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ABSTRACT 

 

Rhamnolipid biosurfactant is a bacterial biosurfactant produced by several Pseudomonas species, 

which can wet hydrophobic soils by lowering the cohesive and/or adhesive surface tension, 

allowing the water to spread out more evenly and better penetrate the hydrophobic soils. Because 

of its bio-degradability, Rhamnolipid biosurfactant applications bring minimal adverse impact on 

the soil and groundwater as compared with that of chemical wetting agents. Rhamnolipid 

biosurfactant applications save the water consumptions during agricultural irrigation, especially 

under draught conditions. This research was designed to investigate the applications of 

Rhamnolipid biosurfactant applications in agricultural soils. Performance of Rhamnolipid 

biosurfactant in intact soil columns collected from agricultural soils was explored and related to 

the soil and wetting agent properties. In addition, the impact of the organic concentration of 

wetting agent fate and transport was investigated.  

The results show that Rhamnolipid biosurfactant may lower the water surface tension (relates to 

Gibbs free energy of the interaction between Rhamnolipid biosurfactant molecules), and wet the 

agricultural soil samples. The critical micelle concentration (CMC) of Rhamnolipid biosurfactant, 

which is defined as the minimum concentration to form the initiate micelle, is about 40 mg/L.  

Moreover, the adsorption isotherm of Rhamnolipid biosurfactant on the soil is inversely 

proportional to the increase of concentration of surfactant due to the formation of micelle. But this 

adsorption isotherm is not dependent to the concentration of biochar-amended soils. The column 

transport of Rhamnolipid biosurfactant is also explored. The results show that the thermodynamic 

properties of Rhamnolipid biosurfactant may control its transport. 

And the retention time of Rhamnolipid biosurfactant on the soil changes over the time (pore 

volume) due to its soprtion, but does not relate to the concentration of biochar-amended soil 

samples. This transport may also be represented by the advection-dispersion equation with a local 

equilibrium assumption.  

The results prove that we may apply Rhamnolipid biosurfactant and biochar in the agricultural 

soils in subtropical area. This application will enhance the water containing ability of soil for crop 

purpose, and improve the properties of soil. 
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CHAPTER ONE 

 

INTRODUCTION 

 

Water conservation is very important in subtropical climate areas. However, the hydrophobic 

soils usually cause problems by creating hard-to-wet spots, especially during the summer months 

and periods of drought. To conserve water consumption, wetting agents are commonly utilized. 

Wetting agents wet hydrophobic soil by lowering the cohesive and/or adhesive surface tension, 

allowing the water to better penetrate the hydrophobic soils. Some common wetting agents being 

used are: soaps, detergents, and so on. But these wetting agents have many disadvantages, such 

as unstable and are biodegradable after some months.  

Taking ecosystem sustainability into consideration, Rhamnolipid biosurfactant - a bacterial 

biosurfactant produced by several Pseudomonas species from many substrates including sugars, 

oils, alkanes, and wastes - is drawing more and more attention. Rhamnolipid biosurfactant has 

some advantages that make it used widely in environmental remediation: low environmental 

impact, low adsorption to soil, high solubilizing properties, high water soluble, and high 

sustainability for the ecosystem. It has a characteristic molecular structure consisting of a 

hydrophobic group and a hydrophilic group and can reduce solution surface tension. 

Rhamnolipid biosurfactant is also popularly utilized in soil remediation. Currently, soil 

contamination by petroleum hydrocarbons has raised worldwide environmental concerns. 

Bioremediation, as one of the successful means utilizes the natural degradative ability of 

microorganisms to convert contaminants into carbon dioxide and water. Although 

bioremediation is effective and environmental friendly, it is sometimes not efficient because of 

bioavailability or mass transfer limitation of the oil pollutants in the soil.  

Two of the most important characteristics of organic contaminants commonly found as soil 

pollutants are low solubility in water and high interfacial tension with water. Petroleum 

hydrocarbons are highly hydrophobic material with low water solubility and those components 

attach to soil particles, reducing the bioavailability of oil compounds to microorganisms, thereby 

limiting the rate of mass transfer for biodegradation.  

A Rhamnolipid biosurfactant can increase the bioavailability (or solubility) of petroleum 

hydrocarbon pollutants in soil and enhance the desorption and solubilization of petroleum 

hydrocarbons, thereby facilitating their assimilation by microorganisms. Rhamnolipid 
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biosurfactant is produced by Pseudomonas aeruginosa and is potentially more biodegradable 

than synthetic ones. It has been studied in various environmental applications. Especially, 

Rhamnolipid biosurfactant was tested on the beaches in Alaska after the Exxon Valdez tanker 

spill (Harvey et al., 1990) and was found to release three times as much oil as water alone.  

The addition of Rhamnolipid biosurfactants can improve the biodegradation of petroleum 

hydrocarbons, such as hexadecane, octadecane, n-paraffin, phenanthrene in liquid systems, and 

hexadecane, tetradecane, pristine, creosote hydrocarbon mixtures in soils (Maier and Soberon-

Chavez, 2000). With the addition of Rhamnolipids, the removal of phenanthrene from soil may 

increase two to five times (Noordman et al., 2000), and the removal of pentachlorophenol (PCP) 

can also increase (Mulligan and Eftekhari, 2003). Moreover, they can biodegrade the high 

volatility, solubility, and sorption compounds such as polycyclic aromatic hydrocarbons (PAHs).  

The biodegradation of halogenated aromatic compounds (HACs) is one of the applications of 

Rhamnolipid biosurfactants. HACs cause the great concern for the environment and human 

health due to their toxicity and long-existence in the environment. The degradation of PCBs in 

soil may also be improved by Rhamnolipid biosurfactants addition (Robinson et al., 1996). 

Moreover, the solubilization of pesticides may increase double with the addition of Rhamnolipid 

biosurfactants (Mata-Sandoval et al., 2000).  

Besides, Rhamnolipid biosurfactants are used to increase the release of low solubility 

compounds from soil and solids (Harvey et al., 1990). More specifically, they may remove the 

hydrocarbon from a sandy loam soil (Scheibenbogen et al., 1994), remove more than 79% of the 

oil from contaminated soil (Urum et al., 2003), and remove oil from coastal sand, marine birds 

and animals contaminated by oil (Shulga et al., 2000). Moreover, due to their complexation 

ability, Rhamnolipid biosurfactants may use to remove heavy metal from soil (Herman et al., 

1995). 

In order to assess the possible applications of Rhamnolipid biosurfactant applications in the 

fields, Rhamnolipid biosurfactant interactions with the soil should usually be tested first. 
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CHAPTER TWO 

 

BACKGROUND 

 

2.1. Surfactant and Biosurfactant 

2.1.1. Surfactant 

Surfactants are the amphiphilic compounds. They are composed of both hydrophilic and 

hydrophobic portions. They can replace the molecules with higher energy; accumulate between 

immiscible phases (e.g., solid-liquid, liquid-liquid, or vapor-liquid interfaces) at the interface, 

which will reduce the interfacial tension (IFT) (Desai and Banat, 1997). Because of hydrophobic 

and hydrophilic groups in their composition, they may formulate micelles in solution that gives 

surfactants their detergency and solubilization properties. So people can use them to wash or 

flush the soil. Moreover, they are also used as the houshold detergents, adhesives, flocculating, 

wetting and foaming agents (Mulligan and Gibbs, 1993). The activities of biosurfactant If their 

concentration is more than critical micelle concentration (CMC) level, which is defined as the 

minimum concentration necessary to form the initiate micelle, they may solubilize and dissolve 

in water alone.  

