 2000), bacteria, 

fungi and algae (Hallett and Young, 1999; Doerr et al., 2000; Rillig, 2005). 

Consequently, clean sand could become water repellent when the surface is 

contaminated by root exudates, bacteria, fungi and algae. Soil organic compounds can 

also undergo chemical changes during a fire event and result in an increased SWR 

(Atanassova and Doerr, 2011). Further increase in SWR was found when the surface 

soil was burnt under an oxygen depleted condition (Atanassova et al., 2012). As for 

the anthropogenic sources of organic compounds,  crude oil spillage is mainly 

responsible for the induction of SWR (Ellis and Adams, 1961; Roy and McGill, 1998). 

 

The pristine surface of soil mineral particles (e.g. sands and clays) or other trace 

minerals (e.g. iron, zinc, copper), which is naturally hydrophilic or non-water repellent 

(Zhuravlev, 2000; Raji et al., 2019) can become hydrophobic or water repellent if the 
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surface is contaminated with organic compounds (e.g. Ma’shum, 1988; Franco et al., 

2000; Raji et al., 2019) or structurally changed (Zhuravlev, 2000). The mycelium of 

fungi—hyphae, rhizomorphs and strands—are hydrophobic and will also result in 

SWR if fungi habitation is found on the surface of soil mineral particles (Unestam, 

1991; Agerer, 2001). In addition, intermixing hydrophilic soil mineral particles with 

organic matter can render the soil water repellent (DeBano, 1969; Meeuwig, 1969). 

Nevertheless, silica being the main constituent of sands can become less hydrophilic 

even if the surface is without any contamination. Removal of the hydroxyl or silanol 

group from the surface will result in less hydrophilicity (with contact angle of 42–60˚) 

to the surface (Lamb et al., 1982; Israelachvili, 2011).  

 

Soil water repellency often develops in a post-fire event. This has been attributed to 

the reorientation of organic compounds during drying (e.g. Debano, 2000; Roy et al., 

2000; Ellerbrock et al., 2005) and generation of new composition of organic 

compounds (Atanassova et al., 2011, 2012). The water removal after drying has been 

hypothesised to cause the polar groups of the organic compounds to interact with one 

another and orient towards the inner structure of the organic matter, thus exposing the 

hydrophobic groups towards the surface of the organic matter (Ma’shum, 1988). The 

composition of organic compounds can also be altered by the temperature and aeration 

status during a fire event, resulting an enhanced SWR. The organic compounds 

associated with SWR are generally C25 to C31 alkanes (Ma’shum, 1988; Horne and 

McIntosh, 2000; Morley et al., 2005), C14 to C24 amides, C25 to C29 aldehydes or 

ketones, complex ring-containing structures such as aromatic compounds (Morley et 

al., 2005), C16 to C36 fatty acids and their esters (Ma’shum, 1988; Franco et al., 2000; 

Horne and McIntosh, 2000), phytols, phytanols, phytanes, terpenoids and sterols 
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(Franco et al., 2000; Uddin, 2017). After heat treatment at 300˚C for ten min, the 

homologous aliphatic series of alkanols and alkanes decreased sharply, and the total 

content of aromatic compounds and members of shorter fatty acids (<C20) increased 

(Atanassova and Doerr, 2011). Whereas under an oxygen depleted condition at 530˚C 

(5–30 min) or 550˚C (2-4 min), the ratio of methoxyphenol and phenol decreased and 

new aromatic structures were produced (Atanassova et al., 2012). Consequently, 

Atanassova et al. (2011, 2012) reported the change in composition of organic 

compounds increased the SWR following drying at 530–550˚C. Other mechanisms 

such as diffusion of volatile organic compounds into soils and concentrated on surface 

of soil mineral particles (DeBano et al., 1970; Savage, 1974) are widely accepted as 

the mechanism for SWR development after a post-fire event. However recently, SWR 

due to volatile organic compounds was found not to induce SWR on clean sand (Uddin 

et al., 2017). 

 

The development of SWR has also been attributed to microbial growth but only if soil 

has fresh litter that encourages microbial activity (Cesarano et al., 2016). Only fresh 

or undecomposed plant litter induces SWR as the rich labile carbon within the fresh 

litter is able to sustain microorganisms; depletion of labile carbon sources leads to a 

rapid decrease in SWR (Cesarano et al., 2016). In the same study, no SWR was 

observed with an aged or decomposed plant litter that was rich in lignin, although 

lignin is hydrophobic per se. However, SWR increases if nutrients are provided to 

support microbial growth (Hallett et al., 2001), during which, the production of 

organic compounds by the microorganisms are considered to be accountable for SWR 

(Hallett and Young, 1999; Doerr et al., 2000; Rillig, 2005).    
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2.4.  Factors influencing soil water repellency expression 

 

The overall expression of SWR is governed by the interaction among numerous 

physico-chemical factors. Most commonly known factors include soil texture (e.g. 

Lunt et al., 1963; McGhie, 1980; Woche et al., 2005), soil organic matter (e.g. Harper 

et al., 2000; Deurer et al., 2011), pH (e.g. Wallis et al., 1992; Bayer et al., 2007; Lebron 

et al., 2012), surface charge (Diehl et al., 2010), salt concentration (natural inorganic 

salts found in soil), ionic strength (Rezaei Gomari and Hamouda, 2006; Graber et al., 

2009), ionic species (Rezaei Gomari and Hamouda, 2006), temperature (e.g. Franco 

et al., 1995; Dekker et al., 1998; Ziogas et al., 2005) and soil water content (e.g. King, 

1981; Kawamoto et al., 2007; Karunarathna et al., 2010). Soil minerals such as quartz 

and clay alone does not contribute to SWR in the absence of soil organic matter. The 

surface of soil mineral (e.g. surface of silica) can be structurally changed to become 

less hydrophilic. Although the surface of silica is less hydrophilic, it is still wettable 

as the contact angle is less than 90˚ (Lamb and Furlong, 1982; Zhuravlev, 2000). It is 

currently not well understood whether SWR will be observed by changing either pH, 

surface charge, salt concentration, temperature or soil water content in the absence of 

soil organic matter. Soil organic matter is the only exception as soil organic matter per 

se is water repellent when dried. However, soil organic matter does not correlate to 

SWR consistently. The chemical constituents of the soil organic matter—organic 

compounds—showed better correlation to SWR (Ellerbrock et al., 2005).  

 

While factors contributing to SWR have been extensively studied, each factor should 

not be considered to induce a singular effect on SWR, i.e. multi-interaction among 

these factors generates the overall expression of SWR. For example, the spatial 
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arrangement of soil organic matter is pH dependent (e.g. Stevenson, 1994; Sposito, 

2008; Brzozowska et al., 2012), and manipulating the surface charge of the soil was 

found to influence SWR (Gomari et al., 2006; Diehl et al., 2010). In an acidic 

environment, organic compounds such as humic acids assume a ‘coiled’ morphology, 

but exhibit an uncoiling morphology in an alkaline environment (Deo et al., 2005). 

The morphology of the organic compounds such as stearic acid in variable pH is also 

dependent on salt concentration (Gomari et al., 2006; Plaza et al., 2015). Low pH and 

salt concentration (1% of 0.53 M seawater) is found to solubilise stearic acid but the 

stearic acid does not solubilise at neutral pH in water (Brzozowska et al., 2012). In the 

same study, stearic acid has been found to be soluble at high pH in all salt 

concentration (1%, 10% and 100% of 0.53 M seawater; Brzozowska et al., 2012). 

Specifically, salt with multivalent cationic species (Ca2+ and Al3+) orient the 

hydrophilic group towards the interior of soil organic matter (Schaumann et al., 2013). 

Other cationic species such as polyelectrolyte has been found to desorb from quartz 

surface at low pH and increases with ionic strength (Sergeeva and Sobolev, 2018). 

The increase in hydrogen and metal ion concentration has also been explained to cause 

neutralisation of humic polymer and making it less hydrophilic (Delle Site, 2001). The 

variable SWR trends with pH found in the literature (Lebron et al., 2012) could 

perhaps be explained by the presence of salts such as NaCl, MgCl2 and Na2SO4 where 

pre-wetting calcite’s surface with the salt solution, followed by fatty acids treatment 

exhibit different wettability at increasing pH (Gomari et al., 2006).  

 

The aforementioned factors—soil texture, soil organic matter, pH, surface charge, salt 

concentration, ionic species—are intrinsic to soil but may change with temperature 

and soil water content during soil drying. Apart from morphological change in organic 
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compounds due to water removal,  different drying treatment can result in significant 

changes in soil physico-chemical properties such as soil pH, extractable mineral, 

ammonium nitrogen, nitrate nitrogen, organic carbon and total nitrogen (Phillips et al., 

1986; van Erp et al., 2001; Erich and Hoskins, 2011; Mueller, 2013). For example, 

soil pH either decreased or did not change with increasing drying temperature (25–

105˚C; Mueller, 2013). In the same study, increasing drying temperature decreased 

organic carbon, nitrate and total nitrogen, but increased ammonium and extractable 

minerals such as manganese, boron, zinc, iron and copper. Such changes in the 

physico-chemical properties of the soil after drying may further contribute to an 

inconsistent SWR. Since most SWR measurements are performed after soil drying, 

the temperature and change in soil water content during drying are identified as the 

main factors that could affect SWR measurement.  Hence, the effects of temperature 

and soil water content on SWR are extensively reviewed in the following sections.  

 

2.4.1.  Temperature 

 

Organic compounds are susceptible to physical changes due to different temperature 

treatments. The melting point of some organic compounds associated with SWR are 

lower than the conventional drying temperature (105˚C, Table 2.2). For example, the 

melting point for stearic acids is 69.3˚C and 62.5˚C for palmitic acids. Thus, organic 

compounds with melting points below the drying temperature exist in liquid state on 

the surface of soil mineral particles during the drying process. Drying soil samples 

above the melting point of some of the organic compounds associated with SWR may 

potentially result in a different distribution and rearrangement of the organic 

compounds on the surface of soil mineral particles. Hence, adopting a drying 
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temperature above the melting point of the organic compounds may not be an ideal 

choice as it may result in different SWR measurements. 

 

Comparison among SWR studies can be challenging if common soil drying 

temperature are not employed. Soils are commonly dried at 105˚C prior to measuring 

SWR, which is above the melting point of many SWR associated fatty acids (Table 

2.2). Moreover, 105˚C is also greater than the volatilisation temperature of SWR 

associated organic compounds such as stearic acid (90–100˚C). Low drying 

temperature such as 20˚C may therefore be preferable. However, the water content of 

soils dried at low temperature when compared to high temperature is not equivalent 

(e.g. gravimetric water content of ~34% at 20˚C under 60% relative humidity or ~pF 

2.8 and ~7% at 107.5˚C under 0.35% relative humidity or ~pF 6.0 for clay) (Croney 

et al., 1958; Beal, 2013) and may result in different SWR result (e.g. King, 1981; 

Karunarathna et al., 2010; Li et al., 2017). In other words, 105˚C introduces a 

temperature effect and 20˚C drying introduces a soil water content effect. Alternative 

soil drying methods may be required to evaluate whether the measured SWR is solely 

a function of temperature or an effect from both temperature and soil water content.  

 

An inconsistent relationship between SWR and soil water content may also be 

observed depending on the temperature the soil is maintained before assessing SWR 

at 20˚C. For example, soil with 2% soil water content at 35˚C could have different 

water repellency to the same soil with the same soil water content at 95˚C. This 

rationale is derived from the understanding that SWR is caused by organic compounds 

and that the organic compounds will have different solubility at different temperature. 

The solubility of the organic compounds in soils was found to change at different 

temperature (Kippling., 1965). For example, increasing the temperature from 34.9˚C 
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to 94.9˚C decreases the solubility of hexane from 4.8´105 to 1.6´105 mole 

fraction(Mirgorod, 2002). The increased solubility of organic compounds may have 

an increased diffusion of the organic compounds on the surface of soil mineral  

 

Table 2.2. Melting point of fatty acids (Haynes, 2014) associated with soil water 

repellency (SWR).  

Systematic name Common name Molecular 

formula 

Melting 

point/˚C 

Octanoic acida,c Caprylic acid C8H16O2 16.5 

n-Decanoic acidc Capric acid C10H20O2 31.4 

Pentadecanoic acida,c - C15H30O2 52.3 

Dodecanoic acida Lauric acid C12H24O2 43.8 

Tetradecanoic acida Myristic acid C14H28O2 54.2 

Hexadecanoic acida,b Palmitic acid C16H32O2 62.5 

Heptadecanoic acida Margaric acid C17H34O2 61.3 

cis-9-Octadecenoic acidb Oleic acid C18H34O2 13.4 

Octadecanoic acida,b Stearic acid C18H36O2 69.3 

Eicosanoic acidb,c Arachidic acid C20H40O2 76.5 

Docosanoic acida,b,c Behenic acid C22H44O2 81.5 

Tricosanoic acidb - C23H46O2 79.6 

Tetracosanoic acidb,c Lignoceric acid C24H48O2 87.5 

Hexacosanoic acidc Cerotic acid C26H52O2 88.5 

a SWR associated fatty acids found by Franco et al. (2000). 

b SWR associated fatty acids found by Morley et al. (2005).  

c SWR associated fatty acids found by Uddin (2017).  
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particles, thus increasing the resultant SWR (Bachmann et al., 2002). More studies are 

required to understand whether the incubation temperature increases or decreases 

SWR. 

 

2.4.2.  Soil water content 

 

The nature of organic compounds associated with SWR can change in responses to 

changes in soil water content. Dissolved salts become more concentrated in soil pores, 

which may lead to an increased localisation of K+ and Na+ (relative to Ca2+ and Mg2+) 

on the organic compounds as soil water content decreases during drying (Foth and 

Ellis, 1997; Carter and Gregorich, 2006). Increasing the salt concentration can result 

in coagulation and a change in the morphology of organic compounds, thus affecting 

SWR (Debano, 2000; Roy and McGill, 2000; Ellerbrock et al., 2005; Carter and 

Gregorich, 2006). Consequently, soil water content is a particularly important 

regulator of SWR.  

 

It is not clear why SWR increases at low soil water contents. Fully assessing this 

observation has been confounded by the various drying temperature to assess the 

relationship between SWR and soil water content. This means the initial increase in 

SWR with soil water content could be attributed either to the change in soil water 

content, or to the increasing drying temperature. For example, de Jonge et al. (1999) 

obtained a range of  soil water contents by using different drying temperatures (air-

dry, 40˚C, 60˚C and 105˚C) when examining the relationship between SWR and soil 

water content. In Goebel et al. (2004) and Leelamanie & Karube (2007), a range of  

soil water content was obtained by exposing soils to different relative humidity (at an 
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unspecified temperature) or via drying at 30˚C or 105˚C. Karunarathna et al. (2010) 

obtained low soil water content by first drying their Aichi soils at 60˚C and then 

spraying with water to increase soil water content. Karunarathna et al. (2010) also 

prepared a Danish soil by pipetting a known amount of water to the air dried soils, 

gently mixing and equilibrating the soils in a plastic bag for several weeks. 

Experiments that dry and incubate water repellent soil at the same and constant 

temperature are needed to help us to better understand the relationship between soil 

water content and SWR.  

 

Several mechanisms have been proposed to explain why SWR initially increases with 

increasing soil water content below the wilting point (-1500 kPa), but evidence is 

lacking to support them.  These mechanisms include: 

1. microbial growth and activity where the microorganisms and their mucilage 

are hydrophobic (e.g. Jex et al., 1985; Franco et al., 2000; Rillig, 2005),  

2. pore occlusion by interstitial organic compounds (Doerr et al., 2002),  

3. swelling of clay and organic matter (Wallach and Graber, 2007),  

4. transition of Cassie-Baxter where a water droplet sitting on top of the particle 

surface with trapped air in the soil pores to Wenzel where a water droplet on 

the particle surface begin to nucleate with the water in the soil pore  (Liu et al., 

2012) (Figure 2.1),  

5. and the less hydrophilic ‘ice-like’ monolayer (single layer) of water molecules 

on the surfaces of the soil particles (Cantrell and Ewing, 2001; Goebel et al., 

2004; Christenson and Thomson, 2016).  
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It is difficult to evaluate these mechanisms if understanding of how layers of water 

molecules formed on the soil particle surface is not well studied.  Therefore, 

understanding the progressive water vapour adsorption to form a single, multiple layer 

on the surface of soil particles, where soil water content is thus gradually increase 

during the adsorption process could perhaps provide insight into why SWR increases 

with soil water content.  

 

a 

 

b 

 

 

Figure 2.1. Different wetting process by a droplet of water on a surface (a) water 

droplet in Cassie-Baxter state sits above the air trapped within the pore and (b) water 

droplet in Wenzel state infiltrates into the pore (adapted with permission from 

en.wikipedia.org/wiki/Wetting). 

 

2.5.  Water vapour adsorption on the surface of soil particles  

 

Water vapour adsorption in soil is a complex process, with each individual soil particle 

having a diverse surface hydrophilicity or hydrophobicity. Soil consists of sands, silts 

and clays (Ashman and Puri, 2002), with pure or ‘clean’ sands and clays known to be 

hydrophilic (Gillott, 1984; Ritsema and Dekker, 2003). These pure sands and clays 

can be induced with SWR if naturally occurring soil organic compounds such as 

stearic acids and palmitic acids are applied on the surface of these soil particles (Ward, 
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1993). Other trace minerals in the soil may also increase either the hydrophobicity or 

hydrophilicity of these soil particles (Rezaei Gomari and Hamouda, 2006). 

Consequently, adsorption of water molecules in a heterogeneous soil system is 

different to a surface that is homogeneously hydrophilic or hydrophobic.  

 

The surface of a material of interest (adsorbent) can be characterised by examining the 

surface with probe molecules (adsorptive or adsorbate) by constructing an adsorption 

isotherm. Different adsorbates or adsorptives such as N2, Ar, Kr, Xe, water, CO2, 

butane, heptane and octane can be employed to further study the surface of an 

adsorbent (ISO 9277, 2010). Quantifying the amount of the adsorbate adsorbed on an 

adsorbent at a given equilibrium partial pressure under constant temperature generates 

a plot known as adsorption isotherm. The adsorption isotherm describes the adsorption 

process of the adsorbate on the adsorbent.  Water vapour adsorption on the surface of 

water repellent soil particles can also be studied by constructing a water vapour 

adsorption isotherm using water molecules as the adsorbate.  

 

There are six well known types of International Union of Pure and Applied Chemistry 

(IUPAC) adsorption isotherms (Figure 2.2) (Thommes et al., 2015). These adsorption 

isotherms have been characterised as follows:  

 

1. Type I isotherm is commonly observed for microporous (<2 nm) adsorbents;  

2. Type II isotherm for nonporous or microporous adsorbents;  

3. Type III isotherm for nonporous or microporous (> 50 nm) adsorbents with no 

identifiable monolayer adsorbate formation;  

4. Type IV isotherm for mesoporous (2–50 nm) adsorbents;  
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5. Type V isotherm shape similar to Type III isotherm but with weak interaction 

between adsorbate and adsorbent; and  

6. Type VI isotherm for highly uniform nonporous adsorbents (Thommes et al., 

2015).   

 

 

Figure 2.2. Six types (I – VI) of International Union of Pure and Applied Chemistry 

(IUPAC) adsorption isotherms. Adapted from ISO 9277, (2010). 

 

Water repellent soil  have been found to exhibit a sigmoidal shape, which is a typical 

Type II isotherm (Miyamoto et al., 1972; Orfanus et al., 2017). Three stages of water 

vapour adsorption on the surface of soil particle can be observed in a Type II isotherm. 

In the first stage, the amount of water molecules adsorbed onto the surface of soil 

particles increases rapidly at low relative humidity (or partial pressure) until a 

monolayer (single layer) of water molecules is formed. Upon completion of a 

monolayer of water molecules, a bend can usually be observed from the isotherm, 
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indicating the second stage—the onset of multilayer (multiple layer) of water 

molecules formation. Multilayer of water molecules then gradually increases with 

relative humidity at a constant rate until a second bend appears in the isotherm. The 

second bend in the isotherm indicates the third stage—the onset of water condensation 

in the pores of soil (capillary water) where water molecules adsorbed at a rapid rate 

on multilayer of water molecules with further increase in relative humidity. As 

discussed in Section 2.4.2, the initial increase of SWR with soil water content had 

been hypothesised to be due to a monolayer of water molecules, this theory could be 

examined by determining the monolayer soil water content in a water repellent soil by 

applying Brunauer-Emmett-Teller (BET) equation on a BET plot. However, such 

investigation does not appear to have been reported in the scientific literature. 

 

2.5.1.  Specific surface area 

 

The amount of water vapour adsorbed in a heterogeneous soil system at a given 

relative humidity is governed by the specific surface area of the soil. Specific surface 

area of a typical soil texture is defined as the total surface area of the soil per unit mass 

(m2/g; Pennell, 2005). Put simply, it means the total surface area measured in a gram 

of soil. The specific surface area for clays (i.e. ~10–20 m2/g for kaolinite) is greater 

than sands (<1 m2/g) because the particle size for clays (<2 µm) is smaller than sands 

(63 µm–2 mm; Pennell, 2005). Thus, soil with greater specific surface area will have 

more water molecules adsorbed on the surface of soil particles (Forsgren et al., 2013). 

The surface area of the soil particles can be decreased if soil organic compounds are 

present on the surface and hence the specific surface area or the total surface area per 

unit gram of soil decreases (Brantley et al., 1999). Consequently, the amount of water 



 

 28 

vapour adsorbed in a heterogeneous soil system at a given relative humidity varies 

depending if the soil is pure clays or sands. 

 

The amount of water in a given monolayer of water molecules can be calculated from 

the specific surface area of the soil determined from the water vapour adsorption 

isotherm by employing Brunauer-Emmett-Teller (BET) equation (Brunauer et al., 

1938), and as follows: 

 

1
n[(p0/p)-1]

= c-1
nmc
! p
p0
"+ 1

nmc
                              (1) 

 

where ! and  !! are the equilibrium partial and saturation pressure of the adsorbate at 

the temperature of adsorption, " is the amount of gas adsorbed, "" is the amount of 

gas adsorbed to form a monolayer and # is the BET (or sorption) constant.  

 

The specific surface area of the soil can be determined from the following equation 

(Brunauer et al., 1938): 

 

SBET=
(nmNAVa)
Vm

    (2) 

 

where $#$%  is the specific surface area of the soil, ""  is the amount of adsorbate 

adsorbed to form a monolayer on the adsorbent, %&' is the Avogadro’s number, & is 

the adsorption cross section of the adsorbate, ' is the molar volume of the adsorbed 

adsorbate and ( is the mass of the adsorbate (in g). 
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The adsorption of water molecules in heterogeneous soil system is more complicated 

than a homogeneous surface. Consequently, the amount of water molecules adsorbed 

could depend on the surface hydrophilicity or hydrophobicity. 

 

2.5.2.  Water vapour adsorption on a hydrophilic surface 

 

Atmospheric water molecules readily adsorb onto a hydrophilic surface within 

hundreds of picoseconds (Sendner et al., 2009) by forming hydrogen bonds with the 

hydrophilic surface. The hydrogen bonds are established through interaction between 

an electronegative donor, a hydrogen atom and an electronegative acceptor (Gordon 

and Jensen, 1996). For example, a hydrogen bond is formed between the hydrogen 

atom from a silanol group of silica with the oxygen atom of a water molecule or 

between the oxygen atom from a silanol group of silica with the hydrogen atom of a 

water molecule (Zhuravlev, 2000). In other words, surfaces with limited hydrogen 

bonding sites are hydrophobic as they are less able to interact with either the hydrogen 

or oxygen atom of a water molecule (Sendner et al., 2009; Uzochukwu, 2018). 

Atmospheric water molecules are ubiquitous and thus strong electron donor or 

acceptor hydrophilic surfaces will naturally adsorb water molecules under an ambient 

condition; a hydrophilic surface will never be devoid of water molecules (Asay and 

Kim, 2005).   

 

Water molecules progressively adsorb on a hydrophilic surface by first forming a 

monolayer of water molecules followed by further adsorption of water molecules from 

the atmosphere on the monolayer of water molecules. The water molecules form a less 

hydrophilic ‘ice-like or ordered’ monolayer (thickness of 0.37 nm; Xu et al., 2010), 
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with a hexagonal molecular arrangement of water molecules that are confined and do 

not diffuse easily on the hydrophilic surface (Gun’ko et al., 2005; Shen and 

Ostroverkhov, 2006; Argyris et al., 2008; Sendner et al., 2009).  Other cyclic 

configurations such as pentagonal and heptagonal water molecules were also observed 

and are dependent on the lattice parameter of the adsorbent (Björneholm et al., 2016). 

