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Abstract 

The absence of bacteria capable of degrading pollutants and the shortage of oxygen in contaminated 

soil have been identified as key factors that can limit the efficiency of in situ bioremediation. 

Inoculating contaminated soils with exogenous bacteria and oxygen purging are common approaches 

for stimulating in situ bioremediation. The use of surfactant and microbubble offers a way of 

addressing these limitations by promoting bacteria transport while at the same time providing oxygen. 

This study investigates the effect of surfactant solution and surfactant microbubble on bacteria transport 

in sand columns with the aim of understanding the factors and mechanisms that affect bacteria transport 

in soil. This study also introduces an innovative measurement probe, the optrode, for in situ monitoring 

of bacteria distribution. Rhamnolipid and tergitol were used as surfactant in this study, and 

Pseudomonas putida (a hydrophilic bacterium) and Rhodococcus erythropolis (a hydrophobic 

bacterium) were the chosen bacteria. 

The different types of surfactant altered bacterial hydrophobicity to differing extents but had an 

equivalent effect on the hydrophobicity of sand particles. In the presence of surfactant solution, a 

higher proportion of hydrophilic P. putida (76.7%) was eluted out of the column compared to the 

hydrophobic R. erythropolis (60.3%). Both rhamnolipid and tergitol enhanced the transport of both 

bacterial strains. However, the larger enhancement in bacteria transport observed for rhamnolipid was 

attributed to increased Lifshitz-van der Waals and acid-base (LW-AB) interaction energies between 

bacteria and sand particles. A continuous supply of microbubbles was found able to transport bacteria 

into the soil using a smaller amount of surfactant. In comparison to a propeller mixer, microbubbles 

generated by a flat spinning disc mixer were more stable and could elute a greater proportion of 

bacteria. Microbubbles of rhamnolipid eluted a greater percentage of the injected bacteria compared to 

tergitol, because rhamnolipid microbubbles showed more stability and higher affinity for 

bacteria.  Hydrophilic P. putida was more likely to be transported with microbubble than hydrophobic 

R. erythropolis due to the favourable adhesion of hydrophobic R. erythropolis to sand particles. 

Bacterial transport increased considerably in porous media with higher porosity. Bacteria transport in 
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columns was monitored using both ex situ measurement with a microplate photometer and in situ 

measurement with the optrode. The optrode measurement demonstrated that sample collection, which 

is necessary for measurement with conventional ex situ approaches, could affect the local bacterial 

transport in sand columns. In columns with ex situ sampling, optrode measurements differed from the 

ex situ concentrations, with the breakthrough curves for optrode showing smaller bacterial 

concentrations and a larger lag than those obtained via ex situ measurements. However, when the 

optrode and ex situ measurements were conducted in independent columns, their concentrations and 

breakthrough curves were almost identical. The transport parameters obtained by fitting the 

breakthrough curves showed that estimates from the optrode data were more consistent with less error. 

This study provides very useful information on bacteria transport with surfactant solutions and 

microbubbles in sand columns simulating soil environment. It has demonstrated that optimizing 

parameters including surfactant type and form, and bacteria strain can contribute to enhanced bacteria 

transport when surfactant solution and microbubble are used as the bacteria carrier during soil 

bioremediation. This study also validates the operation of an innovative technique, the optrode, for real 

time monitoring of bacteria transport without the need to take bacterial samples. 
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Chapter 1. General Introduction 

This chapter briefly reviews the key factors that can affect the efficiency and application of in situ 

bioremediation, and highlights the importance of introducing exogenous bacteria and oxygen. Factors 

that influence bacteria transport are discussed and, in particular, the effect of surfactant on bacterial 

hydrophobicity to emphasize the importance of employing different types of surfactant solution for 

promoting transport of different bacteria. Further, this chapter also outlines the parameters affecting the 

efficiency of bacteria transport and identifies knowledge gaps in relation to the use of continuously 

injected microbubble suspension as a bacterial carrier. Techniques for monitoring bacteria distribution 

in the soil are reviewed, with emphasis on the importance of in situ monitoring of bacteria transport. 

Finally, the hypothesis, objectives, and outline for this thesis are presented. 

1.1. Key Factors Influencing the Efficiency of in situ Bioremediation 

Bioremediation, which is the degradation of hazardous contaminants to less toxic by-products (Mueller 

et al., 1996), has emerged as an alternative technology for removing pollutants in the soil environment. 

Soil bioremediation can be ex situ and in situ (Stringfellow and Alvarez-Cohen, 1999). Ex situ 

bioremediation involves applying a treatment technique to the contaminated soil that has been removed 

from the contaminated site (Stringfellow and Alvarez-Cohen, 1999). In situ bioremediation is designed 

to treat the contaminated soil and groundwater in place, with minimum disturbance to the contaminated 

site (Melnyk et al., 2015; Stringfellow and Alvarez-Cohen, 1999; Wang et al., 2012). Compared with 

ex situ bioremediation, in situ bioremediation is a relatively cost-effective and environmentally friendly 

treatment (Mohan et al., 2006). However, in situ bioremediation requires a relatively long treatment 

time, and the following factors can negatively affect the efficiency of the process: the low 

bioavailability of contaminants (Abalos et al., 2004; Scullion, 2006; Semple et al., 2007; Spasojević et 

al., 2015); the absence of bacteria able to degrade pollutants in contaminated soil (Romantschuk et al., 

2000; Scullion, 2006; Van Hamme, 2004); oxygen supply (Choi et al., 2009; Park et al., 2009; 

Pinyakong et al., 2000; M. Ripley et al., 2002); the properties of the sediments (Kwok and Loh, 2003; 
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Reddy and Saichek, 2003; Scullion, 2006);  and a lack of nutrients. Among these factors, the low 

bioavailability of pollutants, the absence of certain bacteria, and the oxygen-deficient soil have been 

identified as key influences on the efficiency of in situ bioremediation. 

Bioavailability defines whether a compound “is freely available to cross an organism’s (cellular) 

membrane from the medium the organism inhabits at a given point of time” (Semple et al., 2004; 

Semple et al., 2007). The use of surfactants to enhance bioavailability of pollutants and stimulate the 

degradation of pollutants has gain increasing attention (Johnsen et al., 2005; Tiehm, 1994; Volkering et 

al., 1995; Zhu et al., 2013). However, merely increasing the bioavailability of contaminants is not 

sufficient to enhance bioremediation and further could pose threat to groundwater if these pollutants are 

not degraded in the soil. 

The presence of bacteria is another important factor that can affect the efficiency of in situ 

bioremediation. Indigenous bacteria are ubiquitous in the natural soil environment. For example, 

several PAHs-degrading bacteria species (e.g. Pseudomonas aeruginosa, Pseudomonas fluorescens, 

Mycobacterium spp., Haemophilus spp., Rhodococcus spp., and Paenibacillus spp.) have been 

identified from the PAHs contaminated soil (Aitken et al., 1998; Dean et al., 2001; Dennis and Zylstra, 

2004; Lang et al., 2016; Leneva et al., 2009; Stringfellow and Aitken, 1995; Trzesicka-Mlynarz and 

Ward, 1995; Yang et al., 2014; Zhao et al., 2009). However, the small numbers and less active nature 

of the indigenous bacteria can result in a prolonged pollutant removal process, despite the highly 

diverse microbial communities are present in the soil environment. Introducing exogenous pollutant-

degrading bacteria is an approach commonly used to expand the population of indigenous bacteria for 

in situ bioremediation. It is crucial that the exogenous bacteria can move or be transported to the 

contaminated soil to stimulate the degradation of pollutants. The low mobility of bacteria (Q. Li and 

Logan, 1999; Martin et al., 1996) in the soil under natural conditions is another challenge that needs to 

be addressed when introducing exogenous bacteria to contaminated sites. As a result, methods for 

promoting the transport of bacteria in contaminated soil are also explored. 
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The mere presence of bacteria with the capacity for bioremediation is not always sufficient for 

enhanced in situ bioremediation in oxygen-deficient contaminated sites. Although organic pollutants 

(such as PAHs) can be degraded under both aerobic and anaerobic condition (Philp et al., 2005; M. 

Ripley et al., 2002; Romantschuk et al., 2000; Vidali, 2001), aerobic biodegradation generally offers a 

more cost-effective and complete degradation route than anaerobic degradation (M. Ripley et al., 2002; 

Ripley et al., 2000; Romantschuk et al., 2000). However, the naturally available dissolved oxygen is 

quickly consumed when organic pollutants are released into the soil, and the degradation process 

slowed accordingly. Several technologies have been developed to address oxygen deficiency through 

supplying contaminated soil with extra air during in situ bioremediation, including air-sparging 

(Bouwer and Zehnder, 1993; USACE, 1997) and bioventing (Leeson and Hinchee, 1996). However, 

the implementation of such methods is limited to certain situations (Vidali, 2001). Considering their 

small numbers and the less active nature of indigenous bacteria, combined with a lack of oxygen in 

contaminated sites, a cost-effective solution could be to provide both bacteria and oxygen to 

contaminated soil. 

1.2. Transport of Bacteria 

The transport of bacteria is affected by many factors: fluid velocity (Hendry et al., 1999); the chemistry 

of solution, including pH and ionic strength (Bradford et al., 2002; Gang Chen et al., 2004; Gexin Chen 

and Walker, 2007; Gang Chen and Zhu, 2004; Xiao-Hong et al., 2010); the cell size of the bacteria and 

properties of the cell surface (Abu-Lail and Camesano, 2003; Dong et al., 2002; Gannon et al., 1991; Q. 

Li and Logan, 1999; Tsuneda et al., 2003); and the properties of the soil particles (H. Bai et al., 2016; 

Bradford et al., 2002) and surfactants (Abu-Lail and Camesano, 2003; H. Bai et al., 2016; Gexin Chen 

and Walker, 2007; Gang Chen and Zhu, 2004; Tsuneda et al., 2003; Zhong et al., 2016). Among these 

factors, the hydrophobicity of bacteria and soil/sediment particles, and the use of surfactants have 

drawn increasing attention in studies of bacteria transport in soil/sediment. Compared to hydrophobic 

strains of bacteria, hydrophilic bacteria are less likely to attach to soil particles and penetrate through 

the column more easily (Gang Chen and Zhu, 2004; Huysman and Verstraete, 1993). With regard to the 
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hydrophobicity of soil/sediment particles, bacteria show less affinity to a more hydrophilic surface 

(Gang Chen and Strevett, 2001; Zhong et al., 2016). The addition of surfactant solutions has been 

found to promote bacteria transport by modifying the interaction between bacteria and the soil (G. Bai 

et al., 1997; Gang Chen et al., 2004; Gang Chen and Zhu, 2004; Zhong et al., 2016), however, no data 

were observed in these studies regarding the comparison of the anionic surfactant and nonionic 

surfactant. In another study, different types of surfactant have different extent effect on modifying 

bacterial hydrophbicity. For example, anionic rhamnolipid surfactants made hydrophobic R. 

erythropolis 3586 less hydrophobic and hydrophilic P. putida 852 less hydrophilic (Feng et al., 2013a). 

Similar results were obtained when adding nonionic tergitol, but a different extent of modification was 

observed. Therefore, the effect of anionic vs. nonionic surfactant modification of the bacterial surface 

on microbial transport in saturated columns will be further investigated in this thesis. 

1.3. Bacteria Transport with Microbubble  

Bubbles with diameters ranging from 10 to 100 micrometers are known as microbubbles (Sebba, 1985). 

Microbubbles have emerged as a potential vehicle of bacteria and oxygen for in situ bioremediation 

because their unique properties such as small size (Jauregi et al., 2000), large interfacial area (Jauregi 

and Varley, 1999; Parker, 1989), relatively high stability, and the fact that particles can adsorb to the 

microbubble surfaces (Wan and Wilson, 1994). In experiments using pulse injected microbubble to 

deliver bacteria to soil, it was demonstrated that microbubbles are a more efficient vehicle than 

surfactant solution because microbubble reduced the usage of surfactant solution (Andrew Jackson et 

al., 1998). However, the efficiency of microbubbles as particle carriers can be affected by parameters 

such as microbubble stability, the soil pore size, and hydrophobicity of the particles. For example, the 

effectiveness of microbubbles as particle carriers increases with the increasing of microbubble stability 

and pore size of soil (Desai and Banat, 1997; Ding et al., 2013; Shen et al., 2011; Wan et al., 2001). 

Hydrophobic bacteria are known to have a stronger affinity to gas-liquid interfaces (M. Ripley et al., 

2002; Wan et al., 1994) than hydrophilic bacteria. In experiements using artificial sand column, 

microbubbles stimulated the aerobic biodegradation of organic pollutants (Kristen B Jenkins et al., 
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1993; D. Michelsen et al., 1984; Catherine N Mulligan and Farzad Eftekhari, 2003; Park et al., 2009; 

Rothmel et al., 1998), and a greater degradation of pollutant was achieved at the bottom of the column 

where a higher concentration of gas was obtained (Park et al., 2009). It is thought continuous injection 

of microbubbles could potentially provide more oxygen to contaminated sites than pulse injection of 

microbubbles. Accordingly, the transport of bacteria using continuously supplied microbubble 

suspension will be investigated in this thesis. 

1.4. Monitoring Bacteria Transport in Soil 

In situ monitoring of bacteria transport offers a rapid, real-time and cost-effective method for 

quantifing the transport of microorganisms in the soil. The development of biosensor microorganisms 

and biosensor techniques has provided ways of achieving in situ monitoring of bacteria transport. 

Fluorescence optical systems which are based on biosensors have been introduced in environmental 

monitoring to identify particular pollutants, and to measure degradation of pollutants and growth 

activity of microorganisms (Dorn et al., 2005; Heitzer et al., 1994; Ivask et al., 2007; Yolcubal et al., 

2000). However, there is little published data using fluorescence as an in situ monitoring method to 

study the transport of bacteria. A time-resolved fibre-optic spectroscopic probe system (the optrode) 

has been developed at the University of Auckland. The optrode has been used to identify and quantify 

fluorescently labeled microorganisms in batch experiments (Hewitt et al., 2012) and enumerate acridine 

orange-stained Escherichia coli in liquid media rapidly (Guo et al., 2017). In this thesis, the potential of 

using the optrode to measure bacteria transport in soil columns will be investigated. 

1.5. Research Hypotheses  

The following hypotheses are presented in this study:  

1. Bacterial hydrophobicity is an important factor determining bacteria transport in soil. 

2. Surfactant type can modify bacterial hydrophobicity to different extents and the transport of 

bacteria will be accordingly. 
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3. Continuously injected microbubble suspension can deliver bacteria to the soil. 

4. Parameters such as the method of microbubble generation, surfactant types, bacteria hydrophobicity 

and the porosity of the column can influence the effectiveness of continuously supplied 

microbubble suspension as bacteria carrier. 

5. The optrode can overcome complex conditions in soil thereby monitoring and quantifying bacteria 

transport.  

1.6. Research Objectives  

The overall aim of this study is to better understand the distribution of bacteria in the soil with 

surfactant alone and in combination with microbubble suspension, for the purpose of optimizing the 

introduction of bacteria for effective in situ bioremediation. The specific objectives of this study are: 

1. To study the effect of anionic and nonionic surfactant solution on the transport of bacteria with 

different surface properties in saturated sand columns to find the most suitable match between 

surfactant type and bacteria type for delivering bacteria cells to contaminated sites for the purpose 

of in situ bioremediation. 

2. To investigate the efficiency of continuously supplied microbubble suspension in the delivery of 

bacteria for in situ bioremediation under various conditions: method of microbubble generation, 

surfactant type, hydrophobicity of the bacteria and porosity of the column. 

3. To quantify the transport of fluorescence labeled microorganisms (hydrophilic and hydrophobic) in 

the sand columns using the optrode to monitor the effect of rhamnolipid biosurfactant on bacteria 

transport 

1.7. Thesis Outline  

This thesis consists of three draft journal manuscripts to be submitted for publication. As a result, the 

repetition of some materials was unavoidable. The thesis outline is presented below. 
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Chapter 1 has provided a general review of the challenges of in situ bioremediation and this study’s 

particular interest in the transport of bacteria in the soil for the purpose of in situ bioremediation. The 

research hypotheses, research objectives, and thesis outline are also presented. 

Chapter 2 gives an overview of bacterial properties, and the properties of surfactant and microbubbles 

and how these properties affect transport behaviour of bacteria in the soil. Monitoring methods 

including the optrode are also reviewed. The principal theories and models used for describing bacteria 

transport are also presented. 

Chapter 3 describes the transport of hydrophobic Rhodococcus erythropolis and hydrophilic 

Pseudomonas putida in saturated sand columns. The modifying effect of surfactant solution on the 

properties of bacteria and sand particles are also outlined. Bacteria transport in the presence and 

absence of surfactant solutions is investigated, and the parameters of transport compared and 

interpreted in terms of the interaction energy. 

Chapter 4 tests the ability of continuously injected microbubble to deliver hydrophobic Rhodococcus 

erythropolis and hydrophilic Pseudomonas putida in the columns. The stability and drainage of 

microbubble suspension are described. The efficiency of continuously injected microbubble and 

surfactant solution in delivering bacteria in the columns are compared. The effectiveness of 

continuously supplied microbubbles as bacteria carrier is investigated under different parameters, 

including the method of microbubble generation, surfactant type, bacterial hydrophobicity and the 

porosity inside the column. The interaction energy interprets the percentage of total injected bacteria 

that is eluted out of the columns.  

Chapter 5 compares the results obtained from ex situ measurements and the optrode using two 

experiment protocols (conducted with and without sampling for ex situ measurements). The analysis of 

the bacteria transport observed by the optrode without sampling for ex situ measurements is also 

presented. 
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Chapter 6 summarizes the study’s findings, discusses implications for stimulating in situ 

bioremediation, and makes recommendations for future research.  
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Chapter 2. Literature Review  

2.1. Introduction 

In this literature review, I consider studies published in five key areas: 

1) The impact of bacterial properties and surfactant solution on bacteria transport in the soil, including 

the properties of bacteria, properties of surfactant solution and the interaction between the 

surfactant, bacteria and soil. 

2) The potential of microbubble suspensions as bacterial carriers in the soil, including the properties of 

surfactant microbubbles and their advantaged and limitations for application in bioremediation. 

3) Traditional and in situ methods for monitoring bacteria transport. 

4) Models for calculating LW-AB interaction between bacteria and sand particles. 

5) Modeling of bacteria transport in the soil. 

2.2. Bacteria Transport in Soil  

Indigenous bacterial strains can adapt to the presence of a pollutant and degrade pollutant (Atlas and 

Bartha, 1981; Leahy and Colwell, 1990), however the process is usually very slow. In soil with 

insufficient or non-detectable numbers of indigenous bacteria that available to degrade pollutants, it is 

necessary to inoculate contaminated sites with exogenous bacteria to expand the bacteria population 

and promote the efficiency of in situ bioremediation. Knowledge of bacterial distribution in the soil is 

necessary for developing efficient in situ bioremediation strategies when applying exogenous bacteria 

to contaminated sites.  The transport of bacteria in the soil is affected by many factors: fluid velocity 

(Hendry et al., 1999), pH (Bradford et al., 2002; Gang Chen et al., 2004; Gexin Chen and Walker, 2007; 

Gang Chen and Zhu, 2004; Xiao-Hong et al., 2010), ionic strength (Bradford et al., 2002; Gang Chen et 

al., 2004; Gexin Chen and Walker, 2007; Gang Chen and Zhu, 2004; Xiao-Hong et al., 2010), bacterial 
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surface properties and size (H. Bai et al., 2016; Bradford et al., 2004; Bradford et al., 2003; Gannon et 

al., 1991; Herzig et al., 1970; Sakthivadivel, 1968, 1969; van Loosdrecht et al., 1989), properties of the 

soil (H. Bai et al., 2016; Bradford et al., 2002) and surfactants (Abu-Lail and Camesano, 2003; H. Bai 

et al., 2016; Gexin Chen and Walker, 2007; Gang Chen and Zhu, 2004; Tsuneda et al., 2003; Zhong et 

al., 2016).  

Among these factors, the properties of bacteria and surfactant affect the attachment of bacteria to the 

surface of soil particles. 

2.2.1. Bacterial Properties  

Bacteria can be classified as Gram-negative and Gram-positive, according to the bacterial cell wall 

architecture (Beveridge, 1981; Prescott et al., 2005). Bacterial surface properties such as 

hydrophobicity and surface charge can affect the transport of bacteria in soil (H. Bai et al., 2016; 

Gannon et al., 1991; van Loosdrecht et al., 1989). Bacterial radius can also affect transport of bacteria 

in soil (Bradford et al., 2004; Bradford et al., 2003; Fontes et al., 1991; Herzig et al., 1970; 

Sakthivadivel, 1968, 1969). 