Surfactants have many advantages, which make them be widely used, such as: save energy, low 

cost, physicochemical behavior, solubility and adsorption behavior. In addition, due to some 

important characteristics like reduce the surface or interfacial tension, increase solubility of 

water-insoluble compounds, detergency power, wetting ability and foaming capacity, 

biosurfactants may be applied in human life and industries, such as: enhance the oil removal by 

increase the solubility of petroleum components in the petroleum applications (Falatko, 1991), or 

float the mineral in the pharmaceutical applications (Mulligan and Gibbs, 1993). Besides, they 

can be applied in environmental remediation for remediation of both organic and metal 

contaminations, such as in situ soil flushing and ex situ soil washing for remediation of 

unsaturated zone, and ‘‘pump and treat” for aquifer remediation. They also improve the 

biodegradation rate of organic compounds in bioremediation technologies (Christofi and Ivshina, 

2002; Cameotra and Bollag, 2003; Mulligan, 2005). Moreover, they may increase the 

emulsification, micellarization, and adhesion–deadhesion of microorganisms to and from 

hydrocarbons and desorption of contaminants (Ron and Rosenberg, 2001; Singh et al., 2007).  
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2.1.2. Rhamnolipid Biosurfactant 

Biosurfactants are the surfactants that produced by yeast or bacteria from many substrates 

including sugars, oils, alkanes and wastes (Lin, 1996).  

As a surfactant with the hydrophobic group and hydrophilic group in the composition (Figure 

2.1), biosurfactant is effective to reduce the interfacial tension of oil and water and the viscosity 

of oil, to remove water from the emulsions, and to release bitumen from tar sands.   

 

Figure 2.1. Accumulation of biosurfactants at the interface between liquid and air (Magdalena 

Pacwa-Plociniczak et al., 2011). 

 

Biosurfactants may decrease the water surface tension from 72 to 30 mN/m, and the interfacial 

tension between water and n-hexadecane from 40 to 1 mN/m (Desai and Banat, 1997). The 

activities of biosurfactants are dependent on the concentration of the surface-active compounds 

until obtaining the CMC concentration. If the concentration of biosurfactants is more than CMC, 

their molecules will associate together to form micelles and bilayers (Figure 2.2): 

 

Figure 2.2. The relationship between biosurfactant concentration, surface tension, and formation 

of micelles (Magdalena Pacwa-Plociniczak et al., 2011). 
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The CMC is also used to estimate the surfactant efficiency. The lower CMC is, the higher 

surfactant efficiency will be. The reason is that the low CMC means less biosurfactant is required 

to decrease the surface tension. 

Rhamnolipid biosurfactant are produced from Pseudomonas aeruginosa (Hitsatsuka et al., 1971; 

Guerra-Santos et al., 1984). There are four types of Rhamnolipid biosurfactant produced from 

Pseudomonas aeruginosa, illustrated in figure 2.3: 

  

 

 

 

 

 

 

 

 

 

Figure 2.3. General structure of rhamnolipid biosurfactants produced by Pseudomonas 

aeruginosa strains (Hitsatsuka et al., 1971) 

 

Their molecular weights are low. They can enhance the desorption or dissolution of 

contaminants in soil, which increases the bioavailability of contaminants, therefore improve the 

biodegradation rate of contaminants. 

2.2. Biochar 

Resulted from global warming, high temperatures and low precipitation together with high 

variability of both factors increase evapotranspiration, reduce soil moisture, and damage the soil 

by mechanical weathering (Masters, 2008; Paudel and Hatch, 2012; Schlenker et al., 2006). 

These conditions have a negative impact on agricultural productivity in most regions of the globe 

(Alkolibi, 2002; Lang, 2001). In practice, all of the crops that depend on irrigation may be 

adversely affected by the climatic change. Dealing with droughts can become a challenge in 

areas where temperatures are projected to increase and precipitation is projected to decrease. 

Even though droughts, and particularly summer droughts, are generally associated with higher 
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surface-air temperatures, they could also be associated with below normal air temperatures 

(Campra et al., 2008). Recent climatic change studies have found some clear warming trends 

emerging, which are more likely attributable to human activity than natural climate variability 

(Christidis et al., 2011). Predicted climatic change will place additional stress on water resources. 

Therefore, water conservation is extremely important in agricultural practices during drought 

seasons. Especially, increasing water demands owing to the growth of urbanized populations 

have led to constraints on existing surface and groundwater supplies (Speidel et al., 2009). New 

means of agricultural practices are being sought to fight against the droughts induced by global 

warning.  

Biochar is a stable carbon (C) compound produced when biomass (feedstock) is heated to the 

temperature between 300 and 1000ºC under low oxygen concentrations (pyrolysis process). It is 

used to sequester carbon and improve the soil functions. Moreover, biochar does not affect the 

environment, or animal and human health (Lehmann and Joseph, 2009). It has been discovered 

that soil amendment with biochar addition can efficiently conserve water usage in agricultural 

fields by increasing the soil-water holding capacity (Stavi and Lal, 2013).  

2.2.1. Biochar Properties  

Biochar is called as a soil conditioner.  The residence time of carbon in biochar is much longer 

than in most of soil organic matters. So if biochar is added to soil, there would be a potential sink 

for carbon that may effect to the soil process, and lead to a concern about the climate change 

mitigation.  

The properties, transport and fate in the environment of biochar (e.g composition, distribution of 

particle and pore size) are depended on the characteristics of feedstock and the conditions of 

pyrolysis (mainly temperature) used. The high hetegeneous structural and chemical composition, 

together with the neutral pH of biochar caused difficulties to identify its underlying mechanisms 

in soil. 

2.2.1.1. Structural composition. Each biochar particle is made of two parts: stacked 

crystalline graphene sheets and randomly ordered amorphous aromatic structures (Figure 2.4). H, 

O, N, P, and S is incorporated within the aromatic rings.  
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Figure 2.4. Putative structure of charcoal (Bourke et al., 2007). Crystalline graphene sheets 

structure (left), and amorphous aromatic structure (right). 

 

2.2.1.2. Chemical composition and surface chemistry. It is very heterogeneous, 

contains both stable and unstable components (Sohi et al., 2009), with the major constituents are 

carbon (50-90% weight), volatile matter (0-40%), moisture (1-15%), and ash (0.5-5%). 

The properties and function of biochar, which drive to its site specific application and fate and 

transport in the environment (Downie, 2009), are determined by the proportion of biochar 

components (Brown, 2009). For example: biochar produced from the pyrolysis of wood-based 

feedstock is coarse and resistant, while the biochar produced from crop residues and seaweed is 

fine, soft, nutrient-rich, which is easier to be degraded by microbial communities in the 

environment (Sohi et al., 2009).  

Besides, the ash content of biochar depends on the ash content of the biomass feedstock. More 

specific, the high ash content of biochar may be produced by grass, grain husks, straw, residues 

and manures, while woody feedstock may produce biochar with low ash content (Demirbas, 

2004).  

Moisture also effects on biochar. The higher moisture content is, the higher cost and 

transportation of each unit of biochar produced is. The high carbon content and strong aromatic 

structure also make the biochar stability (Sohi et al., 2009).  

The chemical composition of biochar surface is also complex and heterogeneous, therefore 

biochar may interacts with a wide range of organic and inorganic compounds in the environment. 

The products from these interactions are functional groups, such as: -OH, -NH2, -OR, -

(C=O)OR, - NO2, -(C=O)H, -(C=O)OH) (Harris, 1997; Harris and Tsang, 1997).  
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2.2.2. Effects on Soil Properties, Processes , and Functions 

The effect of biochar on soil functions is influenced by its characteristics and its physic-chemical 

stabilization mechanisms in soil, which are determined by the climate, soil condition, and land 

use. So using biochar may decrease the negative effects, or even enhance the properties, 

processes and function of soil. More specifically, biochar may reduce the bioavailability of 

pollutants in soil, which leads to a decrease in their toxicity and enlargement. In addition, the 

consolidation between biochar and soil may change the texture, structure, pore size distribution, 

and density of soil (Downie et al., 2009).  

The density of biochar is much lower than soil, so using biochar may decrease the overall density 

of soil. With biochar addition, the soil organic matter (SOM) content will be higher, helping to 

keep nutrients in the soil and reducing the soil compaction, so seed germination will be improved 

and the cost for cultivation and tillage will be lower (Soane, 1990). 