The contact angle of the less hydrophilic monolayer of water molecules is always less 

than 90˚ (Wang et al., 2011). The hydrophilicity of a monolayer of water molecules 

could increase if defects, due to disruption of hexagonal structure of the monolayer of 

water molecules, are found within the structure (Wang et al., 2011). The interfacial 

water molecules have been found to have viscosity of two to four times greater than 

the viscosity of bulk water and is dependent on the polar density of the surface 

(Sendner et al., 2009). Interfacial water molecules can only be entirely removed at 

190˚C under vacuum conditions (Zhuravlev, 2000). Another study did not find 

complete monolayer of water molecules formation on hydrophilic octanoic acid self-

assembled organic monolayer, i.e. patches of dry surface could still be observed (Szőri 

et al., 2010).  

 

Further water molecule adsorption from the atmosphere can result in nanoscale water 

droplets before leading to multilayer water molecules formation (James et al., 2011). 

The nanoscale water droplets formation could potentially be due to a monolayer of 

water molecules being optimally bonded with the hydrophilic surface (Björneholm et 

al., 2016). As such, there are no available OH- groups from the monolayer of water 

molecules to act as H+ donors for additional water molecules (Björneholm et al., 2016). 

Nonetheless, multiple layers of water molecules are found if excess H atoms are 

present on the surface as observed with copper (Björneholm et al., 2016). The 
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nanoscale water droplet formed on the monolayer of water molecules could be a 

clustering of 280 water molecules with 3 nm sized icosahedral structure (Gun’ko et 

al., 2005), which increases in size with time (James et al., 2011). James et al. (2011) 

explained the water droplet formation is akin to two simultaneous processes—droplet 

coalescence or nucleation and Ostwald ripening (small droplet diffuses into larger 

droplet)—observed in the studies of water in hydrocarbon emulsion (Jiao and Burgess, 

2003; Tadros, 2013). Further water molecule adsorption on the monolayer of water 

molecules leads to entire surface coverage by 3D water nanodroplets. This results in 

multilayer water molecule formation with the fifth layer of water molecules beginning 

to exhibit a liquid-like behaviour, indicating condensation of water molecules (Asay 

and Kim, 2005; Björneholm et al., 2016).  

 

The number of layers of water molecules adsorbed on a hydrophilic surface increases 

in stages with atmospheric relative humidity (Asay and Kim, 2005, 2006; James et al., 

2011). Specifically, three layers of ice-like water molecules were rapidly formed at 

the initial stage as relative humidity increased from 0% to 30% (Asay and Kim, 2005). 

Water molecules then experienced a transitional change from an ice-like into a liquid-

like behaviour in the fourth layer. The fourth layer then developed slowly between 30% 

and 60% relative humidity. The ice-like behaviour of the water molecules still 

dominated in the fourth layer until it reached saturation at 60% relative humidity; some 

liquid-like water molecules were observed in the fourth layer in conjunction with the 

ice-like water molecules. Liquid-like water molecules then dominated in the fifth layer 

at relative humidity above 60%.  In natural soil, however, pure water molecular layer 

may not exist due to the presence of salt and soluble organic compounds. Only six 

water molecules are required to dissolve a NaCl molecule (Jungwirth, 2000). 
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Consequently, the thickness of the surface adsorbed water molecules can be influenced 

by and decreases with salt concentration,  with further decrease in the thickness of the 

surface adsorbed water molecules by increasing cation valency (Read and Kitchener, 

1969).  

 

2.5.3.  Water vapour adsorption on a hydrophobic surface 

 

Atmospheric water molecules have been found to not adsorb onto hydrophobic surface 

under ambient conditions for several weeks, but was found to saturate a rough 

hydrophobic surface (surface roughness of 145–160 Å) in approximately 30 minutes 

when the relative humidity exceeded 77% (James et al., 2011). However, recent 

studies have reported water molecules are able to adsorb onto a hydrophobic surface, 

albeit  to a lesser extent than a hydrophilic surface due to its limited electron donor or 

acceptor sites (Johansson et al., 2019). The interaction of water molecules with a 

hydrophobic surface is influenced by the underlying adsorbent, as the structure of the 

hydrophobic layer is dependent on the nature of the adsorbent. Depending on the 

structure of the hydrophobic layer, hydrogen bonds are established between water 

molecules and hydrophobic surface through pairing the electrons with the limited 

electron donor or acceptor sites that the water molecules could locate from the 

hydrophobic surface (Johansson et al., 2019). Consequently, hydrophobic surfaces 

(though they are weak electron donors or acceptors) will still naturally adsorb water 

molecules under ambient conditions; hence, a hydrophobic surface may also never be 

devoid of water molecules (James et al., 2011). 
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Water molecules do not progressively adsorb on a hydrophobic surface when 

compared to a hydrophilic surface. A monolayer of water molecules does not form on 

a hydrophobic surface even at 90% relative humidity as there are insufficient hydrogen 

binding sites (Thomas et al., 1999; Chen et al., 2018). Adsorbed water molecules are 

not ice-like and are able to diffuse with ease on the surface as they are not hydrogen 

bonded (Sendner et al., 2009; Chen et al., 2018; Johansson et al., 2019). The adsorbed 

water molecules diffuse on the hydrophobic surface until they locate a hydrogen 

binding site (Johansson et al., 2019), potentially forming nanodroplets of water 

molecules and then growing in size with time (James et al., 2011). These nanodroplets 

only reside on an approximately two percent of the total hydrophobic surface area 

(James et al., 2011).  

 

The adsorption of water molecules on a hydrophobic surface is reversible and 

dependent on whether the hydrophobic surface is a solid or a liquid (Johansson et al., 

2019). Water molecules desorbed from a solid hydrophobic surface within a few 

milliseconds, whereas they diffuse rapidly to locate electron donors or acceptor sites 

and form hydrogen bonding with the liquid hydrophobic surface within a hundred of 

picosecond (Johansson et al., 2019). By contrast, no noticeable water molecules were 

found to be adsorbed on either smooth or slightly uneven liquid hydrophobic surfaces 

before exposure to high relative humidity where water condensation started occurring 

(Szőri et al., 2010). Other studies observed penetration of water molecules into the 

liquid hydrophobic surface and adsorbed on the adsorbent, which resulted in partial 

detachment, but not complete removal of the liquid hydrophobic layer from the 

adsorbent (Zhang et al., 2014). Johansson et al. (2019) and Thomas et al. (1999) gave 

further insights into how the water molecules adsorb and penetrate the hydrophobic 
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organic layer. They explained the water molecules locate the weak electron donor (or 

acceptor sites) and form hydrogen bonds with the hydrophobic organic layer, which 

then results in a small clustering (tens to hundreds of water molecules; Szőri et al., 

2010) of water molecules on the hydrophobic organic layer’s surface. However, the 

penetration of water molecules into the hydrophobic organic layer only occurs if the 

hydrophobic surface has defects or high roughness(Thomas et al., 1999; Johansson et 

al., 2019). Other studies suggest water molecules do not penetrate the hydrophobic 

organic layer and instead pinhole defects within the hydrophobic organic layer allow 

direct access of water molecules to the adsorbent surface (Hopkins et al., 2011). The 

adsorption of water molecules on a hydrophobic surface can be further complicated 

by the presence of salt and also by the different composition of organic compounds 

found in the soil. 

 

2.5.4.  Water vapour adsorption on a heterogeneous surface 

 

Atmospheric water molecules adsorb concomitantly on both the hydrophilic and 

hydrophobic domains of a heterogeneous surface. Increased water molecules 

adsorption was observed on both domains on a heterogeneous surface at increasing 

relative humidity (Sumner et al., 2004), but preferentially adsorbed on hydrophilic 

rather than hydrophobic domains (Beysens, 1995; James et al., 2011; White et al., 

2013; Kajiya et al., 2016). Fractions of the hydrophilic domains on a heterogeneous 

surface serve as nucleation sites where water molecules adsorb and form clusters of 

increasing size over time on the hydrophilic domains (Szőri et al., 2010; Tarasevich, 

2011). A water film will form if the fraction of hydrophilic domains on a 

heterogeneous surface increase. At the same time, water molecules adsorbed on the 
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hydrophobic domains may nucleate and diffuse towards the hydrophilic domain 

(Sendner et al., 2009; Szőri et al., 2010; Tarasevich and Aksenenko, 2015; Kajiya et 

al., 2016; Chen et al., 2018; Johansson et al., 2019). When the hydrophilic domain is 

saturated with water molecules, the water film eventually bridges and spreads over the 

hydrophobic domains, covering the entire heterogeneous surface (Szőri et al., 2010; 

Kajiya et al., 2016). 

 

2.6.  Surface energy  

 

The work done per unit surface area applied to split the surface layer is defined as 

surface energy. In terms of force, surface energy is the surplus force to be applied per 

unit length to split the surface layer (Kuznetsov, 1957; Coussy, 2010). It is a property 

of the outermost surface layer of a body and is sometimes known as surplus energy 

when compared to the energy within a body (Kuznetsov, 1957). The outermost surface 

layer has a surplus energy and experiences only attractive intra- or inter-molecular 

forces from within the body. There are no atoms or molecules above the surface to 

exert attractive forces on it, hence a net inward pulling force. The surface energy can 

also be understood as a result of the incomplete bonding on the surface. The outermost 

surface layer can be stabilised by bonding with adsorptives to minimise the net inward 

pulling force and thus reaching a new equilibrium.  

 

The surface energy (often used interchangeably with surface tension) is denoted by 

the symbol γ. The symbol of the surface energy for solids is denoted as γs. Its unit is 

given by mJ/m2 or erg/cm2. Whereas, the symbol of the surface energy for liquid is 

denoted as γl. Its unit is given by mN/m or dyn/cm. The γl is numerical and 
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dimensionally equivalent to the free energy of the surface, or simply surface free 

energy (Israelachvili, 2011).  

 

Surface energy of an uncontaminated surface is dependent on inter- and intra-

molecular forces (Israelachvili, 2011) and can be influenced when the surface is 

contaminated. For example, the surface energy of an uncontaminated surface is high 

if the inter- and intra-molecular forces are strong; the surface energy is low if the inter 

and intramolecular forces are weak. Intermolecular forces such as hydrogen bonds 

were found to influence surface energy, where limited hydrogen bonds result in a 

decreased in surface energy (Luzar et al., 1983).  Likewise, surface energy is low if 

intramolecular forces such as a metallic bond is weak (Israelachvili, 2011). However, 

the surface energy of a surface (e.g. soil particle) decreases when the surface is 

adsorbed with contaminants such as water molecules (Adolphs, 2005; Israelachvili, 

2011) or organic compounds (Lim et al., 2008; Huang et al., 2014). 

 

Surface energy consists of two components, a non-polar and a polar component (Das 

et al., 2011; Joud and Barthes-Labrousse, 2015). The non-polar component is 

commonly known as dispersive energy, which is known to be due to Lifshitz-van der 

Waals forces such as Keesom (permanent dipole and permanent dipole), Debye 

(dipole and induced dipole) and London dispersion (induced dipole and induced 

dipole). The polar component is commonly known as specific surface energy, which 

is known to be due to hydrogen bonding or Lewis acid and base interactions (Planinšek 

et al., 2001; Das et al., 2011; Joud and Barthes-Labrousse, 2015).  
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Surface energy is related to interfacial energy. Interfacial energy or interfacial tension 

is the free energy of two immiscible liquids or between a solid and a liquid interface 

(Israelachvili, 2011). The interfacial energy between a solid and a liquid interface 

denoted with γsl can be explained by Dupré equation: 

 

 Γsl= γs+ γl – Wsl 

 

where γs is the surface energy of the solid, γl is the surface energy of the liquid, and 

Wsl is the work done in bringing the solid and liquid into contact. Surface energy of 

both the solid and liquid as demonstrated by Dupré equation influences the interfacial 

energy and is one of the fundamentals of Young-Laplace equation to define surface 

wettability. In other words, surface energy is the key parameter for solid surface 

characterisation (Kozbial et al., 2014).  

 

2.6.1.  Surface energy of hydrophilic, hydrophobic and heterogeneous adsorbent 

 

Hydrophilic surfaces are commonly known to exhibit high surface energy 

(Israelachvili, 2011) when compared to organic compound such as octane (21.8 

mJ/m2). Hydrophilic surface commonly found in soil such as aluminium and iron are 

hydrophilic and these metals have high surface energy, with 1100 mJ/m2 for 

aluminium and 2400 mJ/m2 for iron at 300 K or 26.85˚C. The high surface energy of 

the metals is dominantly due to the strong metallic bonds. The surface energy of metals 

however decreases with increasing temperature as the intramolecular forces are 

weakened. Amorphous minerals with decreased crystalline structure or defects in 

crystal lattice have weakened intramolecular forces and hence, a decrease in surface 
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energy (Israelachvili, 2011; Tavakoli et al., 2013; Sharma et al., 2017). In general, 

high surface energy has been determined for soil inorganic minerals such as quartz 

(400–1150 mJ/m2; Parks, 1984) and kaolinite (619.5 mJ/m2; Salles et al., 2006). The 

high surface energy of dry minerals such as mica can decreased dramatically (from 

4500 to 300 mJ/m2) if water molecules adsorb onto the surface.   

 

Hydrophobic surfaces are known to exhibit low surface energy (Israelachvili, 2011). 

Hydrophobic surface of organic compounds such as alkanes and aromatic compounds 

often have surface energy lower than water (73 mJ/m2; Israelachvili, 2011). Contrary 

to metals, organic compounds such as lactose have higher surface energy in their 

amorphous (57.4 ± 7.9 mJ/m2) than crystalline state (23.3 ± 2.3 mJ/m2; Newell et al., 

2001; Zhang et al., 2006), indicating the decrease in surface energy is due to an 

increasing crystallinity in the structure of the lactose. Consequently, the molecular 

arrangement of soil organic compounds associated with SWR and the change in crystal 

structure could result in different surface energy.  

 

Detailed studies of the average surface energy of a heterogeneous sample, e.g. soil, 

consisting of few adsorbent fractions (i.e. each with different surface energy) remains 

a challenge. The average dispersive energy known as effective dispersive surface 

energy was found to be related to the surface energy distribution by a square root linear 

relationship, which is strongly governed by the specific surface area of each 

adsorbent’s fraction (Sun and Berg, 2003). The effective dispersive surface energy 

explained by a square root linear relationship, however, is not applicable to porous 

surfaces (Sun and Berg, 2003). No studies have investigated the effective specific 

surface energy of the adsorbents on heterogeneous surface. Goebel et al., (2004) has 
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determined the surface energy of Luvisolic soil by contact angle method but they used 

sieved soil (<1 mm, 1–2 mm, 2–4 mm). Nevertheless, the average surface energy and 

surface energy heterogeneity of a soil sample (<2 mm) consisting different adsorbent 

fractions can be easily determined using inverse gas chromatography (iGC; see 

Section 2.6.2).  

 

2.6.2.  Surface energy determination  

 

Surface energy of a soil can either be measured directly or indirectly. Direct surface 

energy measurement includes atomic force microscopy, however it is extremely 

localised (lateral resolution ~100 nm; Lamprou et al., 2010), topographic dependent 

(Ho and Heng, 2013) and thus does not represent a bulk sample well unless the entire 

surface is uniform in surface energy. The most common indirect surface energy 

measurement is via contact angle (e.g. Park and Kim, 1994; Kozbial et al., 2014; 

Kolodin and Bulavchenko, 2019), followed by inverse gas chromatography (iGC) (e.g. 

Dove et al., 1996; Pérez-Mendoza et al., 2008; Mohammad, 2015) and the less popular 

technique of differential scanning calorimetry (Mahr, 1970; Shen et al., 1999; Hayun 

et al., 2011).  

 

Surface energy determined by the contact angle technique (Kloubek, 1992) has several 

drawbacks when compared to iGC. Surface energy calculated from contact angle 

varies is dependent on  the model applied (e.g. Fowkes model, Owens–Wendt model 

or Neumann model; Kozbial, 2014). The surface energy calculation from contact angle 

can be further complicated by the technique used to measure the contact angle. 

Inconsistent contact angle results were shown among either sessile drop method, 
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Wilhelmy plate method, or Washburn’s capillary rise method (Bachmann et al., 2003; 

Shang et al., 2008). In addition, contact angle measurement requires a uniformly flat 

surface that is best achieved using finely sieved soil (<200-µm)  (Bachmann et al., 

2000), which is not representative of the bulk soil (<2-mm) and excludes the 

contribution of the coarse fraction to SWR. In contrast, iGC does not require a flat 

surface and is capable of analysing coarse samples (e.g. <2-mm). Measurement by 

iGC can be conducted under a desired and well-controlled temperature and relative 

humidity. Consequently, the merits of iGC has earned itself significant recognition in 

surface characterisation of solids in either powder, fibres, films, nanoparticles and 

semi-solids form (Mohammadi-Jam et al., 2014). However, iGC has never been 

employed for studying the surface energy of soils.  

 

Comparison between contact angle and inverse gas chromatography determination of 

dispersive surface energy have been made (for materials other than soil). In inverse 

gas chromatography, the sample is in a stationary phase, as opposed to conventional 

gas chromatography, and analysed by volatile gases of known physico-chemical 

properties (Mohammadi-Jam and Waters, 2014). Findings have been inconsistent, 

with some reporting good agreement  (Dove et al., 1996; Shen et al., 1999; Planinšek 

et al., 2001; Yao et al., 2017) and others poor agreement (Ahfat et al., 2000; 

Papadopoulou et al., 2010) between the two methods. Poor agreement between the 

two methods is often explained by the systematically higher surface energy obtained 

from iGC than the contact angle technique (Ahfat et al., 2000; Papadopoulou et al., 

2010), as iGC examines predominantly the high energy sites of the surface at low 

surface coverage of the sample (Das et al., 2011), whereas contact angle is averaging 

the surface energy of the area of the surface investigated (Ahfat et al., 2000). The 
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interface between solid and air or vacuum may also explain the differences reported 

by the two techniques. For example, the lower surface energy determined by contact 

angle when compared to iGC could be due to the airborne or adventitious 

contaminants on the surface as contact angle measurements are often not performed 

in a dry clean chamber (Ahfat et al., 2000; Papadopoulou et al., 2010). This is 

supported by Maruyama et al., (2015), who found the contact angle measured for an 

adventitious contaminated rutile (TiO2) single crystal surface was approximately 25˚ 

greater than when the measurement was performed under vacuum. The inconsistency 

between the two techniques can also be ascribed to the different kind of liquids chosen 

for the investigation, where not using highly non-polar liquids produced poor 

agreement between the two results (Planinšek et al., 2001). As for the polar component 

of the surface energy, no comparative studies have been conducted for specific surface 

energy between the two techniques. Nevertheless, surface energy measured by iGC is 

more preferable than contact angle technique as the contact angle is strongly 

dependent on the droplet size (Kim et al., 2016), type of liquid droplet applied, and 

the measurement is localised to the investigated area (Khodakarami et al., 2019). 

Whereas, iGC not only measures the surface energy of the entire sample (e.g. 500 mg), 

but also its surface energy distribution (Das et al., 2011), and hence the surface energy 

heterogeneity of the sample can be determined.  

 

The surface energy of an adsorbent evaluated by iGC is determined under the principle 

whereby the adsorbent surface is probed by a series of adsorptives of nonpolar and 

polar vapour molecules. The retention time of the adsorptives on the adsorbent is 

measured to assess surface physicochemical interactions. The dispersive surface 

energy is calculated from the retention time via Dorris-Gray or Schultz methods 
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(Dorris and Gray, 1980; Schultz et al., 1987) while the specific surface energy is 

calculated from the retention volumes of the polar molecules (Das et al., 2011). 

Comprehensive working principle of iGC is given elsewhere (Ho and Heng, 2013; 

Mohammadi-Jam and Waters, 2014).  

 

2.7.  Research gaps 

 

Our understanding of how drying temperature influences SWR remains unresolved. 

This is because SWR studies have not acknowledged that the range of soil drying 

temperatures used by researchers to dry their soils may cause a variation in the residual 

soil water content after drying and in turn result in inconsistent SWR measurements. 

Consequently, it is difficult to ascertain whether the observed SWR response is due to 

a temperature effect or a confounding effect from both temperature and residual soil 

water content. This is further complicated by the involvement of time, as a longer 

drying times are often used when drying soils at low temperatures.  A long drying time 

subjects soil to extended air exposure may also allow further oxidation of organic 

matter and affect SWR. An alternative drying technique is needed to reconcile these 

issues and an investigation into the oxic (presence of oxygen) and anoxic (absence of 

oxygen) effect on SWR during soil drying is warranted. 

 

Both the influence of soil drying temperature and incubation temperature (temperature 

maintained during experimentation) on the resultant SWR when investigating the 

response of SWR to increasing soil water content also needs to be re-evaluated. This 

is because the temperature the soil is dried after soil water content treatments have 

been applied has not been controlled in earlier studies (King, 1981; de Jonge et al., 
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1999; Hermansen et al., 2019); likely leading to variable relationships between SWR 

and increasing soil water content observed in the literature (Dekker et al., 1998). For 

example, soil dried at 20˚C and following an experiment investigating the effect of 

soil water content on SWR, may have different SWR response to soil dried at 105˚C. 

Investigating the effect of incubation temperature may also contribute to an 

understanding of how the resultant SWR responds to soil water content at certain 

temperature, but is currently lacking. Furthermore, variable soil water content 

achieved from different approaches to achieving a particular soil water content (e.g. 

wetting versus drying soil samples) introduces a further complication due to SWR 

hysteresis (Li et al., 2016). Stringent experimental control is necessary when 

systematically investigating the effect of soil drying temperature and incubation 

temperature on the relationship between SWR and soil water content.   

  

Several mechanisms have been postulated to explain why SWR increased with soil 

water content, however, no experimental evidence has been presented to-date. The 

potential contribution of the less hydrophilic ‘ice-like’ monolayer of water molecules 

to increasing SWR response (Goebel et al., 2004) has not been evaluated. Although 

monolayer water content of water repellent soil has been determined from the water 

adsorption isotherm (Orfanus et al., 2017), it was not used to understand why SWR 

increases with soil water content. Further mechanistic insight could be inferred if the 

water adsorption isotherm is compared with the relationship found between SWR and 

soil water content to approximate whether the increase in SWR occurs at a monolayer 

water content.  
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Understanding the relationship between surface energy of water repellent soil and 

relative humidity may reveal the processes occurring on the surface of soil mineral 

particles. For example, a decrease in surface energy with relative humidity (Goebel et 

al., 2004) potentially indicates chemical changes to the organic compounds induced 

by water molecules. In addition, changes in surface energy homogeneity may 

demonstrate redistribution of organic compounds on the surface of soil mineral 

particles. More research is required on the topic, and the use of iGC for SWR studies 

may assist to test these hypotheses.  

 

2.8.  Conclusions 

 

The phenomenon of SWR was first reported in the 19th century (DeBano, 2000 and 

references cited therein). However, the underlying mechanisms of SWR expression, 

and its variation due to a range of specific factors, continues to remain elusive due to 

the inconsistent SWR found in the literature. The inconsistent SWR, in particular the 

relationship between SWR and soil water content below the wilting point, could be 

due to different soil preparation techniques before conducting SWR measurements or 

anlaysis, the conditions that the soil is exposed to during experimentation or during 

SWR measurement.  

 

Soil water repellency is caused by the organic compounds from either natural or 

anthropogenic sources, contaminating the surfaces of soil minerals, which could then 

undergo changes by various factors such as pH, surface charge, ionic strength, 

temperature and soil water content. These factors should not be considered to induce 
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a singular effect on SWR, however, studies on how multi-interaction among these 

factors affecting the overall expression of SWR is currently lacking.  

 

Temperature and soil water content are considered as the two dominant extrinsic 

factors to soil that could affect subsequent SWR measurement during soil preparation. 

Organic compounds are susceptible to changes under different temperature treatments 

but the soil drying temperature varies from one study to another. No common soil 

drying protocol is available to date, resulting in a great challenge to make comparison 

among SWR studies found in the literature. Soil water content has been found to result 

in a non-linear SWR response and due to the various drying temperature employed in 

former studies, it is difficult to understand why SWR increases at low soil water 

content. Quantitative evidence is still lacking to support the proposed mechanisms for 

explaining why SWR increases at low soil water content. Understanding of how water 

molecules in the atmosphere are adsorbed, forming layers of water molecules on the 

soil particle surface, which thus increase the soil water content may help us to better 

evaluate these mechanisms.  