 Bacteria surface hydrophobicity 1)

Bacterial surface hydrophobicity measures the macroscopic property of cell, to which is various surface 

biomolecules surface biomolecules contribute, including different lipopolysaccharides and surface 

proteins, as well as surface appendages (Dickinson, 2006). Bacterial surface hydrophobicity is typically 

used to explain non-specific interactions, including the cell’s adhesion to non-biological surfaces that 

commonly exist in both environmental and engineering processes. Bacterial surface hydrophobicity is 

one of the most important factors affecting bacterial adhesion to surfaces such as solid surfaces and air-

water interfaces (H. Bai et al., 2016). If applied to soil hydrophilic bacteria will penetrate further than 

hydrophobic bacteria before attaching to a soil particle, but once attached, are re-suspended at a slow 

rate (McCaulou et al., 1994).  
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In gas-liquid systems, bacteria tend to adsorb onto gas-liquid interfaces, with hydrophobic bacteria 

having a greater tendency to do so compared to hydrophilic bacteria (M. Ripley et al., 2002; Wan et al., 

1994). Cell surface hydrophobicity can be measured in different ways, including by the microbial 

adhesion to hydrocarbons (MATH) assay (Rosenberg, 1984) and water contact angle measurement 

(Bos, Van der Mei, et al., 1999). The MATH method is based on the differential partitioning of bacteria 

between aqueous and organic solvent layers. It is simply a ratio based on the assumption that 

hydrophilic bacteria will remain in aqueous phase and hydrophobic bacteria transfer to hydrophobic 

phase. The water contact angle (∂water) measurement on bacterial lawns has become a more acceptable 

method for providing a mean value to quantify bacteria cell surface hydrophobicity (Bos, Van der Mei, 

et al., 1999; Feng et al., 2013a). It is the tangent (angle) of a water drop to a solid surface at the base, as 

shown in Figure 2-1. The water contact angle of hydrophilic bacteria is regarded as less than 45°, and 

vice versa (Daffonchio et al., 1995; Grotenhuis et al., 1992). 

 

Figure 2-1 Schematic diagram of contact angle 

 Bacterial surface charge and bacterial radius 2)

Bacterial surface charge is not only determined by bacterial species but also affected by growth 

medium, bacterial age and bacteria surface structure (Gilbert et al., 1991; Hogt et al., 1986). The 

surface charge can be expressed as the zeta potential or electrophoretic mobility. Some studies have 

found that bacterial surface charge can affect the adhesion of bacteria to soil (H. Bai et al., 2016; 

Gilbert et al., 1991; Subramani and Hoek, 2008). For example, the adhesion of electro-neutral 

Staphylococcus epidermidis to soil increased when its surface electronegativity was increased, but the 
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adhesion of electro-negative Escherichia coli to soil decreased with increasing surface electronegativity 

(Gilbert et al., 1991). However, other studies report that the adhesion of bacteria to different surfaces is 

not significantly affected by the bacteria cell surface (Abbott et al., 1983; Hogt et al., 1985). As the role 

of surface charge on bacteria adhesion has not been definitively established (Dickinson, 2006). This 

study will focus on the effect of bacterial hydrophobicity on bacteria transport. The ratio of the 

bacterial size to soil particle size is another crucial parameter in determining the staining of bacteria in 

porous media. Colloid filtration theory is employed to quantify the effect of the size of bacteria and 

porous media son bacteria transport. In this theory, all particles are assumed to be spheres and cell 

shape in terms of width and length will affect the transport of bacteria through porous media. Cell 

filtration is thought to play a significant role in determining bacteria transport in soil when the ratio of 

cell diameter to porous media is greater than 0.05 (Bradford et al., 2004; Bradford et al., 2003; Herzig 

et al., 1970; Sakthivadivel, 1968, 1969). 

2.2.2. Surfactant 

1) Surfactant and biosurfactant 

Surfactants are surface active agents that have both a hydrophobic and a hydrophilic moiety Figure 2-2). 

Figure 2-3 is a schematic of the principal forms of surfactants in water and at a solid surface based on 

the critical micelle concentration (CMC). When surfactants are dissolved in water at a concentration 

lower than the CMC, only single molecules are present in the water solution. When the surfactant 

concentration in water is higher than CMC, surfactants form aggregates which are known as micelles. 

In a micelle, the hydrophilic moieties face out into the water to maximize their contact with water, 

while the hydrophobic moieties face into the interior to minimize their contact with water. Figure 2-3 

also demonstrates the adsorption of surfactants at the solid-water interface. When the surfactant 

concentration is less than CMC, the surfactant randomly adsorbs on the solid surface to form a 

surfactant monomer. When the surfactant concentration increases beyond CMC, the functional groups 

of the surfactant adsorb on the solid phase and form single (hemimicelle) or double (admicelles) layers 



Chapter 2. Literature Review 
 

13 

on solid interfaces. As a result, these layers can modify the solid surface and hence the interaction 

between the bacteria and the solid surface (Gang Chen et al., 2004). 

Surfactants can be classified into four groups – anionic (negative charge), nonionic (no charge), 

cationic (positive charge) and zwitterionic (both negative and positive), according to their hydrophilic 

charge. They can also be classified as either a synthetic surfactant or a biosurfactant, according to how 

they are synthesized. Synthetic surfactants are chemically manufactured surfactants that can cause 

secondary pollution and inhibit bacterial growth due to their chemical nature (Hartmann, 1966; 

Rothmel et al., 1998; Tiehm, 1994). Biosurfactants have emerged as alternatives to synthetic 

surfactants owing to their low ecological toxicity and biodegradable nature (Abalos et al., 2004; 

Nitschke et al., 2005; Rebello et al., 2014). 

 

Figure 2-2 General structure of surfactant 

 

Figure 2-3 Schematic diagram of micelles presents in water and on water/solid interfaces 
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Rhamnolipid is also one of the most closely studied biosurfactants for bioremediation purpose (Abalos 

et al., 2004; Avramova et al., 2008; Dean et al., 2001; Noordman and Janssen, 2002; K.-H. Shin et al., 

2008; K. H. Shin et al., 2004; Zhang et al., 1997; Zhang and Miller, 1992; Zhu et al., 2013). It is a 

rhamnose-containing glycolipid surfactant that is primarily produced by Pseudomonas aeruginosa 

(Desai and Banat, 1997). Rhamnolipids are produced as mixtures in various proportions. 

Monorhamnolipids (R1) and dirhamnolipids (R2) are the two most common forms of rhamnolipids 

produced by Pseudomonas aeruginosa during cultivation in a liquid culture containing glucose or 

glycerol (Soberón-Chávez et al., 2005). R1 has a single rhamnose group whereas R2 comprises two 

rhamnose groups joined by an ether bridge. The hydrophilic head group of rhamnolipid molecules 

comprise the rhamnose and free carboxyl groups, whereas the hydrophobic tails are made up of two 

hydrocarbon chains. The general structures of the rhamnolipid compounds (R1 and R2) are depicted in 

Table 2-1 (Maier, 2003). Due to protonation of the carboxyl groups, rhamnolipids behave as anionic 

surfactants at pH greater than 4.0, with their pKa equal to 5.6 (Champion et al., 1995; Ishigami et al., 

1987).   

TERGITOL™ 15-S-12 surfactants are secondary alcohol ethoxylates. They are transparent, colorless 

liquids with a mild odor. This series of amphiphilic molecules consists of a secondary alcohol 

hydrophobic (oil soluble) component with varying numbers of ethylene-oxide (ethoxylate) units 

making up the hydrophilic (water soluble) component. The water-soluble ethoxylate chain ranges from 

3 to 40 ethylene oxide units. The final number in the product name indicates the number of ethylene 

oxide units in the ethoxylate chain (Table 2-1). Rhamnolipid and tergitol were selected for this study 

because they are readily biodegradable and environmentally friendly  (J.-L. Li and Chen, 2009) as well 

as showing little toxicity to bacteria (J.-L. Li and Chen, 2009; Rothmel et al., 1998; Zhang et al., 1997; 

Zhu et al., 2013). 
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Table 2-1 The properties of rhamnolipid biosurfactant and tergitol 

Name Structure Charge MW(g/mol) CMC(mg/L) 

Rhamnolipid 

 

Anionic 500 40 

Tergitol 

 

Nonionic 738 100 

Rhamnolipid structure: R=H for R1 and R=rhamnose for R2; m and n values vary 

2) Impact of surfactant on bacteria transport in soil 

Some studies have shown that the surface hydrophobicity of bacteria and soil play an important role in 

determining the transport of bacteria in soil (H. Bai et al., 2016; Gang Chen et al., 2004; Vu et al., 

2015). Surfactants can enhance the transport of bacteria in the soil (Gang Chen et al., 2004; Gang Chen 

and Zhu, 2004; Vu et al., 2015; Zhong et al., 2016) by modifying their respective surface 

hydrophobicity. 

a)  Modification of bacterial hydrophobicity by surfactant 

Dissolved surfactant solution tends to change the properties of the bacterial cell surface when in contact 

with certain species of bacteria. In one study, tergitol reduced the hydrophilic property of some 

Sphingomonas species, gram-negative bacteria, by altering their cell surface to the extent they became 

hydrophobic (Brown and Jaffé, 2006). In another study rhamnolipid and tergitol altered the 

hydrophobicity of hydrophobic R. erythropolis 3586 and hydrophilic P. putida 852, but hydrophilic 

bacteria remained hydrophilic, and hydrophobic bacteria remained hydrophobic (Feng et al., 2013a). 

However, compared with tergitol, rhamnolipid had a greater impact on altering the hydrophobicity of 

both bacteria strains (Feng et al., 2013a). The adsorption kinetics of synthetic surfactants and 

rhamnolipid biosurfactant on Pseudomonas aeruginosa cells follow the second-order law (Yuan et al., 

2007). Surface free energy theory is a useful tool for quantifying the bacterial surface hydrophobicity 

(Gang Chen et al., 2004; Feng et al., 2013a; Jeong et al., 2000). 
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b) Modification of soil by surfactant 

Surfactants attach on the surface of sand particles due to their amphiphilic nature. The adsorbed 

surfactants form a stable coating around the sand particles, which form the stationary phase in porous 

media, and affect the mass transfer of solutes between the adsorbed phase and the micelle phase in bulk 

fluid (Ko et al., 1998). The addition of pollutant can change the physical, chemical and biological 

properties of soil (Kuhnt, 1993), as shown in Table 2-2. The presence of anionic surfactant has a 

significant impact on sand’s hydraulic properties, including increasing the solid-liquid contact angle, 

soil dispersion and soil penetration coefficient, which in turn causes a decrease in the capillary rise and 

so penetrability of water in soil (Abu-Zreig et al., 2003). 

Table 2-2 Impact of surfactant on soil 

Soil parameters Potential effects 

Physics 

Cause stability or instability of soil phase 

Improvement or worsening of soil–water balance 

Acceleration of soil erosion 

Washout of nutrients and pollutants 

Chemistry 
Altered reactivity and composition of the soil solution 

Blocking of exchange surfaces and reduction of exchange capacity 

Biology 

Higher persistence of organic pollutants 

Influence on soil fertility 

Alteration of microbial population and activity 

Surfactants (e.g. pentaethylene glycol monododecyl ether, decaethylene glycol monododecyl ether, and 

rhamnolipid) promote bacteria transport in porous media (G. Bai et al., 1997; Gang Chen et al., 2004; 

Gang Chen and Zhu, 2004; Zhong et al., 2016). In one study, rhamnolipid modified the interaction 

between bacteria and silica sand ,thereby reducing the retention of Lactobacillus casei and 

Streptococcus mitis on the sand (Gang Chen et al., 2004). Further, the addition of rhamnolipid alters 

bacteria hydrophobicity, hence hydrophobic interactions between cells and solid surface, to enhance 

bacteria transport (Zhong et al., 2016). However, to date no study has compared the effect of different 

types of surfactant (anionic vs. anionic) on bacteria (hydrophobic and hydrophilic) transport. 

Accordingly, the results from this study could shed light on suitable matches between bacteria and 
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surfactant particularly when inoculating contaminated sites with exogenous bacteria for in situ 

bioremediation. 

2.3. Microbubble 

A surfactant microbubble, or colloidal gas aphron (CGA), is a surfactant bound gas bubble with a 

diameter ranging from 10 to 100 μm (Sebba, 1985). The structure of single microbubble was first 

proposed by Sebba (1987) (Figure 2-4). A microbubble suspension comprises a large number of minute 

spherical gas bubbles encapsulated in a soapy liquid film in an aqueous surfactant solution. 

2.3.1. General Properties 

Surfactant microbubbles are considered potential vehicles for delivering bacteria and oxygen for 

bioremediation in oxygen-deficient environments (Choi et al., 2009). Microbubble suspensions provide 

larger interfacial areas (Jauregi and Varley, 1999; Parker, 1989), relatively high stability, are easily 

dissociated from the bulk liquid, and have water-like flow properties (Jauregi et al., 1997; Save and 

Pangarkar, 1994; Sebba, 1971). The application of microbubbles in bioremediation depends on the 

microbubble dispersion properties, scuh as bubble structure, stability (Desai and Banat, 1997; Ding et 

al., 2013; Shen et al., 2011), size, and gas hold-up (C.-W. Huang and Chang, 2000). 

 

Figure 2-4 Microbubble structure 
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 Stability  1)

With regard to bioremediation, a stable microbubble could enable soil penetratation, thus delivering 

bacteria, oxygen, and nutrients, and hence metabolizing pollutants. The stability of microbubble refers 

to its ability to resist collapse and can be quantified as the time required for half of the microbubble to 

collapse (half-time). Microbubble stability depends on the surfactant type, the concentration of 

surfactant micelles, and the presence of dissolved or suspended solutes in the solution and the method 

for generating microbubbles (Feng et al., 2009; Shen et al., 2011). Anionic surfactant microbubble 

dispersion (rhamnolipid) is more stable than nonionic surfactant microbubble dispersion (Feng et al., 

2009; Matsushita et al., 1992; Shen et al., 2011). For example at pH ~7, the microbubbles of 

rhamnolipid has a half-time of 461 seconds, which is greater than the half-time of tergitol microbubbles 

(383 seconds) (Feng et al., 2009). The method used to generate microbubble including the mixer and 

stirring speed also affects the stability of microbubble (Feng et al., 2009; Jauregi et al., 1997; Sebba, 

1985). For example, microbubbles that were generated by a flat spinning disc mixer have a half-time of 

466 seconds compared to 325 seconds using a propeller mixer (unpublished studies at the University of 

Auckland). 

  Gas hold-up 2)

In microbubbles, the gas hold-up is defined as the volume fraction of gas to the total volume of 

microbubbles. The gas volume is equal to the difference between the total volume of microbubble and 

the final liquid volume. Gas hold-up could potentially be used to quantify the capacity of the 

microbubble to carry oxygen for bioremediation. Microbubble dispersion normally displays a gas hold-

up ability ranging from 50% to 70% (Feng et al., 2009; Sebba, 1987; Subramaniam et al., 1990).  

2.3.2. Microbubble Applications in Bioremediation 

Microbubble dispersion has been studied for its potential in bioremediation of soil; for example by 

removing pollutants, penetrating heterogeneous media, and carrying and dispersing oxygen, nutrients, 
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and bacteria (Figure 2-5). These applications in bioremediation make good use of the unique properties 

of the microbubbles : their (1) small size (Jauregi et al., 2000), (2) large interfacial areas (Jauregi and 

Varley, 1999; Parker, 1989), (3) relatively high stability, (4)  and the fact that particles can adsorb on 

the microbubble surfaces (Wan and Wilson, 1994). 

 

Figure 2-5 Schematic illustration of the use of microbubble to remediate contaminated soil
 
(Kilbane et al., 1997)

 

1) Pollutant removal 

Microbubbles have the potential to physically remove pollutants, like oily waste and nonaqueous phase 

liquids, in contaminated sites (Dipak Roy et al., 1995; D. Roy et al., 1995; Roy et al., 1994; 

Ussawarujikulchai et al., 2008). As the microbubble collapses to gas and then liquid phase after 

travelling a short distance in the soil, the released gas may carry the volatile oily waste and float 

upwards, thereby enhancing the removal of oily waste. Microbubbles were found more effective in 

flushing oily waste when compared with a conventional surfactant solution and with water, likely due 

to the phase separation of the microbubble during transport in the soil (Roy et al., 1994). For example, 

when using the same concentration and volumes of Triton SP-series surfactant solution, 36% of n-

pentadecane was removed by using foam with a gas proportion of 83%, compared 26% removal by 

surfactant solution (C.-W. Huang and Chang, 2000). Under the same conditions, the removal rate of n-

pentadecane increased from 36% to 74% when the proportion of gas in the foam was increased from 83% 
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to 91% (C.-W. Huang and Chang, 2000).  This application of foam in pollutant removal lowers the 

interfacial tension between pollutant and the flushing liquid, as well as provides viscous forces for 

flushing of pollutants. 

2) Carrying oxygen and bacteria 

Foam can penetrate the low-permeability zones and flow uniformly through heterogeneous media as a 

result of its plug-flow behaviour in soil (2008a; Mamun et al., 2002; 2001). Due to this behaviour, it 

may be possibile for microbubbles to penetrate the liquid-impermeable heterogeneous areas of soil to 

deliver oxygen and bacteria to trapped hydrophobic pollutants. 

a) Oxygen delivery  

The application of microbubbles to carry oxygen has gained intense research focus as a way of 

stimulating in situ bioremediation. Microbubble suspensions have been shown to promote the aerobic 

degradation of organic pollutants such as phenol (D. L. Michelsen et al., 1984), p-xylene (K B Jenkins 

et al., 1993) and pentachlorophenol (C N Mulligan and F Eftekhari, 2003) in artificial sandy columns 

by delivering oxygen. A bench-scale column study compared the degradation of phenanthrene by 

Burkholderia cepacia RPH1 (Park et al., 2009) achieved by purging with microbubbles and solution. 

After 21 days, approximately 30% of phenanthrene was removed in the columns with microbubble, 

while no degradation of phenanthrene was observed in columns when pumping the same concentration 

of surfactant solution (Park et al., 2009). This study found that the gas phase concentration at the 

bottom of the column was about 84% and its value decreased increasing column depth, to around 10% 

at the top of the columns. Consequently, the relative residual of phenanthrene decreased from 80% to 

40% at the bottom of the columns after 21 days, while it had increased slightly at the top of columns 

(Park et al., 2009). These studies suggest that the more gas introduced to contaminated soil, the greater 

the level of polluant biodegradation achieved. 
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b) Bacteria delivery  

Bioremediation will potentially be stimulated if the microbubble suspensions can deliver both bacteria 

and oxygen to contaminated soil. The pulse injection of microbubbles into a column was used to 

investigate the efficiency of microbubbles in delivering bacteria. Compared to surfactant solutions, 

microbubbles enhanced bacteria transport in soil columns (1998; Park et al., 2009). For example, after 

using 2.5 pore volumes of surfactant solution, the density of bacteria in the effluent obtained in the 

microbubble treatment was around 2 orders of magnitude higher than the bacterial density in the 

effluent that was treated with the same surfactant solution [89]. In other words, compared to surfactant 

solution treatment, microbubble treatment would reduce the amount of surfactant solution that was 

required to deliver the same number of bacteria. Another advantage of bacteria transport by 

microbubble is that a uniform distribution of bacteria throughout column can be achieved when using 

microbubble as the vehicle (Park et al., 2009). 

2.3.3. Parameters that Affect the Efficiency of Microbubble as Bacteria Carrier 

The potential effectiveness of microbubble as bacteria/microsphere carriers is influenced by a few 

parameters, including microbubble stability, pore size of soil and the hydrophobicity of the 

bacteria/nanoparticles. Microbubbles generated from anionic surfactant (e.g. sodium lauryl ether sulfate 

and sodium dodecyl sulfate)  are more stable than those generated using nonionic tergitol (e.g. Tween 

20 and Triton X-100) (Ding et al., 2013; Shen et al., 2011). In column experiments, the anionic 

surfactant microbubble suspension demonstrates slightly better ability for carrying nanoparticles than 

microbubbles of nonionic surfactant (Ding et al., 2013; Shen et al., 2011). According to Kozeny’s 

equation, the pore size of soil is dependent on the soil particle size and the porosity of soil (Skorokhod 

et al., 1988). When delivering nanoparticles to the column, microbubble dispersion is more efficient in 

columns with coarse pore size (ranges from 0.18~0.51 mm) than in columns with finer pore size 

(ranges from 0.09~0.18 mm) [70]. In contrast, one study found that microbubbles were better able to 

penetrate columns with finer sand (ranges from 0.10~0.20 mm) than sand with coarse pore size 
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(0.20~0.57 mm) (Su et al., 2014). Bacteria transport by microbubbles is reliant on the adhesion 

tendency of bacterial suspension to sand particles and air-water interfaces. The preferential sorption of 

bacteria to the air-liquid interfaces rather than the solid water interfaces can contribute to the 

enhancement of transport and dispersion of bacteria (M. B. Ripley et al., 2002; Wan and Wilson, 1994). 