Moreover, the porosity and characteristics of biochar may cause some effects to the soil pore 

network, such as: biochar particle size, pore size distribution and connectivity, the mechanical 

strength of biochar particles, and the fate and tranport of biochar particles in the soil. In addition, 

they may cause the overall porosity of the soil, which leads to change the biochar incorporation 

into soils (Soane, 1990). 

The application of biochar into soil may also increase the overall surface area of soil, which 

benefits microbial communities, and improves the soils water retention (Chan et al., 2007, 

Downie et al., 2009).  

The addition of biochar to soil and how it interacts with the soil may change the physical and 

chemical properties of soil, so we need to consider these properties before applying biochar to 

the soil. In agricultural field, it also affects the regulation and production function of agricultural 

soil, therefore improve the water and nutrient retention, and increase the crops efficiency. 

Furthermore, these characteristics also determine the suitability, behavior, fate and transport in 

the environment of each biochar for specific application. The small size of micropores of biochar 

also improves its benefit to store water in the soil. This may increase the water-storage 

availability of plant soil, especially with the sandy soils during dry periods (Figure 2.5): 
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Figure 2.5. The soil water retention curve - hypothesized effect of biochar addition to soil (Van 

Genuchten, 1980) 

 

The interactions between biochar and soil system include many different levels. These sub-

molecular interactions are caused by the Van der Waals forces and hydrophobic interactions 

between biochar with clay, silt particles and SOM in the soil, which may reduce the SOM. They 

are influenced by the feedstock and the pyrolysis conditions used, and determine the influence of 

biochar to the water-repellent of soil (F. Verheijen et al., 2010). 

After added to the soil, due to the different substrates (e.g. sugar) on the surface, biochar may 

activate the edaphic microflora and fauna. Besides, because of a large porosity, biochar particles 

in soil may provide refugia to microorganisms in the soil, which will protect them from grazing 

by other soil organisms, therefore nurture a big amount of microbial biomass. The incorporation 

between biochar and soil also can enhance the overall sorption capacity of anthropogenic organic 

contaminants (e.g. PAHs, pesticides) of soils by reducing their mobility. This characteristic may 

reduce the toxicity and transport of common pollutants and heavy metals in soil, and increase the 

bioavailability of these compounds (F. Verheijen et al., 2010). 

Together with positive effects, biochar may have some negative effects on plants (table 2.1). It is 

because some compounds on the surface of biochar, such as PAHs, cresols, xylenols, 

formaldehyde, and acrolein, may have bactericidal or fungicidal proporties (Painter 2001). 



 

 10 

 

 

Table 2.1. Summary the effects of biochar addition to the soil (F. Verheijen et al., 2010) 

Biochar’s 

effect on soil 

Description Conditions 

 

 

 

 

 

 

 

Positive 

Improve soils Anthrosols  

Increase plant 

production 

In tropical regions with suitable environmental 

conditions 

Improve sorption 

capacity of soil 

Influence of the toxicity, fate and transport of 

PAHs, which enhances sorption capacity of soil. 

Develop microbial 

habitat  

Increase microbial biomass, activity, and efficiency 

in soils 

Increase plant 

productivity 

It may change the physico-chemical properties of 

soil, and effect to the soil microbes, which 

increases the productivity of plant. 

Increase the 

abundance and 

activity of 

earthworm 

Soil amended with biochar makes earthworms more 

enjoyable 

 

 

 

 

Negative 

Lose soil due to 

erosion 

The biochar particles dressed to soil may erode soil 

by wind (dust) and water 

Compact the soil  It may cause the soil compaction if the conditions 

are inappropriate 

 

Contaminate risk 

There are some contaminants in biochar, which 

derive from contaminated feedstocks, may cause 

negative effects on properties and functions of soil.  

Remove crop 

residue 

Biochar may incorporate the crop residue into the 

soil, which leads to some negative effects on soil. 

 Reduce number of 

earthworm 

The high amount of biochar may increase the pH 

and salt levels in soil, which lead to decrease the 

number of earthworm in soil 
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Table 2.1 - continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unknown  

Negative effects from 

carbon 

Carbon in biochar may cause some negative effect to 

soil  

Negative effects on 

natural nitrogen cycle  

The addition of biochar to soil may cause some 

negative effects to the N2O emission.  

Change the behavior 

mobility and fate of 

environment 

The long residence time of biochar in soil may some 

negative unknown effects.  

Distribute of 

contaminants  

The distribution of contaminants from biochar 

includes heavy metals, PAHs. Theie bioavailability 

and toxicity depend on the biomass feedstock, 

pyrolysis conditions, soil type and environmental 

conditions.   

Effect to dynamics of 

soil organic matter  

These effects are influenced by the climate, type of 

soil, and management. 

Change the physic-

chemical properties 

of soil 

The pore size of biochar may change the physical 

properties and processes of soil. 

Effects on soil-water 

retention  

Biochar may effect on soil-water retention. These 

effects depend on biochar application. 

Effects on soil 

compaction 

The biochar application may effect to soil 

compaction. 

Effects on soil 

megafauna  

The soil contained biochar may effect on the skin 

and respiratory systems of soil megafauna.  

 

The effects of biochar on soil function are based on its characteristics, physical and chemical 

stabilization mechanisms, but the contribution of each factor under different climatic and soil 

conditions has not been deeply researched. Soil may lose biochar due to the abiotic and 

biological degradation and translocation within the soil profile and into water systems.  

Biochar is generally beneficial for growing crops. After biochar is added to soil, the stable 

carbon in biochar will remain stable in the soil for hundreds to thousands of years (Mao et al., 
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2012), which is a much longer time than in the original biomass, therefore improving the crop 

yield. 

Biochar is most commonly produced through an energy conversion process known as pyrolysis, 

during which organic materials (such as crop stubble, wood chips, manure and municipal waste) 

are heated in the complete or near absence of oxygen (Manya, 2012). The advantage of reduced 

decomposition of biochar makes biochar play an important role in global carbon cycling. 

Recently, carbon sequestration by biochar applications has drawn more and more attention. 

Biochar is usually produced with the intent to be applied in soil, or as a byproduct of thermal 

pyrolysis of carbon-rich biomass to make biofuel. When used as a soil amendment, biochar has 

been reported to boost soil fertility and improve soil quality by raising soil pH, increasing soil 

moisture holding capacity, attracting more beneficial fungi and microbes, improving soil cation 

exchange capacity (CEC), and retaining nutrients in the soil (Barrow, 2012; Jha et al., 2010; 

Thies, 2010). Besides the properties of the biochar, the positive qualities are also dependent on 

regional conditions including soil type, soil condition (depleted or healthy), temperature, and 

humidity. Biochar’s ability to attract and retain water is attributed to its porous structure and high 

surface area. It has been demonstrated that the gravity-drained water content can be increased by 

23% relative to the control with biochar addition (Basso et al., 2013).  

2.2.3. Effect on Other Greenhouse Gases 

Besides water conservation, biochar applications can reduce nitrous oxide (N2O) emission 

(Wang et al., 2012). N2O is the potent greenhouse gases that emitted from soil through the 

nitrification/denitrification (80% of N2O) process respectively from the soil microbiota, and 

contribute to climatic change and stratospheric ozone destruction (Mosier et al., 1998; van 

Amstel et al., 2000; Wulf et al., 2002). Although N2O is emitted in smaller quantities than other 

greenhouse gases such as carbon dioxide (CO2) and methane (CH4), it has a long lifetime in the 

atmosphere and a relatively large energy absorption capacity per molecule, resulting in a high 

global warming potential about 310 times than CO2 over a time of 100 years (Chianese et al., 

2009; Huttunen et al., 2003; Webster et al., 2004).  