 

Water vapour adsorption in water repellent soil is a complex process, as surfaces of 

hydrophilic and hydrophobic domains can be found. Atmospheric water molecules 

adsorb concomitantly on both the hydrophilic and hydrophobic domains of a 

heterogeneous surface, with the water molecules preferentially adsorbed on a 

hydrophilic surface than a hydrophobic surface. Mechanistic insight of these water 

adsorption process influences SWR may be assisted by understanding the surface 

energy of the soil, which can be measured by iGC. The surface energy consists of a 

non-polar (due to Lifshitz van der Waals forces) and a polar (due to hydrogen bonding 
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or Lewis acid and base interactions) components. Understanding what intermolecular 

forces responsible for the increase of SWR with increasing soil water content may 

potentially help us to identify the underlying mechanism. 
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3  Vacuum drying water repellent soil: Anoxic 

conditions retain original soil water repellency under 

variable soil drying temperature and air pressure 

 

3.1.  Abstract 

 

 Monitoring land degradation due to soil water repellency (SWR) through space and 

time is often complicated by different soil drying temperatures and drying times that 

generate artefacts causing inconsistent SWR results. The overall objective was to 

develop a reproducible soil drying method at room temperature for the severity of 

potential SWR determination. Firstly, conventional 105˚C oven drying under oxic 

conditions (101.3 kPa) was compared with vacuum drying under anoxic conditions 

(20˚C and low air pressure 1.3 kPa) and showed that both drying methods removed 

the same amount of water from soil. The effect of atmosphere (anoxic or oxic), 

temperature (20˚C or 105˚C) and air pressure (1.3 kPa or 101.3 kPa) on SWR and 

residual soil water content after drying was investigated using a complete factorial 

design. It was hypothesised that, 1) SWR will decrease with low air pressure under 

both oxic and anoxic conditions; 2) SWR will remain unchanged with temperature 

under anoxic conditions; and 3) the residual soil water content will be highest under 

conventional air drying treatments. The soil used was sieved, field moist soil (< 2 mm) 

that had been collected from a cropping field. Fisher’s least significant difference 

showed that SWR, determined by the molarity of ethanol droplet (MED) test, was 

unchanged following drying under anoxic conditions, but decreased significantly 
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under oxic conditions at either high temperature (from ~MED 1.58 to 1.34 M) or low 

air pressure (from ~MED 1.58 to 1.42 M). Vacuum drying water repellent soil was 

recommended under anoxic conditions at 20˚C and 1.3 kPa when assessing SWR. 

 

3.2.  Introduction 

 

Water repellency is widespread globally (Goebel et al., 2011) and is expected to 

increase with climate change (Meehl et al., 2007). This is due to an expected increase 

in extreme temperature events and increased frequency of wet-dry cycles, both of 

which increase SWR (Ritsema and Dekker, 2003; Misra, 2014). Water and food 

security could be subjected to increasing stress as further SWR impedes water 

infiltration (Doerr and Ritsema, 2006); leading to less water and nutrients transfer 

from soil to plant (Dekker and Ritsema, 1994; Jordán et al., 2009; Roper et al., 2015). 

Other environmental impacts of SWR, such as surface runoff and soil erosion, have 

also been reported (De Ploey and Poesen, 1985; Shakesby et al., 2000; Leighton-

Boyce et al., 2007). Regular assessment of the extent of soil water repellency (SWR) 

over time and space is required in order to effectively manage water for agricultural 

production (e.g. targeted surfactant use; Crabtree and Gilkes, 1999; Crabtree and 

Henderson, 1999) and natural ecosystems (e.g. to manage water and sediment run-off 

into streams; Keesstra et al., 2017). However, routine laboratory assessment of SWR 

can be challenging as results can vary depending on the soil drying temperature used 

prior to SWR analysis. Understanding the effect of soil drying on SWR is needed for 

developing a reproducible method for assessing SWR.    
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Soils are often dried prior to physical and chemical analyses, and different drying 

temperatures and drying times may cause variability in soil physico-chemical 

properties such as SWR.  Soil water repellency has been reported to either increase 

(Franco et al., 1995; Dekker et al., 1998); decrease (Dekker et al., 1998; Ziogas et al., 

2005) or not significantly change with drying temperature (Ritsema et al., 1997). 

Morphological findings and elemental analyses indicated the increased SWR 

following drying was due to an increased surface coverage on the sand grains by 

hydrophobic organic compounds (Dekker et al., 1998).  However, no evidence of 

decreased surface coverage on the sand grains by hydrophobic organic compounds 

was obtained to account for the decreased SWR after drying at increasing temperature. 

The decreased SWR in response to increasing drying temperature could be due to loss 

of hydrophobic organic compounds from the surface of soil particles through 

volatilisation. For example, stearic acid, which artificially induces SWR (Wander, 

1949; Lichner et al., 2006; Lourenço et al., 2015) volatilises slowly at 90–100˚C 

(www.rsc.org/Merck-Index/monograph/m10200). Volatilisation can also be increased 

through decreasing the air pressure (Anon, 1882) or by decreasing the latent heat of 

vaporisation through increasing drying temperature (Legates, 2005). The chemical 

property of organic compounds changes with temperature where increasing 

temperature increases vapour pressure and also the rate of volatilisation of organic 

compounds (Lyman et al., 1990; Voutsas, 2007). Here, investigation was performed 

to find out whether SWR altered due to volatilisation of hydrophobic organic 

compounds at increasing drying temperature by comparing the water repellency 

between soils dried at low (e.g. 20˚C) and high (105˚C) temperature. Low drying 

temperature (20˚C) often requires a longer drying period (1–2 weeks) than oven drying 

at greater temperatures (105˚C) (Carter and Gregorich, 2006), and results in greater 
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residual soil water content (rSWC; amount of water remained in the soil after drying) 

than high drying temperature (Beal, 2013). Consequently, comparing low and high 

drying temperature effects on SWR is confounded by drying time and rSWC. In 

another words, it is not possible to ascribe differences in SWR, if any, to temperature 

because the drying duration and rSWC are not controlled. Vacuum drying may be one 

way to overcome this problem.  

 

Vacuum drying is an alternative technique to high temperature drying that vaporises 

water under decreased air pressure and at low temperature (20˚C) and low air pressure 

(1.3 kPa) (Wagner et al., 1994; Richter Reis, 2014). The chamber of the vacuum oven 

can be either oxic or anoxic depending on the purging gas used during the drying 

process. Vacuum drying at low temperature is occasionally used to dry soils (Yamada, 

1992; Walker et al., 1994), however studies are lacking to determine if soil under 

vacuum drying results in the same soil water content to soil under conventional oven 

drying (105˚C, 101.3 kPa). Furthermore, the effect of anoxic conditions and the 

decreased air pressure on SWR is also currently unknown.  

 

Studies of autoxidation of oils (Sawarkar, 1966) suggest vacuum drying soils under 

anoxic conditions may be a promising alternative to drying soils under oxic conditions 

at high temperatures when determining SWR. This is because drying under anoxic 

conditions may potentially cause less chemical changes to the organic compounds 

when compared to oxic conditions. The autoxidation of pure oils under anoxic 

conditions (dry N2 at 100˚C) did not cause a significant loss in sample mass nor the 

production of CO2  (Sawarkar, 1966). However, the same study reported a significant 

production of CO2 by 0.0182 % for each gram of pure oils after 50 h exposure under 
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oxic conditions (Sawarkar, 1966). These findings suggest SWR might not change 

under anoxic conditions but decrease under oxic conditions. Hence, the effect of 

anoxic and oxic conditions at various drying temperatures and air pressures on SWR 

warrants further investigation.  

 

The objective of this study was to establish a reproducible soil drying technique for 

SWR determination in coarse-textured sand. Firstly, investigation was performed to 

find out whether soil water content determined after vacuum drying under anoxic 

conditions (20˚C, 1.3 kPa) is comparable to the soil water content following 

conventional oven drying under oxic conditions (105˚C, 101.3 kPa). Examination was 

then conducted to understand how different atmospheres (oxic and anoxic), 

temperatures (20˚C or 105˚C), and air pressures (1.3 or 101.3 kPa) influenced SWR 

and rSWC. It was hypothesised that under anoxic conditions, SWR would not change 

with drying temperature, but would decrease at 1.3 kPa compared with 101.3 kPa. 

Under oxic conditions, SWR would decrease with high temperature and low air 

pressure. The rSWC after drying was hypothesised to be greatest under oxic drying at 

20˚C and 101.3 kPa (i.e. air drying) relative to other drying techniques investigated. 

Whereas, the soil water content between vacuum and conventional oven drying would 

be equivalent. 
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3.3.  Materials and methods 

 

3.3.1.  Soil and site 

 

The Ap horizon (0-5 cm) of a coarse-textured sand was collected from an agricultural 

field near Pingrup in Western Australia (33°30'30"S, 118°28'40"E) on either the 22nd 

November 2017 (spring; soil used in the first experiment described in 2.2.1) or 14th 

June 2018  (winter; used in the second experiment described in 2.2.1). The soil 

collected in November was moderately water repellent (MED 2.0±0.0 M; 1.30±0.04% 

volumetric water content), while the soil collected in June was not water repellent 

(MED 0.0 ±0.0 M; 2.98±0.02% volumetric water content), when the SWR was 

measured at moisture content found in the field. The soil collected in November was 

subsequently stored at room temperature (22.5±2.5˚C) prior to experimentation, 

whereas the soil collected in June was stored at 4±0.5˚C in a temperature-controlled 

room to restrict microbial growth. The cropping soil is a Petroferric Brown Sodosol 

(Isbell, 2016) or Ferric Lixisol (FAO/WRB, 2014) and selected soil characteristics are 

presented in Table 3.1. The sampling site experiences a cold semi-arid climate (BSk 

in Köppen-Geiger classification), with cool wet winters and hot dry summers. 

 

3.3.2.   Experimental design and approach 

 

3.3.2.1. Effect of drying techniques on soil water content  

 

The experiment included two drying treatments on field-moist soil: vacuum (under 

anoxic conditions at 20˚C and 1.3 kPa) and conventional oven (under oxic conditions 
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at 105˚C and 101.3 kPa) and 41 replicates. The drying treatments were performed 

simultaneously for two days. The rationale for the chosen drying temperature was that 

SWR rating is often generated from measurement performed at 20˚C (King, 1981; 

Doerr et al., 2009; Karunarathna et al., 2010b, 2010a), while the greatest temperature 

the soil samples have been dried at is 105˚C prior to SWR analyses (Carter and 

Gregorich, 2006). The air pressure of 1.3 kPa was chosen on the basis of the triple 

point of water where water exists as vapour at 20˚C and 1.3 kPa (Wagner et al., 1994). 

The drying duration was chosen as soil reaches constant mass in two days at 105˚C 

(Carter and Gregorich, 2006). The number of replicates was selected as a preliminary 

experiment concluded that 41 replicates was required to detect a small change in 

gravimetric water content of 0.12% (power > 0.80) between the two drying treatments.  

 

Field-moist soil was sieved (<2 mm) and packed in 82 small retaining rings (38 mm 

diameter, 20 mm depth). A matric potential of 0.1 MPa was applied using a pressure 

plate apparatus. Once soil reached equilibrium at 0.1 MPa, approximately 24 g of soil 

was transferred to 82 glass petri dishes (90 mm in diameter, 15 mm depth) to obtain 

41 replicates for each drying treatment. Soil was then dried for two days before 

determining gravimetric water content. The protocols for the various drying treatments 

are provided in Section 3.3.3. 

 

3.3.2.2.  Effect of atmosphere, temperature and air pressure on soil water repellency  

 

The influence of atmosphere during drying, temperature and air pressure on SWR was 

investigated in the laboratory using a factorial design. The experiment included drying 

field-moist soil under two atmospheres (oxic or anoxic), two temperatures (20˚C or 
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105˚C), and two air pressures (1.3 or 101.3 kPa), and included five replicates. 

Treatments were applied for two days, with the experiment conducted in eight random 

batches over a period of two weeks due to vacuum oven size. Field moist soil was used 

rather than re-wetting then applying drying treatments to a field sample that had 

already been dried. This is because a preliminary investigation showed the SWR 

changed (or disappeared) when the soil water content was artificially increased and 

subsequently dried (data not shown). Rationale for the chosen drying temperature, air 

pressure and drying duration is given in Section 3.3.2.1.  

 

Field moist soil was sieved (<2 mm) and equilibrated at 4˚C in a temperature 

controlled room for one day prior to conducting the experiment. The soil preparation 

was performed at a constant  temperature (4˚C) as alternating temperatures can cause 

changes in SWR (Fink et al., 1975). Soil was weighed (~30 g per replicate) into 40 

petri dishes (90 mm diameter, 15 mm depth), i.e. one petri dish per replicate treatment. 

The soil samples were then quickly transferred and dried at either 20˚C or 105˚C. The 

protocol for various drying treatments is provided in Section 3.3.3. After two days, 

SWR was determined for each sample using the method described in Section 3.3.4. 

The gravimetric rSWC was determined by conventional oven drying the soil again at 

105˚C for two days. 
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Table 3.1.  Selected soil properties of a cropped site near Pingrup, Western Australia (33°30'30"S, 118°28'40"E). 

Experiment MED a (M) SWC b (%) 
TC c (mg C/g 

dry soil) 
pH d EC e (µS/cm) BD f (g/cm3) Sand g (%) Silt g (%) Clay g (%) 

1 2.0 (0.2) 1.30 (0.04) 12.5 (0.8) 4.9 (0.0) 70.9 (1.4) 1.25 (0.01) 95.7 (0.3) 1.1 (0.1) 3.2 (0.2) 

2 0.0 (0.0) 2.98 (0.02) 13.6 (0.1) 4.9 (0.0) 143.7 (0.4) 1.50 (0.02) 94.5 (0.1) 1.2 (0.0) 4.3 (0.1) 

Values represent means (and standard error) of three replicates.  

a Soil water repellency measured by molarity ethanol droplet (MED) test (King, 1981). 

b Volumetric water content measured by time domain reflectometer (Campbell Scientific, Australia).  

c Total carbon (TC) content determined by dry combustion (Elementar Analysensysteme GmbH). 

d Soil pH measured in 0.01M CaCl2 at 1:5 soil to extract ratio (Rayment and Higginson, 1992). 

e Electrical conductivity (EC) measured in distilled water at 1:5 soil to extract ratio (Rayment and Higginson, 1992).  

f Bulk density determined after drying the soil at 105˚C (Mckenzie et al., 2002). 

g Particle size analysis determined by pipette method (Bowman et al., 2002).
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3.3.3.  Soil drying methodologies 

 

For drying under anoxic conditions at 1.3 kPa or 101.3 kPa, the vacuum drying oven 

was either set to 20˚C or 105˚C.  For drying at 1.3 kPa, a vacuum was applied to soil 

samples until the air pressure reached 1.3 kPa; thereafter, it was purged with dry N2 

under a vacuum. This lowered the relative humidity (water vapourising from soil 

increases the relative humidity) within the chamber. The purging step was repeated a 

few times until the chamber reached 1% relative humidity, which was monitored using 

a temperature and relative humidity datalogger (EL-21CFR-2-LCD, Lascar 

Electronics, Wiltshire, United Kingdom). A datalogger was not used to monitor 

temperature and relative humidity treatment for the 105˚C drying treatment, as the 

datalogger failed to work at this temperature. Once the chamber reached 1% relative 

humidity, all soil replicates were left inside the vacuum oven for two days (including 

time taken to adjust the relative humidity within the chamber). There was no change 

in the mass of the soil after two days when exposed to 1% relative humidity as found 

in a preliminary experiment (data not shown). For drying under anoxic conditions at 

101.3 kPa, the vacuum was not applied and instead, the chamber was continuously 

purged with N2 for two days. The soil was then removed from the chamber for SWR 

measurement and gravimetric rSWC determined after drying the soil again at 105˚C 

for two days. 

 

For drying under oxic conditions at 1.3 kPa, and at either 20˚C or 105˚C, the vacuum 

chamber was purged with dry compressed air to facilitate the drying process. Dry 

compressed air was used because the atmospheric air was humid (~59% relative 

humidity). For oxic drying at 101.3 kPa, the soil was either air-dried in a 20˚C 
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temperature-controlled room or at 105˚C using conventional drying oven. Following 

drying at 105˚C using conventional drying oven, soil samples were rapidly transferred 

to a vacuum desiccator (with silica desiccants) and cooled to 20±1˚C in a temperature-

controlled room prior to SWR and gravimetric water content determination. For soil 

dried in vacuum oven at 105˚C, the soil was cooled to 20˚C within the vacuum 

chamber before removing soils for determining SWR and gravimetric water content. 

Gravimetric rSWC was determined after drying the soil again at 105˚C for two days. 

 

3.3.4.  Soil analysis 

 

Soil water repellency was measured using MED (Letey, 1968; Watson and Letey,  

1970; King, 1981). The ethanol standard solutions (0 mol/L – 6 mol/L, in 0.2 mol/L 

increments) were equilibrated at 20±1˚C prior to any SWR measurement because 

studies have found the surface tension of ethanol solutions is negatively correlated to 

increasing temperature and will cause variability in SWR measurement (Bachmann 

and van der Ploeg, 2002). Furthermore, all soil samples after the drying treatment were 

equilibrated at 20±1˚C in a temperature-controlled room for at least 12 h prior to 

commencing SWR measurement as SWR is negatively influenced by increasing soil 

temperature (King, 1981). Droplets (40-µl) of the ethanol standard solutions were 

applied to the soil surface for each treatment (petri dish; King, 1981). The lowest 

ethanol molarity concentration that just infiltrated through the surface within 10 s was 

recorded, and MED was measured 15 times for each petri dish.  The average MED 

scores from the fifteen MED measurements was calculated and used for subsequent 

data analysis. 
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3.3.5.  Data analysis 

 

R software (https://www.r-project.org/) was used for all statistical analyses. The effect 

of different drying treatments on soil water content was determined using a one way 

t-test, after demonstrating that both groups had equal variance (P=0.654). The effect 

of different drying atmospheres, temperatures and air pressures on SWR and rSWC 

was assessed after first conducting the ‘Bartlett’ test to determine whether or not 

constant variance could be assumed for ANOVA. Three-way ANOVA was then 

performed. Fisher’s least significant difference (LSD) test with Holm adjustment was 

conducted for ANOVA comparison. All tests were conducted using an alpha level of 

0.05. 

 

3.4.  Results 

 

3.4.1.  Gravimetric water content under different drying treatments  

 

Soil water content did not differ between the two drying treatments (P=0.724). The 

average soil water content after vacuum drying (anoxic, 20˚C, 1.3 kPa) was 4.18±0.03% 

and the average soil water content after conventional oven drying (oxic, 105˚C, 101.3 

kPa) was 4.19±0.02% (Figure 3.1). 
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Figure 3.1. Gravimetric water content (%) of soil initially at matric potential of 0.1 
MPa followed by either vacuum drying under anoxic conditions at 20˚C and 1.3 kPa 
or oven drying under oxic conditions at 105˚C and 101.3 kPa. The horizontal line 
within the box is the median, the top and bottom of the box represent the upper and 
lower quartiles, and bars are 1st and 99th percentiles, n=41.  

 

3.4.2.  Response of SWR to different atmosphere, temperature and air pressure 

conditions during drying 

 

Soil water repellency varied with atmosphere, however the effect depended on the 

temperature and air pressure that the soil was dried (P=0.004; Table 3.2). Generally, 

drying soils under oxic conditions decreased SWR relative to anoxic conditions when 

the same temperature and air pressure was applied (Table 3.2). Under anoxic drying 

conditions, neither temperature nor air pressure affected SWR. In contrast, SWR 

following oxic drying conditions was affected by both temperature and air pressure 

(P<0.05; Table 3.2). Under oxic conditions, the resultant SWR did not differ between 

air pressure treatments when dried at 105˚C, but differed at 20˚C. Consequently, soils 
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dried under oxic conditions at 20˚C and 101.3 kPa had similar SWR with those dried 

under anoxic conditions (Table 3.2). 

 

Table 3.2. The effect of soil drying on soil water repellency (M) and gravimetric 

residual soil water content (rSWC%) after drying at different atmosphere, temperature 

and air pressure conditions. Values are means of five replicates. Residual soil water 

content is defined as soil water remaining after a drying treatment. 

Atmosphere Temperature 

(˚C) 

Air pressure 

(kPa) 

Soil water repellency 

(M) 

rSWC (%) 

Anoxic 20 1.3 1.62 a 0.058 c 

101.3 1.56 a 0.134 b 

105 1.3 1.58 a 0.062 c 

101.3 1.56 a 0.082 c 

Oxic 20 1.3 1.42 b 0.070 c 

101.3 1.64 a 0.600 a 

105 1.3 1.34 b 0.032 d  

101.3 1.34 b 0.080 c 

Fisher’s least significant difference equals 0.14 for soil water repellency and 0.029 for 

soil water content, both with a Holm adjustment, and alpha level of 0.05. 

Values followed by the same letter are not significantly different (P>0.05). 

 

The rSWC varied with atmosphere, however the effect was also dependent on the 

temperature and air pressure that the soil was dried (P<0.001; Table 3.2). Generally, 

rSWC was greater at 20˚C and 101.3 kPa, under both anoxic and oxic conditions, than 

at the other temperature and air pressure treatments. The greatest rSWC was found 

when soil was dried under oxic conditions at 20˚C and 101.3 kPa (i.e. air dried), 

followed by under anoxic conditions at 20˚C and 1.3 kPa. The lowest rSWC was found 

when soil was dried under oxic conditions at 105˚C and 1.3 kPa. The rSWC 
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determined under other drying treatments was similar to one another (Table 3.2). The 

low rSWC (<0.1%) after the conventional drying treatment at 105°C could potentially 

be due to water vapour adsorption by the soil from the humid ambient conditions 

during the time of measurement. 

 

3.5.   Discussion 

 

Vacuum drying under anoxic conditions at 20˚C and 1.3 kPa is suitable for drying 

water repellent sandy soil. The choice of soil drying under anoxic conditions at 20˚C 

and 1.3 kPa departs from current practice where soil drying under oxic conditions at 

105˚C and 101.3 kPa is favoured (Carter et al., 1994; Mckenzie et al., 2002; Carter 

and Gregorich, 2006). In this study, however, increasing drying temperature under 

oxic conditions from 20˚C to 105˚C at either 1.3 kPa or 101.3 kPa significantly 

decreased SWR. In comparison, SWR did not change under anoxic conditions in 

response to either drying temperature or air pressure. These findings partially support 

the hypothesis that SWR will not be altered under anoxic conditions by drying 

temperature, but does not support the hypothesis that SWR will decrease under anoxic 

conditions with decreasing air pressure. The decreased SWR under oxic conditions at 

increasing drying temperature is consistent with (Dekker et al., 1998), however the 

increased SWR they observed after drying at an increased drying temperature was not 

found in the present study. The results in this chapter suggest that some of the 

contradictory findings in the literature regarding the effect of temperature on SWR  

(e.g. Carter et al., 1994; Dekker et al., 1998; Ziogas et al., 2005) could be due to the 

presence of oxygen during the various temperature treatments. Furthermore, the soil 

water content determined by vacuum drying at 20˚C and 1.3 kPa is comparable to that 
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at 105˚C and 101.3 kPa, hence, supporting the second hypothesis. This further 

increases the confidence in drying soil under anoxic conditions prior to measuring 

SWR. Moreover, it is faster (requiring only two days) than the conventional air drying 

at 20˚C (~one-two weeks).  

 

The decreased SWR under oxic conditions at 105˚C is unlikely to be due to loss of 

hydrophobic organic compounds from the surface of soil particles through 

volatilisation. As volatilisation increases at an elevated temperature and at a decreased 

air pressure (Lyman et al., 1990; Legates, 2005; Voutsas, 2007), SWR should decrease 

if hydrophobic organic compounds were volatilised and removed from the soil. 

However, the decreased SWR was not observed in the present study under anoxic 

conditions at either temperatures or air pressures, but was found under oxic conditions 

when soil was dried at 105˚C and 1.3 kPa. If the decreased SWR is due to hydrophobic 

organic compounds being volatilised from the soil at 105˚C and 1.3 kPa during drying 

under oxic conditions, it should similarly occur when soil was dried under anoxic 

conditions; yet, SWR remained unchanged.  

 

Differences in SWR between drying treatments under oxic and anoxic conditions at 

105˚C and at both air pressures, 1.3 kPa and 101.3 kPa, could be due to autoxidation 

of hydrophobic organic compounds. The increased temperature under oxic conditions 

may promote the autoxidation of hydrophobic organic compounds in the soil used in 

the present study (Sawarkar, 1966) but unlikely to occur in natural soil as a study 

found that the soil organic fraction began to oxidise at 80˚C (O’Kelly, 2004). 