Both hydrophilic and hydrophobic bacteria show preferential sorption onto gas-water interfaces over 

solid-water interfaces (Wan and Wilson, 1994). Bacterial hydrophobicity is another important factor 

that can affect the adhesion tendency. For example, hydrophobic bacteria have a stronger affinity to soil 

particles than hydrophilic bacteria (Gang Chen and Zhu, 2004; Huysman and Verstraete, 1993). 

Hydrophobic bacteria also have a greater adhesion tendency to gas-liquid interfaces than do hydrophilic 

bacteria (M. Ripley et al., 2002; Wan et al., 1994). 

In the applications using microbubble as the carrier for bacteria and oxygen, microbubble was 

introduced either before or after a water/surfactant pulse. These studies also suggested that the more 

gas introduced to contaminated soil, the better pollutant biodegradation potentially achieved. 

Continuously supplied microbubble could potentially provide more gas, and therefore greatly enhance 

the cost effectiveness of microbubble delivery of bacteria for in situ bioremediation. 

2.4. Approaches for Monitoring Bacterial Distribution 

Developments in molecular biology have allowed molecular biologists to design genetically modified 

microorganisms (GMO) as biosensor microorganisms (Belkin, 2003; Hewitt et al., 2012; Paul et al., 

2005; Urgun-Demirtas et al., 2006). Biosensor microorganisms are genetically engineered bacteria that 

can synthesize reporter (fluorescent or bioluminescent) proteins to respond to the presence of chemicals 

or physiological stresses. A wide range of fluorescent (blue, cyan, green, yellow, orange, red and far 

red) or bioluminescent proteins have been employed to develop biosensor microorganisms (Hewitt et 

al., 2012; Jansson, 2003; Shaner et al., 2005). In laboratory studies simulating soil conditions for the 

purpose of in situ bioremediation, the rapid production of fluorescence or bioluminescence by 
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biosensor microorganisms enables their activity to be quantified, in terms of their distribution, and 

concentration in a rapid manner (Ron, 2007; Singh and Ward, 2004). 

2.4.1. Traditional Approaches for Environmental Monitoring of Bacterial Activates 

Traditional approaches for monitoring the transport behaviour of bacteria in the soil involve collecting 

liquid samples from the effluent or from a sampling port (Lang et al., 2016; Unc and Goss, 2003; 

Zhong et al., 2016). Liquid samples are been analyzed in the laboratory using quantitative methods, 

such as total viable counts on agar plates, epifluorescence microscopy and microscopic fluorescence 

counts and flow cytometry  (Banning et al., 2002; Maraha et al., 2004), to detect bacterial concentration. 

However, these approaches are challenged by some constraints such as the difficulty of detecting the 

attached bacteria, the time-consuming sampling (Tian et al., 2003), transportation and analysis 

processes, and it is also limited by sample size. There is therefore a growing demand for quantifying 

the transport of microorganisms in the soil in a rapid, real-time and cost-effective manner. 

2.4.2. In situ Approaches for Environmental Monitoring of Bacterial Activates 

 Biosensor 1)

With the development of advanced measurement technologies, in situ methods for quantifying bacterial 

concentration are becoming increasingly accepted. One of the in situ methods which overcome the 

constraints of traditional monitoring approaches by using an appropriately designed biosensor. 

Biosensors (Figure 2-6) are defined as devices that detect chemical compounds through electrical, 

thermal or optical signals, using specific biochemical reactions mediated by sensing elements including 

isolated enzymes, immune systems, tissues, DNA, receptors organelles or microorganisms (D'souza, 

2001; Davis et al., 1995; McNaught and McNaught, 1997). Among these sensing elements, 

microorganisms (e.g. algae, bacteria, and yeast) have emerged as a suitable biological sensing element 

due to  their being easier and cheaper to popularize, and more tolerant to environmental conditions 

(D'souza, 2001; Davis et al., 1995).  
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Microbial biosensors can be classified into three groups: electrochemical, microbial fuel cell and 

optical. Electrochemical microbial biosensors have been extensively studied and commercialized. 

These types of biosensors quantify or semiquantify the analyte by using a biological recognition 

element retained in direct spatial contact with an electrochemical transduction element (Thévenot et al., 

2001). Microbial fuel cell biosensors have bio-electrochemical transducers, which convert the chemical 

energy into electrical energy by the metabolic activity of microorganisms (Rabaey and Verstraete, 

2005). These types of biosensors can be applied for in situ analysis and monitoring of target chemical 

compounds due to alterated electricity production when the compound is consumed, or toxic 

compounds’ inhibition of metabolic pathways. Generally, optical detection measures luminescent, 

fluorescent, colorimetric, or other optical signals produced by the interaction of microorganisms with 

the analytes, and then correlate the observed optical signal with the concentration of target compounds. 

Optical biosensors transfer the biochemical interaction between microorganisms and the analytes into 

signals including luminescent, fluorescent, colorimetric, or other optical signals. This type of biosensor 

can correlate the observed signal with the concentration of the target chemical compounds (Dorn et al., 

2005; Heitzer et al., 1994; Ivask et al., 2007; Yolcubal et al., 2000). Among these biosensors, optical 

biosensors have been proven to outperform other types of sensors in multi-target sensing and 

continuous real-time on-site monitoring (Long et al., 2013). 

. 

 

Figure 2-6 Basic scheme of a biosensor 
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 The application of optical biosensor in monitoring bacterial activity 2)

The use of biosensor microorganisms is a well-established approach for monitoring microorganism 

activity in the soil environment. Very few studies have used fluorescence optical systems that are based 

on biosensors for monitoring bacterial activity. The lux reporter bacterium P. putida RB1353 was used 

to detect on microbial growth activity during naphthalene degradation in porous media (Dorn et al., 

2005). The same reporter organism has also been used as a remote sensor for in situ measurements in 

porous media to examine the applicability of reporter organisms (Yolcubal et al., 2000). However, to 

date, no data regarding bacteria transport was published using the biosensor. 

2.4.3. The Optrode System 

Since 2008, the Auckland University’s Physics Department has been working on the development of a 

spectroscopic fibre optic system (‘the optrode’). The setup for the optrode has been described 

previously by A. Y. H. Chen et al. (2010) and Hewitt et al. (2012), as shown in Figure 2-7. Diode 

pumped solid state lasers are used for excitation. The light is directed to the sample via a multimode 

fibre coupler, and the collected spectrum is then measured by a spectrometer. The laser mount includes 

a shutter to control excitation timing and duration. The optrode employs the same optical fibre to 

release the excitation light and collect the emission light. The spectrum is then subtracted from the 

background spectrum to obtain a pure fluorescence signal. The background spectrum can be measured 

before starting the actual measurements and then removed in the collected samples, which allows the 

optrode to be utilized in a diverse range of environments. A customized computer software interface 

enables control of the optrode for quick presentation of the measured fluorescence spectrum and signal. 

The optrode has shown capability for rapidly identifying and quantifying green/red fluorescent protein 

labelled microorganisms in batch experiments (Hewitt et al., 2012) and rapidly enumerating acridine 

orange-stained Escherichia coli in liquid media (Guo et al., 2017). The optrode is uniquely suited to 

take measurements from columns in the laboratory because it offers a non-destructive method and can 

monitor bacteria transport in columns in a rapid and real-time manner. 
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Figure 2-7 The optrode and computer setup  

2.5. Approaches for Bacteria Transport in Porous Media  

Two main approaches are known to estimate bacteria transport in soil: the extended DLVO approach 

and thermodynamic approach. 

2.5.1. The Extended DVLO Approach 

Derjaguin, Landau, Vervey, and Overbeek (DLVO) theory (B Derjaguin, 1993; BV Derjaguin and 

Landau, 1941; Werway and Overbeek, 1948) was originally developed to describe the aggregation 

behaviour of colloids. When applied to model the interaction of bacteria with soil particles, the cells are 

regarded as living colloidal particles. This theory sums electrostatic interactions and Lifshitz-van der 

Waals interactions as the total interaction between bacteria. Both electrostatic interactions and Lifshitz-

van der Waals interactions are dependent on distance between bacteria and soil. The electrostatic 

interactions can be attractive or repulsive, and decrease significantly with increasing distance between 

the bacteria and the soil (Gang Chen and Zhu, 2004). Further, the Lifshitz-van der Waals (LW) 

interactions also increase with increasing distance between bacteria and soil. Acid-base (AB) 
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interactions were later added to DLVO theory by C. Van Oss et al. (1986) to take into account the 

electron donating-accepting characteristics of various materials and the results could be improved 

(Perni et al., 2014). 

2.5.2. The Thermodynamic Approach  

1) LW-AB interaction energy 

At the equilibrium distance (0.157nm) (C. J. Van Oss, 2006), electrostatic interactions can be ignored, 

as LW-AB interactions between the electron donor and electron acceptor begin to drive bacteria 

adherance to sediment (Gang Chen et al., 2004). Consequently, the LW-AB interaction energy (∆Gbls) 

will be applied in this study. According to this theory, if ∆Gbls is negative (∆Gbls <0), the adhesion is 

favourable, and vice versa.  ∆Gbls is divided into two parts: the Lifshitz-van der Waals (LW) 

components ( LW

blsG  ) and acid-base (AB) components ( AB

blsG ) of the free energy of adhesion. 

LW AB

bls bls blsG G G                                                        (2-1) 

where subscript b denotos bacteria, l denotes liquid, s denotes solid. 

The Lifshitz-van der Waals (LW) component and the acid-base (AB) component can be calculated 

from the interfacial tensions as follows (Absolom et al., 1983; Busscher et al., 1984; Sharma and 

Hanumantha Rao, 2002; C. Van Oss, 1995):  

 2LW LW LW LW LW LW LW LW

bls b l s l b s lG            
                (2-2) 

                     ∆𝐺𝑏𝑙𝑠
𝐴𝐵 = 2(√𝛾𝑙

+(√𝛾𝑏
− + √𝛾𝑠

− − √𝛾𝑙
−) + √𝛾𝑙

− (√𝛾𝑏
+ + √𝛾𝑠

+ − √𝛾𝑙
+) 

                                                  −√𝛾𝑏
+𝛾𝑠

− − √𝛾𝑏
−𝛾𝑠

+                                                                 (2-3) 

The three unknown surface tension components, γ
LW

 (LW apolar component), γ
-
 (electron donor), γ

+
 

(electron acceptor),  in Equation 2-2 and 2-3 can be determined by using the LW-AB approach and 
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Yong’s equation (Knox et al., 1993) and contact angle measurements (Figure 2-8) from three 

diagnostic liquids with known components for surface tension. 

((1 + cos 𝜕)𝛾𝑙 = 2(√𝛾𝑏
𝐿𝑊𝛾𝑙

𝐿𝑊 + √𝛾𝑏
+𝛾𝑙

− + √𝛾𝑏
−𝛾𝑙

+)                            (2-4) 

Where ∂ is the contact angle, subscript b denotos bacteria, l denotes diagnostic liquid. 

 

Figure 2-8 Relationship between contact angle and the different interfacial tensions 

The surface tension of these probe liquids that can be used as diagnostic liquid are summarised in Table 

2-3. 

Table 2-3 The list of probe liquids can be used as diagnostic liquid 

Diagnostic liquid ϒ ϒ
LW 

ϒ
AB 

ϒ
- 

ϒ
+ 

Water 72.8 21.8 51.0 25.5 25.5 

1-bromonapthalene  44.4 44.4 0 0 0 

n-octanol  27.5 27.5  0 18.0 

Ethylene glycol 48.0 28.0  1.92 47.0 

PEO (MW=6000) 43.0-45.9 43.0-45.9  0 58.5-64.0 

Polystyrene  42 42  0 1.1 

Dodecane 25.35 25.35  0 0 

Tridecane 25.99 25.99  0 0 

hexadecane 27.47 27.47  0 0 

Nonadecane 28.59 28.59  0 0 

Proteins  ~26-45 ~37-72  ~0-5 ~20-50 

Formamide  58.0 39.0 19.0 39.6 3.92 
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2) Free energy of bacteria aggregation 

Based on surface tension parameters, the free energy from aggregation of bacterial cells immersed in 

water (Van der Mei et al., 1998; C. Van Oss, 1995) indicates bacterial hydrophobicity can be calculated 

as: 

22( ) 4( )LW LW

bwb b w b b w w b w b wG                                    (2-5) 

where subscript b denotos bacteria, w denotes water. 

If the interaction between two bacterial cells is stronger than the interaction between the cell with water, 

by definition, the cell are consider to be hydrophobic since ∆Gbwb <0, and vice versa.    

2.6. Model Simulation for Bacteria Transport 

The mathematical model developed considers the transport of bacteria in columns to be the result of 

convection and diffusion of liquid due to the concentration gradient (Gang Chen and Zhu, 2004). 

Accordingly, the introduced bacteria will move through the silica sand column by convective and 

diffusive transport. The general equation governing one-dimensional bacteria transport is described as 

below (Van Genuchten and Alves, 1982): 

( ) ( ) l s l s

C
D qC C s C s

x x t
         

  
      

  
            (2-6) 

where C is the bacteria concentration (ML
3
), s is the adsorbed bacteria concentration (MM

-1
), θ is the 

volumetric water content (M
3
L

-3
), ρ (ML

-3
) is bulk density of the porous medium, x is the distance (L) 

and t is the time (T), l and sμ  are rate constants for the first order decay in the liquid and the solid 

phase of the soil (T
-1

), respectively, and γl and γs are the rate constants for zero-order production in the 

two soil phase (ML
-3

 and T
-1

),  respectively. 

When only equilibrium transport is considered, the adsorption is deemed to be linear:  
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s kC                                                                        (2-7) 

where k is an empirical distribution constant (M
-1

L
3
). 

Equation (2-6) could be written as:  

                                      (2-8) 

where the retardation is given as: 

 1 /R k                                                  (2-9) 

and the new rate coefficients  and  are given as: 

/l s k                                                (2-10) 

/l s                                                     (2-11) 

Bacteria transporting through a uniform, one-dimensional, saturated porous media, are said to be in a 

steady-state flow. Accordingly, the one-dimensional convention-dispersion equation (CDE) is reduced 

to (Van Genuchtenm and ALVES, 1982): 

                                      (2-12) 

where C is the bacteria concentration, D is the dispersion coefficient (includes both diffusion and 

hydrodynamic dispersion), t is the time, and v (v=q/ε (LT
-1

) is the average velocity inside the column.  

Equation 2-12 can be solved using the CXTFIT model in STANMOD (a Windows-based software 

package) (Parker and Van Genuchten, 1984). This model considers the solution for the boundary value 

problem (the input concentration and application time), initial value problem, production value problem 

(Parker and Van Genuchten, 1984) and can analyze the concentration of bacteria versus time and depth 

in soil and can also use equilibrium and non-equilibrium transport models. 

( )
( )

C RC
D qC C

x x t


  

  
   

  

2

2

C C C
R D v C

t x x
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The main point of using this model is to obtain values for transport parameters such as the dispersion 

coefficient (D), retardation coefficient (Rd), and first order decay (µ) in one dimensional column. In 

homogenous porous media, the value of D would remain consistent within 100 cm (G. Huang et al., 

2006).  As Rd presents the interaction between the bacterial cells and sand, if there are no interaction 

between cell and sand particles, Rd reduces to one (Klute, 2003). The first order deposition coefficient 

(u) coefficient takes into account the bacterial cells entrapped on porous media, and can be used to 

describe the irreversible adsorption process in bacterial transport (G. Bai et al., 1997). The coefficient 

of determination (R
2
) is also recorded as an indicator of the goodness of fit. The value of these 

parameters will be obtained by fitting the obtained bacterial breakthrough curves in CXTFIT model 

with different initial and boundary conditions and production/degradation processes. 
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Abstract  

Enhanced bacteria transport in soil has been extensively studied for use of bioaugmentation processes 

for in situ bioremediation. Factors such as bacterial hydrophobicity and surfactant can affect the 

efficiency of bacteria transport in the soil. However, the effect of surfactant (anionic vs. nonionic) 

modification of the surface of bacteria cells and sand particles on microbial transport in the saturated 

sand columns has not been studied. This study investigated the effect of rhamnolipid and tergitol on 

transport behaviours of pulse injected hydrophobic Rhodococcus erythropolis (R. erythropolis) and 

hydrophilic Pseudomonas putida (P. putida) in a saturated sand column. The influence of the surfactant 

on the surface hydrophobicity of the bacteria and sand particles was also investigated. The transport of 

bacteria was gauged by the percentage of bacteria eluted out of the column, and the measures for 

transport parameters such as dispersion coefficients, retardation coefficients, and first order decay. 

Surfactant solutions made R. erythropolis and sand particles less hydrophobic while surfactant made P. 

putida less hydrophilic. Rhamnolipid and tergitol altered bacterial hydrophobicity to a different extent 

but had an equivalent effect on the hydrophobicity of sand particles. In the absence of surfactant 

solution, a higher proportion of P. putida (76.7%) was eluted out of the column compared to R. 

erythropolis (60.3%). Both rhamnolipid and tergitol enhanced the transport of both bacterial strains. A 

decrease in the values for first order decay was also observed after adding surfactant solution. The 

addition of surfactant increased the value of Lifshitz-van der Waals and acid-base (LW-AB) interaction 

energy between bacteria and sand particles. The percentage of bacteria eluted out of the column 

increased with increasing LW-AB interaction energy between bacteria and sand particles. The first 

order decay values decreased with increasing LW-AB interaction energy between bacteria and sand 

particles. The level of LW-AB interaction energy was related to the surface tension parameter for the 

bacteria. Compared to tergitol, a profound enhancement was observed for rhamnolipid, most likely due 

to the different LW-AB respective interaction energies between bacteria and sand particles. This study 

demonstrates the importance of surfactant type and bacterial hydrophobicity in bacteria transport in 

sand soil systems and provides insights for finding a suitable match between surfactant and bacteria, 
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particularly when introducing exogenous bacteria to expand the population of indigenous bacteria in 

contaminated soil during bioremediation. 

Keywords: Bacteria Transport; Anionic and nonionic surfactant; Rhodococcus erythropolis; 

Pseudomonas putida KT2442; LW-AB Interaction energy 

Graphical abstract  
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3.1. Introduction 

In situ bioremediation is relatively cost-effective and environmentally friendly compared to ex situ 

bioremediation (Mohan et al., 2006). Inoculating contaminated soils with exogenous bacteria is a 

common approach for stimulating in situ bioremediation. However, bacterial mobility can be slow, 

with some studies reporting that non-attaching bacteria cannot travel beyond a distance of 1 meter (Q. 

Li and Logan, 1999; Martin et al., 1996). Several studies have therefore focused on enhancing the 

mobility of bacteria within soil with the goal of promoting their access to contaminants (Gang Chen et 

al., 2004; Gang Chen and Zhu, 2004; Gross and Logan, 1995; Pantsyrnaya et al., 2011; Tong et al., 

2010). Physical, chemical, biophysical and biochemical factors can affect the transport of bacteria in 

the soil. Fluid velocity (Hendry et al., 1999), and the solution’s chemistry including pH and ionic 

strength are examples of physical and chemical parameters. Biophysical and biochemical factors 

include the cell size and cell surface properties of the bacteria (Abu-Lail and Camesano, 2003; Dong et 

al., 2002; Gannon et al., 1991; Q. Li and Logan, 1999; Tsuneda et al., 2003), and properties of the clay 

particles (H. Bai et al., 2016; Bradford et al., 2002) and surfactants (Abu-Lail and Camesano, 2003; H. 

Bai et al., 2016; Gexin Chen and Walker, 2007; Gang Chen and Zhu, 2004; Tsuneda et al., 2003; 

Zhong et al., 2016). 

Factors such as the hydrophobicity of bacteria and soil/sediment particles, and the use of surfactants, 

have drawn increasing attention in the study of bacteria transport. Bacteria strains with different 

hydrophobicity showed different affinity to solid surfaces. For example, hydrophobic bacteria have a 

stronger affinity to soil particles than hydrophilic bacteria to do so (Gang Chen and Zhu, 2004; 

Huysman and Verstraete, 1993). Once hydrophilic bacteria have attached to the soil, they would re-

suspended at a slow rate (McCaulou et al., 1994) due to their desorption rate, which could lead to a 

long tail in breakthrough curves (BTCs). The hydrophobicity of soil affected the affinity of bacteria. 