Biochar’s ability to reduce N2O reduction has been evidenced. The mechanism of  reduction in 

N2O emission will slow the N-cycle, which may fertilize soil in the long term. According to a 

long-term study in Australia, biochar reduces N2O emission from soils by 73% and reduces 

inorganic nitrogen runoff from fields by up to 94% (Singh et al., 2010b). It is proposed that the 
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increased effectiveness of biochar in reducing N2O emission over time is due to increased 

sorption capacity of biochar through oxidative reactions on the biochar surfaces with aging 

(Singh et al., 2010b). The specific N2O emission reduction mechanisms include: (1) Biochar 

addition increases soil aeration thus reduces denitrification; (2) Biochar addition adds electron 

acceptors thus increases soils’ redox potential and decreases N2O source capacity; (3) Increased 

pH from biochar addition drives N2 formation from N2O; and (4) Increased surface charge by 

biochar addition increases NH4
+
 adsorption. In addition, biochar in soil has also been shown to 

be particularly effective in sorption and sequestration of organic contaminants. Amendments of 

small amount of charred materials in soil would dominate the overall sorption of organic 

contaminants. The enhanced sorption by amending soil with biochar strongly influenced the fate 

and behavior of organic contaminants in the environment. As a result, biochar as a soil 

amendment is increasingly attracting the attention of policy makers and great interests of 

scientific communities in recent years.  

N2O is emitted from natural sources and as byproducts or intermediate products of agricultural 

and industrial processes (Abbas et al., 1991; Desoete, 1993; Millar et al., 2010b; Webster et al., 

2004). Anthropogenic nitrogen loading, particularly fertilizer and animal waste usage in farm 

and ranch lands is thought to be a potentially important source of N2O, which is linked to 

increasing amounts of reactive nitrogen in the environment (Horak and Siska, 2009; Yu et al., 

2008). Specifically, fertilizer and manure applications account for 92% of total US agricultural 

N2O emission, whereas manure management and burning of crop residues account for 8% and < 

1% thereof, respectively (Schils et al., 2008; Sistani et al., 2011). Over the past several decades, 

anthropogenic activity, primarily agriculture, has doubled the annual input of biologically 

reactive nitrogen into the environment (DeAngelo et al., 2006; Freney, 1997; Granli and 

Bockman, 1994; Wang et al., 2011). Currently, global atmospheric N2O concentration is 

increasing at a rate of 0.2 ~ 0.3% per year, and fertilization of agricultural fields is thought to be 

the single most important source of the observed increase (Chantigny et al., 2010; Ma et al., 

2010; Malhi and Lemke, 2007; Millar et al., 2010a; van Groenigen et al., 2004). It is believed 

that N2O is formed principally as byproducts or intermediate products of two microbial-mediated 

nitrogen transformations: nitrification and denitrification. In essence, the interplay between the 

amount of nitrogen cycling in soils and soil environmental conditions (mainly soil moisture, 

temperature, pH, oxygen and organic carbon contents) governs the related microbial processes 
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and thereby gaseous N2O production (Harper et al., 2004; Jensen et al., 1984; Shimizu et al., 

2010). The N2O yield in soils is mainly related to the relative availability of oxidants (NO3
−
) and 

reductants (organic carbon) (Li et al., 2008). When the availability of NO3
−
 greatly exceeds that 

of organic carbon, NO3
−
 is preferred over N2O as a terminal electron acceptor and N2O 

accumulates (Groffman et al., 2009; Khan et al., 1998; Laverman et al., 2010; Stevens and 

Laughlin, 1994). The increase of N2O production at the increased N/C ratio in the denitrification 

reaction implies that the denitrification reaction in the conventional process cannot fully occur 

under carbon-limited conditions (Hume et al., 2002). Soil moisture conditions also have great 

effects on N2O production for denitrification (Mathieu et al., 2006; Meyer et al., 2008; 

Senbayram et al., 2009). Especially, soil moisture dynamics can influence N2O emission through 

affecting the redox potential (Eh) in soils (Ciarlo et al., 2007; Qiu et al., 2010; Wang and Cai, 

2008). 

2.2.4. Biochar and Carbon Sequestration Potential 

The use of biochar for carbon sequestration is dependent on the role of soils in the C-cycle. 

 

Figure 2.6. Diagram of the carbon cycle (NASA, 2008). 

In the figure above, the black numbers are the amount of carbon stored in different reservoirs 

(billions of tons), while the purple numbers are the amount of carbon moved between reservoirs 

each year (NASA, 2008). From the figure we see that microbial respiration within the soil 

systems decompose the soil organic matter (SOM). The components of biochar are more 



 

 15 

 

recalcitrant than SOM, which means that the carbon input into soil is much more than the carbon 

output through soil microbial respiration. This leads to the biochar’s potential for climate change 

mitigation.  

2.2.5. Biochar Loading Capacity 

Biochar may be applied to soil to isolate carbon and improve the functions of soil, such as: 

production, regulation, and habitat. But the biochar loading capacity (BLC) is dependent on the 

types of soil, types of crop grown on the soil, soil biology, transport of small particles to the 

ground and surface water, and climate conditions.  

Application of biochar is hypothesized to increase soil organic C levels, return most of the 

nutrients harvested with the biomass to the soil, and increase the soil’s capacity to retain and 

recycle nutrients. The application of biochar to agricultural land is receiving increasing attention 

as an intervention strategy for the sequestration of carbon (C), and as a means of improving soil 

quality and nutrient cycling.  

Consequently, the intrinsic properties of biochar, and its complex interaction with different soil 

types, can have an impact on soil–plant–microbe interactions and changes in nutrient cycling and 

crop growth in biochar-amended soil are often hypothesised to be due to modifications in the soil 

microbial community. However, biochar application to soils has primarily been found to benefit 

soils of poor quality, thus the advantage of adding biochar to temperate agricultural soils remains 

controversial.  

The addition of biochar to agricultural soil is often accompanied by a short-term, biochar-

induced net release of CO2 from soil, which is caused by both biotic breakdown of soluble 

organic C and the abiotic release of carbonate C contained in the biochar. Biochar did increase 

soil respiration, with changes in microbial growth dynamics shifting towards a bacterial 

decomposer community.  

In addition, biochar can reduce the leaching of nutrients from agricultural soils. Leaching of 

nutrients from agricultural soils depletes soil fertility, accelerates soil acidification, increases 

fertilizer costs for farmers, reduces crop yields, and adversely affects the quality of surface and 

ground water. The high surface charge density of biochar enables the retention of cations by 

cation exchange, and the high surface area, internal porosity, and the presence of both polar and 

non-polar surface sites enable biochar to adsorb organic molecules and associated nutrients. 
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Biochar also appears to stimulate soil microbial activity particularly mycorrhizal fungi, which 

are critically important for nutrient cycling.  

So Rhamnolipid biosurfactant has been used for a long time to wet the hydrophobic soil and 

remove the pollutants inside the soil. But there is no paper research about the application of this 

biosurfactant to the soil with the addition of biochar – one kind of activated carbon - to improve 

the positive properties of soil. In this research, we will test the adsorption and transport of 

Rhamnolipid biosurfactant in the mixture of biochar and agricultural soil. 
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CHAPTER THREE 

 

MATERIALS AND METHODS 

 

3.1. Rhamnolipid Biosurfactant Production and Extraction 

After inoculated with 1 ml (1.0%) stationary phase culture, Pseudomonas aeruginosa (ATCC 

9027) was grown in a 250-ml Erlenmeyer flask containing 100 ml Kay’s minimal medium, 

which consisted of 0.3 g NH4H2PO4, 0.2 g K2HPO4, 0.2 g glucose, 0.5 mg FeSO4 and 0.1 g 

MgSO4·7H2O [25].  The flask was continuously trembled at 250 rpm on a Gyratory Water Bath 

(Model G76, New Brunswick Scientific Co. Inc., Edison, NJ) at 37
o
C for 24 hrs.  2 ml of above 

culture was used to inoculate 200 ml of phosphate-limited proteose peptone-glucose-ammonium 

salt medium, which consisted of 1.0 g NH4Cl, 1.5 g KCl, 19.0 g Tris-HCl, 5 g glucose, 1 g 

proteose peptone and 0.4 g MgSO4·7H2O, adjusted to pH 7.2 in a 1000-ml flask.  This flask was 

placed on the Gyrotory Water Bath Shaker at 250 rpm for 60 hrs.   