Autoxidation of long chain hydrophobic organic compounds could result in the 

formation of short organic molecules because low SWR was found to associated with 
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short organic molecules (Ma’shum, 1988). The autoxidation process can be promoted 

by catalysts (Ellis, 1932; Brodnitz, 1968) and could potentially have occurred in these 

experiments as soil is known to contain traces of natural catalysts such as clay minerals, 

metal oxides and (oxy)hydroxides, and dissolved metals (Doerr et al., 2011). However, 

the autoxidation of hydrophobic organic compounds would be inhibited under anoxic 

conditions, and this is supported by observations that SWR remained unchanged 

(Table 3.2). In contrast, Atanassova et al. (2012) observed that SWR increased under 

anoxic conditions, which could be due to the extreme temperatures used in their study; 

their soils were heated to 530˚C (5–30 mins) and 550˚C (2–4 mins). Such anoxic 

conditions often occur during wildfire or prescribed fire events (Bryant et al., 2005). 

 

The choice of drying method is critical as demonstrated when comparing differences 

in SWR between drying treatments under oxic and anoxic conditions in the present 

study. It avoids introducing possible artefacts in SWR measurements, plus minimises 

the challenges of interpreting subsequent investigation on the influence of other 

variables on SWR. For example, different drying methods (as found in the present 

study) and variable soil water content (King, 1981; de Jonge et al., 1999; Chau et al., 

2014) result in different SWR. Consequently, it is difficult to understand the 

underlying compounding effects of drying methods and soil water content on SWR. 

Hence, vacuum drying water repellent sandy soil at 20˚C and 1.3 kPa under anoxic 

conditions is recommended. 

 

Differences in air pressure and temperature did not influence the response of SWR 

under anoxic conditions. Furthermore, SWR measured under oxic conditions was 

similar at all temperatures and air pressures investigated except the treatment at 20˚C 
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and 101.3 kPa. This could be due to the greater rSWC under oxic conditions at 20˚C 

and 101.3 kPa than the other drying treatments, since other  studies have found that, 

at soil water contents close to 0%, SWR increased with soil water content (e.g. King, 

1981; Li et al., 2016; Regalado and Ritter, 2005).  

 

Vacuum drying under anoxic conditions at 20˚C and 1.3 kPa may also be suitable for 

water repellent soil of different soil texture. This is because SWR is primarily caused 

by organic compounds and physicochemical changes in the organic compounds could 

change SWR regardless of soil texture. For example, drying soil at 105˚C may result 

in the melting and redistribution of organic compounds on the surface of soil particles 

and artificially increase SWR (Roper, 1994; Daniel et al., 2019). As discussed above, 

O’Kelly, (2004) found that the soil organic fraction began to oxidise at 80˚C and the 

present study found SWR decreased after drying at 105˚C. Consequently, the vacuum 

drying method proposed herein may minimise the melting and oxidation of the organic 

compounds and thus mitigated the effect of drying method on SWR.  

 

3.6.  Conclusions 

 

The suitability of drying techniques to rapidly and accurately dry water repellent sandy 

soil prior to determining SWR was investigated. Vacuum drying water repellent sandy 

soil under anoxic conditions (absence of oxygen) at 20˚C and 1.3 kPa was most 

deemed to be the appropriate since SWR was similar to the widely accepted practice 

of air drying soil under oxic (presence of oxygen) conditions at 20˚C and 101.3 kPa. 

Vacuum drying is also faster than conventional air drying at 20˚C and 101.3 kPa and, 

in addition, equivalent dryness to soil conventionally oven dried at 105˚C was 
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obtained. The decreased SWR under oxic conditions at 105˚C is unlikely to be due to 

loss of hydrophobic organic compounds from the surface of soil particles through 

volatilisation because SWR remained unchanged under anoxic conditions at both 

temperatures and air pressures. The differences in SWR between drying treatments 

under oxic and anoxic conditions at 105˚C, and at both air pressures investigated was 

hypothesised to be due to autoxidation of hydrophobic organic compounds. Soil water 

repellency was not influenced by air pressure as SWR remained unchanged among the 

anoxic treatments. Consequently, vacuum drying under anoxic conditions at 20˚C and 

1.3 kPa may minimise physicochemical changes to the organic compounds and could 

also be suitable for drying water repellent soil of different soil texture.
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4 Soil water repellency responds to low soil water 

content and depends on drying method and incubation 

temperature 
 

4.1.  Abstract 

 

Soil water repellency (SWR) is problematic in rainfed cropping soils as it decreases 

water use efficiency. The occurrence of SWR is often dependent on the prevailing soil 

water content, where SWR has been found to increase with soil water content before 

it declines with further increase in SWC. The initial response of SWR to soil water 

content varies amongst reports (especially at low gravimetric water content, <2%), 

which could be due to different drying methods employed when preparing the soil to 

generate a range of soil water contents. The objective was to investigate how the 

drying method prior to experimentation influences the increase in SWR with soil water 

content in a sandy-textured soil. The temperature maintained during experimentation 

and four different sieved soil fractions were also examined. In the first experiment, 

soil samples were either oven dried (105˚C) or vacuum dried (20˚C) before incubating 

soil at 20˚C under 10–100% relative humidity depending on the desired soil water 

content. In the second experiment, soil samples were vacuum dried at 20˚C and 

similarly incubated under 10–100% relative humidity but at three incubation 

temperatures (4˚C, 20˚C and 40˚C). In the third experiment, four sieved soil fractions 

were vacuum dried at 20˚C and incubated under 10–100% relative humidity at 20˚C. 

In all experiments (n=5), SWR remained constant (measured by molarity of ethanol 

droplet) and only increased when reaching a ‘threshold soil water content’, above 
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which, SWR responded linearly with increasing soil water content. The different 

threshold soil water content obtained for the four sieved soil fractions was related to 

specific surface area. Increasing the incubation temperature increased the rate that 

SWR responded to soil water content above the threshold soil water content. The study 

demonstrates the same drying method and incubation temperature should be employed 

throughout the experiment and between studies when investigating the response of 

SWR to soil water content. 

 

4.2.   Introduction 

 

Soil water repellency (SWR) occurs globally, in a range of soil textures and under 

different climates. Soils with low clay content (ca.<6%; Harper et al., 2000) are most 

prone to developing water repellency in the surface centimetres of the soil profile 

where organic matter accumulates (Doerr and Ritsema, 2006; Goebel et al., 2011; 

Roper et al., 2015), although SWR has also been observed in clay soils (Wallis et al., 

1991; Dekker, 2005). Soil water repellency also occurs in a range of climates 

(Jaramillo et al., 2000), but is most widespread in Mediterranean-type climates 

(Gabarrón-Galeote et al., 2013). The occurrence of SWR restricts water infiltration, 

decreasing water use efficiency, and inhibits crop germination and growth. The effects 

of SWR in rainfed cropping soils in hot semi-arid regions is of particular interest due 

to its detrimental impact on agricultural production via decreased water use efficiency. 

For example, it has been estimated that SWR results in a loss of approximately USD 

173 M annually in south-western Australia (Herbert, 2009). 
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Understanding the relationship between SWR and soil water content (gravimetric 

water content used throughout this thesis) is important for predicting SWR in rainfed 

cropping soils. The relationship between SWR and soil water content is generally not 

linear, especially at low soil water content (below the wilting point), and varies 

amongst studies (e.g. King, 1981; Karunarathna, et al., 2010; Hermansen et al., 2019). 

Such a low soil water content can occur in the surface soils (30 cm) of any dryland 

(non-irrigated) with an agricultural drought (Rickard et al., 1969) under a 

Mediterranean climate (Hoerling et al., 2012; Zampieri et al., 2009), typically during 

summer after extended dry periods of no rain and high evaporative demand. Soil water 

repellency remained constant as soil water content increased from oven dried (105˚C) 

to air dried (20–25˚C; matric potential of ~-40 – -159 MPa) in various studies (King, 

1981; Regalado and Ritter, 2005; Karunarathna et al., 2010), but then increased as soil 

water content increased towards the wilting point (-1.5 MPa; e.g. King, 1981; 

Regalado and Ritter, 2005; Li et al., 2016). Above the wilting point, SWR often 

decreased and disappeared with further increases in soil water content (e.g. King, 1981; 

Leelamanie et al., 2007; Fishkis et al., 2015). By contrast, SWR remained constant as 

soil water content increased from 0% to ca. 7.5% (Chau et al., 2014), or decreased as 

soil water content increased from 0% to 10% (Chau et al., 2014). The exact 

relationship between SWR and soil water content is difficult to elucidate due to the 

different methods employed for both soil preparation and to generate a range in soil 

water contents in the aforementioned studies. The different soils of varying particle 

size and surface areas used in the previous studies may also influence the relationship 

between SWR and soil water content (de Jonge et al., 1999; Regalado and Ritter, 2005; 

Karunarathna et al., 2010a; Chau et al., 2014) and the sharp increase in SWR with 

increasing soil water content was often associated with coarse-textured soil 



 

 98 

(Karunarathna et al., 2010a). Further examination of the experimental conditions that 

influence the increase in SWR with soil water content at low soil water content (ca. 

<2%; King, 1981) is required given the inconsistent response of SWR to soil water 

content reported in the literature.  

 

Incubation temperature (temperature maintained during experimentation) may also 

affect the response of SWR to soil water content. Kippling (1965) reported the 

solubility of soil organic compounds increased with temperature and the soluble 

organic compounds were found in other studies to involve in SWR development 

(Zhang et al., 2004; Leelamanie and Karube, 2009; Arye et al., 2011). This suggests 

increasing the incubation temperature of a water repellent soil at a certain soil water 

content will increase the solubility of the soil organic compounds, and in turn increase 

the diffusion (or coating) of the organic compounds onto the surface of sand grains; 

thereby increasing SWR (Bachmann et al., 2002) This could mean the SWR may vary 

depending on soil incubation temperature. However, further investigation of the effect 

of incubation temperature on the relationship between SWR and soil water content is 

required to support this hypothesis. 

 

Soil drying conditions, including temperature and the oxygen content, may also result 

in variable SWR and in turn influence the relationship between SWR and soil water 

content. For example, SWR was observed to increase when dried at 105˚C compared 

to moderate (65˚C or 70˚C) and low drying temperatures (25˚C; Franco et al., 1995; 

Dekker et al., 1998). By contrast, others reported a decrease in SWR when they have 

increased the drying temperature (Dekker et al. 1998; Ziogas et al. 2005; Chapter 3). 

Other drying methods such as freeze-drying resulted in a lower SWR than if soil was 
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dried at 105˚C (de Jonge et al., 1999). Increased SWR was also reported when soils 

were dried at high temperature (e.g. 530–550˚C) under oxygen depleted conditions 

(Atanassova et al., 2012). Previous findings however found SWR remained unchanged 

when soil was dried at either 20˚C or 105˚C under oxygen depleted conditions but 

decreased in an atmospheric oxygen level conditions (Chapter 3).  

 

The variable influence of drying temperature and oxygen content on SWR is often not 

taken into account when investigating the response between SWR and soil water 

content. Instead, previous studies have dried soils at different drying temperatures to 

achieve a desired soil water content to generate the relationship between SWR and 

soil water content (e.g. King, 1981; de Jonge et al., 1999; Hermansen et al., 2019). 

Ideally the soil needs to be pre-dried under the same condition before examining the 

relationship between SWR and soil water content. Vacuum drying under anoxic 

conditions may be one way to avoid the potential drying temperature and oxidative 

effects on SWR (Chapter 3). Soil anoxically dried at 20˚C under vacuum was found 

to achieve equivalent dryness to that by conventional oven drying (105˚C) and, unlike 

conventional oven drying, did not change SWR (Chapter 3). Thus, it is recommended 

to vacuum dry water repellent soil under anoxic conditions to avoid potential 

temperature and oxidative effects on the response between SWR and soil water content. 

 

The overall objective of this study was to gain a deeper understanding of the response 

of SWR to soil water content under different laboratory practices. Specifically, 

investigation was conducted to understand how the drying method prior to 

experimentation, the temperature maintained during experimentation (‘incubation 

temperature’), and the particle size of the soil, influenced the increase in SWR with 
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SWC. It was hypothesised (1) that conventional oven dried soil samples will show a 

smaller change in SWR with increasing soil water content when compared to vacuum 

dried soil samples (‘drying method experiment’), and (2) that increasing the 

incubation temperature will increase the rate of change in SWR with increasing soil 

water content (‘incubation experiment’); and (3) that SWR increases sharply with 

increasing soil water content for soils with larger particles (smaller specific surface 

area) than soils with smaller particles. The experiments focussed at the low 

gravimetric water contents (ca. <2% gravimetric water content) as variability in the 

response of SWR to soil water content was often observed at approximately this range.  

 

4.3.  Materials and methods 

 

4.3.1.  Soil characteristics and preparation 

 

A sandy soil (0–0.05 m) with moderate water repellency [molarity of ethanol droplet 

(MED) 2.0 ± 0.4 M; King, 1981] was collected on 22nd November 2017 at an 

agricultural farm near Pingrup in Western Australia (33°30'30"S, 118°28'40"E) during 

summer while the soil was dry. The soil, which belonged to the same batch of soil 

described in the second experiment of Chapter 3, was sealed in a plastic bag and stored 

at room temperature (22.5±2.5˚C) prior to experimentation. The shallow sandy soil is 

classified as a Petroferric Brown Sodosol (Isbell and National Committee on Soils and 

Terrain., 2016) or Ferric Lixisol (FAO/WRB, 2014). The collected soil had a pH of 

4.91 (1:5 soil: 0.01 M CaCl2 extract), electrical conductivity of 70.9 µS cm-1 (1:5 soil: 

water extract), total C concentration of 1.25% as determined by dry combustion 

(Elementar Analysensysteme GmbH), and contained 95.7% sand, 1.1% silt, 3.2% clay 
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as determined by the pipette method (Bowman and Hutka, 2002). The sampling site 

experiences a cold semi-arid climate (Bsk in Köppen-Geiger classification; 

https://en.climate-data.org), with cool wet winters and hot dry summers.  

 

The soil samples were air-dried (20˚C and 101.3 kPa, to a matric potential of ~-71 

MPa), passed gently through a 2 mm sieve, mixed and stored at ambient temperature 

(20 ± 5˚C) for the experiments described in Section 4.3.2.1 and 4.3.2.2. The SWR was 

measured before storage and again prior to experimentation and there was no change 

in SWR (P>0.05). This provided assurance that the change in SWR response measured 

during each experiment did not occur during soil storage. 

 

Different soil fractions were also prepared for the experiment described in 2.2.3 by 

dry sieving to four particle size fractions. Soil fractions of 63 –250 µm, 250–500 µm, 

500–710 µm and 710–1000 µm were obtained. The total C concentration for each soil 

fraction (n=3), as determined by dry combustion (Elementar Analysensysteme GmbH) 

and their specific surface area is given in Table 4.1. The SSA will be used instead of 

soil fraction (e.g. 1.61 m2/g instead of 63–250 µm) throughout this chapter as it is 

more informative than the range in diameter of the soil particles as it accurately 

represents the surface property of the soil. 

 

Specific surface area of the soil was determined by two methods (Table 4.1): 1) 

calculation based on average particle size (e.g. 156.5 µm for 63–250 µm fraction) 

assuming spherical particles with 95.7% sand, 1.1% silt and 3.2% clay. The particle 

diameter was assumed to be 10 µm for silt and 1 µm for clay (particle density was 

assumed to be 2650 kg/m3 for sand with predominantly quartz mineral, 1430 kg/m3 
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for silt and 2600 kg/m3 for clay) (Mckenzie et al., 2002; Yu et al., 2015) and 2) fitting 

a non-linear regression analysis to the relationship between soil water content and 

relative humidity using data collected during the experiment using the equation given 

by Leão & Tuller (2014): 

 

θm = [(AVw)/(6πRTln(P/P0))]1/3DwSSA 

 

where θm is the soil water content (kg/kg), A is the Hamaker constant (J) for the 

interaction among solid, liquid and gas, Vw is the molecular volume of water (m3/mol), 

R is the ideal gas constant (J/mol K), T is the temperature (K), P/P0 is the relative 

humidity (kPa/kPa), Dw is the density of water (kg/m3) and SSA is the specific surface 

area (m2/kg). It is noteworthy that the Leão & Tuller (2014) equation considers the 

surface area of both inorganic and organic soil particles e.g. sand, silt, clay and soil 

organic matter.  

 

Table 4.1. Selected soil properties of the sieved fractions. 

Particle size fraction 

(µm) 

Total carbon 

(%) 
SSAa (m2/g) SSAb (m2/g) 

63–250 1.62 ± 0.06 0.091 1.61 ± 0.04 

250–500 0.49 ± 0.01 0.083 0.49 ± 0.01 

500–710 0.98 ± 0.02 0.080 0.59 ± 0.02 

710–1000 1.05 ± 0.06 0.079 0.65 ± 0.02 

Values showing means (standard error) of three replicates. 

a Specific surface area (SSA) calculated based on average particle size (e.g. 156.5 µm 

for 63–250 µm fraction). 

b Estimated SSA include surface area associated organic matter based on Leão et al. 

(2014) (R2>0.90).  
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4.3.2.    Experimental design and approach 

 

4.3.2.1. Influence of drying methods on the response of soil water repellency to soil 

water content (‘drying methods experiment’) 

 

The experiment included two drying methods, a range of soil water content generated 

by exposing soil samples (<2-mm) to seven relative humidities (10%, 33%, 57%, 75%, 

90–95%, 97% and 100%), one incubation temperature (20˚C) and five replicates. Soil 

samples were pre-dried at either 20˚C under vacuum and anoxic conditions (see 

Section 4.3.3 for soil vacuum drying methodologies) or at 105˚C inside a conventional 

oven before commencing the experiment. Following drying, incubations were 

performed for six days. Specifically, two sets of 70 soil subsamples (25 ± 0.05 g) were 

dried in glass petri-dishes (90-mm in diameter, 15-mm depth). One set was vacuum 

dried, and the second set was oven dried, for two days. Soil samples in the 105˚C 

drying oven were quickly transferred to a vacuum desiccator and cooled to 20˚C 

following drying. Once cooled to 20˚C (no cooling required for vacuum drying), each 

soil sample was quickly transferred to one of seven different desiccators (five soil 

replicates per desiccator per drying temperature treatment), each containing a different 

saturated salt solution that provided a range of relative humidity values (ZnCl2, 10% 

relative humidity; MgCl2, 34%; NaBr, 59%;  NaCl, 75%; K2HPO4, 90–95%; KH2PO4, 

97%; distilled water, 100%; O’Brien, 1948). Soil samples were thus exposed to, and 

wetted up by, varying amounts of water vapour according to the relative humidity 

inside the desiccator. This non-disturbed wetting approach was chosen so as to avoid 

mixing the soil and removing hydrophobic coatings by abrasion, which is known to 

decrease SWR (King, 1981). Soil samples were incubated in the desiccators within a 
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temperature control room (20 ± 1˚C). The soil samples were then removed from the 

desiccator for SWR and gravimetric water content determination (see Section 4.3.4 

for method details). 

 

4.3.2.2 Influence of incubation temperature on the response of soil water repellency 

to soil water content (‘incubation experiment’) 

 

The experiment included three incubation temperatures (4˚C, 20˚C and 40˚C), a range 

of soil water content generated by exposing soil samples to seven relative humidities 

at 10%, 33%, 57%, 75%, 90–95%, 97% and 100% (as described in the previous section) 

and five replicates. Incubations were performed for six days. Three sets of 35 soil 

subsamples (31.10 ± 0.05 g; <2-mm) were pre-dried in glass petri-dishes (90-mm in 

diameter, 15-mm depth) at 20˚C under vacuum and anoxic conditions (see Section 

4.3.3. for soil vacuum drying methodologies).  

 

The incubation studies were completed in a series of temperature ‘batches’, within a 

period of one month. For example, soil samples were vacuum dried for two days and 

then incubated at 4˚C for six days in the first week, with this procedure repeated for 

the second and third batch at 20˚C and 40˚C, respectively (desiccators were placed in 

a temperature control room). After six days, and once the soil samples had cooled to 

20˚C inside a temperature control room, the soil samples were removed from the 

desiccator to determine SWR and gravimetric water content (see Section 4.3.4 for 

method details). Prior to commencing vacuum drying each set, SWR was measured 

and found not to differ with sampling time (P>0.05). 
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4.3.2.3. Influence of specific surface area on the response of soil water repellency 

to soil water content (‘specific surface area experiment’) 

 

Four sets of 35 soil subsamples (30.70 ± 0.10 g) were pre-dried in glass petri-dishes 

(90-mm in diameter, 15-mm depth) at 20˚C under vacuum and anoxic conditions (see 

Section 4.3.3 for soil vacuum drying methodologies). The experiment included soil 

with four SSA (0.49 m2/g, 0.59 m2/g, 0.65 m2/g and 1.61 m2/g), a range of soil water 

content generated by exposing soil samples to seven relative humidities at 10%, 33%, 

57%, 75%, 90–95%, 97% and 100% (as described in Section 4.3.2.1) and five 

replicates. Incubations were performed at 20˚C for six days.  

 

The experiments were completed in a series of batches, within a period of one month. 

For example, soil with SSA of 0.49 m2/g were vacuum dried at 20˚C for two days and 

then incubated at 20˚C for six days in the first week (desiccators were placed in a 

temperature control room), with this procedure repeated for the second, third and 

fourth batch. After six days, the soil samples were removed from the desiccator to 

determine SWR and gravimetric water content (see Section 4.3.4 for method details). 

 

4.3.3.  Soil vacuum drying methodologies 

 

Soils were vacuum dried at 20˚C inside a vacuum oven (C-PVO-25, Labec, 

Marrickville, New South Wales, Australia). Pressure at 1.3 kPa (100 kPa below 

atmospheric pressure) was maintained inside the vacuum oven. All soil samples were 

left drying inside the vacuum oven for two days. The relative humidity within the 

chamber of the vacuum oven increases as water was removed from the soil during the 
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drying process. To facilitate the drying process, the chamber of the vacuum oven was 

repeatedly purged with N2 gas to remove the water vapour until the chamber reached 

1% relative humidity. The relative humidity within the chamber was constantly 

monitored using a temperature and relative humidity logger (EL-21CFR-2-LCD, 

Lascar Electronics, Wiltshire, United Kingdom).   

 

4.3.4.  Soil analysis 

 

Soil water repellency was measured using the molarity of ethanol (MED) test as 

described by King, (1981). The standard solutions of ethanol were equilibrated at 20 

± 1˚C to avoid variability in SWR measurement as temperature has negative effect on 

the surface tension of ethanol standard solutions (Bachmann et al., 2002).  All soil 

samples were also equilibrated at 20 ± 1˚C to avoid SWR measurement variability due 

to different soil temperatures (King, 1981). The ethanol standard solutions (40 µl 

droplets) were applied to the soil surface for each treatment and the lowest molarity of 

ethanol standard solution that infiltrated completely into the soil within 10 s was 

recorded (King, 1981). The SWR was measured 15 times for each petri dish and 

average MED scores were calculated. Gravimetric water content of each soil sample 

was determined after removing soil in small batches from each desiccator, recording 

the fresh weight, and then reweighing the soil after oven drying at 105˚C for two days.     
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4.3.5.   Analysis of data 

 

The data were statistically analysed using the R software (https://www.r-project.org). 

Segmented linear regression analysis was performed to determine if SWR responded 

to soil water content in phases, termed segments, and including the threshold value of 

soil water content if an inflexion point between the two segments were found 

(www.rdocumentation.org/packages/segmented). The threshold soil water content and 

slope of the relationship between SWR and soil water content was determined and 

compared for their 95% confidence interval. If the slope of the relationship between 

SWR and soil water content from each temperature was not significantly different 

from zero, an average SWR across the range of soil water content in each segment was 

calculated and compared for their 95% confidence interval. Significant difference 

(P<0.05) was determined if no overlapping in 95% confidence intervals was observed. 

 

4.4.  Results 

 

4.4.1.  Drying methods experiment 

 

The different drying methods influenced the response of SWR to soil water content in 

two stages (Figure 4.1). Initially, and for both drying methods, there was no change in 

SWR as gravimetric water content increased from vacuum and oven dry to 0.68% 

(‘segment 1’ in Figure 4.1; P>0.05). However, the mean SWR of segment 1 differed 

significantly between the two drying methods (P<0.05; Table 4.2). An inflection point, 

termed threshold soil water content, was then observed following segment 1, at which 

point SWR increased linearly as gravimetric water content increased up to 2.26%, with 
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a lower rate observed for oven dried soil than for vacuum dried soil (‘segment 2’ in 

Figure 4.1). The threshold soil water content determined for both drying methods was 

not significantly different, and on average occurred at a soil water content of 0.65% ± 

0.05 (P>0.05; Table 4.2). Above the threshold soil water content (segment 2), the 

response of SWR to soil water content after 20˚C vacuum drying was approximately 

1.2 times greater than after 105˚C oven drying (P<0.05; Table 4.2). 