For example, bacteria tend to attach to a more hydrophobic surface (Gang Chen and Strevett, 2001; 

Zhong et al., 2016). The use of surfactants (e.g. pentaethylene glycol monododecyl ether (Gang Chen 

and Zhu, 2004), decaethylene glycol monododecyl ether (Gang Chen and Zhu, 2004) and rhamnolipid 
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(G. Bai et al., 1997; Gang Chen et al., 2004; Zhong et al., 2016) promoted bacteria transport in column 

systems. These surfactants modified the surface properties of both bacteria and soil/sand particles, 

thereby altering bacteria transport in the column. However, the effect of anionic and nonionic 

surfactant on bacteria transport is still unclear. Anionic rhamnolipid and nonionic tergitol may alter the 

hydrophobicity of R. erythropolis 3586 and hydrophily of P. putida 852 to differing extents (Feng et al., 

2013a). Rhamnolipid is thought to remove the lipopolysaccharide from the surface of P. putida 852 

(Feng et al., 2013a) and P. aeruginosa (Al-Tahhan et al., 2000) thereby lowering the values of surface 

tension parameters. The hydrophilic head of tergitol likely interacts with hydrophilic P. putida 852. In 

the treatment of R. erythropolis 3586 with surfactant solutions, the hydrophobic tail of the surfactant is 

likely to interact with hydrophobic bacteria. Although the effects of the hydrophobicity of bacteria and 

soil/sediment particles, and surfactant on microbial transport have been widely investigated, the 

comparative effects of anionic and nonionic surfactant on the hydrophobicity of bacteria and 

soil/sediment particles and thus on microbial transport have not been studied. 

This study investigated the effect of anionic and nonionic surfactant on the transport of hydrophobic 

and hydrophilic bacteria in saturated sand columns. A synthetic nonionic surfactant, tergitol, was used 

for comparison for anionic biosurfactant rhamnolipid. Both rhamnolipid and tergitol are readily 

biodegradable and environmentally friendly (J.-L. Li and Chen, 2009) and show low toxicity to 

contaminant-degrading bacteria (J.-L. Li and Chen, 2009; Rothmel et al., 1998; Zhang et al., 1997; Zhu 

et al., 2013). Gram-positive Rhodococcus erythropolis and Gram-negative Pseudomonas putida were 

used to represent hydrophobic and hydrophilic bacterial strains in this study. Contact angle 

measurements were conducted to investigate the surface tension parameters of bacteria and sand 

particles. A pH of ~7 and ionic strength of 0.01M was used to simulate a typical soil environment. 

Bacteria transport was assessed by the percentage of bacteria that was eluted out of the columns, the 

breakthrough curves (BTCs) and the transport parameters. Bacteria transport was interpreted with the 

Lifshitz-van der Waals and acid-base （LW-AB ）interaction between bacteria and sand particles. 
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3.2.  Materials and Method 

3.2.1. Materials 

1) Surfactants  

Anionic rhamnolipid (JBR 210, JENEIL ® Biosurfactant Co.) was used as the biosurfactant in this 

work. It is a rhamnose-containing glycolipid surfactant that has been primarily produced by 

Pseudomonas aeruginosa (Desai and Banat, 1997). The synthetic nonionic surfactant Tergitol 15-S-12 

(Sigma–Aldrich) was applied as the comparison for rhamnolipid biosurfactant because they had 

different extent of effect on the bacterial surface properties (Feng et al., 2013a). Rhamnolipid and 

tergitol were also chosen because they are readily biodegradable and environmentally friendly (J.-L. Li 

and Chen, 2009) and show low toxicity to bacteria (J.-L. Li and Chen, 2009; Rothmel et al., 1998; 

Zhang et al., 1997; Zhu et al., 2013). The surfactants were used at a concentration of 1000 mg/L, which 

is considerably larger than the critical micelle concentration (CMC) of rhamnolipid (40 mg/L) and 

tergitol (104 mg/L). 

2) Bacterial strains, incubation conditions and quantification of cell numbers   

Bacteria were cultured and harvested in the same manner for each experiment. Pure strains of 

Rhodococcus erythropolis (R. erythropolis) (New Zealand Reference Culture Collection, ESR, Porirua, 

New Zealand) and Pseudomonas putida KT2442 (P. putida KT2442) (New Zealand Reference Culture 

Collection, Medical Section) were used in the study. These two bacterial strains were selected not only 

because they are commonly found in the natural soil environment, but also because of their different 

surface properties and ability to degrade organic pollutants (Dennis and Zylstra, 2004; Gottfried et al., 

2010; Lang et al., 2016; Trzesicka-Mlynarz and Ward, 1995; Yang et al., 2014; Zhao et al., 2009). The 

seed stocks of the bacteria strains were prepared by mixing 0.5 mL of an overnight culture with 0.5 mL 

of sterile 50 % glycerol in a 1 mL sterile plastic tube, and then stored at -80 ℃.  

R. erythropolis: The water contact angle could indicate the hydrophobicity of bacterial surface: it is 

regarded that the water contact angle of hydrophilic bacteria is less than 45°, vice versa. (Daffonchio et 
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al., 1995; Grotenhuis et al., 1992). R. erythropolis has a hydrophobic surface with a water contact angle 

of 94.7 °. Its optimal growth temperature is 25~30 ℃. A loopful of seed stock of R. erythropolis was 

taken and placed on tryptic soy (TS) agar plates and then incubated at 28 ℃ for 72 hours until visible 

colonies formed. To obtain enough bacterial cells, we then transferred R. erythropolis cells to new TS 

agar plates and incubated at 28 ℃ for 72 hours.  At least four plates were prepared each time to ensure 

a sufficient quantity of cells could be harvested for each experiment. Bacteria cells were collected by 

using a moistened swab.  

P. putida KT2442: P. putida KT2442 has a water contact angle of 36.2 °, indicating a hydrophilic 

surface. The optimal growth temperature for P. putida KT2442 is 25~30 ℃. A loopful of the seed stock 

was taken and plated onto a TS agar plate, and placed in an incubator at 28 ℃ for 24 hours. After the 

bacterial cell colonies had formed, the bacterial agar plate was stored in a refrigerator at 4℃ and kept 

for two weeks. To prepare bacteria for experiments, a colony of bacteria was taken from the agar plate 

and incubated overnight in 20 mL TS broth in 100 mL sterile flask at 28 ℃, under constant shaking at 

200 rpm. Then 20 mL of the bacteria solution was transferred to 2000 mL of fresh TS broth and 

incubated overnight at 28 ℃, under constant shaking at 200 rpm. P. putida KT2442 cells were 

harvested by centrifugation at 8000 g for 10 minutes. 

The harvested cells were washed three times with saline to remove soluble extracellular polymeric 

substance and finally resuspended in elute agent solution for further experiments. The initial 

concentration for batch and column experiment was 3.5 × 10
10

 CFU/mL and 8.00 × 10
9
 CFU/mL, for 

P.putida KT2442 and R. erythropolis, respectively. The number of bacteria was quantified by 

measuring the fluorescence signals of collected samples using a Perkin Elmer EnSpire 2300 multilabel 

plate reader and the Wallace Envision Manager software program. The details of the plate reader and 

CFU/mL measurements and results are provided in the appendix. A linear relationship was obtained 

between fluorescence intensity and CFU/mL, with a R
2
 value of 0.9597 (Figure A-1 in the appendix). 
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3.2.2. Interaction Energy Calculation and Surface Tension Parameters Measurement 

This study only considered the LW-AB interactions between bacteria and sand particles because the 

addition of surfactant solution did not significantly affect the electrophoretic mobility of bacteria. The 

LW-AB interactions energy (
adhG ) can be calculated from the surface tension parameters as follows 

(Absolom et al., 1983; Busscher et al., 1984; Sharma and Hanumantha Rao, 2002; C. Van Oss, 1995): 

 2LW LW LW LW LW LW LW LW

bls b l s l b s lG                         (3-1) 

 ∆𝐺𝑏𝑙𝑠
𝐴𝐵 = 2(√𝛾𝑙

+(√𝛾𝑏
− + √𝛾𝑠

− − √𝛾𝑙
−) + √𝛾𝑙

− (√𝛾𝑏
+ + √𝛾𝑠

+ − √𝛾𝑙
+) 

 −√𝛾𝑏
+𝛾𝑠

− − √𝛾𝑏
−𝛾𝑠

+ )                                                       (3-2) 

LW AB

adh adh adhG G G                                                                     (3-3) 

where subscript b denotos bacteria, l denotes liquid, s denotes solid. 

The three unknown surface free energy components, γ
LW

 (LW apolar component), γ
-
 (electron donor), 

γ
+
 (electron acceptor),in Equation 3-1 and 3-2 can be determined using the LW-AB approach and 

Yong’s equation (Knox et al., 1993) with the contact angle measurements from three diagnostic liquids 

with known surface tension components. The contact angle measurement for bacteria followed the 

method used in a previous study (Feng et al., 2013a) where a homogenous bacterial lawn was prepared 

and then measured using a digital goniometer by dropping a diagnostic liquid on the bacteria lawn. 

Since quartz is the major component of silica sand, it also offers a homogeneous surface for estimating 

the surface hydrophobicity of silica sand. In this study, water contact angle and the free energy of 

bacteria aggregation were used to indicate the hydrophobicity of bacterial cell surfaces. Details of the 

contact angle measurements are provided in the appendix. Details of the calculation of the free energy 

of bacteria aggregation are provided in the appendix for Chapter 3. 
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3.2.3. Column Set-up and Bacteria Transport 

A cylindrical stainless steel column (6.15 cm diameter (d) × 41 cm length (L)) was designed for the 

column experiments. The column has three aqueous sampling ports, termed Port 1, Port 2 and Port 3. 

Ports 1, 2 and 3 are located 3.0 cm, 15.5 cm and 30.5 cm from the bottom of the column, respectively 

(Figure 3-1).  For each experiment, the column was packed with 1852.4 g of sterilized sand with 

particle size ranging from 0.0625 mm to 2 mm. The porosity (θ) of the packed column was 0.23 using 

gravimetric analysis. The column was pre-saturated by purging with 700 mL of eluent agent (e.g. water, 

rhamnolipid and tergitol) solution before each experiment. The purging direction was from the bottom 

to the top of the column as shown in Figure 3-1. After pre-saturation, 120 mL of bacterial suspension 

was introduced into the column at a flow rate of 3.0 mL min
-1

. The column was then eluted with a 700 

mL solution of bacteria-free solution. Aqueous samples were collected from the three sampling ports 

and analyzed for bacteria transport. The effluent was collected up until the end of the experiment to 

determine the percentage of bacteria that was eluted out of the column. The concentration of bacteria 

(C) in the each sample was normalized to the initial concentration of bacteria (C0). The normalized 

concentration of bacteria (C/C0) was plotted against the actual pore volumes of eluent liquid agent that 

passed through the column, which is known as the breakthrough curve (BTC). All BTCs were averaged 

from two sets of experiments. 

The actual pore volumes of eluent liquid agent that passed through the column at time t were calculated:  

2

q
Pore volume =

t

d
π ( ) θ

2
L



 
                                         (3-4) 

where q is velocity in mL/min, t is time (minutes), d is the diameter of the column in cm, and θ is the 

porosity of column. 
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Figure 3-1 Column set up for the up flow pumping experiments 

3.2.4. Mathematical Modeling 

The mathematical model used in this study considered the transport of bacteria introduced into the 

column to be the result of convection and diffusion of the liquid due to the concentration gradient 

(Gang Chen and Zhu, 2004). We considered the bacteria to be transporting through a uniform, one-

dimensional, saturated porous media, in other words at a steady-state flow, according to the one-

dimensional convention-dispersion equilibrium equation (CDE) as follows (Van Genuchtenm and 

ALVES, 1982): 

2

2

C C C
R D v C

t x x
 

  
   

  
                                     (3-5) 

where C is the bacteria concentration, D is the dispersion coefficient (includes both diffusion and 

hydrodynamic dispersion), t is the time, and v (v=q/ε (LT
-1

) is the average velocity inside the column. 

In this study, the equilibrium equation and nonequilibrium equation (information is provided in the 

appendix for Chapter 3) were solved by CXTFIT model in STANMOD (a Windows-based software 

package) (Parker and Van Genuchten, 1984), which has successfully predicted the adsorption and 
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transport of E. coli and P. fluorescens (Gang Chen and Zhu, 2004). The parameters, dispersion 

coefficient (D), retardation coefficient (Rd), first order deposition coefficient (µ) and the coefficient of 

determination (R
2
), were estimated. All modeling was performed at zero initial concentration and zero 

production. 

3.3. Results and Discussions 

3.3.1. The Modification of Surfactant on the Surface Tension Parameters of Bacteria and Sand 

Particles 

The surface tension parameters of bacteria and sand particles were determined through contact angle 

measurement to understand the effect of surfactant on their respective surface hydrophobicities, as 

shown in Table 3-1. The ANOVA test suggests that the addition of different types of surfactant did not 

have a significant effect on the surface tension parameters (P > 0.05). But, In terms of free energy of 

aggregation
 
(ΔG1w1) that rhamnolipid and tergitol increased the value of ΔG1w1 from -81.6 mJ/m

2
 to -

56.6 mJ/m
2
 and -70.2 mJ/m

2
 (Table3-1). However, the surfactants made P. putida KT2442 less 

hydrophilic, as indicated by the decrease in the value of ΔG1w1 in the presence of rhamnolipid and 

tergitol, respectively (Table 3-1). Our findings are consistent with the study by Feng et al. (2013a), 

which found surfactant decreased the value of ΔG1w1 for hydrophilic P. putida 852 and reduced the 

value of ΔG1w1 for hydrophobic R. erythropolis 3586. The photomicrographs of R. erythropolis and P. 

putida KT2442 cell suspension in water and rhamnolipid solution provide a visual representation of the 

behaviours of the bacteria in the different suspension agents. Hydrophobic R. erythropolis cells were 

shown as more likely to aggregate in water (Figure 3-2A), but suspended more homogeneously in 

rhamnolipid solution (Figure 3-2B). No significant difference was observed for the aggregation of P. 

putida KT2442 in water and rhamnolipid solution (Figure 3-2 C and D). Table 3-1 also shows that 

rhamnolipid biosurfactant and tergitol increased the free energy aggregation ΔG2w2 between water and 

quartz from -9.0 to 30.2 and 30.6 mJ/m
2
. This result is in line with observations by Chen et al. (2004) 

that the addition of rhamnolipid increased the surface free energy aggregation of silica sand. When 

comparing the effects of rhamnolipid and tergitol in modifying bacteria hydrophobicity, a greater 
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increase in the hydrophobicity of R. erythropolis was obtained with the addition of rhamnolipid, while 

a greater decrease in the hydrophilicity of P. putida KT2442 was obtained with the addition of tergitol. 

For quartz, different surfactant type demonstrated equivalent impact on its surface hydrophobicity. 

These results indicate that anionic and nonionic surfactant can modify bacterial hydrophobicity to a 

different extent, but have a similar modification on the hydrophobicity of sand particles. 

Table 3-1 Surface Tension Parameters γLW (LW apolar component), γ- (electron donor), γ+ (electron acceptor) and free energy of 

aggregation (ΔG) (mJ/m2)  

 Experimental Conditions θwater (°) 
γLW 

(mJ/m2) 
γ- (mJ/m2) γ+ (mJ/m2) 

ΔG1(2)w1(2)  

(mJ/m2) 

Bacteria 

R. 

erythropolis 

Water 94.7±0.3 34.1 0.8 0.11 -81.2 

Rhamnolipid 84.0±0.4 34.1 4.6 0.18 -56.6 

 
Tergitol 90.0±0.3 34.4 2.4 0.06 -70.2 

P. putida 

KT2442-GFP 

Water 36.2±0.4 30.3 54.5 0.30 40.6 

Rhamnolipid 39.2±0.2 28.4 49.7 0.66 33.0 

 Tergitol 39.7±0.5 38.5 38.8 0.62 15.5 

Sand Quartz 

Water 46.7±1.3 38.6 22.4 2.86 -9.0 

Rhamnolipid 14.8±1.2 39.1 53.1 1.23 30.2 

Tergitol 14.1±1.6 39.6 53.4 1.15 30.6 

 

Where subscript 1 denotos bacteria, 2 denotos sand and w denoteswater. 

3.3.2. Comparison of the Transport of R. erythropolis and P. putida KT2442 in the Absence of 

Surfactant Solution 

The transport of hydrophobic R. erythropolis and hydrophilic P. putida KT2442 in the absence of 

surfactant solution was investigated to assess the effect of the hydrophobicity of bacteria on their 

transport in the column (Figure 3-3A and Figure 3-4A). Firstly, 60.3 % and 76.7 % of total injected 

hydrophobic R. erythropolis and hydrophilic P. putida KT2442 respectively were eluted from the 

column. The peak height of BTCs of both bacteria strains decreased with increased travelling distance 

(Figure 3-3A and Figure 3-4A). The observed BTCs were fitted by nonequilibrium and equilibrium 

equation to further understand the bacteria transport behaviour. The value of beta (β) in the 

nonequilibrium equation suggests that all the BTCs can fit through the equilibrium equation because 
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most of its value reaches 0.9999 (Table A-2 in appendix for Chapter 3). The fitted data from the 

equilibrium equation showed a good description of breakthrough curves with R
2
 ˃0.9270 (Table 3-2). 

The fitted parameters (Table 3-2) for the hydrophobic and hydrophilic bacteria showed a similar pattern: 

the highest value of first order decay and the retardation was always observed at Port 1 and the values 

then decreased with increased travelling distance. These results are in line with those from a previous 

study (Gargiulo et al., 2008) where most of bacterial cells were retained close to the inlet of columns 

and the rate of deposition rapidly decreased with increasing in distance. The value of dispersion 

coefficient that was observed for the different ports was close, indicating that the column was packed at 

an acceptable level of homogeneity (G. Huang et al., 2006). 

When comparing the fitted transport parameters, R. erythropolis presented a greater value for first order 

decay than P. putida KT2442 (Table 3-1). For example, the values of the first order decay (μ) for 

hydrophobic R. erythropolis were 0.030±0.004/min, 0.019±0.001 /min and 0.013±0.001 /min 

respectively for Port 1, Port 2 and Port 3, while a smaller value of μ was observed for hydrophilic P. 

putida KT2442 at each port, 0.030±0.005 /min, 0.012±0.001 /min and 0.08±0.001 /min for Port 1, Port 

2 and Port 3, respectively. Compared to R. erythropolis, a greater value of retardation coefficient (Rd) 

was obtained for P. putida KT2442 at each port. For example, R. erythropolis and P. putida KT2442 

respective Rd values of 1.08±0.03 and 1.73±0.06 at Port 1. The retarded transport of hydrophilic 

bacteria is consistent with previous findings (McCaulou et al., 1994) that once hydrophilic bacteria 

were attached to the soil, they would re-suspend at a slow rate. Similarly, hydrophobic R. erythropolis 

had a smaller dispersion value with a smaller dispersion coefficient (D) than hydrophilic P. putida 

KT2442 (Table 3-2). These results indicate that hdyrophilic bacteria are more likely to transport 

through columns. 
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Figure 3-2 The aggregation of bacteria in water and rhamnolipid solution. A: R. erythropolis in water; B: R. erythropolis in 

rhamnolipid solution; C: P. putida KT2442 in water; D: P. putida KT2442 in rhamnolipid solution. Scale bar equals 100 μm 

3.3.3. The Effect of surfactant Solution on the Transport of R. erythropolis and P. putida KT2442 

Cells  

Surfactants, anionic rhamnolipid and nonionic tergitol, were introduced in the column experiments to 

study the effect of surfactants on the transport behaviour of hydrophobic and hydrophilic bacteria. The 

BTCs (Figure 3-3B and C, and Figure 3-4B and C) obtained in the presence of surfactant solution 

present similar patterns to those for the absence of surfactant solution (Figure 3-3A and Figure 3-4A); 

namely, the peak height of BTCs decreased with increased travelling distance. The fitted data showed a 

good description of breakthrough curves with R
2
 ˃0.911 (Table 3-2). In the presence of surfactant 

solution, the fitted parameters of both bacteria strains that were observed at different ports (Table 3-2) 

presented a similar pattern between different bacteria strains and surfatcnt types: the highest value of 

first order decay and the retardation is always observed at the Port 1 and their values decreased with the 

increase of travelling distance. This observation is simailr to the results that were obtained in the 

absence of surfactant solution. 