The extraction of Rhamnolipid biosurfactant followed the method modified from Zhang and 

Miller.  The collected culture supernatant was first centrifuged at 7,000 × g for 15 mins to 

remove P. aeruginosa cells.  Rhamnolipid was then precipitated by acidification to pH 2.0.  

After centrifuged at 12,100 × g for 20 mins, the precipitate was extracted with chloroform-

ethanol (2:1).  Extract was then transferred to a round bottom flask connected to a 

rotoevaporator.  The evaporation process was allowed to proceed until the precipitation turned to 

a honey-color, viscous consistency, which was then freezing dried.  Rhamnolipid was purified 

and analyzed by thin-layer chromatography.  For column experiments, Rhamnolipid was 

suspended in the sterilized buffer to make Rhamnolipid biosurfactant solutions.  

Biochar was produced by thermal decomposition of biomass under limited or absence of oxygen 

supply at relatively low temperatures (<700 °C). Biomass waste materials appropriate for the 

biochar production included crop residues (both field residues and processing residues such as 

nut shells, fruit pits, and bagasse, etc), as well as yard, food and forestry wastes, and animal 

manures. The materials used as feedstock for biochar production had direct impacts on the nature 

and quality of the resulting biochar. It has been evidenced that the biochar characteristics such as 

surface area and water retention capacity vary depending on the feedstock resources and 

pyrolysis temperature. It seemed that switchgrass has the most water retention capacity as 

compared to other feedstock materials such as peanut shell and manure. Therefore, in this 
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research, green waste biomass (i.e., switchgrass) was used as feedstock materials for the biochar. 

Considering large amounts of forestry biomass was burned or left to decompose and release CO2 

and methane back into the atmosphere, biochar produced from yellow pine wood chips and 

hardwood would also be used in this research. Specifically, swichgrass biochar was produced in 

Dr. Hsieh’s laboratory, pine wood biochar was ordered from Waste to Energy, Inc. and mixed 

hardwood biochar from oak, maple, alder, white alder, black hawthorne, birch, cherry, black 

walnut, and lilac was obtained from Charcoal House LLC. Forestry biomass was an excellent 

feedstock for a slow pyrolysis process. Its low moisture content (< 20%) and high calorific value 

made it a large energy exporter. Usually, the biochar from forest biomass had a highly stable 

aromatic structure with a surface area of ~ 300 m
2
/g.  

The properties of the biochar would be characterized in our laboratory. After sieving (< 2 mm) 

and drying (105
◦
C for 12 hrs), the biochar would be analyzed for specific surface area by N2 

adsorption using a surface area analyzer following krypton adsorption isotherms (ASAP 2010, 

Micromeritics, Norcross, GA). C- and N-content (elemental content) will be analyzed from 

combusted samples using a Hekatech Euro EA 3000 elemental analyzer (Wegberg, Germany). 

The pH would be measured by a pH meter in the solution of biochar/CaCl2 (0.01M) (1: 5). For 

the field applications, homogenized biochar would be sieved (< 2 mm) before soil addition.  

In order to provide robust guidelines, biochar usage in response to climate variability would first 

be determined in the laboratory. It was assumed that different biochar application rates had 

different effects on soil water retention capacity. Soil samples that would be collected from 

Florida A&M University’s agricultural research and extension field facilities in Quincy, Florida 

would first be ground and sieved (< 2 mm). Then they would be moisturized to 40%. After 

putting in the drying oven at a temperature of 75
o
F, 80

o
F, 85

o
F, 90

o
F, 95

o
F, 100

o
F, 105

o
F, and 

110
o
F, respectively for 24 hours, the water content in these soil samples would be measured 

using the pressure-plate method. These data would be used as controls.  

Correspondingly, the soil samples would be mixed with three types of biochar selected for this 

research at a weight to weight (w/w) (biochar dry weight/soil dry weight) ratio of 1% to 20%, 

and then they would be moisturized to 40%. After putting in the drying oven at a temperature of 

75
o
F, 80

o
F, 85

o
F, 90

o
F, 95

o
F, 100

o
F, 105

o
F, and 110

o
F for 24 hours, the water content of the 

mixtures would be determined by the pressure-plate method. The w/w ratio for each kind of 

biochar, which could maintain soil water content of 30%, would be selected for each 
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temperature. The information obtained here could be used as robust guidelines of biochar usage 

rate in response to climate variability.  

Biochar applications would be tested in the field. At Florida A&M University’s agricultural 

research and extension field facilities located in Quincy, 8 vadose zone field lysimeters, i.e., 4 

non-weighting lysimeters (2.0 m × 2.0 m), each 2.0 m deep and 4 weighting lysimeters (1.0 m × 

1.0 m), each 1.0 m deep would be set up in the field during the first year of the project (Figure 4). 

A 0.4 ha (1.0 acre, 700 ft by 75 ft) research plot at Florida A&M University’s agricultural 

research and extension field facilities located in Quincy, Florida has already been allocated to 

this project.  

In addition, professional technicians and extension agents were available at the site that will 

support the field work. These lysimeters would be maintained avoiding fractures that may result 

in preferential flow. A functional weather station to measure wind speed and direction, solar 

radiation, relative humidity, rain, and soil and air temperature would be installed at the site. In 

Quincy, Florida, the average temperature is: mid March, 75
o
F; mid April, 80

o
F; early May, 85

o
F; 

and mid June to mid August, 90
o
F. Therefore, the lysimeter field experiments would be 

conducted in selected days from March to August in the second, third and fourth years of this 

project. Each biochar type had one year window to be tested. The selected days would have a 

temperature as described above. Within the lysimeters, biochar would be applied and mixed with 

the top 30 cm of the soil at the w/w (biochar dry weight/soil dry weight) ratio corresponding to 

the temperature of the experiment date as determined in the laboratory experiment. For different 

biochar ratio applications, the top 30 cm of soil would be replaced. The mixture of biochar with 

soil avoided wind and water-induced biochar erosion (Felber et al., 2012). 

3.2. Surface Tension Measurement 

Water surface tension in the Rhamnolipid biosurfactant was measured using a Kruss K10 

tensiometer (Krüss GmbH, Germany) with a platinum plate. Each measurement was repeated 

five times and average results were reported. The temperature was held constant at 20
o
C by 

circulating thermo-stated water through a jacketed vessel containing the sample. The 

experimental uncertainty of these surface tension measurements was approximately 0.1 mN/m.  

3.3. Measurement of Surface Thermodynamic Properties 

Rhamnolipid biosurfactant thermodynamic properties were estimated by means of contact angle 

measurements (Contact Angle Meter, Tantec, Schaumburg, IL) on three solid surfaces of 
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polypropylene, polymethylmethacrylate (PMMA) and polyamide (Nylon) (Aldrich Chemical 

Co., Inc., Milwaukee, Wisconsin) following the method described by Grasso et al. (Grasso, 

Smets et al. 1996). Surface thermodynamic properties of these solid surfaces were estimated 

using a polar liquid, diiodomethane and three polar liquids, formamide and water in advance 

following the same method. After the contact angle measurements, Rhamnolipid biosurfactant 

thermodynamic properties are calculated according to the van Oss-Chaundhury-Good equation 

(van Oss 1994): 

 )(2)2)(cos1( LSLS
LW
L

LW
SLL

LW
L

+−−++− γγ+γγ+γγ=γγ+γθ+   (1) 

where θ is the measured contact angle (degree); γLW
 is the Liftshitz-van der Waals component of 

free energy (J/m
2
); and γ+

 electron-acceptor parameter and γ-
 electron-donor parameter of Lewis 

acid/base component of free energy (J/m
2
). In the above equation, subscript “L” denotes for ionic 

liquids and “S” for solid surfaces. When the above equation was used for solid surface 

thermodynamic property characterization, subscript “L” denotes for diiodomethane, formamide 

or water. Total free energy can be expressed as 

−+γγ+γ=γ 2LW        (2) 

where γ is the total free energy (J/m
2
). 