 

4.4.2. Incubation experiment  

 

The response between SWR and soil water content at different incubation 

temperatures also occurred in two stages (Figure 4.2). Initially, and for all incubation 

temperatures, there was no change in SWR as soil water content increases (P>0.05; 

‘segment 1’, Figure 4.2). The mean SWR of segment 1 did not differ among the three 

incubation temperatures (P>0.05; Table 4.3).  A threshold soil water content was then 

observed following segment 1, at which point SWR increased linearly as soil water 

content increased up to 1.48% (‘segment 2’, Figure 4.2). 

 

Greater threshold soil water content was determined at 40˚C than at either 4˚C or 20˚C. 

The threshold soil water content between 4˚C and 20˚C did not differ and, on average, 

occurred at a soil water content of 0.46% ± 0.03 (P>0.05; Table 4.3). However, the 

threshold soil water content at 40˚C (0.64%) was found to be approximately 1.4 times 

greater than both 4˚C and 20˚C (P<0.05; Table 4.3). 

 

Above the threshold soil water content (segment 2), the SWR response to soil water 

content increased with increasing incubation temperature (P<0.05). For example, at 
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40˚C, the SWR response to soil water content is approximately 2 times greater than 

that at 20˚C, and 2.4 times greater than at 4˚C (P<0.05). At 20˚C, the SWR response 

to soil water content is approximately 1.2 times greater than at 4˚C (P<0.05).  

 

4.4.3.  Specific surface area experiment  

 

The response of SWR to soil water content also occurred in two stages for each of the 

soil fractions (Figure 4.3). Initially, and for all the soil fractions of different SSA, there 

was no change in SWR as soil water content increased (P>0.05, Figure 4.3). The mean 

SWR of segment 1 was MED 0.90 ± 0.04 M for soil with 1.61 m2/g. No SWR (MED 

= 0.0 M) was observed for the other three soil fractions of SSA smaller than 0.70 m2/g. 

A threshold soil water content was then observed following segment 1, at which point 

SWR increased linearly with soil water content. A range of threshold soil water 

content (0.28–0.86%) was obtained for soil with a range of SSA (0.49–1.61 m2/g; 

Table 4.4). A linear relationship between SSA (calculated from relationship between 

soil water content and humidity; R2>0.90 ; Leão et al., 2014) and threshold soil water 

content was also observed (R2=0.9021; Figure 4.4), but there was no relationship 

between the SSA (calculated from fraction particle size) and threshold soil water 

content.  
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Figure 4.1. Relationship between soil water repellency in molarity of ethanol or MED 

value (M) and gravimetric water content (%) for soil samples pre-dried by two 

different methods. Soil was pre-dried at two drying temperatures (20˚C and 105˚C) 

and incubated at 20˚C under atmospheric conditions and increasing soil water content 

(achieved via exposing soil samples to increasing relative humidity) for six days. 

Increasing M indicates increasing soil water repellency. Each data point is the mean 

of 15 M scores and segmented regression was fitted across all data points. Error bar 

not included as all standard error are less than MED 0.1 M. Legend indicates drying 

method. 

 

 

 

 



 

 111 

 

 

 

 

Table 4.2. Parameters describing the segmented relationship between soil water 

repellency (SWR) and percentage of gravimetric water content for soil samples pre-

dried by different methods as illustrated in Figure 4.1.  

Drying 

temperature 

Parameter Estimate Lower 

CI 

Upper 

CI 

20˚C 

Slope in segment 1 (M/%) -0.12 (±0.21) a -0.55 0.31 

Average SWR in segment 1 (M)  2.40 (±0.02)   2.37 2.43 

Threshold soil water content (%)  0.68 (±0.05) b  0.58 0.77 

Slope in segment 2 (M/%)  2.08 (±0.08) c  1.92 2.23 

105˚C 

Slope in segment1 (M/%)  0.12 (±0.18) a -0.24 0.48 

Average SWR in segment 1 (M)  2.25 (±0.01)   2.22 2.27 

Threshold soil water content (%)  0.59 (±0.05) b  0.48 0.70 

Slope in segment 2 (M/%)  1.73 (±0.06) c  1.61 1.86 

Standard error is given in parentheses and differences between both drying 

temperatures determined by 95% confidence interval (CI). Superscripts with the same 

letter are not significantly different from each other (P>0.05). See Figure 4.1 for 

definition of each segment. 
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Figure 4.2. Relationship between soil water repellency in molarity of ethanol or MED 

value (M) and gravimetric water content (%) at different incubation temperatures. Soil 

was pre-dried at 20˚C under vacuum, incubated at three temperatures (4˚C, 20˚C and 

40˚C) under atmospheric conditions, and increasing soil water content (achieved via 

exposing soil samples to increasing relative humidity) for six days. Increasing M 

indicates increasing soil water repellency. Each data point is the mean of 15 M scores 

and segmented regression was fitted across all data points. Error bar not included as 

all standard error are less than MED 0.1 M. Legend indicates incubation temperature. 
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Table 4.3. Parameters describing the segmented relationship between soil water 

repellency (SWR) and percentage of gravimetric water content at different incubation 

temperature as illustrated in Figure 4.2.  

Incubation 

temperature 

Parameter Estimate Lower 

CI 

Upper 

CI 

4˚C 

Slope in segment1 (M/%)  0.10 (±0.15) a -0.20 0.41 

Average SWR in segment 1 (M)  1.86 (±0.02) b  1.82 1.89 

Threshold soil water content (%)  0.46 (±0.03) c  0.41 0.51 

Slope in segment 2 (M/%)  1.86 (±0.07)   1.66 1.93 

20˚C 

Slope in segment1 (M/%) -0.17 (±0.29) a -0.77 0.43 

Average SWR in segment 1 (M)  1.88 (±0.03) b  1.83 1.93 

Threshold soil water content (%)  0.46 (±0.04) c  0.38 0.54 

Slope in segment 2 (M/%)  2.20 (±0.09)   2.03 2.38 

40˚C 

Slope in segment1 (M/%)  0.05 (±0.13) a -0.13 0.23 

Average SWR in segment 1 (M)  1.82 (±0.01) b  1.80 1.85 

Threshold soil water content (%)  0.64 (±0.01)   0.61 0.67 

Slope in segment 2 (M/%)  4.38 (±0.13)   4.11 4.64 

Standard error is given in parentheses and differences among incubation temperatures 

determined by 95% confidence interval (CI). Superscripts with the same letter are not 

significantly different from each other (P>0.05). See Figure 4.2 for definition of each 

segment. 
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Figure 4.3. Relationship between soil water repellency in molarity of ethanol or MED 

value (M) and gravimetric water content (%) of soil fractions with different specific 

surface areas (m2/g). Soil was pre-dried at 20˚C under vacuum, incubated at 20˚C 

under atmospheric conditions, and increasing soil water content (achieved via 

exposing soil samples to increasing relative humidity) for six days. Increasing M 

indicates increasing soil water repellency. Each data point is the mean of 15 M scores 

and segmented regression was fitted across all data points. Error bars are not included 

as all standard error are less than MED 0.1 M. Legend indicates different specific 

surface areas (m2/g). 
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Figure 4.4. Relationship between specific surface area (m2/g) and threshold soil water 

content (%) obtained using four different sieved fractions, n = 5 (filled circle). The 

open circle indicates an independent value obtained from a <2 mm sieved soil 

(1.13±0.04 m2/g; 0.68±0.05% threshold soil water content). All the soils were vacuum 

dried at 20˚C, incubated at 20˚C under atmospheric conditions, and increasing soil 

water content (achieved via exposing soil samples to increasing relative humidity) for 

six days. Linear regression was used to fit a straight line across the filled circles 

(specific surface area = 2.0 ´ threshold soil water content + 0.37; R2 = 0.90). 
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Table 4.4. Parameters describing the segmented relationship between soil water 

repellency (SWR) and percentage of gravimetric water content of soil with different 

specific surface areas (m2/g) as illustrated in Figure 4.3.  

Specific 

surface area  

Parameter Estimate Lower 

CI 

Upper 

CI 

0.49 m2/g 

Slope in segment1 (M/%) 0.00 (±0.36) a -0.71 0.71 

Average SWR in segment 1 (M) 0.00 (±0.00) b 0.00 0.00 

Threshold soil water content (%) 0.28 (±0.01)  0.26 0.30 

Slope in segment 2 (M/%) 8.30 (±0.40) d 7.52 9.08 

0.59 m2/g 

Slope in segment1 (M/%) 0.00 (±0.55) a -1.08 1.08 

Average SWR in segment 1 (M) 0.00 (±0.00) b 0.00 0.00 

Threshold soil water content (%) 0.39 (±0.02)  0.35 0.43 

Slope in segment 2 (M/%) 6.54 (±0.60) d 5.36 7.72 

0.65 m2/g 

Slope in segment1 (M/%) 0.00 (±0.53) a -1.04 1.04 

Average SWR in segment 1 (M) 0.00 (±0.00) b 0.00 0.00 

Threshold soil water content (%) 0.51 (±0.04)  0.43 0.59 

Slope in segment 2 (M/%) 6.29 (±0.73) d 4.86 7.72 

1.61 m2/g 

Slope in segment1 (M/%) -0.22 (±0.18) a -0.57 0.13 

Average SWR in segment 1 (M) 0.90 (±0.04) b 0.82 0.98 

Threshold soil water content (%) 0.86 (±0.03)  0.80 0.92 

Slope in segment 2 (M/%) 2.80 (±0.19) d 2.43 3.17 

Standard error is given in parentheses and differences among incubation temperatures 

determined by 95% confidence interval (CI). Superscripts with the same letter are not 

significantly different from each other (P>0.05). Segment 1 denotes measurements 

below the threshold soil water content and segment 2 denotes measurements above 

the threshold soil water content. 
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4.5.   Discussion 

 

4.5.1.  Threshold soil water content 

 

The threshold soil water content found in the present study was associated with the 

soil’s SSA. Such a finding suggests the surface water coverage was implicated in the 

increase of SWR above the threshold soil water content, where correlation was only 

obtained when including the surface area of the organic matter component, in addition 

to the soil particles. The threshold soil water content may therefore correspond to 

either a monolayer (single layer), multilayer (multiple layer) or capillary condensation. 

This is because more water molecules will be required to cover a particle surface 

entirely when the SSA of the soil increases (Forsgren et al., 2013). With increasing 

SSA, more water molecules will be required to form a monolayer and multilayer of 

water molecules. When the layer of water molecules increases to a certain thickness, 

it coalesces with the multilayer of water molecules from the adjacent particles and the 

pore spaces start to fill with water, commonly known as capillary water. With 

increasing SSA, more water molecules are required before the pore spaces can be filled 

with water.  

 

The threshold soil water content may also be associated with the matric potential of 

the soil. It was found that a threshold soil water content was required before invoking 

a change in SWR, confirming former studies where SWR was stated to increase with 

soil water content  when air-dried (King, 1981; Karunarathna et al., 2010). However, 

the reports were inconclusive because a different matric potential for the air-dried 

condition was defined, (e.g. ~-40 – -159 MPa; King, 1981; Karunarathna et al., 2010); 
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or most did not report the air-dried condition (i.e. Regalado and Ritter, 2005; 

Kawamoto et al., 2007; Li et al., 2016). In the current study, the threshold soil water 

content was found to occur at approximately -40 MPa (75% relative humidity) to -22 

Mpa (85% relative humidity). This could indicate that the threshold soil water content 

occurred at a specific matric potential, i.e. -40 MPa, and the amount of water 

molecules absorbed would then be dependent on the soil texture and its SSA, as 

discussed above. Moreover, former studies found more than a monolayer of water may 

exist at this matric potential (Hatch et al., 2012; Orfanus et al., 2017), suggesting a 

monolayer of water molecules is not responsible for the increase of SWR with soil 

water content. Such finding also implies that a water repellent soil in the field with 

extended exposure to matric potential above -40 MPa, or relative humidity above 75%, 

could reach this threshold soil water content and a further increase in soil water content 

may result in a linear increase in SWR. 

 

The increased threshold soil water content found at the increased incubation 

temperature (40˚C) is unlikely to be due to different SSA as the soils used in 

experiment 2 were all treated identically. Instead, it could be due to additional uptake 

of water molecules by soil organic compounds. At 40˚C, soil organic compounds may 

have an increased fluidity (Daniels, 1989) than at either 4˚C or 20˚C. The increased 

fluidity potentially allows more penetration of water molecules into the soil organic 

compounds than if the surface is solid (Thomas et al., 1999; Cao et al., 2011), forming 

hydrogen bonds with the hydrophilic groups of the soil organic compounds (Johansson 

et al., 2019). This process might not occur so readily at temperatures lower than 40˚C 

because water molecules desorb quicker from the less fluid-like or solid surface than 

the water molecules that are trapped in the liquid-like surface (Johansson et al., 2019). 
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Consequently, the threshold soil water content at 40˚C is greater than the threshold 

soil water content determined at either 4˚C or 20˚C.  

 

4.5.2.  Soil water content 

 

The response of SWR to soil water content could be dependent on the amount of water 

on the soil surface. During the incubation, the lack of response of SWR with soil water 

content (below the threshold soil water content) could be due to the insufficient 

presence of water to initiate diffusion of organic compounds from particulate organic 

matter onto soil mineral surfaces, which in this case are largely dominated by quartz 

grains. Above the threshold soil water content, the results suggested there was 

sufficient water on the particle surface to promote dissolution of organic compounds 

from particulate organic matter and subsequent deposition onto soil mineral surfaces. 

With increasing incubation temperature and soil organic carbon content, the rate of 

organic compound diffusion within liquid and vapour phase further increases (Kipling, 

1965; Chiou et al., 1979; Franco et al., 1995; Doerr et al., 2000). This mechanism 

would also explain why others have found SWR increases when moist soils were dried 

at increasing drying temperature (Franco et al., 1995; Dekker et al., 1998). It is 

possible that in these previous studies, a sufficient amount of water was contained in 

the soil before it was subjected to different temperatures, allowing a high initial 

diffusion of organic compounds from the particulate organic matter onto the soil 

mineral surfaces; thus, rendering the soils more water repellent at increasing drying 

temperature. 
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Lack of data acquisition of SWR at small increments of soil water content may obscure 

one of the important relationships between SWR and soil water content and 

establishing the relationship among SWR, soil water content and relative humidity 

may help us to standardise the laboratory conditions for measuring SWR. The lack of 

response of SWR to soil water content below the threshold soil water content was also 

observed in former studies (King, 1981; Regalado and Ritter, 2005); however, they 

did not determine the value of the threshold soil water content. Other researchers did 

not report this response, possibly because detailed examination at small increments of 

soil water content from 0 to 0.7% was not performed (e.g. Berglund and Persson, 1996; 

Poulenard et al., 2004; Karunarathna, et al., 2010). For example, if one SWR was 

measured below and another one above the threshold soil water content, the lack of 

response of SWR to soil water content would not be observed. Above the threshold 

soil water content, the increased SWR with soil water content has previously been 

observed in many studies (e.g. King, 1981; Karunarathna et al., 2010; Li et al., 2016). 

The relative humidity (~75–85%) at which the threshold soil water content occurred 

may also be termed as ‘threshold relative humidity’. This means that SWR would also 

remain unchanged below the threshold relative humidity. The result is supported by 

other studies where SWR remained unchanged till 81% relative humidity (Wallach 

and Graber, 2007) and 73% relative humidity (Doerr et al., 2002), but the constant 

response of SWR with relative humidity was not reported by (Jiménez-Pinilla et al., 

2016). The results suggest that SWR may confidently be measured at laboratory 

conditions under constant temperature at any relative humidity below ca. 75–85 % as 

SWR remained unchanged below the threshold soil water content.   

 

 



 

 121 

4.5.3.  Drying methods and incubation temperature  

 

The response of SWR to soil water content was influenced by drying method. This 

finding is consistent with the first hypothesis that conventional oven dried soil samples 

would show lower response of SWR to soil water content when compared to vacuum 

dried soil samples. The decrease in SWR observed in the 105˚C oven dried soil may 

have already occurred after oven drying at 105˚C prior to incubation as the previous 

study (Chapter 3) demonstrated SWR decreased in post-oven dried soil samples but 

did not change in post-vacuum dried soil samples. This was noted in the previous 

investigation, where the decreased SWR after 105˚C drying was considered as an 

artefact and subsequent examination on the relationship between SWR and soil water 

content may then generate a secondary artefact if different drying temperatures are 

used to generate different soil water content values. In contrast, other studies found 

oven dried soil samples showed an increased response of SWR to soil water content 

when compared to freeze dried soil samples (de Jonge et al., 1999). Consequently, all 

soils need to be pre-dried under the same condition before examining the relationship 

between SWR and soil water content. 

 

Microbial activity may be responsible for the increased response of SWR above the 

threshold soil water content. In the study where increasing soil water content was 

manipulated by exposing to increasing relative humidities, the increased SWR as 

observed at high relative humidity (>75%) was also found in other studies (Jex et al., 

1985; Doerr et al., 2002; Leelamanie et al., 2008). The increased SWR after long 

exposure (~30 days) at high relative humidity was ascribed to microbial activity (Jex 

et al., 1985). However, others have suggested physicochemical processes such as pore 
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occlusion by soil organic particles were responsible as SWR increased even after a 

short exposure (within a day) at high relative humidity (Doerr et al., 2002). In the 

present study, increased SWR was still observed at 4˚C where microbial activity is 

commonly known to be restricted (Bárcenas-Moreno et al., 2009), indicating the 

increase in SWR is unlikely to be due to microbial activity.  

 

The effect of incubation temperature on the response of SWR to soil water content 

may help us to better understand the SWR in the field at variable weather condition. 

Here, it was demonstrated that incubation temperature only increases the response of 

SWR to soil water content above the threshold; incubation temperature does not 

influence the response of SWR to soil water content if soil water content is below the 

threshold value. The finding partially supports the hypothesis presented in the 

introduction, where increasing the incubation temperature would increase SWR at all 

soil water content during experimentation. This study presented the first report on how 

different incubation temperature influenced the response of SWR to soil water content. 

The findings in this chapter suggest that warm weather (e.g. >20˚C) may result in a 

higher SWR than cold weather (e.g. <20˚C) under high relative humidity (>75%); 

SWR might not differ under low relative humidity (<75%) at either warm or cold 

weather. However, the SWR measured in the field could be different to the SWR 

measured in the laboratory. King (1981) developed an isoSWR (equivalent SWR 

rating of the soil measured at different soil temperatures) and found that SWR 

increases with decreasing soil temperature. As such, the increased SWR under a warm 

and humid weather conditions might not be observed in the field as the soil 

temperature is higher during the day but will be observed when the air temperature 

drops during the night. Such interpretation may also be extended to better understand 
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seasonal SWR variation (Täumer et al., 2006; Gao et al., 2018), however, no isoSWR 

of the soil at 20˚C have been reported in the literature when field measurement of 

SWR was performed. In other words, the SWR measurement  performed in the field 

where soil temperature is either above or below 20˚C needs to be converted to isoSWR 

via the isoSWR rating chart produced by King (1981). 

 

4.6. Conclusions 

 

In the present study, investigation was performed to understand how the drying 

methods prior to experimentation or incubation temperature during experimentation, 

influences the response of soil water repellency to soil water content in a sandy-

textured soil at a range of low gravimetric water content, and for soil fractions of a 

range of specific surface areas. The drying method was found to influence the response 

of soil water repellency to soil water content. The temperature at which the soil was 

incubated further influenced the response of soil water repellency to soil water content. 

Consequently, the same drying method and incubation temperature should be 

employed throughout the experiment when investigating the response of soil water 

repellency to soil water content. The response of soil water repellency to soil water 

content occurred in two phases: Firstly, soil water repellency remained constant with 

soil water content (below threshold soil water content). Secondly, at soil water content 

above the threshold, soil water repellency increased linearly with soil water content 

up to around 2.2%. The lack of response of soil water repellency to soil water content 

(below threshold soil water content) and the linear response of soil water repellency 

to soil water content (above threshold soil water content) could be due to the amount 

of water adsorbed on the surface of soil particles, which may influence the diffusion 
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of organic compounds from particulate organic matter onto soil mineral surfaces. The 

threshold soil water content was found to be related to the soil’s specific surface area 

(including organic matter in the specific surface area calculation) and could also be 

associated with matric potential. The increased threshold soil water content of soil 

with similar specific surface area at higher incubation temperature could be due to the 

increased fluidity of soil organic compounds at 40˚C, with increased capacity to 

uptake water molecules into the matrix of soil organic compounds.  
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5  Soil water repellency increase with soil water 

content coincides with condensation of capillary water 
 

5.1.  Abstract 

 

Soil water repellency (SWR) can result in uneven crop and pasture germination. This 

can be complicated by the non-linear response of SWR to soil water content, where 

SWR increases before it declines and disappears with further increase in soil water 

content. A monolayer (single layer) of water molecules on solid surfaces has been 

found to be less hydrophilic, and SWR only increases when above a threshold soil 

water content. However, the threshold soil water content may consist of more than a 

monolayer of water molecules. Consequently, this chapter evaluated whether a 

monolayer of water molecules on the surfaces of water repellent soil particles 

coincided with the threshold soil water content. Relationship between SWR and soil 

water content was generated by exposing 20˚C vacuum dried soil to 10–100% relative 

humidity at 20˚C for six days, and then measuring the resultant SWR using the 

molarity of ethanol droplet test. Monolayer water content was calculated from the 

specific surface area of the soil as determined from a water adsorption isotherm and 

an octane adsorption isotherm. The isotherms were obtained by plotting the adsorbed 

water or octane on the surface as a function of their relative pressure in gas phase. The 

monolayer water content (gravimetric) was determined to be 0.20% using the water 

vapour adsorption isotherm, and 0.03% using the octane adsorption isotherm. 

However, SWR only increased when the soil water content reached 0.66 ± 0.02 % at 

20˚C. The water vapour adsorption isotherm instead indicates the increase in SWR 



 

 134 

with soil water content coincided with capillary condensation of water and not a 

monolayer of water molecules in the soil. 

 

5.2.  Introduction 

 

The development of soil water repellency (SWR) can influence ecosystem and food 

production. Soil water repellency can cause preferential water movement, surface 

runoff and soil erosion (Doerr et al., 2000; DeBano, 2003; Müller et al., 2018); 

forfeiting water and nutrient availability to crops (Jordán et al., 2009; Roper et al., 

2015). Water repellent soils also inhibit water infiltration, resulting in uneven soil 

wetting and affect evaporation (Bachmann et al., 2001; DeBano, 1981; Hallett, 2008). 

The patchy infiltration of water into the soil can sometimes result in a delayed crop 

and pasture emergence (Roper, 2015). Moreover, non-uniform crop and pasture 

germination may occur in a water repellent soil due to an uneven soil water content, 

as other studies observed SWR increased when the soil was above the air-dried 

condition (King, 1981). 

 

Different trends of the relationships between SWR and soil water content have been 

reported (e.g. King, 1981; de Jonge et al. , 1999; Chau et al., 2014). Several studies 

have observed SWR increases with increasing soil water content, reaching a maximum 

before declining and disappearing with further increases in soil water content (shown 

as Trend 1 in Figure 5.1a) (e.g. King, 1981; Karunarathna et al., 2010; Li et al., 2017). 

Another study found that after an initial peak in SWR with increasing soil water 

content, SWR increases again with soil water content and reaches a second maximum, 

after which SWR declines and disappears as soil water  content continues to increase 
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Figure 5.1. Different trends of the relationship between soil water repellency and soil 

water content (adapted from de Jonge et al., 1999 and Karunarathna et al., 2010).  