A B 

C D 
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Hydrophobic R. erythropolis: Rhamnolipid and tergitol solution increased the proportions of eluted R. 

erythropolis from 60.3% to 84.0% and 82.4%, respectively (Table 3-2). This observation shows that 

surfactants enhanced the transport of hydrophobic bacteria, which is consistent with the findings of 

several previous studies (G. Bai et al., 1997; Gang Chen et al., 2004; Parker and Van Genuchten, 1984; 

Vu et al., 2015). Moreover, in the presence of the surfactant solutions (Figure 3-3 B and C), the peak 

positions of BTC from Port 1 to Port 3 were higher than those in the absence of surfactant solution 

(Figure 3-3A). Aside from the peak position of the BTCs, a notable decrease in the value of the fitted 

first order deposition coefficient (μ) was observed with the addition of surfactant solution (Table 3-2). 

For example, the value of μ decreased from 0.030±0.005 to 0.010±0.003 /min, from 0.019±0.001 to 

0.0001±0.001 /min and from 0.013±0.001 to 0.0001±0.0003 /min at Port1, Port 2 and Port 3 following 

the introduction of rhamnolipid (Table 3-2). This result is consistent with previous findings that the 

addition of surfactants (e.g. C12E5, C12E10 and rhamnolipid) decreases the adsorption of bacteria (e.g. E. 

coli, P. fluorescens and P. aeruginosa) on sand particles (G. Bai et al., 1997; Gang Chen et al., 2004; 

Gang Chen and Zhu, 2004). The presence of surfactant solution also increased the dispersion 

coefficient (D). For example, D increased from 0.05±0.02 to 0.15±0.02 cm
2
/min, from 0.20±0.04 to 

0.24±0.02 cm
2
/min and from 0.11±0.01 to 0.25±0.03 cm

2
/min for Port 1, 2 and 3, respectively, after the 

introduction of rhamnolipid (Table 3-2). An increase in retardation was observed at Port 1, where the 

value of the retardation coefficient (Rd) increased from 1.08±0.03 to 1.34±0.06 and 2.00±0.04 in the 

presence of rhamnolipid and tergitol, respectively. No significant difference was found in the 

retardation coefficients for Port 2 and 3 with the addition of surfactant solutions (Table 3-2) (Table 3-2). 

Hydrophilic P. putida KT2442: Both surfactant solutions had a similar effect on the transport 

behaviour of hydrophilic P. putida KT2442 (Figure 3-4B and C) compared to the findings for 

hydrophobic R. erythropolis (Figure 3-3B and C). The proportion of eluted bacteria increased from 

76.7 % to 87.8 % and 85.7 % in the presence of rhamnolipid and tergitol, respectively. The value of μ 

in BTCs decreased with the addition of surfactant solution. For example, the value of μ decreased from 

0.030±0.005 to 0.007±0.004 /min, from 0.012±0.001 to 0.003±0.001 /min and from 0.008±0.001 to 
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0.004±0.001 /min at Port 1, Port 2 and Port 3 after the introduction of rhamnolipid (Table 3-2). The 

dispersion coefficient (D) also increased with the addition of surfactant solution. For example, D 

increased from 0.12±0.04 to 0.23±0.05 cm
2
/min, from 0.20±0.04 to 0.29±0.05 cm

2
/min and from 

0.14±0.02 to 0.35±0.06 cm
2
/min for Port 1, 2 and 3, respectively, after the introduction of rhamnolipid 

(Table 3-2). An increase in retardation was observed at Port 1, where the value of retardation 

coefficient (Rd) increased from 1.73±0.06 to 1.90±0.06 and 2.15±0.06 in the presence of rhamnolipid 

and tergitol, respectively. No significant difference was found in the retardation coefficients for Port 2 

and Port 3 with the addition of surfactant solutions (Table 3-2). 

A comparison of the transport behaviour of hydrophobic and hydrophilic bacteria strains in the 

presence of surfactant solution reveals that generally the hydrophobic bacteria showed smaller values 

for D and Rd, and a higher μ value than the hydrophilic bacteria, as shown in Table 3-1. Although both 

surfactants enhanced bacteria transport, a greater proportion of eluted bacteria was obtained in the 

presence of anionic rhamnolipid compared to nonionic tergitol surfactant. Smaller values for the first 

order decay retardation coefficient and dispersion coefficient were also observed in the presence of 

anionic rhamnolipid.  
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Figure 3-3 Comparison of the observed and fitted breakthrough curves of R. erythropolis in water and surfactant solution. A, B and C  show BTCs in water, rhamnolipid solution and tergitol 

solution. O, ● and ◊ shows the data obtained at Port 1, Port 2 and Port 3, respectively; solid line, dash line and dash dots shows the fitted data at Port 1, Port 2 and Port 3,
 
respectively. Symbols 

are averages of individual values (-) for experiments run in duplicate.
 

        
Figure 3-4 Comparison of the observed and fitted breakthrough curves of P. putida KT2442 in water and surfactant solution. A, B and C  show BTCs in water, rhamnolipid solution and tergitol 

solution . O, ● and ◊ shows the data obtained at Port 1, Port 2 and Port 3, respectively; solid line, dash line and dash dots shows the fitted data at Port 1, Port 2 and Port 3,
 
respectively. Symbols 

are averages of individual values (-) for experiments run in duplicate.
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Table 3-2 Comparison of the transport parameters that was fitted from BTCs of R. erythropolis and P. putida KT2442 by the 

equilibrium equation of CXTFIT in STANMOD.
 
dispersion coefficient (D), retardation factor (Rd), first order deposition (μ), the 

coefficient of determination (R2) and the proportion of bacteria that was eluted out of column 

Bacteria stains 
Experiment 

condition 
Port 

D 

(cm2/min) 
Rd μ (/min) R2 

The proportion of 

bacteria that was 

eluted out of column                  

(%) 

R. erythropolis 

Water 

1 0.05±0.02 1.08±0.03 0.031±0.004 0.961 

60.3 
2 0.20±0.04 1.12±0.02 0.019±0.001 0.927 

3 0.11±0.01 1.11±0.01 0.013±0.001 0.984 

Rhamnolipid 

1 0.25±0.08 1.34±0.06 0.010±0.003 0.932 

84.2 
2 0.24±0.02 1.18±0.08 0.0001±0.001 0.990 

3 0.25±0.03 1.14±0.01 0.0001±0.000

3 

0.940 

Tergitol 

1 0.36±0.04 2.00±0.04 0.010±0.002 0.990 

82.5 
2 0.26±0.02 1.22±0.01 0.006±0.004 0.995 

3 0.19±0.02 1.11±0.01 0.005±0.0002 0.992 

P. putida 

KT2442 

Water 

1 0.14±0.04 1.73±0.06 0.030±0.005 0.952 

76.7 
2 0.20±0.04 1.30±0.02 0.012±0.001 0.964 

3 0.14±0.02 1.24±0.01 0.008±0.001 0.957 

Rhamnolipid 

1 0.23±0.05 1.90±0.06 0.007±0.004 0.960 

87.8 
2 0.29±0.05 1.09±0.02 0.003±0.001 0.965 

3 0.35±0.06 1.19±0.02 0.004±0.001 0.911 

Tergitol 

1 0.39±0.06 2.15±0.06 0.010±0.003 0.976 

85.7 
2 0.47±0.06 1.41±0.02 0.002±0.001 0.975 

3 0.30±0.02 1.24±0.01 0.003±0.002 0.990 

Estimated value ± standard deviation 

3.3.4. Discussions 

In this study, the filtration effect with regard to the retention of bacteria in the column was negligible 

because the ratio of the cell diameter to sand grain which ranged from 0.00025 to 0.032. According to 

Herzig et al. (1970) cell filtration by porous media is not considered to be effective when the ratio of 

cell diameter to porous media size is less than 0.05. The column experiments demonstrated that 

hydrophobic bacteria have a greater affinity to sand particles than hydrophilic bacteria in the absence of 

surfactant solution. This observation is consistent with previous literature reporting that more 

hydrophobic bacteria have a stronger affinity to soil during transport without surfactant solution (Gang 
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Chen et al., 2004; Gang Chen and Zhu, 2005; Gargiulo et al., 2008). The rhamnolipid and tergitol 

solutions made hydrophobic bacteria less hydrophobic and made hydrophilic bacteria less hydrophilic. 

If the hydrophobicity of bacteria is the driving force for bacteria transport, one might expect that the 

addition of surfactant solution would facilitate transport of hydrophobic bacteria but attenuate transport 

of hydrophilic bacteria. On the contrary, this study discovered that surfactant not only enhanced the 

transport of hydrophobic bacteria, but also hydrophilic bacteria which was not expected. This 

observation is in line with those of previous studies (G. Bai et al., 1997; Gang Chen et al., 2004; Gang 

Chen and Zhu, 2004; Zhong et al., 2016). Therefore, in the presence of surfactant solution, it is not 

possible to determine bacteria transport solely through bacterial hydrophobicity. As shown inTable 3-1, 

anionic and nonionic surfactant modified the surface properties of both bacteria and sand particles to 

different extents; therefore, the modification of both bacteria and sand particles should be considered. 

The LW-AB interactions which are based on the surface tension parameters of bacteria and sand 

particles may offer a possible explanation for the transport behaviour of the bacteria. The LW-AB 

interaction energies (ΔGadh) were calculated to examine this hypothesis, as shown in Figure 3-5. In the 

absence of surfactants, the value for ΔGadh between R. erythropolis and sand particles was -34.6 mJ/m
2
, 

indicating a favorable adhesion of R. erythropolis to sand particles according to the definition used. 

Consistent with previous findings (Gang Chen et al., 2004), the addition of rhamnolipid and tergitol 

increased the value of ΔGadh to -5.9 mJ/m
2
 and -10.0 mJ/m

2
. However, a positive value of ΔGadh (10.0 

mJ/m
2
) was obtained between hydrophilic P.putida KT2442 and sand particles. The value of ΔGadh 

increased to 32.6 mJ/m
2
 and 23.7 mJ/m

2
 with the addition of rhamnolipid and tergitol, indicating less 

favourable adhesion of P.putida KT2442 to sand particles in the presence of surfactant solutions. 

Despite hydrophobic bacteria showing an attractive LW-AB interaction (negative value) with sand 

particles while hydrophilic bacteria showed a repulsive LW-AB interaction (positive value), surfactant 

increased the value of the LW-AB interaction energy thereby weakening the attraction between 

hydrophobic bacteria and sand particles and enhancing the repulsive LW-AB interaction between 
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hydrophilic bacteria and sand particles. As a result, bacteria transport was enhanced in the presence of 

surfactant solution.  

To gain a clearer picture of the effect of ΔGadh on bacteria transport, the percentage of bacteria that was 

eluted out of columns and the first order decay were plotted against the value of ΔGadh (Figure 3-6). 

The the percentage of bacteria that was eluted out of column rises with the increase of ΔGadh while the 

value of the first order decay decreases with the increase of ΔGadh. These results could explain the 

facilitated bacteria transport found with the addition of surfactant solution. The effect of different 

surfactant type on the bacteria transport can be attributed to the fact that the extent of change in the 

value of ΔGadh is dependent on the surfactant type and the surface properties of surfactant itself. In this 

study, a higher value of ΔGadh was obtained in the presence of the anionic rhamnolipid compared to the 

corresponding value in the presence of the nonionic tergitol for both bacterial strains, as shown in 

Figure 3-5. Figure 3-7 shows the correlation of bacterial surface tension parameters (
1

LW  and -

1 ) to the 

LW-AB interaction energy between bacteria and sand particles. An increase in the value of 
1

LW  results 

in a decrease in the value of LW

blsG , while the value of AB

blsG  increases with an increase in the value of -

1 . 

Although no linear relationship was found due to the small sample size, these findings may help us to 

understand the interaction and adhesion of bacteria to solid surfaces. 

                                   
Figure 3-5 The changes in ΔGadh between bacteria and sand particles with the addition of rhamnolipid and tergitol 
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Figure 3-6 The correlation  of the percentage of bacteria that was eluted out of columns and the averaged first order decay to 

ΔGadh.●: R. erythropolis; ○: P. putida KT2442. 
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Figure 3-7 The relation between bacterial surface tension parameters with the interaction between bacteria and sand particles. ∆ 

Relation between 1

LW
and Gadh (LW), ●Relation between 

-

1  and Gadh (AB) 

3.4. Conclusion 

This study investigated the modification of surfactant (anionic vs. nonionic) on the surfaces 

hydrophobicity of bacteria (hydrophobic vs. hydrophilic) and sand particles, and the effect of these 

modifications on the transport behaviour of bacteria in a saturated sand column. Rhamnolipid and 

tergitol altered bacterial hydrophobicity to differing extents but had an equivalent effect on the 

hydrophobicity of sand particles. The addition of surfactant increased the LW-AB interaction energy 

between bacteria and sand particles. Without surfactant solution, hydrophilic bacteria are therefore 

more likely to transport through the column than hydrophobic bacteria. The increase in the value of 

LW-AB interaction energy between bacteria and sand particles enhanced the transport of both bacteria 

strains when using surfactants as the effluent agent. The higher value of LW-AB interaction energy in 

the presence of rhamnolipid compared to tergitol is shown to enhance bacteria transport differently. 

This study is possibly the first document to compare and consider the modification of surfactants on 

both bacteria and sand particles by investigating the effect of anionic and nonionic surfactant on the 

transport behaviour of both hydrophobic and hydrophilic bacteria. The findings from this study could 

be used to shed light on ways of successfully matching bacteria with surfactants, mainly when 

introducing microorganisms to contaminated sites during bioremediation. As only two bacteria strains 

and two types of surfactant solution were used in this study, more information would be required to 

generalise these findings to achieve a more accurate and realistic prediction of bacterial behaviour in 

the soil.      
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Abstract 

Delivering bacteria and oxygen to contaminated soil using pulse injected microbubbles has been 

studied for the purpose of stimulating aerobic biodegradation for in situ bioremediation. However, no 

study has employed continuously supplied microbubbles for delivering bacteria to the soil, which is 

potentially a highly promising and cost-efficient strategy for providing bacteria and oxygen. This study 

investigated the use of continuously injected microbubbles to deliver bacteria in artificial sand columns 

with a porosity of 0.23 and 0.38, respectively. Hydrophobic bacteria Rhodococcus erythropolis (R. 

erythropolis) and hydrophilic bacteria Pseudomonas putida (P. putida) were chosen for the study. Two 

types of surfactant (anionic rhamnolipid vs. nonionic tergitol) microbubbles were used as eluting agents. 

The preliminary batch experiments found that microbubbles that were produced by a flat spinning disc 

mixer are more stable than those generated by a propeller mixer. Rhamnolipid microbubbles were 

shown to be more stable and had greater ability to carry bacteria than tergitol microbubbles. No impact 

on the stability of microbubbles was observed when adding bacteria to microbubble suspension. 

Hydrophilic bacteria showed slightly stronger affinity to microbubbles during microbubble drainage 

compared to hydrophobic bacteria. Microbubbles eluted a higher percentage of bacteria out of the 

column than surfactant solution to do so, when the same amount of surfactant solution was used. 

Microbubbles that were generated by the flat spinning disc mixer eluted higher percentages of bacteria 

out of columns than microbubbles that were produced by the propeller mixer ones to do so. 

Rhamnolipid microbubbles eluted a greater proportion of the total injected bacteria than the tergitol 

microbubbles, because the rhamnolipid microbubbles were more stable and have greater affinity for 

bacteria. Hydrophilic P. putida was found more likely to transport with microbubbles than hydrophobic 

R. erythropolis due to the favourable adhesion of hydrophobic R. erythropolis to sand particles. 

Bacteria transport increased considerably with an increase in porosity inside the column. This 

information can facilitate our understanding of bacteria transport using continuously injected 

microbubble suspensions.  
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4.1. Introduction 

Introducing exogenous microorganism to contaminated soil is a commonly used approach 

(Romantschuk et al., 2000; Scullion, 2006; Van Hamme, 2004) for in situ bioremediation because this 

activity can expand the population of bacteria that available to degrade pollutants. Previous studies 

have used surfactant solution to deliver bacteria to soil to overcome the low mobility of bacteria under 

natural conditions (Gang Chen et al., 2004; Gang Chen and Zhu, 2004; Spasojević et al., 2015; Xiao-

Hong et al., 2010; Zhong et al., 2016; Zhu et al., 2013). Although surfactant solution can be effective in 

promoting bacteria transport, the use of surfactant solution for stimulating in situ bioremediation is 

challenged by factors such as the shortage of oxygen in contaminated soil and the amount of surfactant 

solution required. Therefore, developing a new strategy to deliver both bacteria and oxygen for 

bioremediation of contaminated soil in a cost-effective manner is required. 

Surfactant microbubbles, suspensions of a large number of minute spherical gas bubbles encapsulated 

in a soapy liquid film in an aqueous surfactant solution (Sebba, 1987), have emerged as a potential 

vehicle to carry bacteria and oxygen for in situ bioremediation, due to their unique characteristics, e.g. 

large interfacial areas to adsorb microorganisms (Jauregi and Varley, 1999; Parker, 1989; M. Ripley et 

al., 2002; Wan et al., 1994), small size (10~100 μm) (Feng et al., 2009; Jauregi et al., 2000), excellent 

flow properties (Sebba, 1985) and  small buoyant rise velocities. A few laboratory studies have 

investigated the capacity of pulse injected microbubbles for delivering bacteria/nanoparticles to soil 

(Andrew Jackson et al., 1998; Park et al., 2009; Shen et al., 2011; Su et al., 2014). Microbubbles were 

found more cost-efficient compared to surfactant solution alone, because microbubble-aided bacteria 

transport required smaller amount of surfactant solution to deliver the same number of bacteria to soil 

(Andrew Jackson et al., 1998). The efficiency of microbubbles as bacteria carriers of can be affected by 

factors such as the stability of microbubbles, the pore size of soil, and the hydrophobicity of bacteria. 

The the stability of microbubbles could be affected by surfactant type (Feng et al., 2009; Shen et al., 

2011) and method used for microbubble generation (Jauregi et al., 1997; Sebba, 1985). Microbubbles 

generated from anionic surfactant (e.g. sodium lauryl ether sulphate (SLES) and sodium dodecyl sulfate)  
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are more stable and has greater ability in retaining nanoparticles than nonionic surfactant (e.g. Tween 

20 and Triton X-100) microbubbles to do so (Ding et al., 2013; Shen et al., 2011). In column 

experiments, anionic surfactant microbubbles generally demonstrated better ability to carry 

nanoparticles compared to nonionic surfactant microbubbles (Ding et al., 2013; Shen et al., 2011). 

Microbubble dispersion was also more efficient in sand columns with a coarse pore size of 0.18~0.51 

mm  than a finer pore size of 0.09~0.18 mm (Ding et al., 2013; Shen et al., 2011). However, in another 

study microbubbles were better able to penetrate finer sand with a pore size of 0.10~0.20 mm than 

more coarse sand  with a pore size of 0.20~0.57 mm (Su et al., 2014). Bacterial hydrophobicity can 

affect bacterial adhesion to sand particles and air–water interfaces. For example, hydrophobic bacteria 

have a stronger affinity to both soil particles and gas-liquid interfaces than hydrophilic bacteria to do so 

(Gang Chen and Zhu, 2004; Huysman and Verstraete, 1993; Su et al., 2014). However, the effect of 

these tendencies on bacteria transport for bacterial adhesion to sand particles and air-water interfaces 

has not yet been investigated. Besides their ability to carry bacteria, microbubbles can also stimulate 

aerobic biodegradation of organic pollutants in contaminated soil by supplying oxygen (Kristen B 

Jenkins et al., 1993; D. Michelsen et al., 1984; Catherine N Mulligan and Farzad Eftekhari, 2003; Park 

et al., 2009; Rothmel et al., 1998). For example, in one of the studies, higher phenanthrene degradation 

was achieved at the bottom of the column due to the higher gas phase concentration (84%) compared to 

that at the top of the column where the gas phase concentration was 10% (Park et al., 2009). The 

relative residual of phenanthrene decreased from 80% to 40% at the bottom of the column, but 

increased slightly at the top of the column after 21 days (Park et al., 2009). Therefore, in situ 

bioremediation could potentially be enhanced by applying more gas into contaminated soil. Further, 

continuous injection of microbubbles could provide more air than pulse injected ones. If these 

continuously supplied microbubbles can deliver bacteria efficiently to contaminated soil, in situ 

bioremediations would be greatly enhanced, and in a cost-effective manner. However, the research on 

delivering bacteria with continuously supplied microbubbles is very limited and no data have been 

published to date. 
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The purpose of this study is to investigate bacteria delivery with continuously supplied microbubbles in 

sand columns, and explore the effect of microbubble generation method, surfactant type, bacterial 

hydrophobicity and the porosity of sand column. Two mixers, a propeller and a flat spinning disc, were 

used to generate microbubble of different stability. Anionic rhamnolipid and nonionic tergitol were 

used to produce microbubbles and to assess their capability for carrying bacteria. Gram-positive 

Rhodococcus erythropolis and Gram-negative Pseudomonas putida were used to represent hydrophobic 

and hydrophilic bacterial strains in this study. Preliminary batch tests were conducted to examine 

properties of microbubbles and the capacity of the microbubbles in carrying bacteria. Packed column 

studies were carried out to explore the microbubble-aided bacteria transport in columns at porosities of 

0.23 and 0.38, respectively. Bacteria transport was quantified based on the percentage of bacteria that 

was eluted out of the column and the dispersion coefficients from the breakthrough curves (BTCs) of 

bacteria transport. Lifshitz-van der Waals and acid-base (LW-AB）interaction energy between bacteria 

and sand particles, bacteria and microbubbles were calculated to understand the transport behaviour of 

bacteria. A fluorescence microscope was employed to visualize the behaviour of bacteria in the 

presence of microbubbles. The results of this study can serve as a preliminary exploration of bacteria 

delivery using continuous microbubble supply. 