3.4. Isotherm Experiments 

Batch isotherms were used to determine Rhamnolipid biosurfactant sorption on soil media. A 

series of 25 ml vials containing Rhamnolipid biosurfactant solutions (10 ml) at the 

concentrations of 0.25, 0.5, 1, 5, 10, 15, 20, and 30 mg/L and 4 g porous soil media (including 

blank controls) (sealed with Teflon-lined screw caps) were agitated on a Wrist Action Shaker 

(Burrel Scientic, Model 75) for 24 hrs (pre-determined to be sufficient) to reach equilibrium. The 

suspension was then centrifuged at 12000 × g for 15 min, after which Rhamnolipid biosurfactant 

concentration in the supernatant was measured. 

3.5. Soil Source and Characterization 

The soil used in the laboratory was collected from Florida A&M University’s agricultural 

research and extension field facilities in Quincy, Florida. Soil samples were collected up to 3 feet 

below the surface. The collected soil samples were sealed in a Styrofoam cooler and delivered to 

the laboratory immediately for analysis. The results showed that the soil of this field had a pH 

between 6.0 and 7.2 and was strongly humic with humus content between 3.5 and 7%. The soil 
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varied slightly in soil types: 40% clay soil, 30% sandy clay, and 30% highly clayey sand, thus 

representing the variety of soil types in south region of America. Besides the soil properties 

presented before, the soil particle size distribution was characterized by a sieve analysis. Based 

on the sieving analysis, around 97.56% of the particles were found to be smaller than 0.6 mm, 

i.e., passing through the 40 sieve. Around 0.461% of the particles were found to be smaller than 

0.075 mm, i.e., passing through the 200 sieve (Figure 3.1). In addition to soil particle size 

distribution, the soil hydraulic properties were characterized using the pressure-plate methods.  
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Figure 3.1. Soil particle size distribution from sieving analysis 

 

Among the hydraulic properties of the soil, hydraulic conductivity was the most important one. 

In agricultural fields, unsaturated hydraulic conductivity K(ψ) could be related to saturated 

hydraulic conductivity Ks following the van Genuchten equation (Toride 1995), 
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where α is inverse of the air-entry potential, ψ is water potential, n is parameter related to pore 

size distribution; and m = 1 – 1/n. Water saturation is also related to above parameters according 

to the following function (Toride 1995), 
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where θr is residual water content and θs is saturated water content. From the pressure-plate 

measurements, the hydraulic properties of the soil are summarized in Table 3.1. 

 

Table 3.1. Soil hydraulic properties 

 0 - 20 cm 20 - 40 cm 40 - 60 cm 60 - 80 cm 80 - 100 cm 

Ks (cm/hr) 1.92 – 64.2 2.14 – 46.4 3.07 – 38.2 1.47 – 28.6 1.32 – 18.9 

θs 0.27 0.37 0.38 0.42 0.63 

θr 0.04 0.04 0.07 0.09 0.12 

α (m-1
) 5.7 6.2 7.8 6.8 9.7 

n 1.07 1.09 1.35 1.29 1.57 

m 0.06 0.08 0.26 0.22 0.36 

 

There was a general trend that the soil saturated hydraulic conductivity Ks decreased with the 

increase of soil depth. However, both the saturated water content θs and the residual water 

content θr increased with the increase of soil depth. α, n and m followed the same trend with that 

of water content with values in the range from 5.7 to 9.7 m
-1

 for α, 1.07 to 1.57 for n and 0.06 to 

0.36 for m. 

Using the permanganate-reduced iron modification of a semimicro-Kjeldahl procedure (Bremner 

and Mulvaney 1982), the total nitrogen of the soil was found to in the range of 0.094 to 0.246%. 

The organic carbon was found to be ranged from 1.02 to 2.76% by the Mebius method (Mebius 

1960). For quantification and enumeration of the bacterial population within the soil, plate count 

method was utilized. Specifically, a general substrate or agar was used to propagate identifiable 

colony forming units (CFU). Plates were allowed 48 hours of incubation before counting the 

colonies. The morphology of the colonies was in general consistent across all samples, which 

was circular in shape with variations in size. The color was typically pale yellow to tan. Some 

plates developed a light green pigmentation, which was determined to be a reaction of 

Pseudomonas bacterial species as identified by polymerase chain reaction (PCR) analysis. The 
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plate counts showed that the soil samples had 1.97 × 10
6
 CFU/g soil, which was an average of 

five replications for the soil samples.  

3.6. Column Experiments 

Rhamnolipid biosurfactant transport was evaluated in intact soil columns collected from an 

agricultural site in Gadsden County of Florida. The columns (6.5-cm ID × 15.0-cm length) were 

vertically oriented (Figure 3.2). Rhamnolipid biosurfactant was applied by a peristaltic pump 

(Masterflex, Cole-Parmer, Vernon Hills, IL) at a rate of 0.05 cm/min. To study the impact of 

Rhamnolipid biosurfactant concentration on Rhamnolipid biosurfactant transport, Rhamnolipid 

biosurfactant solutions at a percentage concentration of 1, 2, 4, 7, and 10 were tested. For each 

column experiment, the flow was kept steady state, i.e., with inflow equal outflow rate for an 

extensive period of time until Rhamnolipid biosurfactant outflow concentrations stabilized. 

Rhamnolipid biosurfactant concentration was measured by a spectrophotometer (Figure 3.3). 

 

 

Figure 3.2. Column experimental system 

 

In this experimental system, Rhamnolipid biosurfactant would be sucked by the pump, then 

passed through the column, in which contained the biochar and soil samples. After that the 

output samples would be analyzed by the UV-Vis spectrophotometer. 
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Figure 3.3. Spectrophotometer 

 

Under saturated conditions, wetting agent transport is controlled by kinetic adsorption instead of 

equilibrium adsorption processes, which has been proven to be true for wetting agent transport in 

sand columns (Matijevic 1981; Bradford, Yates et al. 2002; Lenhart and Saiers 2002; Bradford, 

Simunek et al. 2003; Chen and Flury 2005):  
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where C is the colloid concentration in the liquid phase (g/m
3
); Dz is the apparent dispersion 

coefficient (m
2
/s); q is the specific discharge (Darcian fluid flux) (m/s); k1 is the deposition 

coefficient (s
-1

); kdes is the colloid desorption coefficient (s
-1); ρb is the bulk density (g/m

3
); Cr is 

the retained colloid concentration (g/g); z is the axial coordinate (m); and t is time (s). In above 

models, the wetting agent retention efficiency does not include the effect of excluded area from 

already adsorbed wetting agents. In other words, only bare collector surfaces are considered for 

wetting agent adsorption. These models are only valid if the duration of the experiments is very 

short or the surface coverage remains very low (Privman, Frisch et al. 1991; Ryde, Kallay et al. 

1991; Ryde and Matijevic 2000). In this research, a fresh column was used for each series of 

column experiments. In addition, the duration was short (around 120 minutes per run). Owing to 
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the low wetting agent input, these models are valid and the variations of k1 and kdes resulted from 

prior wetting agent adsorption can be ignored.  
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CHAPTER FOUR 

 

RESULTS AND DISCUSSION 

 

4.1. Water Surface Tension 

Water surface tension was observed to decrease in the presence of Rhamnolipid biosurfactant as 

determined by the surfactant nature (Figure 4.1). When dispersed in water, hydrophilic monomer 

head groups of Rhamnolipid molecules accumulate at the interface, which have sufficient 

affinity to water to drag non-polar groups into aqueous solutions.   

 

Figure 4.1.  Structure of rhamnolipid biosurfactant 

 

Water surface tension dropped linearly with regard to Rhamnolipid biosurfactant concentration 

until 40 mg/L (Figure 4.2). The reason is at low concentration, the hydrophilic group of 

biosurfactant accumulate and form a monolayer at the interface, which makes water have 

sufficient affinity and decreased the surface tension. 