 

 (shown as Trend 2 in Figure 5.1b) (de Jonge et al., 1999). Soil water repellency has 

also been found to initially decrease with soil water content and then increased with 

soil water content to reach a maximum before SWR declines and disappears with 

further increases in soil water content (shown as Trend 3 in Figure 5.1c) (de Jonge et 

al., 1999, 2007; Hermansen et al., 2019). Other trends for the relationship between 

SWR and soil water content such as the linear decrease in SWR with increasing soil 

water content as well as an initial lack of response of SWR with soil water content 

before SWR declines linearly with increasing soil water content were also observed, 

but focus was placed herein to understand why SWR increases with increasing soil 

water content. It is noteworthy that the oven-dried soil was included to generate the 

relationship between SWR and soil water content, which however, does not occur in 

the field. Hypotheses were given to account the inconsistent relationship between 

SWR and soil water content, but it is still unclear because experimental evidences to 

support these mechanisms are lacking.
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Several mechanisms have been proposed to explain why the relationship between 

SWR and soil water content is inconsistent. Trend 2 and 3 (Figure 5.1b and c) has 

been attributed to a drying temperature effect as the first peak in SWR did not occur 

when the soil was freeze-dried to achieve a lower soil water content than air-drying 

(de Jonge et al., 1999). Other possible mechanisms responsible for Trend 1 (Figure 

5.1a) can be inferred from the relationship between SWR and relative humidity (Jex 

et al., 1985; Doerr et al., 2002), as soil water content increases with relative humidity 

(Leelamanie, 2011). Firstly, the increased SWR or restriction of water infiltration into 

soils at an elevated relative humidity (i.e. increased soil water content) was attributed 

to microbial growth and activity after 30 days of incubation (Jex et al., 1985). 

Secondly, Doerr et al. (2002) argued the increased SWR with increasing relative 

humidity was more likely to be due to displacement of hydrophobic organic moieties 

by water molecules from the mineral surface into the pore spaces as the microbial 

contribution to SWR was considered to be insignificant over a short incubation period 

(<24 hours). Thirdly, the increase in soil water content results in the swelling of clay 

and organic matter, which decreases soil pore size, restricting water infiltration and 

increasing SWR (Wallach et al., 2007). Finally, other explained from the contact angle 

(increasing contact angle indicates increasing SWR) perspective that the increase in 

SWR with soil water content is due to a transition from a Cassie-Baxter (water droplet 

sitting on top of the particle surface with air within the soil pores) to a Wenzel wetting 

regime (water droplet sitting on top of the particle surface with water filling the soil 

pores) (Liu et al., 2012) where the contact angle is higher in Wenzel than Cassie-

Baxter state (Cassie et al., 1944) (See Section 2.4.2).  
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Wang et al. (2009) documented that a droplet of water does not spread on a monolayer 

of water molecules and the formation of a thin layer of water molecules on the soil 

particle surfaces was hypothesised to be responsible for the increased SWR with soil 

water content (Goebel et al., 2004). It was later demonstrated that the contact angle of 

a water droplet on a monolayer of water molecules would never exceed 90˚ (Wang et 

al., 2011) but a soil which is water repellent is defined to have a contact angle of at 

least 90˚ (Watson et al., 1970; Carrillo et al., 1999; Bachmann et al., 2007).  

 

The increase in SWR with increasing soil water content but below the threshold soil 

water content  as found in Chapter 4 may not be due to a monolayer of water molecules 

(Hatch et al., 2012; Orfanus et al., 2017). This is because SWR initially remained 

unchanged with increasing soil water content in Chapter 4, and only increased when 

the soil water content exceeded a threshold value, termed ‘threshold soil water content’ 

(Chapter 4) (King, 1981; Regalado et al., 2005). The threshold soil water content 

occurred at a matric potential of approximately -40 MPa to -20 MPa and more than a 

monolayer of water molecules exists at this matric potential (Hatch et al., 2012; 

Orfanus et al., 2017). However, previous studies found a monolayer of water 

molecules decreases the surface energy of a surface (decreasing surface energy 

indicates decreasing wettability) (Janczuk and Zdziennicka, 1994; Israelachvili, 2011). 

Subsequent SWR studies thus speculated it is due to a thin layer of water molecules 

(Bachmann et al., 2002; Goebel et al., 2004). Further investigation is needed to 

evaluate whether or not the presence of a monolayer of water explains why SWR 

increased when above a threshold soil water content.  
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Constructing a water adsorption isotherm is an approach for determining if the 

threshold soil water content is due to either a monolayer, multilayer water or capillary 

water condensation. There are six types of commonly known International Union of 

Pure and Applied Chemistry (IUPAC) isotherms, namely Type I to Type VI 

(Thommes et al., 2015), with water repellent soils exhibiting a typical Type II isotherm 

with a sigmoidal shape (Miyamoto et al., 1972; Orfanus et al., 2017).  The Type II 

isotherm includes three phases of adsorptive (gas or vapour to be adsorbed) adsorption 

onto soil particle surfaces. In the first phase, the amount of adsorptive adsorbed onto 

the surfaces of soil particles increases rapidly at low partial pressure during the 

adsorption process to form a monolayer of adsorptive. Upon completion of a 

monolayer of adsorptive formation (usually a bend and beginning of the second phase 

can be observed in the isotherm), multilayer of adsorptive adsorption proceeds 

gradually, but with a linear increase in the adsorption of adsorptive onto the surfaces. 

As multilayer of adsorptive adsorption progresses (also the beginning of the third 

phase), the multilayer of adsorptive coalesces with that from the adjacent soil particle. 

As a result, capillary condensation occurs. The capillary condensation process is 

identified as a sharp increase in the adsorption process from the adsorption isotherm. 

Therefore, by constructing a water adsorption isotherm it is possible to ascertain at 

which point in the isotherm the threshold soil water content occurs.  

 

This chapter aims to determine whether the threshold soil water content found in 

Chapter 4 corresponds to the development of monolayer water in a water repellent 

sandy soil by constructing a water adsorption isotherm using a dynamic vapour 

sorption instrument, and also an octane adsorption isotherm using an inverse gas 

chromatography instrument. Different isotherms were constructed to determine the 
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possible range of specific surface area for the soil, and the monolayer water contents 

was calculated therefrom. The threshold soil water content is hypothesised to coincide 

with a monolayer water content.  

 

5.3. Materials and methods 

 

5.3.1.   Soil and site  

 

Soil (0–5 cm; 2-mm sieved) was collected from an agricultural farm on 22nd November 

2017 near Pingrup in Western Australia (33°30’30”S, 118°28’40”E). The soil 

belonged to the same batch used in Chapter 3 and 4, where it was sealed and stored in 

a plastic bag at room temperature (22.5±2.5˚C) prior to experimentation. The SWR, 

measured by molarity ethanol droplet (MED) was considered to be ‘moderate’ (MED 

2.0 ± 0.04 M) according to King (1981). The soil had 95.7% sand, 1.1% silt, 3.2% 

clay (pipette method; Bowman et al., 2002) and is classified as Petroferric Brown 

Sodosol (Isbell et al., 2016) or Ferric Lixisol (FAO/WRB, 2014). The soil contained 

1.25% of total carbon concentration (dry combustion using an Elementar 

Analysensysteme GmbH), pH of 4.91 (1:5 soil: 0.01 M CaCl2 extract) and electrical 

conductivity of 70.9 µS cm-1 (1:5 soil: water extract)(Rayment et al., 2011).  

 

5.3.2.  Threshold soil water content 

 

Threshold soil water content was determined by first examining how SWR responds 

to a range of soil water contents. Five replicates of ~34g of soil in glass petri-dishes 

(90-mm in diameter, 15-mm depth) were vacuum dried under anoxic conditions at 
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20˚C and 1.3 kPa, using the technique described in Chapter 3. The soil samples were 

then exposed to one of seven levels of relative humidity (10–100%) using different 

saturated salt solutions (ZnCl2, 10% relative humidity; MgCl2, 34%; NaBr, 59%;  

NaCl, 75%; K2HPO4, 90–95%; KH2PO4, 97%; distilled water, 100%; O’Brien, 1948) 

to generate a range of soil water contents, and were then incubated in desiccators 

within a temperature controlled room at 20 ± 1˚C for six days. Soil water repellency 

was then measured using the MED test method (King, 1981) and gravimetric water 

content determined by drying the soil at 105˚C for two days.  

 

5.3.3.  Water adsorption isotherm 

 

Soil (51.37 mg; <2-mm sieved) was analysed for specific surface area by obtaining a 

water adsorption isotherm via a dynamic vapour sorption automated moisture sorption 

instrument (DVS, Surface Measurement Systems, London, United Kingdom). A dry 

mass of soil was achieved by drying at 20˚C under a continuous flow of dry N2 (10 

ml/min) in the DVS for three hours. Low temperature and N2 drying were chosen to 

avoid the effects of temperature and aeration on SWR (Chapter 3). The soil samples 

were exposed to an increasing relative humidity or partial pressure, P/P0 (e.g. 10% 

relative humidity is equivalent to 10%/100% or 0.10 P/P0) so as to generate a water 

adsorption isotherm. The partial pressure can be converted to matric potential of the 

soil according to the equation given by Campbell et al. (1971). An automated DVS 

software (DVS control software, Surface Measurement Systems, London, United 

Kingdom) was employed to measure the rate of change in mass to determine whether 

the soil achieved an equilibrium at a given P/P0. A threshold value of 0.0002 % min-1 

for the rate of change in mass was pre-defined in the DVS software. The DVS software 
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proceeded to the next programmed P/P0 value when the rate of change in mass 

decrease below the threshold value. A ‘stage time’ between 10 and 360 minutes was 

selected for this experiment.  

 

5.3.4.  Octane adsorption isotherm 

 

Soil (185 mg; 2-mm sieved) was analysed for specific surface area by obtaining an 

octane adsorption isotherm at 30˚C in an inverse gas chromatography-Surface 

Measurement Systems (iGC-SEA, Surface Measurement Systems, London, United 

Kingdom). The iGC-SEA was conditioned at 30˚C (for better octane elution from the 

column than when it is at <30˚C) at 0% relative humidity (10 ml/min dry N2) for two 

hours before experimentation. The soil was packed in a 30-cm long silanised glass 

tube with a dimension of 3-mm (internal diameter) and 6-mm (outer diameter) and 

dried at 30˚C under a continuous flow of dry N2 (10 ml/min) for two hours. Then 

adsorptive octane was injected with the inert carrier N2 and pulsed through the column 

containing the dry soil. The eluted peak was detected by Flame Ionisation Detector. 

Methane was used as a reference gas for dead volume corrections (the volume of an 

iGC system between the injection point and the detection point by Flame Ionisation 

Detector).  

 

5.3.5.  Specific surface area 

 

Brunauer-Emmett-Teller (BET) method was applied to the isotherms to determine the 

specific surface area (SBET) of the soil (Brunauer et al., 1938). Since  sandy soils are 

knows to have a relatively small SBET (<0.5 m2/g; Pennell, 2005), the most commonly 
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considered adsorptive N2 was not chosen here because it is not suitable for SBET	of less 

than 1 m2/g (ISO 9277, 2010). Instead, water and octane were chosen to be adsorptives. 

The determination of SBET is method dependent (Maček et al., 2013). Adsorptive water 

was chosen as it provides the highest SBET among other adsorptives such as N2 and 

ethylene glycol monoethyl ether (Leão et al., 2014). Adsorptive octane was chosen for 

SBET <1m2/g (ISO 9277, 2010) to obtain the lowest possible SBET. In addition octane 

was chosen, rather than other solvents such as hexane and heptane, because it produces 

better retention peaks (Legras et al., 2015). For the range of SBET determined, the 

minimum and maximum monolayer water content for the soil can then be calculated 

by assuming a monolayer of water molecules is equivalent to 1´1015 water 

molecules/cm2 (Kolasinski, 2012).  

 

The BET equation is as follow (Brunauer et al., 1938): 

 

      1
n[(P0/P)-1]

= c-1
nmc
! P
P0
"+ 1

nmc
                (1)

     

where " and  "! are the equilibrium and saturation pressure of adsorptive (water or 

octane) at the temperature of sorption, # is the amount of gas adsorbed, #"  is the 

amount of gas adsorbed to form a monolayer and $ is the BET (or adsorption) constant.  

 

The specific surface area of the soil was determined by the following equation: 

   

        SBET=
(nmNAVa)
Vm

         (2) 

 



 

 143 

where SBET is the specific surface area of the soil, nm is the amount of gas adsorbed to 

form a monolayer, NAV is the Avogadro’s number, a is the adsorption cross section of 

the adsorptive (water and octane in this experiment), V is the molar volume of the 

adsorbed gas and m is the mass of the adsorptive (in g). 

 

5.3.6.  Analysis of data 

 

Statistical analysis was performed using the R software (https://www.r-project.org). 

Segmented linear regression was chosen to determine the inflexion point, termed 

‘threshold soil water content’ and its 95% confidence interval can be computed from 

the package (www.rdocumentation.org/packages/segmented). An average SWR was 

calculated across the range of soil water content if the slope of the relationship between 

SWR and soil water content was not significantly different from zero.  

 

5.4.   Results 

 

5.4.1.  Relationship between SWR and soil water content at low soil water content 

 

The response of SWR to soil water content occurred in two stages—a flat SWR 

response in segment 1 and a linear increase of SWR in segment 2 to soil water content. 

Soil water repellency in segment 1 did not vary in response to increasing soil water 

content until it reached a threshold of 0.66 ± 0.02 (lower 95% confidence interval=0.62% 

soil water content; upper 95% confidence interval=0.70% soil water content); SWR 

averaged MED 2.1 ± 0.0 M (Figure 5.2). Above the threshold soil water content, SWR 



 

 144 

increased linearly to reach a MED 5.0 ± 0.0 M at 1.69 ± 0.01% soil water content, 

with a slope of 2.98 ± 0.11 M/% (segment 2).  

 

 

 

 

Figure 5.2. Relationship between the soil water repellency in molarity of ethanol or 

MED value (M) and gravimetric water content (%). Increasing M indicates increasing 

soil water repellency. Soil was pre-dried under vacuum (1.3 kPa) and incubated at 

increasing soil water content (achieved via exposing soil to increasing relative 

humidity) for six days. Each data point is the mean of 15 M scores and segmented 

regression was fitted across all data points. Standard error bar is less than MED 0.1 M 

and are often obscured by the symbols. 
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Table 5.1. Soil with moderate water repellency (MEDa 2.0 M) exposed to various 

partial pressure (P/P0) and its equivalent matric potential (MPa), and the percentage 

of gravimetric water content (SWC) adsorbed or moles of water adsorbed per gram of 

soil.  

P/P0 
(kPa/kPa) 

Matric potential 
(MPa)b 

Adsorbed soil 
water content (%) 

Adsorbed soil water 
content (µmol/g soil) 

0.00 ∞ 0.000 0.000 

0.05 405 0.093 2.646 

0.10 311 0.135 3.839 

0.15 256 0.165 4.716 

0.20 218 0.196 5.598 

0.25 187 0.222 6.329 

0.30 163 0.244 6.948 

0.35 142 0.269 7.664 

0.40 124 0.293 8.354 

0.45 108 0.320 9.126 

0.50 94 0.351 10.001 

0.55 81 0.376 10.733 

0.60 69 0.403 11.480 

0.65 58 0.428 12.204 

0.70 48 0.453 12.915 

0.75 39 0.485 13.826 

0.80 30 0.528 15.046 

0.85 22 0.622 17.735 

0.90 14 0.779 22.215 

0.95 7 0.921 26.267 

a MED, molarity of ethanol droplet test. 
b Matric potential calculated by the equation described by Campbell et al. (1971).
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Figure 5.3.  Water vapour adsorption isotherm of water repellent soil at 20˚C. The 

isotherm shows the relationship between gravimetric water content (%) and relative 

partial pressure (P/P0), where P is the equilibrium pressure and P0 is the saturated 

pressure of water vapour. The filled square symbol indicates increasing adsorption of 

water molecules to form a monolayer of water molecules. The filled circle symbol 

indicates increasing multilayers of water molecules formation. The filled diamond 

symbol indicates increasing capillary water condensation. The monolayer water 

content (0.03%) determined from the monolayer capacity (0.135%) of an octane 

adsorption isotherm (See Figure 5.4) is included as an open triangular symbol. The 

monolayer water content (0.2%) determined from water adsorption isotherm is 

indicated as an open square symbol. The open diamond symbol indicates the likely 

occurrence of the beginning of capillary water condensation. 
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5.4.2.  Isotherm, specific surface area and monolayer water content 

 

The isotherm exhibited a sigmoidal shape, which is typical of a Type II isotherm 

(Brunauer et al., 1940). Initially, the adsorption of water molecules on water repellent 

soil increased rapidly as P/P0 increased (Figure 5.3; Table 5.1). The adsorption rate, 

however, only increased gradually above ~0.05–0.10 P/P0. Above ~0.8 P/P0, the 

adsorption rate increased steeply again. The SBET from water adsorption isotherm, 

SBET(H2O), was found to be 7.14 m2/g, with a monolayer gravimetric water content of 

0.20%.  

 

The octane adsorption at 30˚C, in µmol/g as a function of increasing P/P0 (kPa/kPa) is 

shown in Figure 5.4. The isotherm showed a rapid increase in octane adsorption from 

P/P0 at ~0.00–0.05 (kPa/kPa) but with a decreased adsorption rate above P/P0 of 0.05 

(kPa/kPa) (Table 5.2). The SBET from octane adsorption isotherm, SBET(Octane),	was 

found to be 0.8587 m2/g, and the amount of water required to form a monolayer on 

the surface would be of 0.03% gravimetric water content. 
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Figure 5.4. Octane adsorption isotherm of water repellent soil at 30˚C showing the 

relationship between amount of octane adsorbed (µmol/g) and relative pressure (P/P0), 

where P is the equilibrium and P0 is the saturated pressure of octane. The filled square 

symbol indicates increasing adsorption of octane molecules to form a monolayer of 

octane molecules. The monolayer octane content (0.135%) determined from octane 

adsorption isotherm is indicated as an open square symbol. The filled circle symbol 

indicates increasing multilayers of octane molecules formation. The open diamond 

symbol indicates the likely occurrence of the beginning of capillary octane 

condensation. 
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Table 5.2. Soil with moderate water repellency (MED 2.0 M) exposed to various 

partial pressure (P/P0) showing the percentage of octane adsorbed or molarity of water 

adsorbed per gram of soil. 

P/P0 (kPa/kPa) Adsorbed octane (%) Adsorbed octane (µmol/g) 

0.00078 0.003 0.043 

0.00401 0.008 0.128 

0.01650 0.019 0.315 

0.03351 0.030 0.490 

0.05443 0.041 0.667 

0.08063 0.053 0.853 

0.11231 0.066 1.066 

0.15546 0.083 1.340 

0.19804 0.099 1.608 

0.2876 0.135 2.182 

0.3865 0.177 2.867 

0.4677 0.216 3.497 

0.5169 0.238 3.858 

0.5550 0.259 4.186 

0.5946 0.280 4.530 

0.6300 0.299 4.834 

0.6617 0.319 5.162 

0.6929 0.337 5.458 

0.7238 0.354 5.729 

 



 

 150 

5.5.   Discussion 

 

The initially hypothesis was that the increase in SWR above a threshold soil water 

content (Figure 5.2) is due to a monolayer of water molecules, but the results did not 

support this hypothesis. This was because possible range of monolayer water content 

reported in the present study is less than the threshold soil water content. The finding 

is consistent with what is known about the contact angle of a monolayer of water 

molecules. A molecular dynamic simulation study found the contact angle of a 

monolayer of water molecules on a solid surface (actual surface not specified) does 

not exceed 90˚ (Wang et al., 2011), whereas a contact angle of more than 90˚ is 

considered water repellent in soil (Watson et al., 1970; Carrillo et al., 1999; Bachmann 

et al., 2007). King (1981) found that MED values below 1.6 M were associated with 

contact angles of less than 90˚. In other words, the contact angle of the soil should be 

less than 90˚ (i.e. MED < 1.6 M) if a monolayer of water molecules was present at the 

threshold soil water content; the soil showed MED 2.0–5.0 M when above the 

threshold soil water content which means that the contact angle was greater than that 

of a monolayer of water molecules.  

 

The threshold soil water content in the present study coincided with condensation of 

water in the soil pores. This is demonstrated by the fact that the threshold soil water 

content (0.62–0.70 %) corresponded well within the occurrence of capillary 

condensation of water in the soil (~0.48–0.62 %; Table 5.1), and is indicated by a 

sharp increase in the adsorption process above 0.75 kPa/kPa in the water adsorption 

isotherm (Figure 5.4). In addition, the capillary water condensation was observed to 

occur at ~0.75 to 0.85 P/P0, corresponding to a matric potential of approximately -40 
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to -22.0 MPa. This is roughly equivalent to the matric potential of an air dry soil at -

40 MPa (pF 5.6), where King (1981) also observed SWR began increasing with soil 

water content, and where capillary water may still exist (Zhou et al., 2016). These 

observations support the argument that the SWR increase with soil water content 

occurred at capillary water condensation and contradicts the initial hypothesis that the 

threshold soil water content coincides with a monolayer water content. 

 

The non-responsiveness of SWR to increasing soil water content below the threshold 

soil water content could be due to the incapability of ‘ice-like’ water layer to interact 

with organic compounds. In the present study, water molecules at soil water contents 

below the threshold soil water content are most likely to be predominantly ‘ice-like’. 

The threshold soil water content occurred below the partial pressure of 0.85–0.75 P/P0, 

which was close to the value (0.60 P/P0) found by Asay et al. (2005) for the ‘ice-like’ 

water behaviour. Below 0.60 P/P0,  Asay et al. (2005) found water molecules are ‘ice-

like’ from a dried condition up to approximately three layers at 0.30 P/P0, and followed 

by a transitional state from ‘ice-like’ to bulk ‘liquid-like’ behaviour of water molecules 

between the third and fourth layer at 0.30–0.60 P/P0. Water molecules then recover 

their bulk ‘liquid-like’ behaviour fully in the fifth layer at partial pressure above 0.60 

P/P0 (Asay, 2005). This may explain why SWR only increased at around 0.75 to 0.85 

P/P0 in the present study, where the ‘liquid-like’ water molecules may allow diffusion 

of organic compounds onto the surface of soil mineral particles and thereby increase 

SWR. 

 

The capillary water should not be considered as pure water and may not be a causative 

factor for the increased SWR with soil water content, but rather, it potentially serves 
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as a medium or promoter to drive processes responsible for the response in SWR. The 

soil consists of soluble dissolved organic carbon and mineral salts (Breemen et al., 

2002) and thus water is not in its pure state in the soil system (Tschapek et al., 1978). 

Water is recognised as a crucial solvent, which fosters most reactions to achieve new 

equilibrium and a desired reaction rate (Kitanosono et al., 2018). The presence of 

water with ‘liquid-like’ behaviour may thus allow several processes to occur such as 

dissolution of dissolved organic carbon (Delle Site, 2001) and mineral salts (Foth et 

al., 1997), which may contribute to the increased SWR with soil water content (Graber 

et al., 2009; Hardie et al., 2012; Zhang et al., 2004).  

 

5.6. Conclusion 

 

Utilising a novel method was conducted to evaluate whether the threshold soil water 

content at which soil water repellency increases corresponds to the monolayer water 

content. Soil water repellency was found to only increased with soil water content 

above a threshold value, which was greater than that expected for a monolayer of water 

molecules. The water adsorption isotherm indicated the increased soil water 

repellency with soil water content coincided with capillary condensation of water in 

the soil. The unresponsiveness of soil water repellency below the threshold soil water 

content could be due to the incapability of ‘ice-like’ water layer to be involved in any 

interaction with the organic compounds. Whereas, the water molecules that 

condensate within the capillary are ‘liquid-like’, allowing diffusion of organic 

compounds onto the surface of soil mineral particles and thereby increase SWR. 

Consequently, the capillary water may not be a causative factor for the increased SWR 

with soil water content below the wilting point. Instead,  the capillary water is 
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considered to be  a medium or promoter of the organic compounds and mineral salts, 

driving the dissolution and redistribution of dissolved organic carbon and minerals 

salts on the surface of soil particles that contribute to soil water repellency. 
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6 Exploring the mechanism of why soil water 

repellency increases at high relative humidity by 

determining the surface energy of the soil using inverse 

gas chromatography  

 

6.1.  Abstract 

 

Soil heterogeneity can result in high variability in the measurement of soil water 

infiltration. The infiltration process can further be complicated by the occurrence of 

soil water repellency (SWR), as SWR increases non-linearly with increasing soil water 

content at low soil water contents. Experimental evidence is lacking to explain this 

phenomenon. Surface energy is inversely proportional to SWR and determining the 

surface energy of the soil may assist to explore the mechanism of how water molecules 

interact with the soil particles’ surfaces and increase SWR. The overall objective here 

is to gain insight into why SWR responds non-linearly with soil water content by 

investigating the surface energy and the surface energy heterogeneity of the soil at an 

increasing soil water content by exposing dry soil to 0% and 90% relative humidity. 