4.2. Materials and Method 

4.2.1. Surfactants Selection 

Anionic surfactant rhamnolipid (JBR 210, JENEIL ® Biosurfactant Co.) was used as the biosurfactant 

in this study. It is a rhamnose-containing glycolipid surfactant that is primarily produced by 

Pseudomonas aeruginosa (Desai and Banat, 1997). Nonionic surfactant Tergitol-15-S-12 (Sigma–

Aldrich) was applied for the purpose of making comparisons with anionic rhamnolipid. Rhamnolipid 

and tergitol were chosen because they are readily biodegradable and environmentally friendly (J.-L. Li 

and Chen, 2009) and show low toxicity to bacteria (J.-L. Li and Chen, 2009; Rothmel et al., 1998; 

Zhang et al., 1997; Zhu et al., 2013). 
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4.2.2. Microbubble Generation and Tests 

Microbubble generation followed the method that was described by Sebba (1985). Two mixers were 

employed in this study to generate microbubble at a speed of 8000 rpm. The first mixer uses a propeller 

to intensify the mixing. The second mixer (VIRTIS® Tempest Virtishear I.Q. with SENTRY® 

Microprocessor) employed a flat spinning disc to shear the surface of the surfactant solution to generate 

microbubbles. The concentration of surfactant used was 1000 mg/L, the microbubble generated at this 

concentration is relatively stable and cost-efficient (Feng et al., 2009). 

The half-time of microbubble drainage was recorded to represent the stability of microbubble. The 

freshly generated microbubble was transferred into a 100 mL cylinder and then the volume of 

microbubble suspension and drained liquid over a range of time between 0 to 20 minutes was recorded. 

Halt-time is the time when half of the total volume of liquid (VL) was drained from the microbubble 

dispersion. The microbubble gas fraction was quantified as the ratio of bubble volume (VM) to total 

volume (VM+L). Likewise, liquid fraction can be expressed as the proportion of VL to VM+L. A 

microscope was employed to capture the drainage of microbubble suspension with a camera (Nikon 

ECLIPSE E600, Japan) and the Image J program was used to analyze the image size. 

The distribution of bacteria in microbubbles over time was measured to investigate ability of 

microbubbles in carrying bacteria. Microbubble was produced by shearing 180 mL of surfactant 

solution with bacterial cells, after which 100 mL of fresh microbubbles were added to a series of 100 

mL cylinders (Mtotal). The volume of drainage (VL) and microbubble (VM) was recorded over for times 

ranging from 0 minutes to 20 minutes. 0.5 mL of drained liquid was taken from the cylinder to further 

examine the number of bacterial cells (CL) in the drained liquid. The fraction of bacteria in microbubble 

(CM) was calculated: 

           CM=
Mtotal-CL×VL

VM
                                                   (4-1) 
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4.2.3. Bacterial Strains and Incubation Condition 

Bacteria were cultured and harvested in the same manner for each experiment. Pure strains of 

Rhodococcus erythropolis (Gram positive) (New Zealand Reference Culture Collection, ESR, Porirua, 

New Zealand) (R. erythropolis) and Pseudomonas putida KT2442 (Gram negative) (New Zealand 

Reference Culture Collection, Medical Section) (P. putida KT2442) were used in this study. These two 

bacterial strains were selected not only because they are commonly found in the natural soil 

environment, but also because of their different surface properties and ability in degrading organic 

pollutants, such as polyaromatic hydrocarbons (Dennis and Zylstra, 2004; Gottfried et al., 2010; Lang 

et al., 2016; Trzesicka-Mlynarz and Ward, 1995; Yang et al., 2014; Zhao et al., 2009). The seed stocks 

of bacteria strains were prepared by mixing 0.5 mL of an overnight culture with 0.5 mL of sterile 50 % 

glycerol in a 1 mL sterile plastic tube and were stored at -80 ℃.  

R. erythropolis: Water contact angle could indicate the hydrophobicity of bacterial surface: the water 

contact angle of hydrophilic bacteria is less than 45°, vice versa (Daffonchio et al., 1995; Grotenhuis et 

al., 1992). R. erythropolis has a hydrophobic surface with a contact angle of 94.7 °. The optimal growth 

temperature is 25~30 ℃. A loopful of seed stock of R. erythropolis was taken and placed on a 

trypticase soy (TS) agar plates and then incubated at 28 ℃ for 72 hours until visible colonies formed. 

To obtain enough bacterial cells, we transferred R. erythropolis cells to new TS agar plates and again 

incubated at 28 ℃ for 72 hours.  At least four plates were prepared each time to ensure a sufficient 

quantity of cells could be harvested for each experiment. Bacteria cells were collected using a 

moistened swab.  

P. putida KT2442: P. putida KT2442 has a water contact angle of 36.2 °, indicating a hydrophilic 

surface. The optimal growth temperature is 25~30 ℃. A loopful of the seed stock was taken and plated 

onto TS agar plates, and then placed in the incubator at 28 ℃ for 24 hours. After the bacterial cell 

colonies had formed, the bacterial agar plate was stored in a refrigerator at 4℃ and kept for two weeks. 

To prepare bacteria for experiments, a colony of bacteria was taken from the agar plate and incubated 

overnight in 20 mL TS broth in a 100 mL sterile centrifuge tubes at 28 ℃, under constant shaking at 
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200 rpm. Then 20 mL of the bacteria solution was transferred to 2000 mL of fresh TS broth and 

incubated overnight at 28 ℃, under constant shaking at 200 rpm. P. putida KT2442 cells were 

harvested by centrifugation at 8000 g for 10 minutes.  

Harvested cells were washed three times with saline to remove soluble extracellular polymeric 

substance and finally resuspended in 0.01M NaCl surfactant solution for the further experiments. The 

initial concentration for batch and column experiment was 8.00 × 10
9
 and 3.5 × 10

10
 CFU/mL for R. 

erythropolis and P. putida KT2442, respectively. The number of bacteria was quantified by measuring 

the fluorescence signals of the collected samples using a Perkin Elmer EnSpire 2300 multilabel plate 

reader and the Wallace Envision Manager software program. The experimental details are provided in 

the appendix. A linear relationship was obtained between fluorescence intensity and CFU/mL, with a 

R
2
 value of 0.9579 (Figure A-1 in the appendix). 

4.2.4. Column Set-up  

A cylindrical stainless steel column (6.15 cm diameter (d) × 41 cm length (L)) was designed for 

column experiments (Figure 4-1). This column had three aqueous sampling ports, termed Port 1, Port 2 

and Port 3. The three ports are located at 3.0 cm, 15.5 cm and 30.5 cm from the bottom of the column, 

respectively. The size of sand particles for the column studies ranged from 0.0625-2 mm with mean 

size of 0.8050 mm. The purpose of choosing a broad range of grain size was to simulate the real soil 

environment. Columns were packed with different porosity θ (0.23 vs. 0.38) to investigate the effect of 

the porosity of the column on the microbubble-aided bacteria transport. θ describes the fraction of void 

space in the column, it is defined by the ratio:  

W

2d
π ( )

V
θ=

θ
2

L  
                                                     (4-2)  

where Vw is the volume of void-space inside the column which is measured as the difference between 

the wet weight and dry weight of the packed column.  
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In this study, for the column with a porosity of 0.23 and 0.38, the volume of the void-space is 280.3 mL 

and 457.7 mL, respectively. According to Kovscek and Bertin (2003), a column with a porosity 0.24 

can be defined as a low-permeable column while a column with a porosity of 0.38 can be defined as a 

high-permeable column. Kozeny’s equation (Skorokhod et al., 1988) was used to calculate the mean 

pore size inside the column: 

2

3 1-
po paD D




                                                         (4-3)                                                                                                

where 
poD  is the mean pore size, 

 paD  is the mean particle size, and θ is the porosity of the column.  

4.2.5. Bacteria Transport in Columns 

In all the column studies for bacteria transport with microbubbles, the column was pre-saturated with 

700 mL of surfactant solution to eliminate the effects of surfactant concentration on the quality of 

microbubbles. The direction of purging was from the bottom to the top of the column, as shown in 

Figure 4-1. The column was then purged with bacteria-free microbubbles over 3 hours until the same 

air to water ratio was obtained at the inlet and outlet of the column. Microbubbles with bacteria were 

pumped into columns at a flow rate of 3 mL/min for 40 minutes, and the eluting agent then switched to 

bacteria-free microbubbles. Samples were collected from three sampling ports from 0 to 600 minutes 

and analyzed analyzed using the method decribed in Section 4.2.3. The effluent was collected until the 

end of the experiment for the determination of the proportion of bacteria that was eluted out of the 

column. 

Bacteria transport with surfactant solution was also conducted to compare its efficiency in bacteria 

delivery with the efficiency of surfactant microbubble. In the surfactant solution-aided bacteria 

transport, the column was pre-saturated by purging with 700 mL of surfactant solution (e.g. 

rhamnolipid and tergitol) before each experiment. After pre-saturation, surfactant solution with bacteria 

was introduced into the column at a flow rate of 3.0 mL/min for 40 minutes. Samples were collected 

from three sampling ports from 0 to 300 minutes and analyzed using the method decribed in Section 
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4.2.3. The concentration of bacteria (C) in the each sample was normalized to the initial concentration 

of bacteria (C0). A dimensionless time was expressed as actual pore volumes of liquid that passed 

through the column at time t: 

2

Pore volume =
q t

d
π ( ) θ

2
L



 


                                 (4-4) 

where q is the pumping velocity. t is time (minutes).  is the liquid proportion in microbubbles. The 

value of   equalled 1 in the column studies using surfactant solution. 

In this study, the normalized bacterial concentration (C/C0) was plotted against pore volume, which is 

known as the breakthrough curve (BTC). All BTCs were averaged from two sets of experiments. 

4.2.6. Calculation and Visualization of Microbubble-bacteria Interaction 

In this study, the concentration of both rhamnolipid and tergitol used were well above their critical 

micelle concentration of 40 mg/L and 104 mg/L respectively. It was assumed that surfactant molecules 

would be closely packed to form a layer outside of the air bubble (Sebba, 1987), as shown in Figure 4-2, 

and that the bacteria would interact with microbubble through the surfactant layer. Because the high-

speed stirring would have moved the bacteria closer to the surfactant layer of the microbubble, the 

adhesion of bacteria to microbubbles could be calculated using the Lifshitz-van der Waals (LW) and 

the acid-base (AB) approach. LW-AB interaction energy was also considered between bacteria and 

sand particles because the addition of surfactant solution did not significantly affect the electrophoretic 

mobility of bacteria.The LW-AB interaction energy (
adhG ) between bacteria and microbubble/sand 

particles can be calculated from the surface tension parameters as follows (Absolom et al., 1983; 

Busscher et al., 1984; Sharma and Hanumantha Rao, 2002; C. Van Oss, 1995):
 

∆𝑮𝒃𝒍𝒔(𝒎)
𝑳𝑾 = −𝟐(√𝜸𝒃

𝑳𝑾𝜸𝒍
𝑳𝑾 + √𝜸𝒔(𝒎)

𝑳𝑾 𝜸𝒍
𝑳𝑾 − √𝜸𝒃

𝑳𝑾𝜸𝒔(𝒎)
𝑳𝑾 − 𝜸𝒍

𝑳𝑾
                         (4-5)

 

∆𝐺𝑏𝑙𝑠(𝑚)
𝐴𝐵 = 2(√𝛾𝑙

+ (√𝛾𝑏
− + √𝛾𝑠(𝑚)

− − √𝛾𝑙
−) + √𝛾𝑙

− (√𝛾𝑏
+ + √𝛾𝑠(𝑚)

+ − √𝛾𝑙
+)  
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−√𝛾𝑏
+𝛾𝑠(𝑚)

− − √𝛾𝑏
−𝛾𝑠(𝑚)

+  )                                                        (4-6) 

              ∆𝐺𝑏𝑙𝑠(𝑚) = ∆𝐺𝑏𝑙𝑠(𝑚)
𝐿𝑊 + ∆𝐺𝑏𝑙𝑠(𝑚)

𝐴𝐵                                                                    (4-7) 

where subscript b denotos bacteria, l denotes liquid, s denotes solid, m denotes microbubble. 

The three unknown surface free energy components, γ
LW

 (LW apolar component), γ
-
 (electron donor), 

γ
+
 (electron acceptor),in Equation 4-5 and 4-6 can be determined by using the LW-AB approach and 

Yong’s equation (Knox et al., 1993) and contact angle measurement using three diagnostic liquids with 

known surface tension components. The contact angle measurement used were based on a previous 

study (Feng et al., 2013a) where a homogenous bacterial lawn was prepared and measured by a digital 

goniometer after dropping a diagnostic liquid on the bacteria lawn. Quartz was used as a model surface 

for the estimation of the surface hydrophobicity of silica sand because it is the major component of 

silica sand. Details of the contact angle measurements are provided in the appendix. The contact angle 

results are provided in the appendix (Table A-1).  

A fluorescence microscope with a camera (Nikon ECLIPSE E600, Japan) was employed to visualize 

the adhesion of bacteria to microbubble. Bacteria were cultivated, harvested, prepared and suspended in 

the surfactants solutions. After microbubble had been generated, a sample of microbubble dispersion 

with bacteria was transferred to a cavity glass slides and covered with a coverslip. The bacteria in the 

microbubble sample were then visualized using the fluorescence microscope. 
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Figure 4-1 Column set up for up flow pumping experiments 

 
Figure 4-2 Microbubble structure,(Sebba, 1987) 

4.3. Results and Discussions 

4.3.1. Microbubble Stability and Bacterial Drainage from Microbubble 

1) Effect of mixer and surfactant type on microbubble stability 
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The microbubble of rhamnolipid and tergitol that were generated by the propeller mixer comprised 62% 

gas, in line with the 60~70% range reported in the literature (Feng et al., 2009; Sebba, 1987; 

Subramaniam et al., 1990). The half-time of rhamnolipid microbubbles that were generated by the 

propeller mixer was 6.60 minutes, compared to tergitol microbubble value of 3.29 minutes, as shown in 

Figure 4-3. The microbubble of rhamnolipid and tergitol that was generated by the flat spinning disc 

mixer comprised 80 % gas, which is beyond 60~70% range reported in the literature (Feng et al., 2009; 

Sebba, 1987; Subramaniam et al., 1990). The half-time of microbubble that was generated by the flat 

spinning disc mixer was 7.68 minutes for rhamnolipid compared to 6.51 minutes for tergitol (Figure 4-

3). Consistent with previous studies, surfactant type did not affect the proportions of gas in 

microbubbles at all (Feng et al., 2009; Matsushita et al., 1992). No significant change in the stability of 

microbubble was observed when adding bacteria (Figure 4-3). The mean diameter of rhamnolipid and 

tergitol microbubble was 36±11 μm and 58±20 μm, respectively. These results indicate that the mixing 

method used to produce microbubbles and surfactant type determines the stability of microbubble.  

2) Distribution of bacteria in microbubble 

The distribution of bacteria in gas phase during the drainage of microbubbles was recorded to 

investigate the capability of microbubble for carrying bacteria. Bacterial cells were drained out of 

microbubbles along with the liquid, as shown in Figure 4-4. Fifty percent of the total bacteria was 

drained from microbubbles for both surfactant types at the half-time of microbubble drainage. 

Compared to hydrophobic R. erythropolis, a slightly higher proportion of hydrophilic P. putida 

KT2442 was retained in microbubbles, as shown in Figure 4-4. Our finding is inconsistent with the 

previous research (Wan and Wilson, 1994) which found that hydrophobic bacteria are strongly 

attracted to air-water interfaces than hydrophilic bacteria to do so. 



Chapter 4. Upward Transport of Rhodococcus erythropolis and Pseudomonas putida with Continuously Injected 
Microbubble in Sand Column 

68 

 

Figure 4-3 Effect of the generation method and bacteria on the half-time of microbubble. (A) the propeller mixer, (B) the flat 

spinning disc mixer
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Figure 4-4 The distribution of R. erythropolis and P. putida KT2442 in rhamnolipid and tergitol microbubble over a range of time between 0 to 20 minutes
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4.3.2. Comparison of Bacteria Transport in Surfactant Microbubble and Surfactant Solution 

Bacteria transport in surfactant microbubbles and solution were compared to investigate the relative 

efficiency of microbubbles for carrying of bacteria. See Figure 4-5 showing the transport of P.putida 

KT2442 with rhamnolipid microbubbles and solution. Based on liquid volumes that have been injected 

into the column, bacteria transport with microbubbles moved faster than those were transported with 

the surfactant solution alone, as shown in the BTCs (Figure 4-5). For example, surfactant solutions 

required 2.6 pore volumes of surfactant solution to elute bacteria out of the column, while surfactant 

microbubbles reduced the usage of surfactant solution to approximately 1.3 pore volumes. 

Microbubbles eluted a higher percentage of bacteria out of the column than surfactant solution to do so, 

when the same volumes surfactant solution has been injected into the column. For example, 99.0% P. 

putida KT2442 has been eluted out of the column by rhamnolipid microbubble after eluting with 1.3 

pore volumes of surfactant solution, while bacteria had only started to be eluted out of the column in 

the surfactant solution-aided bacteria transport. Our observation is in line with previous studies 

(Andrew Jackson et al., 1998; Su et al., 2014) where the use of pulse injected microbubble reduced the 

mass of surfactant solution that is needed to deliver the same amount of bacteria/nanoparticles through 

porous media. These results indicate that use of microbubble could be a cost-effective method for 

delivering bacteria into columns. The shapes of BTCs obtained in microbubble-aided bacteria transport 

were narrower than these were produced by surfactant solution (Figure 4-5), due to microbubbles 

comprising 80% gas. According to Equation 4-4, the volume of bacteria suspension that has been 

injected into the column was 0.086 and 0.430 pore volumes for surfactant microbubbles and solution, 

respectively. 

The earlier comparisons were made on a liquid volume basis. As the microbubbles contain 80% gas, 

the time that was needed for P. putida KT2442 to pass through the column was 10 hours and 4 hours in 

the presence of surfactant microbubbles and surfactant solution, respectively. This observation is 

consistent with previous studies (Andrew Jackson et al., 1998; Wan and Wilson, 1994) showing that 

air-water interfaces retarded the transport of colloids in the columns compared to those transported with 
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surfactant solution. This indicates that microbubble-aided bacteria transport could extend the retention 

time of bacteria in the soil. 

 
Figure 4-5 Comparison of  BTCs of P. putida KT 2442 transport with surfactant microbubble (empty symbols) and surfactant 

solution (solid symbols).  O, Δ and ◊ shows the data obtained in the presence of rhamnolipid microbubble at Port 1, Port 2 and 

Port 3, respectively;
 
Symbols are averages of experiments that were run in duplicate.

 

4.3.3. The Effect of Microbubble Generating Method, Surfactant Type, Bacterial Hydrophobicity 

and Sand Media Porosity on Bacteria Transport with Continuously Injected Microbubble 
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obtained when using microbubble that was produced by the propeller mixer than these was generated 

by the flat spinning disc mixer (Table 4-2). This is because the fact that microbubbles that were 

generated by the propeller mixer and the flat spinning disc mixer had gas proportions of 62% and 80%, 

respectively. Therefore, according to Equation 4-4, the liquid volumes of bacteria suspension that have 

been injected into the column were 0.163 and 0.086, respectively. These results indicate that the mixing 

method used to produce microbubbles affect the transport of bacteria. 