When Rhamnolipid biosurfactant concentration was greater than 40 mg/L, water surface tension 

did not drop any more, instead, it was maintained at 30 to 35 mN/m. Therefore, the CMC of 

Rhamnolipid biosurfactant was assumed to be 40 mg/L.  

As water surface tension in the presence of rhamnolipid biosurfactant is determined by 

rhamnolipid biosurfactant thermodynamic properties, water surface tension variations in the 

presence of rhamnolipid biosurfactant can thus be described by biosurfactant’s thermodynamic 

properties.  
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Figure 4.2.   Water surface tension drop as a function of rhamnolipid biosurfactant 

concentration 

 

Contact angle measurement results on polypropylene, poly (methyl/methacrylate), and 

polyamide are summarized in Table 4.1. Based on the contact angle measurements, Rhamnolipid 

biosurfactant surface thermodynamic properties were estimated and are presented in Table 4.2. 

 

Table 4.1. Contact angles of rhamnolipid biosurfactant 

Rhamnolipid 

Concentration 
θPol

 

(
o
) 

θPmma
 

(
o
) 

θNylon
 

(
o
) 

1% 103.4 ± 0.4 50.5 ± 0.3 59.2 ± 0.5 

2% 103.3 ± 0.7 58.6 ± 0.4 66.1 ± 0.8 

4% 106.4 ± 0.6 58.6 ± 0.3 66.1 ± 0.6 

7% 105.5 ± 0.9 60.1 ± 0.2 66.6 ± 0.5 

10% 111.1 ± 0.7 70.3 ± 0.6 76.1 ± 0.8 
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θPol
 are the contact angles measured with polypropylene, θPmma

 are the contact angles measured 

with poly(methyl/methacrylate), and θNylon
 are the contact angles measured with polyamide. 

 

Table 4.2.  Surface thermodynamic properties of rhamnolipid biosurfactant 

Conc.  

 

γLW
 

(mJ/m
2
) 

γ+
 

(mJ/m
2
) 

γ-
 

(mJ/m
2
) 

1% 11.9 13.7 16.9 

2% 13.4 14.5 17.1 

4% 15.3 17.3 18.9 

7% 20.4 18.5 19.2 

10% 21.8 22.5 24.5 

 

Based on contact angle measurements, Rhamnolipid biosurfactant had γLW
 value of in the range 

from 11.9 to 21.8 mJ/m
2
. Rhamnolipid biosurfactant had γ+

 from 13.7 mJ/m
2
 to 22.5 and γ-

 from 

16.9 mJ/m
2
 to 24.5 mJ/m

2
. As water surface tension in the presence of Rhamnolipid 

biosurfactant is determined by Rhamnolipid biosurfactant thermodynamic properties, water 

surface tension variations in the presence of Rhamnolipid biosurfactant can thus be described by 

its thermodynamic properties. When Rhamnolipid biosurfactant is applied at low concentrations, 

a very compact monolayer can be formed at the interface with an interfacial volume fraction 

close to unity. In addition, accumulation of the Rhamnolipid biosurfactant at the interface 

follows the Frumkin adsorption isotherm (Lin, Lee et al. 2002; Karakashev, Nguyen et al. 2008; 

Dantas, Neto et al. 2009).  

Mathematically, the relationship of water surface tension drop in the presence of Rhamnolipid 

biosurfactant can be related to Gibbs free energy of the interactions between Rhamnolipid 

biosurfactant molecules, which was attributed to hydrophobic interactions between amphiphiles 

of Rhamnolipid biosurfactant molecules. When Rhamnolipid biosurfactant is applied at high 

concentrations, interactions between Rhamnolipid biosurfactant molecules may contribute to the 

formation of micelles. Micelle formation or amphiphile association is determined by the nature 

of both hydrophobic moieties of Rhamnolipid biosurfactant (Cui, Jiang et al. 2010; Inoue and 
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Yamakawa 2011). Micelle formation can be evaluated in terms of CMC, which is related to the 

total interaction free energy between Rhamnolipid biosurfactant molecules when immersed in 

water, ∆G131
TOT

 (J/m
2
):

 

kTLn(CMC)AG TOT

131 =∆        (3) 

where ∆G131
TOT

 is the interaction free energy between Rhamnolipid biosurfactant molecules 

(J/m
2
); A is the limiting area per surfactant molecule; k is the Boltzmann constant (1.38 × 10

-23
 

J/K); and T is the absolute temperature (K). ∆G131
TOT

 can be calculated based on the surfactant 

and ionic liquid surface thermodynamic properties:   

AB

131

LW

131

TOT

131 GGG ∆+∆=∆        (4) 

2LW

1

LW

3

LW

131 )(2G γ−γ−=∆        (5) 

))((4G 3131

AB

131

−−++ γ−γγ−γ−=∆      (6) 

where ∆G131
LW

 is the Lifshitz-van der Waals interaction free energy (J/m
2
); ∆G131

AB
 is the Lewis 

acid/base interaction free energy (J/m
2
). As shown in equations 5 and 6, ∆G131

TOT
 is highly 

dependent upon Rhamnolipid biosurfactant thermodynamic properties. In above equation, 

subscript “1” denotes for Rhamnolipid biosurfactant and “3” denotes for water. 

Based on the thermodynamic properties of Rhamnolipid biosurfactant, interaction free energy 

between Rhamnolipid biosurfactant molecules immerged in water was calculated according to 

equations 4 – 6 (Table 4.3). ∆G131
LW

, Gibbs free energy of Lifshitz-van der Waals interactions 

between Rhamnolipid biosurfactant molecules was negative, indicating that ∆G131
LW

 contributed 

to Rhamnolipid biosurfactant molecule attractions. However, G131
AB

, Gibbs free energy of Lewis 

acid/base interactions between Rhamnolipid biosurfactant molecules immerged in water was 

positive, indicating that G131
AB

 contributed to Rhamnolipid biosurfactant molecule repulsion. 

∆G131
TOT

, sum of ∆G131
LW

 and ∆G131
AB

, was positive, demonstrating the spreading potential of 

Rhamnolipid biosurfactant molecules when dispersed in water. As ∆G131
AB

 was one order in 

magnitude greater than ∆G131
LW

, ∆G131
AB

 was actually the driving force in determining 

Rhamnolipid biosurfactant the spreading potential.  
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Table 4.3.  Interaction free energy of rhamnolipid biosurfactant 

Rhamnolipid biosurfactant  ∆G132
LW

  

(mJ/m
2
)
 

∆G132
AB

  

(mJ/m
2
) 

∆G132
LW+AB

  

(mJ/m
2
) 

1% 

-2.97 -5.06 -8.04 

2% 

-2.03 -4.54 -6.58 

4% 

-1.15 -2.50 -3.65 

7% 

-0.05 -2.00 -2.05 

10% 

0.00 -0.12 -0.12 

 

4.2. Batch Adsorption Isotherms 

The Rhamnolipid biosurfactant had linear adsorption isotherms on the soil (Figure 4.3). The 

Rhamnolipid biosurfactant isotherm adsorption on the soil is inversely proportional to the 

increase of concentration. It was assumed that at these concentrations, Rhamnolipid biosurfactant 

started to form micelles, which prevented Rhamnolipid biosurfactant sorption on the soil and 

decreased the sorption on the soil. So the more biosurfactant concentration is, the less its 

isotherm adsorption will be. 

Rhamnolipid biosurfactant partition coefficient between the aqueous phase and the soil was 

calculated based on the following equation for:  

(7)                                                                             CK
M

V)CC(
q eqs

s

eq0

s =
−

=  

where qs is the sorbed Rhamnolipid biosurfactant concentration on the soil (mg/kg),  

          C0 is the initial Rhamnolipid biosurfactant aqueous concentration (mg/L);  

          Ceq is the Rhamnolipid biosurfactant aqueous equilibrium concentration (mg/L);  

          V is the aqueous volume; Ms is the mass of the soil (kg);  

          Ks is the Rhamnolipid biosurfactant partition coefficient between the aqueous phase and    

          silica sand (L/kg).  