The soil is hypothesised to have a lower surface energy and surface energy 

heterogeneity at 90% than at 0% relative humidity as previous study found SWR is 

inversely proportional to surface energy. A moderate water repellent soil (WR) and a 

control soil where soil organic carbon was removed (HT; H2O2 treated) were packed 

into inverse gas chromatography silanised columns. The total surface energy of the 

soil (n=2) was analysed using polar molecules to determine the specific surface energy 
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and non-polar molecules to determine the dispersive surface energy at 0% and 90% 

relative humidity. The total surface energy (sum of specific and dispersive surface 

energy) of the soil was approximately two times lower at 90% than at 0% relative 

humidity for both the WR and HT soil. The dispersive surface energy (80% of the total 

surface energy) for both the WR and HT soil was two times lower at 90% than at 0% 

relative humidity, but no differences was observed for the specific surface energy 

between the WR and HT soil and at either the relative humidity treatment. Differences 

in dispersive surface energy between the relative humidity treatments suggest 

increasing soil water content (but below the threshold soil water content) increases 

SWR by decreasing surface charge.  

 

6.2.  Introduction 

 

Soil water repellency (SWR) can lead to a high variability in soil water infiltration 

(Wang et al., 2003), which negatively affects agricultural productivity and soil 

stability (e.g. DeBano, 1969; Ritsema et al., 1993; Leighton-Boyce et al., 2007). Soil 

water repellency was found to promote fingered or preferential water flow and thus 

results in an uneven water distribution, typically in the surface layer of a water 

repellent soil profile (i.e. Raats, 1973; Bauters et al., 1998; Rye et al., 2017). This 

phenomena is not observed if a soil with the potential to become a water repellent is 

moist because SWR disappears as soil water content increases (King, 1981; 

Karunarathna et al., 2010; Li et al., 2016). Soil water infiltration could be complicated 

by the non-linear relationship between SWR and soil water content. Soil water 

repellency has been reported to increase to a maximum value with increasing soil 

water content above a “threshold soil water content” (Chapter 4), before it declines 
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with further increases in soil water content (King, 1981; Karunarathna et al., 2010; Li 

et al., 2016). Why SWR increases above a threshold soil water content is unclear. 

Understanding the underlying mechanism may assist us to manipulate how SWR 

responds to soil water content and potentially decrease surfactant application to water 

repellent soil. 

 

Several mechanisms have been proposed to explain the increase in SWR as soil water 

content increases from air dry towards wilting point. Jex et al. (1985) found microbial 

growth and activity responsible for the increased SWR in response to increasing 

relative humidity (variable relative humidity manipulates soil water content). 

However, Doerr et al. (2002) attributed the increase in SWR with relative humidity to 

the blockage of soil pores with hydrophobic organic fractions. A soil pore blockage 

mechanism, through the swelling of clay and organic matter, was similarly put forward 

by Wallach et al. (2007). Alternatively, Liu et al. (2012) proposed a transition of the 

water droplets sitting on the particle surfaces from the relatively dry Cassie-Baxter (air 

space in pores) to wet Wenzel (water in pores) (Liu et al., 2012). No study, however, 

has been conducted to support whether this mechanism sufficiently explains why 

SWR only increases once a threshold soil water content has been achieved. Another 

mechanism was proposed whereby the soil particle’s surface becomes less hydrophilic 

due to the presence of a ‘ice-like’ thin water film (Cantrell and Ewing, 2001; Goebel 

et al., 2004; Christenson and Thomson, 2016), but it has subsequently been found to 

be unconvincing (Chapter 5). Instead earlier investigations revealed the increase in 

SWR above a threshold soil water content coincided with capillary condensation 

(Chapter 5), which occurs at a water content or relative humidity considerably greater 

than when the ice-like water layers form. Further investigation is required to evaluate 
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the mechanism responsible for why SWR increases when above a certain threshold 

soil water content. 

 

Soil water repellency is inversely proportional to surface energy (Goebel et al., 2004). 

Therefore, the determination of the surface energy may provide a deeper insight into 

the underlying mechanism that causes SWR to increase when above a certain threshold 

soil water content. The threshold soil water content has been found to occur at 

approximately 75% relative humidity (Chapter 4 and 5), and the increase in SWR 

above 75% relative humidity then suggests a decrease in either the surface energy or 

surface energy heterogeneity or both. Soil water repellency is often associated with 

hydrophobic organic compounds. Above 75% relative humidity, the hydrophobic 

organic molecules adsorbed onto the mineral surfaces could have an increased fluidity 

when there is a sufficient amount of water molecules, promoting re-orientation of the 

hydrophobic organic molecules to gain a more ordered structure (Baumgart and 

Offenhäusser, 2002; Lim et al., 2002) and increase SWR. The increase in SWR at an 

increased relative humidity could be due to a more ordered structure of the 

hydrophobic organic compounds on the surface of soil particles as observed by a 

decrease in surface energy found in a more orderly structured lactose (Newell et al., 

2001a; Zhang et al., 2006). In addition, the increased adsorption of water molecules 

above 75% relative humidity may also decrease the surface energy and increase SWR 

by promoting a uniform diffusion of hydrophobic organic compounds across the 

hydrophilic mineral surface, resulting in surface chemistry uniformity and thus a more 

homogeneous surface energy across the entire surface. However, Janczuk et al. (1994) 

report that the surface energy of a clean quartz also decreases when only a water film 

was present on the surface.  Consequently, the increase in SWR at an increased relative 
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humidity (e.g. >75% relative humidity) could also be due to an increase in the surface 

energy homogeneity (or decrease in surface energy heterogeneity) of the soil due to a 

uniform water film on the surface of soil particles. It is currently uncertain which of 

these mechanisms are responsible for why SWR increases when above a certain 

threshold soil water content. 

 

Surface energy of water repellent soil can be measured via inverse gas 

chromatography (iGC). This is a gas-solid sorption technique where the stationary 

phase of the chromatographic column is of interest (Milczewska et al., 2012). 

Employing iGC may overcome the disadvantages of the conventional contact angle 

techniques (Mohammadi-Jam and Waters, 2014) used for measuring surface energy, 

as iGC can measure the surface energy of a bulk soil sample without the need for 

further sieving. Inverse gas chromatography has gained popularity in surface 

characterisation of solids in either powder, fibres, films, nanoparticles and semi-solids 

form (Mohammadi-Jam and Waters, 2014), at controlled relative humidity and 

temperature, however it has not been used to investigate the surface energy of soil. As 

iGC is also capable of determining the surface energy heterogeneity of the sample 

(Mohammadi-Jam and Waters, 2014), the technique seems promising in delivering 

mechanistic evidences to account for why SWR increases when above a certain 

threshold soil water content. 

 

An iGC surface energy analyser instrument (iGC-SEA) is able to determine the surface 

energy heterogeneity of the soil by providing the surface energy at different surface 

coverage (fraction of a monolayer, nnm, on the surface investigated) of the sample. 

Understanding the surface energy at different surface coverage may allow us to 
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distinguish whether the increase in SWR when above a threshold soil water content is 

due to changes in surface chemistry or a more uniform distribution of water film or 

organic compounds across the surface of soil particles. Details of obtaining the surface 

energy distribution by a series of adsorptives (gas to be adsorbed on the surface of 

sample) as a function of surface coverage was given by Ylä-Mäihäniemi et al. (2008). 

Homogeneous samples have surfaces with uniform energy sites, i.e. the surface energy 

is similar regardless of any surface coverage. Whereas, heterogeneous samples have 

surfaces with different surface energy sites. The surface energy for heterogeneous 

samples at small surface coverage is often higher than an increasing surface coverage 

of the sample. This is because the adsorptive preferentially adsorbs to high surface 

energy sites first before occupying low surface energy sites. Hence, it is typical for 

heterogeneous samples to show a decreasing surface energy initially, which then 

remains relatively constant with an increasing surface coverage.  

 

The overall aim of this study was to explore why SWR increases when above a certain 

threshold soil water content (Chapter 4) by understanding how water adsorption on 

the surface of soil particles (both for a wettable and water repellent soil) influences 

the surface energy and surface energy heterogeneity by varying the relative humidity 

(below and above 75% relative humidity). The present study hypothesises that the 

surface energy and surface energy heterogeneity of water repellent soil will be lower 

at 90% than at 0% relative humidity. As for the wettable soil, the surface energy and 

surface energy heterogeneity will also be lower at 90% than at 0% relative humidity. 
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6.3.   Materials and methods 

 

6.3.1.  Soil and site  

 

Water repellent (WR) sandy soil from 0 to 0.05 m was sampled from a farm on 22nd 

November 2017 near Pingrup (33°30'30"S, 118°28'40"E) in Western Australia. The 

soil belonged to a different batch from that used in the previous chapters and was 

sealed in a plastic bag and stored at room temperature (22.5±2.5˚C) prior to 

experimentation. The soil has moderate water repellency of MED 2.0 ± 0.04 M as 

measured as using the method of King (1981). The soil sample is acidic with pH 

4.91(1:5 soil: 0.01 M CaCl2 extract) and a total carbon content of 1.28% (dry 

combustion via Elementar Analysensysteme GmbH). The soil contained 95.7% sand, 

3.2% clay and 1.1% silt (methods by Mckenzie et al., 2002) with specific surface area 

of 2.00 ± 0.09 m2/g (Brunauer-Emmett-Teller model applied on the octane adsorption 

isotherm; ISO 9277, 2010) and has electrical conductivity of 70.9 µS/cm (1:5 soil: 

water extract). It is classified as Ferric Lixisol (FAO/WRB, 2014) or Petroferric 

Brown Sodosol (Isbell and National Committee on Soils and Terrain., 2016). 

 

6.3.2.  Experimental design and approach  

 

The influence of relative humidity on the surface energy and surface energy 

heterogeneity of the sample was investigated using a factorial design. The experiment 

included two relative humidities (0% and 90%), two samples, WR and HT (hydrogen 

peroxide treated to remove organic carbon) soil with each replicated once.  
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Fully automated iGC-SEA (Surface Measurement Systems, United Kingdom) was 

employed to determine the surface energy of the soil. Approximately 97 to 113 mg of 

soil sample was packed in silanised or dimethyldichlorosilane treated glass tubes for 

each relative humidity treatment and replicate. Both ends of the tube were secured 

with glass wool. For the 0% relative humidity treatment, the soil sample was dried at 

25 ˚C under a continuous flow of dry helium gas (10 ml/min) for 120 minutes. For the 

90% relative humidity treatment, the soil sample in the tube was pre-conditioned in 

the iGC column at 90% relative humidity for 120 minutes. Four alkane adsorptives 

(heptane, octane, nonane and decane) (HPLC grade, Sigma-Aldrich, United Kingdom) 

were used to determine the dispersive surface energy and three polar adsorptives 

(chloroform, dichloromethane, toluene) (HPLC grade, Sigma-Aldrich, United 

Kingdom) were used to determine the specific surface energy. Adsorptives were 

introduced into the column containing the soil samples by helium gas (10 ml/min; 

25˚C). The retention times of the adsorptives were detected by a flame ionisation 

detector. The dead volume correction, which is the retention volume if no interaction 

occurs between the adsorptive and adsorbent, was determined using methane. The 

principle of iGC is comprehensively described by others (Ho and Heng, 2013; 

Mohammadi-Jam and Waters, 2014). Surface energy analyser analysis software 

V1.4.3 (Surface Measurement Systems, United Kingdom) was used to generate and 

analyse the data. 

 

6.3.3.  Control soil sample preparation 

 

In order to ascertain whether any differences in surface energy and surface energy 

heterogeneity were due to the interaction between water molecules and organic 
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compounds, a control soil sample was prepared where organic carbon was removed 

via chemical oxidation. Briefly, approximately 50 g of soil was mixed with 100 ml of 

H2O2 (30% v/v) in a glass beaker and placed in a hot water bath to promote the 

oxidative process. As the amount of H2O2 decreased during the process, more H2O2 

continued to be added until no effervescence was observed (indicating complete 

oxidation of organic carbon). The soil sample was then oven dried at 105˚C for two 

days after the H2O2 treatment. The total carbon content of the H2O2 treated (HT) soil 

was 0.025 ± 0.000 % as determined via dry combustion, indicating that 98% of the 

soil organic carbon was removed. The specific surface area of the HT soil was found 

to be 1.42 ± 0.29 m2/g. 

 

The amount of organic compound required to form a monolayer of organic compounds 

on the surface of soil particles per gram of soil was determined to evaluate whether 

the remaining 0.025% organic carbon is sufficient to form a monolayer of organic 

compounds on the soil particle surfaces to cause SWR. The amount of organic 

compound required to form a monolayer of organic compounds on a gram of HT soil 

with a specific surface area of 1.42 ± 0.29 m2/g is estimated from a hydrophilic acetic 

acid that has a cross-sectional area of ~2.85´10-19 nm2 found by Meyer et al., (1986) 

and a mass of 60.052 g/mol (Haynes, 2014). A hydrophobic stearic acid with a cross-

sectional area of ~2.07´10-19 nm2 as found by Lane et al., (1984) and a mass of 284.48 

g/mol (Haynes, 2014) is also used to estimate the monolayer content of organic 

compounds in a gram of HT soil.  
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6.3.4.  Specific surface area 

 

The specific surface area of the soil is determined by applying the Brunauer-Emmett-

Teller (BET) equation (Brunauer et al., 1938) on an octane BET plot (0.05–0.35 

kPa/kPa). The equation is as follow: 
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where n is the amount of octane adsorbed, p0 and p are the saturation and equilibrium 

pressure of octane at the temperature of adsorption, c is the BET (or adsorption) 

constant and nm is the amount of octane adsorbed to form a monolayer. 

 

The specific surface area of the soil was determined by applying the following 

equation: 

 

SBET=
(nmNAVa)
Vm

    (2)  

 

where SBET is the specific surface area of the soil, nm is the amount of octane adsorbed 

to form a monolayer, NAV is the Avogadro’s number, a is the adsorption cross section 

of the octane, V is the molar volume of the octane molecule and m is the mass of the 

octane (in g). 
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6.3.5.  Analysis of data 

 

R software (https://www.r-project.org) was used to statistically analyse the data. 

Multiple linear regression analysis was performed to determine whether 1) the surface 

energy between WR and HT soil was significantly different from each other soil at 0% 

relative humidity and at 90% relative humidity; 2) the surface energy between 0% and 

90% relative humidity is significantly different between the WR and HT soil; and 3) 

the surface energy decreases with increasing surface coverage for both the WR and 

HT soil and for each relative humidity investigated.   

 

6.4.  Results 

 

The total surface energy for both the WR and the HT soil did not change with 

increasing surface coverage (P>0.05; Figure 6.1). The total surface energy for both the 

WR and HT soil was approximately two times lower at 90% (88 mJ/m2) than at 0% 

relative humidity (50 mJ/m2; P<0.05). At 0% relative humidity, the total surface 

energy of the WR soil was 5 mJ/m2 lower than the HT (P<0.05). At 90% relative 

humidity, there was no difference in the total surface energy between the WR and HT 

soils (P>0.05).  

 

The dispersive surface energy contributed approximately 80% of the total surface 

energy for both the WR and HT soils (Figure 6.2). The dispersive surface energy for 

both the WR and HT soil at 0% relative humidity did not change with increasing 

surface coverage (P>0.05). However, the dispersive surface energy decreased with 

increasing surface coverage at 90% relative humidity (P<0.05). The dispersive surface 
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energy for both the WR and HT soil was approximately 1.7 times lower at 90% than 

at 0% relative humidity (P<0.05). Comparing the dispersive surface energy at the 

relative humidity of 0%, the WR was on average 3 mJ/m2 lower than the HT soil 

(P<0.05). There was no difference in the dispersive surface energy between the WR 

and HT soil at 90% relative humidity (P>0.05). 

 

The specific surface energy contributed approximately 20% of the total surface energy 

for both the WR and HT soil (Figure 6.3). The specific surface energy between WR 

and HT soil as well as between 0% and 90% relative humidity (on average) was not 

significantly different from each other (P>0.05).  
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Figure 6.1. Relationship between the total surface energy at different surface coverage (fraction of a monolayer, nnm, on the surface investigated) 

of water repellent soil (WR) and hydrogen peroxide treated soil (HT) at 0% and 90% relative humidity (rh).
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Figure 6.2. Relationship between the dispersive surface energy at different surface coverage (fraction of a monolayer, nnm, on the surface 

investigated) of water repellent soil (WR) and hydrogen peroxide treated soil (HT) at 0% and 90% relative humidity (rh).
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Figure 6.3. Relationship between the specific surface energy at different surface coverage (fraction of a monolayer, nnm, on the surface 

investigated) of water repellent soil (WR) and hydrogen peroxide treated soil (HT) at 0% and 90% relative humidity (rh).
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6.5.  Discussion 

 

Determining the mechanisms responsible for why SWR increases when above a 

threshold soil water content as observed in Chapter 4 (occurred at above ~75% relative 

humidity) requires prior understanding of whether the increase in SWR is due to an 

interaction between water molecules and soil mineral surfaces, the salt minerals or the 

organic compounds in the soil. As the total surface energy of both the HT and WR soil 

was lower at 90% than at 0% relative humidity, a mechanistic insight on how the water 

molecules interact with the surface of soil particles to increase SWR can be gained by 

identifying the intermolecular forces accountable for the decrease in surface energy of 

the soil (e.g. van der Waals forces; Das et al., 2011). The surface energy results in the 

present study were compared to the reported surface energy of quartz mineral surfaces 

that have a monolayer of water molecules adsorbed on its surface, and so as to evaluate 

whether the decrease in surface energy is purely due to a monolayer of water 

molecules. The surface energy heterogeneity of the soil is also discussed below to 

understand whether the increase in SWR when above a threshold soil water content is 

due to uniform coating of organic compounds on the surface of soil particles. 

 

The increase in SWR above a certain threshold soil water content could be due to 

either an interaction between water molecules and soil mineral surfaces, the salt 

minerals or the organic compounds in the soil. The decreased total surface energy at 

90% relative humidity compared with 0% relative humidity (implies an increase in 

SWR) was most likely due to an interaction between water molecules and soil mineral 

surfaces or the salt minerals in the soil. This is because the difference in the total 

surface energy found in the WR soil between the two relative humidities was also 
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observed in the HT soil that had had 98% of its soil organic carbon removed. In other 

words, it is less likely to be due to an interaction between water molecules and organic 

compounds as the 0.025% total carbon per gram of soil remained was insufficient to 

form a monolayer of carbon (0.05–0.32% per gram of soil) on the surface. Moreover, 

the total surface energy between the WR and HT soil was similar at 90% relative 

humidity and differed by only 5 mJ/m2 at 0% relative humidity. Another study on 

lactose sample also found the surface energy decreased at increasing relative humidity 

(Newell et al., 2001b), which they ascribed to an increasing crystallinity in their 

lactose sample. This explanation would imply there is a change in the crystallinity in 

the HT soil at the increased relative humidity, which could occur when considering 

the presence of salt minerals in the soil and its dissolution at high relative humidity.  

 

The mechanism by which SWR increases when above a threshold soil water content 

could be due to a decrease in surface charge by counterions as indicated from the 

dispersive surface energy. The counterions could possibly form from dissolution of 

salt minerals in the soil at 90% relative humidity, which then decrease the van der 

Waals forces. It has been shown in a molecular dynamic simulation study that the 

spreading of a liquid droplet was driven by van der Waals forces, and thus, a liquid 

droplet will not spread if the van der Waals forces are small (Wu et al., 2010). These 

forces are due to the ‘instantaneous’ dipole interactions between molecules (Keswani 

and Han, 2015). As the dispersive surface energy is due to van der Waals interactions 

(Das et al., 2011), the decrease in dispersive surface energy (~33 mJ/m2) when relative 

humidity increased to 90% in the present study indicates the formation of water layers 

at 90% relative humidity resulted in weak dipole interactions on the particle surface. 

The weak dipole interactions imply a weak transient surface potential, which can 
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possibly be decreased by the counterions such as the various salt minerals in the soil. 

For example, six water molecules are only required to dissolve a molecule of NaCl 

(Jungwirth, 2000) and another study found that NaCl readily deliquesces (becomes 

liquid by absorbing moisture from the air) at above 75% relative humidity (Langlet et 

al., 2011), thus forming counterions. The adsorption of counterions on sand and clay 

mineral surfaces generates a low surface charge and even more so with high ionic 

strength in the thin liquid film on the soil particle’s surface (Wills and Finch, 2016). 

The high ionic strength can be explained by the salt minerals being concentrated in 

the small gravimetric water content (<1.4%) at 90% relative humidity. It has been 

found in other studies that the water molecules are ‘ice-like’ below 60% relative 

humidity but ‘liquid-like’ when above (Asay and Kim, 2005). Hence, the ‘liquid-like’ 

water molecules allow the counterions to diffuse across and be adsorbed on the surface, 

thereby decreasing the surface charge. Whereas, the ‘ice-like’ water molecules are 

considered to prohibit such diffusion. A minimum net surface charge has formerly 

been found to yield maximum SWR (Diehl et al., 2010), and can also be indicated by 

a low zeta potential. Samples with a low zeta potential have a decreased wettability as 

reported for reservoir rocks in other studies (Bassioni and Taha Taqvi, 2015). The 

further decrease in the dispersive surface energy in the WR soil when relative humidity 

was increased from 0% to 90% may be explained by the adsorption of counterions on 

the small content of organic compounds (1.28%) in the soil and the reduced surface 

charge (Delle Site, 2001).  

 

The decreased total surface energy at 90% relative humidity is unlikely to be due to a 

monolayer of water molecules. Former studies found the presence of a monolayer of 

water molecules decreased the total surface energy of a quartz from approximately 
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191 mJ/m2 to 121 mJ/m2 (Janczuk and Zdziennicka, 1994). This study did not 

corroborate the results from Janczuk and Zdziennicka (1994) because the total surface 

energy of the quartz with a monolayer of water molecules is approximately 1.7 to 2.0 

times greater than the total surface energy that the current study obtained at 90% 

relative humidity for the HT soil, which was dominated by quartz mineral. Previous 

investigation found that the threshold soil water content coincided with the onset of 

capillary condensation, which only occurs at values considerably greater than that 

required for a monolayer (Chapter 5). The presence of salt minerals in the HT and WR 

soil, which should have undergone dissolution at 90% relative humidity (O’Brien, 

1948; Langlet et al., 2011) also refutes the monolayer water content mechanism as the 

dissolution implies it is not a monolayer of pure water molecules.  

 

The increase in dispersive surface energy heterogeneity for both the WR and HT soil 

at 90% relative humidity could be due to a preferential localisation of counterions on 

the soil particle surface, which may explain why SWR increases when above a 

threshold soil water content. The mechanism is developed from comparing the results 

herein with those found in the literature at 0% relative humidity. The homogeneous 

dispersive surface energy of the HT soil across the surface coverage investigated at 0% 

relative humidity was not consistent with the untreated quartz samples of 

Mohammadi-Jam et al. (2014a), where they observed a decreased dispersive surface 

energy with an increasing surface coverage (i.e. heterogeneous surface energy). As for 

the WR soil, the homogeneous dispersive surface energy at 0% relative humidity was 

observed in Mohammadi-Jam et al. (2014a) dodecylamine treated quartz samples. In 

other words, the surface energy of their dodecylamine treated quartz samples was 

more homogeneous than their untreated quartz samples. Mohammadi-Jam et al. 
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(2014a) explained that the surface energy homogeneity in their dodecylamine treated 

quartz was due to the uniform artificial coating of the dodecylamine on the quartz 

surface. This suggests that the mineral surfaces of the WR soil such as clay and quartz, 

are uniformly coated by the organic compounds. However, a uniform organic coating 

layer on natural soil minerals is unlikely as Chenu et al. (2006) and Vogel et al. (2014) 

did not find a homogeneous layer, but patches of soil organic matter on the surfaces 

of natural soil. This then suggest there are mineral domains that are free from soil 

organic matter. At 90% relative humidity, although the soil organic matter may have 

already reduced the surface charge of the soil mineral, the diffusion of counterions and 

adsorption on the mineral surface may further decrease the surface charge. The uneven 

distribution of counterions on the surface of soil minerals may thus explains the 

heterogeneous dispersive surface energy for both the HT and WR soil at 90% relative 

humidity. Whereas, the homogeneous dispersive surface energy found for both the 

WR and HT soil at 0% relative humidity could be due to the huge variability in the 

surface energy determination when compared to those at 90% relative humidity. 

 

The surface energy profile in the present study is not an indicator for SWR. The 

surface energy determined in the present study is the surface energy profile of the soil 

at different surface coverage. It should not be considered as an indicator for whether 

the soil is wettable or water repellent as only 20% of the surface coverage was analysed. 

In other words, the results explained 20% of the surface wettability of soil particles. 