2) The effect of surfactant type  

When bacteria were transported with anionic rhamnolipid microbubble, higher proportions of bacteria 

were eluted out of the columns than under same conditions when bacteria were transported with 

nonionic tergitol microbubble (Table 4-1). For example, 58.0% and 98% of total injected R. 

erythropolis and P. putida KT2442 were eluted out of the column, respectively, in the presence of 

rhamnolipid microbubble that was generated by the propeller mixer, as shown in Table 4-1. However, 

for the nonionic surfactant microbubbles, much lower proportions of total injected R. erythropolis and 

P. putida KT2442 were eluted out of the column, at 13.2% and 21.7%, respectively (Table 4-1). The 

dispersion coefficient in BTCs was calculated to investigate the dispersion of bacteria with different 

types of surfactant microbubbles. The transport of bacteria had the similar dispersion coefficient values 

in the presence of rhamnolipid and tergitol microbubble, as shown in Table 4-2. For example, the 

values of dispersion coefficient for P. putida KT 2442 were 0.168, 0.168 and 0.166 cm
2
/min for Port 1, 

Port 2 and Port 3, respectively, in the presence of rhamnolipid microbubble. The transport of P. putida 

KT 2442 with microbubble of tergitol had dispersion coefficients with values of 0.143, 0.147 and 0.091 

cm
2
/min for Port 1, Port 2 and Port 3, respectively (Table 4-2). Surfactant type had a similar effect on 

the percentage of bacteria that was eluted out of columns and dispersion coefficient when using 

microbubble generated from the flat spinning disc mixer (Table 4-1 and Table 4-2). Our observations 

are consistent with a previous finding (Ding et al., 2013; Shen et al., 2011) that anionic surfactant SLES 

was more effective than nonionic surfactant Tween-20 in carrying nanoparticles. These results reveal 
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that anionic rhamnolipid microbubble is more favourable than nonionic tergitol microbubble in 

delivering both hydrophobic and hydrophilic bacteria through sand media. 

3) The effect of bacterial hydrophobicity 

Comparing the transport of hydrophilic and hydrophobic bacteria in the presence of microbubbles, 

higher percentages of hydrophilic P. putida KT2442 were eluted out of column than for hydrophobic R. 

erythropolis in all cases (Table 4-1). For example, a much higher proportion, approximately 98.0%, of 

hydrophilic P. putida KT2442 was eluted out of the column in the presence of rhamnolipid 

microbubble that was generated by the propeller mixer, compared to the ~58.0% of hydrophobic R. 

erythropolis under the same conditions (Table 4-1). The peak positions of the BTCs for hydrophilic P. 

putida KT2442 were always higher than those for hydrophobic R. erythropolis (e.g. Figure 4-6A vs.4-

6C). However, no difference was found in the dispersion coefficient between these two bacterial strains. 

These results indicate that the hydrophobicity of bacteria also plays an important role in determining 

their transport behaviour with microbubbles, with hydrophilic bacteria cells transporting more easily 

than hydrophobic bacteria. 

4) The effect of the media porosity of the column 

The permeability of soil is another parameter that determines bacteria transport. In previous Sections, 

experiments were conducted in low permeable columns with a porosity of 0.23. For the sake of 

comparison, an experiment was conducted to study the transport of P. putida KT2442 in a column with 

a porosity of 0.38 (high-permeable column) in the presence of rhamnolipid microbubble that was 

generated by the flat spinning disc mixer. Figure 4-8A shows that a small amount of P. putida KT2442 

was observed at Port 2 and Port 3 soon after the injection of bacteria and the peak in the BTCs of P. 

putida KT2442 were achieved after 0.1, 0.2 and 0.3 pore volume of total liquid has been injected into 

the column with a porosity of 0.38.  In the column with a lower porosity of 0.23 (Figure 4-8B), it took 

approximately 0.2, 0.3 and 0.5 pore volumes of liquid for the BTCs of P. putida KT2442 to reach the 

peak positions. This indicates that microbubbles moved faster in porous media with a coarse pore size 
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than in porous media with a fine pore size, which is in agreement with observations from previous 

studies (Ding et al., 2013; Wan et al., 2001). 

Table 4-1 The percentage of bacteria that was eluted out of the column, % 

Bacterial strain 

The propeller mixer  The flat spinning disc mixer 

Rhamnolipid Tergitol Rhamnolipid Tergitol 

R. erythropolis 58.1 13.2 68.8 24.5 

P. putida KT2442 98.0 21.7 99.0 81.0 
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Figure 4-6 Comparison of the observed breakthrough curves of R. erythropolis and P. putida KT2442 that were transport with rhamnolipid and tergitol microbubbles that were generated by the 

propeller mixer.
 
A, B: R. erythropolis with rhamnolipid microbubble and tergitol microbubble; C,D: P. putida KT2442  with  rhamnolipid microbubble and tergitol microbubble;  O, ● and ◊ 

shows the data obtained at Port 1, Port 2 and Port 3, respectively; Symbols are averages of individual values (-) for experiments run in duplicate. The missing data points are due a problem with 

the technique.
 
The pore volume of pulse injected of bacteria suspension is 0.163 PV.
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Figure 4-7 Comparison of the observed breakthrough curves of R. erythropolis and P. putida KT2442 that were transport with rhamnolipid and tergitol microbubbles that were generated by the 

flat spinning disc mixer. A, B: R. erythropolis with  rhamnolipid microbubble and tergitol microbubble; C,D: P. putida KT2442  with rhamnolipid microbubble and tergitol microbubble;  O, ● 

and ◊ shows the data obtained at Port 1, Port 2 and Port 3, respectively; “PV” represents the volumes of injected liquid solutions in terms of the pore volume of the columns.
 
Symbols are 

averages of individual values (-) for experiments run in duplicate.
 
The missing data points are due a problem with the technique.
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Figure 4-8 Comparison of high and low permeable columns on the transport of P. putida with rhamnolipid microbubble. A: 

porosity of 0.38; B: porosity of 0.23. Symbols are averaged from experiments run in duplicate. 

Table 4-2 The dispersion coefficient in BTCs of bacteria transport with microbubble, cm2/min 
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4.3.4. Discussions 

1) Ability of microbubble for carrying bacteria 

Microbubble drainage experiments were conducted with the aim of assessing the ability of microbubble 

for carrying bacteria. Both hydrophobic and hydrophilic bacteria strains adsorbed on microbubble, with 

a slightly greater affinity of hydrophilic bacteria to microbubbles. This was not consistent with previous 

research (Wan and Wilson, 1994) reporting that hydrophobic bacteria were more strongly attracted to 

air-water interfaces than hydrophilic bacteria to do so. To obtain an accurate evaluation of the adhesion 

tendency of bacteria to microbubble, the LW-AB interaction energy between bacteria and microbubble 

was calculated. As shown in Table 4-3, the values of LW-AB interaction energy (ΔGadh) between P. 

putida KT2442 and microbubble were positive (15.05 and 28.03 mJ/m
2
 for rhamnolipid and tergitol 

microbubbles, respectively). Negative values of ΔGadh were obtained between R. erythropolis and 

microbubble (-12.80 mJ/m
2
 and -12.05 mJ/m

2
 for rhamnolipid and tergitol microbubble, respectively). 

By definition, the adhesion of P. putida KT2442 to microbubble is not energetically favourable, but the 

adhesion of R. erythropolis to microbubble is energetically favourable, which can be accounted for the 

adhesion of both hydrophobic and hydrophilic bacteria to microbubbles. Therefore, in this study, the 

intensive mixing processes during microbubble generation possibly cause the adhesion of both 

hydrophobic and hydrophilic bacteria to air-water interfaces. Microbubble was generated by stirring 

and mixing at a speed of 8000 rpm, which allowed bacterial cells and microbubble to interact with each 

other. The slightly greater adhesion of hydrophilic bacteria to microbubble could be because 

hydrophobic bacteria aggregate in air-water interfaces (Figure 4-9A), while the adhesion of 

hydrophobic bacteria to air-water interfaces was more homogeneously distributed (Figure 4-9B). 

Consequently, the aggregated hydrophobic R. erythropolis would drag bacterial cells from the air-water 

interfaces into the liquid due to gravity. The effect of surfactant type on their ability to carry bacteria is 

possibly due to two reasons. First, the adhesion of bacteria to rhamnolipid microbubble is slightly 

stronger than to tergitol microbubble (Table 4-3). For example, the adhesion energy of R. erythropolis 

to rhamnolipid microbubbles is -12.80 mJ/m
2
 while its value for tergitol microbubbles is -12.05 mJ/m

2
. 
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Second, rhamnolipid microbubble was generally more stable and lasted longer than tergitol 

microbubble, consequently, rhamnolipid microbubble would provide more air-water interfaces which 

could form reservoirs for bacteria (Parker, 1989). The drainage experiment indicated that the adhesion 

of bacteria to microbubble is a reversible process. 

2) Possible mechanism for the transport of bacteria with microbubble 

To date, no data have been published regarding bacteria transport with continuously injected 

microbubble in porous media. Consistent with findings from studies conducted with pulse injected 

microbubble (Andrew Jackson et al., 1998; Shen et al., 2011; Su et al., 2014) this study demonstrated 

that continuously injected surfactant microbubbles can facilitate bacteria transport and reduce the usage 

of surfactant solutions. This study found that the bubble density decreased with the increased traveling 

distance, by taking samples from the different locations along the column. Therefore, we can assume 

that microbubble separated into liquid and gas phase directly after injection (Choi et al., 2008b), and 

released bacteria into the liquid phase during microbubble collapse. The drained liquid then moved as a 

free phase while the gas flowed as a discontinuous phase by reforming and breaking bubbles as it 

escaped upwards (Kovscek and Radke, 1994). As a consequence, some of the drained bacteria would 

have been trapped by microbubble (reformed or freshly injected, or both) and moved upward, some of 

the drained bacteria moved with the liquid or settled on the sand particles. Therefore, the interaction 

between bacteria, microbubble and sand particles is possibly responsible for the transport of bacteria 

with microbubble. The interaction between bacteria and the microbubble, and bacteria and sand 

particles was compared to explore this point of view. Both bacteria strains tend to have stronger 

adhesion to microbubble than to sand particles, as shown in Table 4-3. The preferred adhesion of 

bacteria to microbubble and the buoyancy of microbubble (Choi et al., 2008b) might help bacteria 

move forward thereby promoting bacteria transport in the presence of surfactant microbubbles 

compared to the surfactant solution. 
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Microbubbles generated by the different mixer showed different capacities to deliver bacteria. This 

may be because the microbubbles that were produced by the flat spinning disc mixer showed greater 

gas content and was more stable than the propeller mixer generated microbubble. The higher the 

proportion of gas in the microbubble and the more stable it was, possibly offering a greater number of 

air-water interfaces (Jauregi and Varley, 1999; Parker, 1989). Since bacteria have preferential sorption 

to air-water interfaces compared to sand particles (Table 4-2), the adsorbed bacteria moved upward 

with the mobile gas-water interfaces and then eluted out of the column. Therefore, higher percentages 

of bacteria were eluted out of the column with microbubble generated by the flat spinning disc mixer. 

At least two reasons could be account for the effect of surfactant type on bacteria transport with 

microbubbles. First, in the presence of anionic rhamnolipid microbubble, a greater difference between 

the value of ΔGadh (bacteria-microbubble) and ΔGadh (bacteria-sand particles) consistently found 

compared to the corresponding values for nonionic tergitol microbubble (Table 4-3). Second, as shown 

in the batch experiment, rhamnolipid microbubble is more stable and has greater capability for 

retaining bacteria. As a result, fewer bacteria would drain out from rhamnolipid microbubble and the 

drained bacteria would be more likely to be trapped in the (reformed or freshly injected) microbubble 

of rhamnolipid and moved upward. 

The lower percentages of hydrophobic bacteria that were eluted out of column could be due to the 

stronger adhesion of hydrophobic bacteria to sand particles compared to hydrophilic bacteria. 

Comparing the value of ΔGadh for both P. putida KT2442 and R. erythropolis between microbubble and 

sand particles, the adhesion of P. putida KT2442 is not energetically favourable (ΔGadh>0).  In contrast, 

the adhesion of R. erythropolis is energetically favourable (ΔGadh<0). Both hydrophobic and 

hydrophilic bacteria, that were retained in microbubble would transport upward with the microbubble. 

However, the drained hydrophobic R. erythropolis could adsorb on the sand particles apart from being 

transported upward with the liquid and microbubble. As a consequence, more P. putida KT2442 was 

been eluted out of the columns. 
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The excellent transport of P. putida KT2442 in the column with greater porosity is possibly attributable 

to the pore size inside the column. To examine this point of view, the mean pore size was calculated 

using Equation 4-3. It was found that the mean pore size in the high-permeable column (329.0 μm) was 

nearly twice the mean pore size in the low-permeable column (164.0 μm). As a result, it was easier for 

bacterial carrier microbubbles with samller bubble size to penetrate in sand columns with larger pore 

size. 

 

Figure 4-9 Fluorescence image of bacteria in the presence of rhamnolipid microbubble.A: R. e ythropolis; B: P. putida KT2442 

Table 4-3 The adhesion energy of bacteria to microbubble film and sand particles 

 

Interaction 

energy 

To microbubble To sand particles 

Gadh 

 (mJ/ m2) 

LW

adhG   

(mJ/m2 ) 

AB

adhG

GAB  

(mJ/m2 ) 

Gadh 

(mJ/m2 ) 

LW

adhG  

(mJ/m2 ) 

AB

adhG   

(mJ/m2 ) 

R. erythropolis 

Rhamnolipid -12.80 -3.30 -9.50 -5.90 -3.70 -2.20 

Tergitol -12.05 --5.02 -7.03 -10.00 -3.90 -6.20 

P. putida KT2442 

Rhamnolipid 15.06 -1.90 16.90 32.6 -2.10 34.70 

Tergitol 30.60 -5.80 37.10 23.7 -5.00 28.70 

4.4. Conclusion 

This study investigated the efficiency of continuously injected microbubble to deliver bacteria in sand 

columns. The method used to generate microbubble and surfactant type affected the stability of 

microbubble. The stability of microbubble is found to be positively related to their ability in carrying 

bacteria. Surfactant microbubble-aided bacteria transport required less surfactant solution than the 
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amount needed in the surfactant solution-aided bacteria transport to elute bacteria out of columns. 

Anionic rhamnolipid microbubble served as a more promising vehicle for carrying bacteria than 

nonionic tergitol microbubble, which is due to rhamnolipid microbubble is more stable and it has a 

greater affinity for bacteria. Hydrophilic bacteria were found more likely to transport with microbubble 

than hydrophobic bacteria due to the greater affinity of hydrophobic bacteria to sand particles. 

Increased the porosity of the column can promote the transport of bacteria, which is due to the increase 

of pore size inside the column. 

Parameters including microbubble generation methods, surfactant type, bacterial hydrophobicity and 

the porosity of the column were investigated to assess their effect on the efficiency of continuously 

injected microbubble as the bacterial carrier. This study demonstrated that rhamnolipid microbubble is 

potentially an effective vehicle for for carrying hydrophilic bacteria to contaminated sites for in situ 

bioremediation, particularly in the high-permeable column. This paper has also presented a preliminary 

study of the potential application of continuously injected microbubble for delivering both bacteria and 

oxygen for in situ soil bioremediation. 
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Abstract 

In situ monitoring of bacteria transport offers a rapid, real-time and cost-effective protocol for detecting 

the distribution of bacteria in soil when introducing exogenous bacteria to contaminated soil. This study 

investigated bacteria transport in saturated sand columns using a real-time spectrometer, the optrode, as 

an in situ monitoring method. The optrode measurements were conducted with and without taking 

samples for ex situ measurements with a microplate photometer. The results were compared for both in 

situ and ex situ measurements, and for the effect of sampling on the monitoring results. Two bacterial 

strains, hydrophilic Pseudomonas putida and hydrophobic Rhodococcus erythropolis were examined. 

The breakthrough curves (BTCs) of the three sampling regimes were compared. Similar BTCs were 

obtained when examining ex situ measurements and the optrode measurements where ex situ samples 

were not taken. When samples were removed for ex situ measurements, the BTCs produced by the 

optrode were significantly different from the BTCs collected by ex situ measurements. The sampling 

for ex situ measurements slightly modified the cell concentration and velocity inside the column but 

these modifications were not able to explain the distinct transport behaviour obtained by the optrode 

when sampling for ex situ measurements. BTCs observed by the optrode without sampling for ex situ 

measurements showed that hydrophilic P. putida tended to transport more easily in the column than 

hydrophobic R. erythropolis, and surfactant rhamnolipid promoted the transport of both hydrophilic 

and hydrophobic bacteria. These transport behaviours were due to the different Lifshitz–van der Waals 

forces and acid-base interactions between bacteria and sand. In conclusion, the optrode may serve as a 

very useful tool for monitoring in situ microbial transport in the soil without collecting samples. 

Keywords: Optrode; Bacterial monitoring; Transport; Rhamnolipid, Fluorescence 

Graphical abstract  



Chapter 5. Employing a Novel Optical Biosensor for in situ Monitoring of Bacteria Transport in Saturated 
Column in Varying Physicochemical Conditions 

85 



Chapter 5. Employing a Novel Optical Biosensor for in situ Monitoring of Bacteria Transport in Saturated 
Column in Varying Physicochemical Conditions 

86 

5.1. Introduction 

In situ bioremediation has emerged as a cost-effective and environmentally friendly treatment method 

compared to ex situ bioremediation (Mohan et al., 2006). In situ bioremediation treatment time can be 

relatively long due to the limited number of indigenous bacteria available for degrading pollutants. 

Introducing exogenous bacteria to contaminated soil is a commonly used approach to stimulate in situ 

bioremediation by expanding the population of bacteria. However, the distribution of exogenous 

bacteria can be affected by hydrophobicity of bacteria and soil. For example, hydrophobic bacteria 

have a stronger affinity to soil than hydrophilic bacteria (Gang Chen and Zhu, 2004; Huysman and 

Verstraete, 1993). Bacteria are easier to attach to a hydrophobic surface than to a hydrophilic surface 

(Gang Chen and Strevett, 2001; Zhong et al., 2016). The addition of surfactant could alter the surface 

hydrophobicity of bacteria and soil thereby promoting bacteria transport (G. Bai et al., 1997; Gang 

Chen and Strevett, 2001; Zhong et al., 2016). 

When monitoring bacteria transport in the soil, the most frequently used is to collect liquid samples 

from the effluent or by removing liquid samples from a particular sampling port (Lang et al., 2016; Unc 

and Goss, 2003; Zhong et al., 2016). These liquid samples are then analyzed by methods such as total 

viable counts on agar plates, epifluorescence microscopy and microscopic fluorescence counts and flow 

cytometry (Banning et al., 2002; Maraha et al., 2004). However, this traditional monitoring method is 

constrained by factors such as difficulties in monitoring the attached bacteria, how the time-consuming 

the process is from sampling, through to transportation, and analysis (Barbee and Brown, 1986), and 

the limited sample sizes. Monitoring microbial transport in the soil in a rapid, real-time and cost-

effective method has therefore received increasing research focus when introducing bacteria to 

contaminated soil. 

In situ methods for the measuring of bacterial concentration have become increasingly accepted for the 

characterisation of bacterial transport, particularly with the development of advanced measurement 

technologies such as biosensors. Electrochemical, microbial fuel cell and optical biosensors, are able to 
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quantify or semi-quantify the analyte by using a biological recognition element retained in direct spatial 

contact with an electrochemical transduction element (Thévenot et al., 2001). Optical biosensors have 

been proven to outperform other types of sensors in multi-target sensing and continuous real-time on-

site monitoring (Long et al., 2013). Advances in molecular biology have allowed molecular biologists 

to develop genetically modified microorganisms as biosensor microorganisms, thereby paving the way 

for in situ monitoring of bacterial activity (Belkin, 2003; Hewitt et al., 2012; Paul et al., 2005; Urgun-

Demirtas et al., 2006). A few fluorescence optical systems based on biosensors have been introduced 

for environmental monitoring (Dorn et al., 2005; Heitzer et al., 1994; Ivask et al., 2007; Yolcubal et al., 

2000), including identifying and quantifying particular pollutants and the growth of microorganisms. 

For example, an optical whole-cell biosensor has been used to monitor the concentration of naphthalene 

and the bioavailability of salicylate in waste streams (Heitzer et al., 1994), and to characterize the gene 

regulation or toxicity response (Yagi, 2007). The degradation of naphthalene and microbial growth 

activities in porous media have been measured by using the lux reporter bacterium, Pseudomonas. 

putida RB1353 (Dorn et al., 2005). Fluorescent systems have been used to measure the concentration 

and degradation of pollutants or the growth activity of bacteria. However, there are few pubilications 

which reported the using of fluorescence as an in situ monitoring method to study bacteria transport. 

Since 2008, the Physics Department at the University of Auckland has been developing a time-resolved 

fibre-optic spectroscopic probe system called the optrode. The optrode  has been used to rapidly 

identify and quantify green/red fluorescent protein labelled microorganisms in batch experiments 

(Hewitt et al., 2012) and rapidly enumerate acridine orange-stained Escherichia coli in liquid media 

(Guo et al., 2017). The optrode is uniquely suited to take measurements from columns in the laboratory 

because it offers a non-destructive method for gauging bacteria transport in columns in a rapid and real-

time manner.  