Based on the results, rhamnolipid biosurfactant had a partition coefficient of 3.20 L/kg on the 

soil.   
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Figure 4.3. Rhamnolipid biosurfactant sorption isotherms 

 

4.3. Rhamnolipid Biosurfactant Column Transport 

These are the breakthrough curves of biosurfactant transport inside the different concentrations 

10%, 20%, 30%, 40%, 50% of biochar-amended soil. The percentage concentrations of 

biosurfactant were tested are: 1%, 2%, 4%, 7%, and 10%, the X-axis is pore volume, the Y-axis 

is the biosurfactant adsorption on the soil. Each figure is one experiment.  

Rhamnolipid biosurfactant breakthrough curves had a broad and diffuse infiltration front (Figure 

4.4 - Figure 4.8). This behavior demonstrated that the retention of Rhamnolipid biosurfactant on 

the soil increased in time. When steady state was reached, the percentage of Rhamnolipid 

biosurfactant that can be recovered from the soil column depended on the percentage 

concentration, regardless of the increase of biochar-amended soil concentration.  

This behavior demonstrated that the retention of Rhamnolipid biosurfactant on the soil firstly 

increased in time. When steady state was reached, the soil was saturated and lead to the 

biosurfactant adsorption on the soil decreased in time and reach the equilibrium.  

Rhamnolipid biosurfactant not recovered in the elusion was assumed to be adsorbed on sites or 

regions of the soil that displayed slow desorption kinetics.  Besides, retardation of Rhamnolipid 

biosurfactant was manifested by delayed breakthroughs.  
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Figure 4.4. Rhamnolipid biosurfactant transport at a percentage concentration of 10% biochar-

amended soil. 

 

 

Figure 4.5. Rhamnolipid biosurfactant transport at a percentage concentration of 20% biochar-

amended soil 
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Figure 4.6. Rhamnolipid biosurfactant transport at a percentage concentration of 30% biochar-

amended soil 

 

 

Figure 4.7. Rhamnolipid biosurfactant transport at a percentage concentration of 40% biochar-

amended soil 
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Figure 4.8. Rhamnolipid biosurfactant transport at a percentage concentration of 50% biochar-

amended soil 

 

Rhamnolipid biosurfactant at these concentrations have early breakthroughs, which are not 

dependent to the concentration of biosurfactant and biochar-amended soils. In the column 

experiments, Rhamnolipid biosurfactant transport was found to be well represented by the 

advection-dispersion equation based on a local equilibrium assumption. It was interesting to 

observe that Rhamnolipid biosurfactant had greater recovery at low and high concentrations. 

However, at moderate concentrations, Rhamnolipid biosurfactant had low recovery. It was 

assumed that Rhamnolipid biosurfactant retention in the soil was owing to its sorption. However, 

Rhamnolipid biosurfactant micelles that were formed at high concentrations might prevent 

Rhamnolipid biosurfactant sorption in the soil column.  

So from all figures above it is clear to see that the percentage of biosurfactant recovered from the 

soil column depended on its concentration, and was not dependent on the increase of 

concentration of biochar-amended soil.  

To better investigate this phenomena, Rhamnolipid biosurfactant retardation factor were plotted 

against Rhamnolipid biosurfactant percentage concentration (Figure 4.9 and Figure 4.10). 
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Figure 4.9. Retardation factor as a function of rhamnolipid biosurfactant percentage 

concentration 
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Figure 4.10. Retardation factor as a function of biochar percentage concentration 

 

As shown in Figure 4.9, retardation factor firstly decreased, then increased with the increase of 

Rhamnolipid biosurfactant percentage concentration, and do not depend on the concentration of 
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biochar. This was because with the increase of Rhamnolipid biosurfactant percentage 

concentration, more micelles were formed and the retardation decreased accordingly. But after 

the concentration of biosurfactants are higher than CMC, no more micelles formed together with 

the soil saturation lead to the increase of retardation factor. 

In the figure 4.10, the retardation factor generally decreased with the increase of biochar 

concentration. The reason is that biochar adsorbed the Rhamnolipid biosurfactant on its surface, 

which leads to the decrease of retardation factor of Rhamnolipid biosurfactant. From the figure 

we also see that this decrease does not depend on the concentration of Rhamnolipid 

biosurfactant. With the biosurfactant  concentration  from 1% to 10%, the retardation factor 

decreases when biochar concentration increases. This result also means that in these amounts of 

concentrations, Rhamnolipid biosurfactant in the experiments was adsorbed on the surface of 

biochar.  

Based on the model simulation, which proceeded by an implicit, finite-difference scheme and 

optimization by minimizing the sum of squared differences between observed and fitted 

concentrations using the nonlinear least-square method, retardation factor was observed to first 

increase and then decrease with the increase of biochar percentage concentration. Since 

retardation factor can be expressed as (1+ρbKs/φ), retardation variation was due to the partition 

change of Rhamnolipid biosurfactant in the media. Taking into consideration of the Rhamnolipid 

biosurfactant micelle formation, Rhamnolipid biosurfactant retardation factor can be calculated 

as: 

 
micmic

admapp,dd

d
CK1

qKK

n
1R

⋅+

⋅+
⋅

ρ
+=

      (2)

 

where Kd,surf is the linear partition coefficient of Rhamnolipid biosurfactant. The sorption of 

Rhamnolipid biosurfactant during transport at high concentrations was considered to be 

controlled by Rhamnolipid biosurfactant micelle partitioning between the aqueous phase (Kmic) 

and the aqueous phase (Kadm). In addition, it was also controlled by an apparent, time-dependent 

distribution coefficient (Kd, app) under non-equilibrium conditions. ρb and n are the bulk density 

and effective porosity of the media; q is the adsorbed Rhamnolipid biosurfactant; and Cmir is the 

concentration of micelles. 
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It was expected that Rhamnolipid biosurfactant thermodynamic properties played the key role in 

controlling Rhamnolipid biosurfactant transport. We therefore plotted Rhamnolipid biosurfactant 

transport parameters again ∆G131
TOT

, sum of ∆G131
LW

 and ∆G131
AB

 (Figure 4.11).  
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Figure 4.11. Retardation factor as a function of ∆G131
TOT 

 

Retardation factor was observed to first increase and then decrease with the increase of ∆G131
TOT

. 

It is because of the Rhamnolipid biosurfactant molecule attractions and repulsions caused by the 

Gibbs free energies, which lead to the change of retardation factor. This indicated that ∆G131
TOT

 

was the driving force for Rhamnolipid biosurfactant transport behaviors. 
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CHAPTER FIVE 

 

CONCLUSION 

 

The fate and transport of Rhamnolipid biosurfactant in the media of biochar-agricultural soil was 

investigated. The results show that Rhamnolipid biosurfactant may lower the water surface 

tension (relates to Gibbs free energy of the interaction between Rhamnolipid biosurfactant 

molecules), and wet the agricultural soil samples. The critical micelle concentration (CMC) of 

Rhamnolipid biosurfactant, which is defined as the minimum concentration to form the initiate 

micelle, is about 40 mg/L.  

Moreover, the adsorption isotherm of Rhamnolipid biosurfactant on the soil is inversely 

proportional to the increase of concentration of surfactant due to the formation of micelle. But 

this adsorption isotherm is not dependent to the concentration of biochar-amended soils. 

 The column transport of Rhamnolipid biosurfactant is also explored. The results show that the 

thermodynamic properties of Rhamnolipid biosurfactant may control its transport. And the 

retention time of Rhamnolipid biosurfactant on the soil changes over the time (pore volume) due 

to its sorption, but does not relate to the concentration of biochar-amended soil samples. This 

transport may also be represented by the advection-dispersion equation with a local equilibrium 

assumption.  

The results show that we may apply Rhamnolipid biosurfactant and biochar in the agricultural 

soils in tropical area. This application will enhance the water containing ability of soil for crop 

purpose, and improve the properties of soil. 
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