Mohammadi-Jam et al. (2014a) and Newell, (2001b) observed a further decrease in 

surface energy when more than 20% surface coverage was examined. Consequently, 

determining the surface energy at a greater surface coverage than 20% may better for 

representing the wettability of the soil.  
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6.6.  Conclusions 

 

The present study explored the mechanisms responsible for why SWR increases when 

above a certain threshold soil water content (or above ~75% relative humidity) by 

understanding how adsorbed water molecules on the hydrophobic surface of soil 

particles influences surface energy by varying the relative humidity. The dispersive 

surface energy (but not specific surface energy) decreased substantially for soils at 90% 

relative humidity, compared with soils at 0% relative humidity. This occurred to the 

same extent in a naturally water repellent soil, and in the same soil with 98% of the 

organic matter removed. The decrease in surface energy of water repellent soil at 90% 

relative was explained herein to be due to an interaction between water molecules and 

the salt minerals in the soil. At 90% relative humidity, the water molecules may result 

in the dissolution of salt minerals into counterions, which then diffuse across the 

surface and adsorbed on the sand and clay mineral surfaces to reduce the van der Waals 

forces. A monolayer of water molecules was not considered to be responsible for the 

decreased surface energy at 90% relative humidity because the total surface energy of 

the HT soil (dominated by quartz) was approximately 1.7 times lower than the total 

surface energy of quartz samples with a monolayer of water molecules as obtained by 

other studies. The surface energy of both the WR and HT soil was more heterogeneous 

at 90% than 0% relative humidity, which could be due to a preferential adsorption of 

counterions on the surface of soil minerals to reduce the surface charge. Only 20% of 

the surface of soil was analysed in the present study and determining surface energy 

at increasing surface coverage (e.g. >0.2 n/nnm) of the soil may help better understand 

the wettability of the soil. The present study is the first report to determine and 
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compare the surface energy of soil at different relative humidity using an iGC 

technique. 
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7  Synthesis and Conclusions 
 

7.1.  Introduction 

 

The overall objective of this thesis was to understand the interaction between soil 

water repellency (SWR) and soil water content, particularly at soil water contents 

below plant wilting point (<1500 kPa). Previously published studies found SWR 

increases with soil water content up to the wilting point before it declines and 

disappears with further increase in soil water content (e.g. King, 1981; Karunarathna 

et al., 2010; Li et al., 2016). Prior to investigating the mechanism, however, it is crucial 

to adopt an experimental approach that does not introduce artefacts that induces SWR 

unintentionally. For example, measured SWR can vary depending on the temperature 

that the soil is dried (Dekker et al., 1998). This thesis therefore includes the 

development of an improved soil drying technique for assessing the relationship 

between SWR and soil water content without the need for applying different drying 

temperatures. The investigation of the effect of different drying methods, incubation 

temperatures and specific surface area on the relationship between SWR and soil water 

content helped to understand how SWR responds to soil water content when different 

experimental approaches are practised. The present chapter also suggests a standard 

operating procedure so as to reveal the underlying mechanism of the response between 

SWR and soil water content below the wilting point.
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Table 7.1. Thesis chapter addressing the specific objectives and synthesis of the findings from relevant chapters. 

Specific objectives Thesis chapter Synthesis of findings 

Examine the formerly proposed 

mechanisms explaining why SWR 

increases with soil water content 

below the wilting point. 

Chapter 4, 5 

and 6 

This findings in this thesis did not support the previously proposed mechanisms based 

upon thin layer of water molecules, blockage of soil pores and transition from Cassie-

Baxter to Wenzel wetting regime. 

Standardising experimental 

approach for performing SWR 

laboratory studies in order to achieve 

consistent and reliable SWR results. 

Chapter 3 and 

4 

Conduct SWR experiment at 20˚C. 

Dry water repellent soil at 20˚C anoxically under vacuum (1.3 kPa) prior to SWR 

experimentation.  

Adopt a non-physical soil disturbance wetting method, or any approaches causing a 

minimum physical soil disturbance. 

Report temperature if experiment is not performed at 20˚C and residual soil water 

content if 20˚C vacuum drying or 105˚C oven drying method is not employed. 

Table 7.1. continued on next page. 
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Table 7.1. (continued). 

Thesis chapter addressing the specific objectives and synthesis of the findings from relevant chapters.  

Specific objectives Thesis chapter Synthesis of findings 

Re-evaluate the relationship between 

SWR and soil water content below 

the wilting point. 

Chapter 4 

Soil water repellency did not change when below a threshold soil water content but 

increases when above. 

Threshold soil water content coincided with capillary water. 

Different drying methods, incubation temperature and specific surface area of the soil 

did not change the trend of the relationship between SWR and soil water content. 

Understand whether the increase of 

SWR with soil water content below 

the wilting point is an effect due to 

temperature or soil water content. 

Chapter 3 and 

4 

The increase in SWR above a threshold soil water content (or below the wilting point) 

was predominantly a soil water content effect. 

To reconcile why different trends of 

the relationship between SWR and 

soil water content were found in the 

literature. 

Chapter 3 and 

4 

The different relationships between SWR and soil water content reported in the 

literature could be due to lack of appropriate drying methods as these studies involved 

using soil dried at different temperature. 
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7.2.  Why does SWR increase above a threshold soil water content? 

 

7.2.1.  Proposed mechanism  

 

Minimal surface charge of water repellent soil resulting in a maximum SWR (Diehl et 

al., 2010) may explain why SWR increased above a threshold soil water content. Diehl 

et al. (2010) reported that an increasing positive or negative surface charge would 

cause SWR to decrease. The same mechanism is used here, but refined to include 

counterions to specifically explain why SWR increased above a threshold soil water 

content (Chapter 4 and 5).  

 

The increased SWR above the threshold soil water content, which occurred when the 

moisture in the air exceeded 75% relative humidity (Chapter 4 and 5), could be due 

the decrease of the surface charge of the soil minerals (e.g. quartz and clay) by the 

counterions. In Chapter 5, capillary water condensation was found to coincide at ~75 

to 85% relative humidity. At this relative humidity,  it has also been reported that the 

water molecules are ‘liquid-like’ (Asay and Kim, 2005). The salt minerals in the soil 

may then undergo dissolution or deliquesce above 75% relative humidity (Langlet et 

al., 2011), forming counterions and diffuse in the thin layer of water molecules (liquid-

like) formed on the mineral surfaces. The counterions may then adsorb on the surface 

of soil minerals and decrease the surface charge. Another study observed that when 

the surface charge was low (as indicated by low zeta potential), the wettability of the 

surface decreased (Bassioni and Taha Taqvi, 2015). The increased SWR due to the 

decreasing zeta potential by counterions can further be supported by the small van der 

Waals forces as indicated by the decreased dispersive surface energy (Chapter 6). A 
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small van der Waals forces imply weak dipole interactions or in other words, a weak 

surface potential. Consequently, adsorption of counterions decreases the van der 

Waals forces on the surface and increase SWR. 

 

7.2.2.  Evidence against alternative mechanisms 

 

Alternative mechanisms hypothesised by others such as thin layer of water molecules, 

blockage of soil pores, and transition from Cassie-Baxter to Wenzel wetting regime, 

do not explain why SWR did not change when below the threshold soil water content, 

but then increased when above; and as observed in Chapter 4 and 5. Firstly, increasing 

SWR indicates decreasing surface energy (Doerr et al., 2000; Roy and McGill, 2002). 

Goebel et al. (2004) hypothesised that the increase in SWR with soil water content 

was caused by a decrease in the soil’s surface energy by a thin layer of water molecules. 

The adsorbed water molecules in the first layer on a solid surface have been found to 

be less hydrophilic (Wang et al., 2011). The monolayer water content, however, does 

not coincide with the threshold soil water content (Chapter 5), and the total surface 

energy obtained where soil water content was increased by exposing soil to 90% 

relative humidity was 1.7 to 2.0 times lower than the surface energy of a monolayer 

of water molecules on a quartz surface as reported in the literature (Chapter 6) 

(Janczuk and Zdziennicka, 1994). Secondly, it has been argued that the increased 

SWR above the threshold soil water content could be due to the displacement of 

hydrophobic organic moieties by water molecules from the mineral surface and 

blocking the pore spaces (Doerr et al., 2002). If this process occurs, new mineral 

surfaces that have high surface energy are exposed. Such explanation was not 

supported by the surface energy measurements in Chapter 6 because no increase in 
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surface energy was observed but instead, surface energy decreased. Furthermore, it is 

unlikely to be due to soil pore blockage because soil pores tend to be several orders of 

magnitude larger than the relatively SWR associated organic compounds. Thirdly, the 

increased SWR above the threshold soil water content is not expected to be due to 

decreasing soil’s pore size by the swelling of clay or organic matter in the present 

study, simply because of the small clay (~3%) and organic matter (~2%) contents of 

the soil investigated in this thesis. Fourthly, the increased SWR above the threshold 

soil water content observed at 4˚C (Chapter 4) is unlikely to be due to microorganisms 

as microbial activity is commonly known to be restricted at this temperature  

(Bárcenas-Moreno et al., 2009). Lastly, the transition from Wenzel (partial wetting) 

to Cassie-Baxter (relatively dry soils) wetting regime where soil pores are gradually 

replaced with air during soil drying does not explain why SWR remains unchanged 

below a threshold soil water content (Liu et al., 2012). 

 

7.3.  Standard experimental approach for performing SWR 

laboratory studies  

 

It is important to understand how different experimental approaches may influence the 

relationship between SWR and soil water content in order to achieve consistent and 

reliable SWR results. The findings in Chapter 4 demonstrated that water repellent soil 

oven dried at 105˚C and vacuum dried at 20˚C resulted in a constant SWR with soil 

water content when below the threshold soil water content. However, the SWR after 

oven drying at 105˚C was lower than the soil that was vacuum dried at 20˚C. Above 

the threshold soil water content, the rate of increase in SWR when the soil was 

conventionally dried at 105˚C was lower than the soil that was vacuum dried at 20˚C. 
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The rate of SWR response with soil water content above the threshold soil water 

content can be increased if the experimentation was performed at an increasing 

incubation temperature. Due to the variable response of SWR to soil water content 

under different conditions, this section presents an approach for standardising the 

experimental approach when performing SWR studies in a laboratory.  

 

It is recommended water repellent soil is dried anoxically at 20˚C under vacuum (1.3 

kPa) prior to SWR experimentation due to the following reasons: 

 

1. Soil water repellency did not change when compared to soil air-dried at 20˚C 

under normal atmospheric air pressure of 101.3 kPa (Chapter 3). 

2. The 20˚C is an internationally recognised reference temperature (ISO 1:2016, 

2016).  

3. The SWR rating for molarity ethanol droplet (MED) test, water drop penetration 

test (WDPT) and contact angle (CA) was generated at 20˚C (King, 1981). As such, 

this classification may not be applicable if the SWR measurement is not performed 

at 20˚C. 

4. The temperature at 20˚C is below the melting point of most of the organic 

compounds associated with SWR (see Table 1.1, Chapter 2), and thus induces the 

least changes to the organic compounds physically or chemically when compared 

to drying temperature above 20˚C. 

5. Achieved equivalent soil dryness when compared to soil following conventional 

oven drying at 105˚C, and also a faster drying technique than air drying at 20˚C 

under normal atmospheric air pressure of 101.3 kPa (Chapter 3). 
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6. Drying duration can be normalised as the drying was completed within two days 

(Chapter 3). 

7. Soil water repellency did not change when the soil was vacuum-dried under 

anoxic conditions (Chapter 3).  

 

The proposed vacuum drying is unlikely to result in SWR measurement artefacts due 

to the reasons given above (1and 7). Measuring the SWR after vacuum drying water 

repellent soil at 20˚C under anoxic conditions will most likely reflect the SWR of the 

soil measured in situ if the in situ soil temperature is at 20˚C (Chapter 3), and  a higher 

SWR than that measured in situ if the in situ soil temperature in the field will occur 

when above 20˚C (King, 1981) and below the threshold soil water content (Chapter 

3). However, the in situ SWR could possibly be higher than the measured SWR after 

vacuum drying at 20˚C under anoxic conditions if the soil water content is between 

the threshold soil water content and the wilting point. Furthermore, reporting SWR at 

a specific relative humidity may be misleading due to SWR hysteresis, i.e. the 

difference in the relationship between SWR and the corresponding soil water content 

obtained under wetting and drying process (Li et al., (2017). 

  

A non-physical soil disturbance wetting method, or any approaches causing a 

minimum physical soil disturbance, is encouraged when assessing the relationship 

between SWR and soil water content as King (1981) demonstrated soil disturbance 

resulted in a decreased SWR. A non-physical soil disturbance wetting method was 

employed herein by exposing soil to different relative humidity (controlled via 

different concentrated salt solution as demonstrated by O’Brien, 1948),and the results 
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acquired showed remarkably low standard error (± MED 0.02 M; n=15) in the SWR 

measurement (Chapter 4 and 5). 

 

The SWR experimentation is recommended to be conducted at 20˚C. It was shown in 

Chapter 4 that the response of SWR above the threshold soil water content increases 

with incubation temperature. Consequently, comparison among the findings can be 

better interpreted if all studies on the relationship between SWR and soil water content 

are performed at 20˚C. In addition, all reports are advised to include the room 

temperature if the experimentation was not performed at 20˚C as well as the residual 

soil water content (amount of water left after soil drying) if 20˚C vacuum drying or 

105˚C oven drying method is not employed. 

 

7.4.  Effect of drying, incubation temperature and specific surface 

area on the relationship between SWR and soil water content 

 

The relationship between SWR and soil water content obtained from both the drying 

and incubation temperature treatment generally has a common trend—SWR remains 

unchanged below the threshold soil water content (segment 1; e.g. Figure 4.1) and 

increases linearly above the threshold soil water content (segment 2) (Chapter 4). The 

drying method affected how SWR responded to soil water content in segment 1 and 2, 

whereas the incubation temperature only affected how SWR responded to soil water 

content in segment 2. In comparison with the 20˚C vacuum dried soil, the flat response 

of SWR in segment 1 was slightly down shifted when 105˚C oven dried soil was used 

for the investigation, followed by a lower rate of SWR response to soil water content 
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in segment 2. In segment 2, the rate of SWR response to soil water content was further 

increased by increasing the incubation temperature.  

 

The increased SWR after drying at elevated temperatures, as found in the literature, 

may respond to soil water content in a similar trend to the findings in Chapter 4. 

However, instead of a down shifted trend as observed for the 105˚C oven dried soil 

(due to decreased SWR after drying), an increased SWR after drying at elevated 

temperature may follow an up shifted trend in segment 1, followed by an increasing 

rate of SWR response to soil water content and even more so with increasing 

incubation temperature. 

 

The trend of increased SWR above the threshold soil water content was predominantly 

a soil water content effect. The trend was observed regardless of whether a 20˚C or a 

105˚C dried soil was used and was also found after incubating at either 4˚C, 20˚C or 

40˚C. The different drying methods and incubation temperatures and specific surface 

areas did not change the trend, instead only the severity and the rate of SWR response 

to soil water content was affected.  

 

7.5.  Different trends in the relationship between SWR and soil 

water content 

 

The different relationships between SWR and soil water content reported in the 

literature could be due to lack of appropriate drying methods. In Chapters 4 and 5, the 

observed flat and constant SWR with increasing soil water content, followed by a 

linear increase in SWR above the threshold soil water content was not  observed in 
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previous studies (de Jonge et al., 1999; Chau et al., 2014; Hermansen et al., 2019). 

This can be explained by the different experimental approaches used in earlier studies, 

as these did not consistently use soil that was dried at the same temperature. Whereas 

for the experimentations performed in Chapter 4, the soil was either vacuum dried at 

20˚C or oven dried at 105˚C. The two dried soils were consistently used throughout 

the investigation to generate two relationships between SWR and soil water content, 

one for the 20˚C vacuum dried soil and another one for the 105˚C oven dried soil. 

Investigating the relationship between SWR and soil water content at 20˚C is only 

possible with vacuum drying method as conventional air drying soil at 20˚C do not 

achieve the equivalent soil dryness when compared to soil dried at 105˚C.  

 

7.6.  Prospective research studies 

 

7.6.1.  Better understanding SWR development 

 

More studies are required to evaluate whether the increase of SWR above a threshold 

soil water content is due a decrease of surface charge by counterion. Different cations 

with increasing valency have been found to show different wettability on calcite 

surfaces treated with fatty acids (Rezaei Gomari and Hamouda, 2006). The wettability 

of the calcite was governed by pH, where the cations at pH 5 resulted in a decreased 

wettability than when they were at neutral pH on the calcite surface. No study has 

investigated the effect of the cation concentration on the wettability of soil with 

organic carbon removed. How the anions of different concentrations influence the 

wettability of soil with organic carbon removed is also not well understood. Although 

the effect  of pH and counterions on SWR has been studied by Graber et al. (2009), 
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the compounding effects of pH, cations or anions on soil with organic carbon removed 

and at different soil water content is lacking. 

 

Exploring whether both the mineral salts and the dissolved organic compounds 

undergo dissolution and diffuse within the surface film and capillary liquid could also 

be a potential future SWR research. The dynamic equilibrium of the mineral and the 

outermost organic surface layer may govern the surface film and capillary liquid. As 

such, the surface film and liquid capillary in water repellent soil would be a mixture 

of water, salt minerals and organic molecules. The surface film probably has different 

phases, such that some of the organic compounds formed an organic layer on top of 

the thin liquid layer (Garrett, 1967; Jarvis, 1967) which surrounds the mineral surfaces. 

Mixture of alkane and surfactant have been found to form three distinct phases: liquid 

phase, solid monolayer phase of alkane and hybrid bilayer phase of the mixture 

(Matsubara et al., 2013). The formation of solid monolayer phase may thus induce 

SWR. Dissolution of mineral salts into capillary liquid which could occur 

simultaneously may result in high ionic strength (Foth and Ellis, 1997) and govern the 

packing arrangement of organic molecules therein and affect SWR.  

 

An improved understanding of how the outermost layer of organic compounds 

influence SWR may be required as surface energy is known to be governed by only 

the outermost surface layer of the material investigated (Kuznetsov, 1957; Coussy, 

2010). Conventional studies have been concentrated on extracting and identifying all 

the organic compounds in water repellent soil (Ma’shum, 1988; Franco et al., 2000; 

Horne and McIntosh, 2000; Doerr et al., 2005; Uddin, 2017). However, not all the 

organic compounds found in water repellent soil, even though they are hydrophobic, 
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are regarded to be involved in inducing SWR. Other organic compounds beneath the 

first few layers from the surface may not affect SWR. The response of SWR is 

considered in this chapter to be governed by only the chemistry of organic compounds 

found within the first few molecular layers on the surface. This raises a query on 

whether the hydrophobic organic compounds that are commonly regarded as 

responsible for SWR such as palmitic acid and stearic acid, dominate the outermost 

organic surface layer. Currently, the organic composition in the outermost nanometer 

layer has not been examined. 

 

There is a need to determine the potential dominant drivers influencing the dynamic 

equilibrium structure of the organic compounds on the surface of soil minerals if only 

the outermost nanometer organic layer participates in inducing SWR. More than 50 

different organic compounds have been extracted and identified from water repellent 

soils (Ma’shum, 1988; Franco et al., 2000; Horne and McIntosh, 2000; Morley et al., 

2005; Uddin, 2017), but it is not known which of these organic compounds are the 

dominant drivers. Organic compounds with the highest concentration in the 

composition could possibly be one of the dominant drivers in the adsorption and 

desorption processes, governing the structure of organic compounds at an equilibrium 

on the surface of soil minerals. Surface structural modification has been observed 

when the addition of pure organic compounds is at a concentration higher than the 

mixture of organic compounds present on the surface (Petitjean et al., 2001). The 

different composition of organic compounds also gives rise to different surface 

organic structures. Uddin et al. (2019) employed atomistic molecular dynamics 

simulation and found binary mixtures of organic molecules resulted in different 

packing arrangement on the mineral surface when compared to if only pure organic 
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compound is applied. Consequently, identifying the potential dominant drivers 

governing the surface structure may further our understanding in SWR dynamic 

equilibrium. 

 

7.6.2.  Non-physical soil disturbance wetting technique above wilting point 

 

A non-physical soil disturbance wetting technique to generate soil water content above 

the wilting point is required in order to understand why SWR declines and disappears 

with a further increase in soil water content as observed by (King, 1981; Karunarathna 

et al., 2010; Li et al., 2016). No more than 2.5% gravimetric water content was 

achieved in the studies herein, and even when the water repellent soil was exposed to 

100% relative humidity for six days (Chapter 4 and 5). Pressure plate apparatus has 

been considered for soil wetting, however, the movement of water by capillary action 

may result in the translocation of the more soluble soil organic compounds that 

concentrate on the soil surface. Other soil wetting technique such as inducing high-

energy or ultrasonic vibration on the water surface to create mist or fog (the water 

molecules in the mist or fog diffuse across the soil matrix in its vapour phase, where 

they then adsorb and condense on the soil particle surface) could be a potential 

undisturbed soil wetting technique to generate water content greater than 2.5%. The 

ultrasonic soil wetting technique was not used in Chapter 4 and 5 because it is difficult 

to control the rate of fog generation and to control a constant flow of the fog across 

the soil matrix to achieve controlled soil wetting so that specific and repeatable soil 

water content can be generated. If uniform soil wetting can be achieved, ultrasonic 

soil wetting technique may overcome the limitation of the non-disturb soil wetting 

technique used herein.  
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7.6.3.  Forecasting SWR in the field 

 

The capability to forecast SWR may assists farmers to make a better decision on 

whether a surfactant application is required. Presumably in some soils and years where 

SWR is predicted to decline or disappear, surfactant application on the water repellent 

soil may not be required. Consequently, there is a need to study water repellent soil at 

conditions that captures the diurnal temperature and relative humidity fluctuation as 

this may allow deeper understanding of the dynamic relationship between SWR and 

soil water content. It is shown in Chapter 4 how SWR responded to soil water content 

(manipulated by varying relative humidity) and to different incubation temperatures. 

In the field, the relative humidity during the day is often lower than at night, whereas 

the temperature is higher during the day than at night. As SWR was found to be higher 

at high relative humidity (due to increasing soil water content; Chapter 4 and 5) and 

at low soil temperature (King, 1981), this mean that the SWR is likely to be higher at 

night than during the day. For example, the soil may have a SWR with MED 2.0 M 

during the day but increases to MED 2.5 M during the night and decreases to MED 

2.0 M again the next day. A longer term (e.g. weekly) forecast of SWR could be 

possible if the weather conditions could be accounted for in the experimental model. 

Increasing the accuracy of SWR predictions remains a research gap, and incorporating 

the weather forecast data may provide us a daily or even a weekly forecast of the 

dynamic SWR response in the field.  
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7.7.  Conclusions 

 

The findings in this thesis have fundamentally improved the understanding of why 

SWR increases above a threshold soil water content. The threshold soil water content 

generated by exposing soil at ~75% relative humidity was found to coincide with the 

onset of capillary water condensation. The decreased surface energy of the soil (90% 

relative humidity) by approximately two times could possibly be due to the decrease 

in surface charge by counterions. Previously proposed mechanisms based upon thin 

layer of water molecules, blockage of soil pores and transition from Cassie-Baxter to 

Wenzel wetting regime are not supported by the findings in this thesis.  The vacuum 

drying technique under anoxic conditions at 20˚C and 1.3 kPa developed in this thesis 

has reconciled the conventional soil drying issues pertaining to variable temperature, 

soil water content and drying duration. As such, a standard experimental approach (e.g. 

vacuum drying soil at 20˚C under anoxic condition) is suggested for performing future  

SWR studies in a laboratory, which may thus account the inconsistent SWR reports in 

the literature. The research of this thesis also demonstrated how different experimental 

approaches (drying method, incubation temperature and specific surface area) 

influences SWR and its response to soil water content, but the overall trends between 

SWR and soil water content did not change. Future studies on the counterions effect 

on SWR is needed to provide deeper insight into the underlying mechanisms 

responsible for how SWR response to soil water content. The potential influence of 

the dissolved salt and organic molecules within the surface film and capillary liquid 

on SWR need to be investigated. The composition of the outermost layer of organic 

compounds should be evaluated as only the outermost surface layer of the material 

governs the surface energy. What drives the dynamic equilibrium structure of the 
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outermost nanometer organic layer is currently unknown. Mechanism for explaining 

why SWR decreases after the wilting point as reported in the literature is lacking. More 

research on the dynamic relationship between SWR and soil water content may 

provide us a better prediction of SWR in the field and in response to variable weather 

conditions. 
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