The aim of this paper is to investigate the transport of bacteria using the optrode in a saturated sand 

column to simulate bacteria transport in the soil environment. This paper begins by comparing 

breakthrough curves (BTCs) obtained by the optrode with and without sampling for ex situ 
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measurements and ex situ measurements. The effects of bacterial hydrophobicity and surfactant 

rhamnolipid on bacteria transport behaviour were monitored by the optrode without sampling for ex 

situ measurements. Two representative bacteria species, hydrophilic Pseudomonas. putida and 

hydrophobic Rhodococcus erythropolis were used in the study. Bacteria transport parameters were 

obtained by fitting BTCs through the convection-dispersion equation in CXTFIT in Stanmod. The 

interaction between bacteria and sand particles was calculated to understand bacteria transport 

behaviour. These results could validate the use of such an approach to optimize in situ bioremediation 

because due to its capability for providing real-time information on bacterial distribution without 

disturbing the system. 

5.2. Materials and Methods 

5.2.1. Material  

Biosurfactant rhamnolipid (JBR 210, JENEIL ® Biosurfactant Co.) was used as the eluting agent to 

create a more complex environment inside the column. Rhamnolipid is a rhamnose-containing 

glycolipid surfactant that is primarily produced by Pseudomonas aeruginosa. Rhamnolipid was chosen 

because of its low toxicity to bacteria (Zhang et al., 1997; Zhu et al., 2013). 

5.2.2. Bacterial Preparation 

The bacteria were cultured and harvested in the same manner for each experiment. Pure strains of 

hydrophilic Pseudomonas putida KT2442 (Gram negative) (New Zealand Reference Culture Collection, 

Medical Section) chromosomally labelled with a gene expressing GFP (P. putida KT2442-GFP), and 

hydrophobic Rhodococcus erythropolis (Gram positive) (New Zealand Reference Culture Collection, 

ESR, Porirua, New Zealand) labeled with plasmid DNA expressing the red fluorescent protein Tomato 

(pTEC23 td Tomato)        R. erythropolis-pTEC23 td Tomato) were used as biosensor microorganism. 

The properties of these two bacteria strains are displayed in Table 5-1. These two strains were selected 

because (1) bacterial hydrophobicity can affect the transport of bacteria (Abu-Lail and Camesano, 2003; 

Dong et al., 2002; Gannon et al., 1991; Q. Li and Logan, 1999; Tsuneda et al., 2003), and (2) they are 
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commonly found in the natural soil environment. The seed stocks of the bacteria strains were prepared 

by mixing 0.5 mL of an overnight culture with 0.5 mL of sterile 50 % glycerol in a 1 mL sterile plastic 

tube and then stored at -80 ℃. 

P. putida KT2442-GFP: The water contact angle could indicate the hydrophobicity of bacterial surface: 

it is regarded that the water contact angle of hydrophilic bacteria is less than 45°, vice versa 

(Daffonchio et al., 1995; Grotenhuis et al., 1992). P. putida KT2442-GFP has a hydrophilic surface 

with a water contact angle of 36.2 °. The optimal growth temperature for P. putida KT2442-GFP is 

25~30 ℃. A loopful of the seed stock was taken from the vial and plated onto a TS agar plates, and 

then placed in the incubator at 28 ℃ for 24 hours. After the bacterial cell colonies had formed, the 

bacterial agar plate was stored in a refrigerator at 4℃ with less than 2 weeks. To prepare bacteria for 

experiments, a colony of bacteria was taken from the agar plate and incubated overnight in 20 mL TS 

broth in a 100 mL sterile flask at 28 ℃, under constant shaking at 200 rpm. Then 2 mL of the bacteria 

solution was transferred to 200 mL of fresh TS broth in 2000 mL flasks and incubated overnight at 

28 ℃, under constant shaking at 200 rpm. P. putida KT2442-GFP was harvested by centrifugation at 

8000 g for 10 minutes. 

R. erythropolis pTEC23 td Tomato: R. erythropolis-pTEC23 td Tomato has a water contact angle of 

94.7 °, indicating a hydrophobic surface. Its optimal growth temperature is 25~30 ℃. A loopful of seed 

stock of R. erythropolis-pTEC23 td Tomato was taken and placed on TS agar plates and then incubated 

at 28 ℃ for 72 hours until visible colonies formed. To obtain enough bacteria, we then transferred R. 

erythropolis-pTEC23 td Tomato to new TS agar plates and incubated them at 28 ℃ for 72 hours. At 

least four plates were prepared each time to ensure a sufficient quantity of bacteria could be harvested 

for each experiment. Bacteria were collected using a moistened swab. The harvested cells were then 

washed three times with saline to remove soluble extracellular polymeric substance and finally 

resuspended in the eluting agent solution for further experiments. The number of bacteria was 

quantified by measuring the fluorescence signals of collected samples using a Perkin Elmer EnSpire 

2300 multilabel plate reader and the Wallace Envision Manager software program. The experimental 
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details are provided in the appendix. A linear relationship was obtained between fluorescence intensity 

and CFU/mL, with a R
2
 value of 0.9579 (Figure A-1 in the appendix) 

5.2.3. The Optrode Detection System 

The optrode system: The optrode setup has been described previously by A. Y. H. Chen et al. (2010) 

and Hewitt et al. (2012) (Figure 5-1). In this study, the optrode used 100 mW diodes pumped solid state 

at 473 nm (the blue laser) and 532 nm (the green laser) to excite the GFP gene and pTEC23 td Tomato 

protein, respectively. Following a setup stabilization period of 60 minutes, the power of the laser was 

measured from the free end of the fibre using a photodiode and then adjusted to 7 mW. The numerical 

aperture of the fibre core is 0.22, and the cladding and coating diameters are 200 µm, 220 µm, and 250 

µm, respectively. The fluorescence intensity in liquid media is collected from a cone with a core 

diameter of 200 µm and a depth of 900 µm Hewitt et al. (2012). The effect of external factors, like soil 

particles and rhamnolipid surfactant, can be minimized by using the signal from portions of the 

spectrum where the background is minimal (Hewitt et al., 2012; Tai et al., 2007). The optrode probe 

was prepared by fitting the fibre through a 22 g flat-point needle (OD 0.72 mm) with epoxy fill to avoid 

the damaging of the fibre when submerging the probe inside the column, as shown in Figure 5-2. 

Data collection and analysis: A custom LabVIEW (National Instruments Co) routine was developed 

to collect and analyze the optrode fluorescence intensity. The software recorded the laser power and 

spectra at different integration times. The integration times used 8, 16, 32, 64, 128, 256, 512, 1024 and 

2048 ms. The minimum integration time to achieve a signal-to-noise ratio (SNR) of 10. The 

background spectrum for each sampling port was recorded before injecting the bacterial suspension 

into the column. For each sample spectrum the dark noise and background (after removal of darknoise) 

spectra of the same integration time was subtracted. The resulting spectrum was normalized to 1 mW. 

Finally, the sample spectra were normalized to 1 ms. 



Chapter 5. Employing a Novel Optical Biosensor for in situ Monitoring of Bacteria Transport in Saturated 
Column in Varying Physicochemical Conditions 

91 

5.2.4. Calibration of the Optrode Intensity to Bacterial Concentration 

A good linear relationship was observed between the fluorescence intensity collected by the optrode 

and bacterial concentration in the liquid media found previously (Hewitt et al., 2012). Two sets of batch 

experiment were carried out to calibrate the optrode intensity with bacterial concentration. The first set 

of batch experiment was conducted in a 1:2 dilution liquid media and in the second batch experiment 

sand particles were added to the 1:2 dilution liquid media to simulate the column condition. Details are 

provided in the appendix for Chapter 5. All samples were prepared in triplicate, and in the absence and 

presence of rhamnolipid. Background spectra were collected from bacteria-free samples. The bacteria 

concnration was obtained using the method decribed in section 5.2.2. By regrouping the data in the two 

sets of batch experiments above, a linear relationship between optrode signal intensity and the number 

of bacteria in the sand batch experiment was obtained; all with an R
2
 value of 0.9495 or greater (Figure 

A-4, A-5 and A-6 in the appendix for Chapter 5). The bacteria concentration in this study can be 

determined by using these calibration curves. To ensure a fluorescence signal was observed in the in 

situ measurements, 3.5 × 10
10

 CFU/mL and 8.00 × 10
9
 CFU/ mL

 
of P. putida KT2442-GPF and R. 

erythropolis-pTEC23 td Tomato were used as the initial input, respectively. 

 

Figure 5-1 Schematic diagram of optical fibre detection system for column study 
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Figure 5-2 Optical fibre probe 

5.2.5. Column Preparation and Column Experiments  

A cylindrical stainless steel column (6.15 cm diameter (d) × 41 cm length (L)) was designed with three 

aqueous sampling ports, termed Port 1, Port 2 and Port 3. Ports 1, 2 and 3 are located at 3.0 cm, 15.5 

cm and 30.5 cm from the inlet of the column (Figure 5-1), respectively. The sampling port for the 

optrode probe is positioned opposite  to the position of the liquid sampling ports, and with at the same 

distance from the inlet of the column as shown in Figure 5-1. For each experiment, the column was 

uniformly packed with 1852.4 g of sterilized sand of particle sizes ranging from 0.0625 mm to 2 mm, 

and with a mean size 0.8050 mm. The porosity (θ) of the packed column was 0.23 using gravimetric 

analysis. 

The background intensity inside the column was collected by the optrode after the column had been 

pre-equilibrated with bacteria-free solutions. Bacteria suspension was then pumped into the column for 

40 minutes at a flow rate of 0.43 cm/min, followed by eluting with 700 mL of bacteria-free solution. 

Two sets of column experiments were conducted to compare the performance of the optrode and ex situ 

measurements in monitoring bacteria transport in column studies. Both the optrode and ex situ 

measurements were carried out in the first set of column experiments. In the second set of column 

experiments, the optrode measurements were conducted without sampling ex situ measurements. The 

reservoir bacteria suspension was stirred using a magnetic stirrer during each experiment prevent the 
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bacterial cells from settlling down. Bacteria transport was expressed as bacteria cell concentration 

(CFU/mL) measured against the actual pore volumes of eluent liquid agent that was passed through the 

column. The subsequent plots are known as breakthrough curves (BTCs). In this study, the optrode data 

at Port 1, Port 2 and Port 3 are not from the same run due to shielding of the probe by sand particles 

during the experiment. The actual pore volumes of eluent liquid agent that passed through the column 

at time t were calculated:  

2

q
Pore volume =

t

d
π ( ) θ

2
L



 
                                        (5-1) 

where q is velocity in mL/min, t is time (minutes), d is the diameter of the column in cm, and θ is the 

porosity of column. 

Table 5-1 Summary the properties of P. putida KT2442 and R. erythropolis  

Bacteria P. putida KT2442 R. erythropolis 

Gram-staining Gram-negative Gram-positive 

Cell shape Rods Cocci 

Cell size 1×2 µm 0.5 µm 

Fluorescent Green fluorescent protein 
plasmid DNA expressing the red 

fluorescent protein Tomato 

Excitation wavelength 473 nm 554nm 

Emission wavelength 535 nm 581 nm 

5.2.6. Interaction Energy Calculation and Surface Tension Parameters Measurement 

Because the addition of surfactant solution did not significantly affect the electrophoretic mobility of 

bacteria, this study only considered the Lifshitz-van der Waals and acid-base (LW-AB) interactions 

between bacteria and sand particles. The Lifshitz-van der Waals (LW) component and the acid-base 

(AB) energy (
adhG ) can be calculated from the surface tension parameters as follows (Absolom et al., 

1983; Busscher et al., 1984; Sharma and Hanumantha Rao, 2002; C. Van Oss, 1995): 
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                  (5-2)
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−𝛾𝑠

+ )                                                           (5-3) 

where subscript b denotos bacteria, l denotes liquid, s denotes solid. 

The three unknown surface free energy components, γ
LW

 (LW apolar component), γ
-
 (electron donor), 

γ
+
 (electron acceptor),in Equation 5-2 and 5-3 can be determined using the LW-AB approach and 

Yong’s equation (Absolom et al., 1983; Busscher et al., 1984; Sharma and Hanumantha Rao, 2002; C. 

Van Oss, 1995) based on the contact angle measurement of three diagnostic liquids with known surface 

tension components. The contact angle measurement for bacteria followed the method used in a 

previous study (Knox et al., 1993). Briefly, a homogenous bacterial lawn was prepared and then contact 

angle was measured by a digital goniometer after dropping a diagnostic liquid onto the bacteria lawn. 

Since quartz is the major component of silica sand, it also offers a homogeneous surface for estimating 

the surface hydrophobicity of silica sand. Details of contact angle measurements and results are 

provided in the appendix (Table A-2). 

5.2.7. Data Analysis  

This study calculated the proportion of bacteria and liquid which had been collected for ex situ 

measurements to investigate the effect of the sample removal on the bacterial concentration and 

velocity of each sampling port. The percentages of bacteria and liquid withdrawn from the column 

were calculated based on the frequency and size of sampling, the amount of cells in the liquid sample 

and the total amount of liquid and bacteria that had been pumped into the column. Due to the gravity, it 

was assumed that the liquid sample came from the top of the sampling port; therefore, ex situ sampling 

would slightly reduce the velocity at the following port. Thus, the flow rate (qs) was calculated: 
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s
s

2

Q
q =

d
π( ) θ

2

                                                                (5-4) 

where Qs is the sampling rate, which is 1.2 mL/min, d is the diameter of the column in cm, and θ is the 

porosity of column. 

The averaged velocity of each sampling port could then be calculated:  

   𝐪 =
[𝐪𝟎𝐭×𝟔𝟎+(𝐧−𝐧𝟏)𝐪𝐬×𝟏𝟎]

𝐭×𝟔𝟎
                                                        (5-5) 

where q0 is the pumping rate, n is the sum of sampling times at the sampling port at time t, and n1 is the 

total number of sampling times at the previous sampling port.  

The mathematical model used in this study considered the transport of bacteria in the column to be the 

result of convection and diffusion of liquid through the silica sand due to the concentration gradient 

(Feng et al., 2013a). The bacteria were considered to be transporting through a uniform, one-

dimensional, saturated porous media, otherwise known as bacteria transport in a steady-state flow. The 

one-dimensional convention-dispersion equation (CDE) (Gang Chen and Zhu, 2004) was used, and 

reduced (Van Genuchten and Alves, 1982) as follows: 

2

2

C C C
R D v C

t x x
 

  
   

  
                                          (5-6) 

where C is the bacteria concentration, D is the dispersion coefficient (includes both diffusion and 

hydrodynamic dispersion), t is the time, and v (v=q/ε (LT
-1

) is the average velocity inside the column. 

In this study, the equilibrium equation and nonequilibrium equation were solved by CXTFIT model in 

STANMOD (a Windows-based software package) (Van Genuchtenm and ALVES, 1982), which has 

been used previously to successfully predict the adsorption and transport of E. coli and P. fluorescens 

(Parker and Van Genuchten, 1984). Parameters including dispersion coefficient (D), retardation 

coefficient (Rd), first order deposition coefficient (µ) and the coefficient of determination (R
2
) were 

estimated. All modeling was performed at zero initial concentration and zero production. 
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5.3. Results and Discussions 

5.3.1. In situ versus ex situ Measurements 

The transport of bacteria that were obtained by the optrode, with and without sampling for ex situ 

measurements, were compared to those observed from ex situ measurements in Figure 5-3, Figure 5-4, 

Figure 5-5 and Figure 5-6. Significantly different BTCs were produced by the optrode with sampling 

for ex situ measurements and ex situ measurements (P< 0.05). A lower cell concentration was observed 

in the BTCs of P. putida KT2442 GPF collected by the optrode with sampling for ex situ measurements 

(Figure 5-3A and B, and Figure 5-4A and B). At Port 2 and Port 3, BTCs of P. putida KT2442 GPF 

that were collected by the optrode, with sampling for ex situ measurements, broke through each port 

later than these were detected by ex situ measurements (Figure 5-3 A vs. B and Figure 5-4A vs. B). A 

maximum delay of 0.5 PV in the BTCs of P. putida KT2442-GFP in the presence of rhamnolipid 

(Figure 5-4 B) was observed using the optrode when sampling for ex situ measurements. The fitted 

transport parameters for the optrode and ex situ measurements at different sampling ports are presented 

in Table 5-2. No trend was found in the value of dispersion coefficients between the optrode with 

sampling for ex situ measurements and the ex situ measurements. However, the values for retardation 

coefficient and first order decay obtained by the optrode with sampling for ex situ measurement were 

greater than the value of ex situ measurements in all cases (Table 5-2). 

Without the disturbance from ex situ sampling, BTCs obtained with the optrode showed no significant 

difference (P>0.05) from those produced by ex situ measurements, as shown in Figure 5-3 (A vs. C), 

Figure 5-4 (A vs. C), Figure 5-5 (A vs. C) and Figure 5-6 (A vs. C). The optrode occasionally obtained 

variable concentrations in the BTCs (e.g. Figure 5-3 C and Figure 5-6C), which is possibly due to 

shielding of the probe by sand particles. The values of first order decay obtained by the optrode were 

larger than those obtained by ex situ measurements. The measures of bacterial dispersal ability obtained 

by the optrode were equivalent to these produced by ex situ measurements, except for the transport of R. 

erythropolis-pTEC23 td Tomato in the presence of rhamnolipid (Table 5-2). In BTCs that were 

produced by the optrode without sampling for ex situ measurements, the dispersion coefficients values 
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of the different sampling ports were close (Table 5-2). No consistent trends was found in the values of 

retardation coefficients between the optrode without sampling for ex situ measurements and the ex situ 

measurements, but the data collected by the optrode demonstrated lower error and were more consistent 

(Table 5-2). These results indicate that the optrode is able to detect bacterial mobility efficiently when 

the column system was not disturbed by the removal of sample. Accordingly, the next section focused 

on the transport behaviour of bacteria by applying the in situ optrode approach without taking samples 

for ex situ measurements.  

5.3.2. Optrode Monitored Hydrophilic and Hydrophobic Bacteria Transport under Varying 

Physicochemical Conditions 

Similar patterns were observed for all BTCs collected by the optrode without sampling for ex situ 

measurements. Specifically, the maximum concentration of bacteria in BTCs decreased with an 

increase in the travelling distance (Figure 5-3C, Figure 5-4C, Figure 5-5C and Figure 5-6C). The CDE 

model performed reasonably well in describing the BTCs as the R
2
 values were in the range 0.7570 to 

0.9820 (Table 5-2). The fitted parameters for all column experiments showed similar patterns: the 

highest value of first order decay was always observed at Port 1, and values decreased with increasing 

travelling distance. No significant difference was found in the dispersion and retardation values 

between the different ports. 

 The optrode monitored bacteria transport in water    1)

In the absence of rhamnolipid, the value of the first order decay (μ) for hydrophilic P. putida KT2442-

GFP was 0.0472 min
-1

, 0.0338 min
-1

 and 0.0134 min
-1

 for Port 1, Port 2 and Port 3, respectively (Table 

5-2). The transport of hydrophobic R. erythropolis-pTEC23 td Tomato obtained larger respective 

values of μ of 0.0700, 0.0332 and 0.0200 min
-1

 for Port 1, Port 2 and Port 3. This indicates that 

hydrophilic P. putida KT2442-GFP tended to transport more easily through columns than hydrophobic 

R. erythropolis-pTEC23 td Tomato (Figure 5-3C and Figure 5-5C). This phenomenon is similar to the 

findings demonstrated in the by ex situ measurements. However, no significant differences were found 

for retardation coefficient (Rd) and dispersion coefficient (D) between these two bacteria. 
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 The optrode monitored bacteria transport in the presence of rhamnolipid 2)

Rhamnolipid can creat a complex enviorment in columns becacaue can alter the surface properties of 

sand particles and bacteria and it can also emit fluorescence signal when it is excited by the optrode 

lights. In the presence of rhamnolipid surfactant, the BTCs of bacteria transport were similar to these in 

water runs, as shown in Figure 5-4C and Figure 5-6C.  However, a higher peak position in the BTCs 

for both bacterial strains was observed with rhamnolipid present. For both bacterial species, the value 

of the first order decays (μ) decreased when adding rhamnolipid (Table 5-2). Taking hydrophilic P. 

putida KT2442-GFP as an example, the value of μ decreased from 0.0472 to 0.0411 min
-1

, from 0.0338 

to 0.0046 min
-1

 and from 0.0134 to 0.0076 min
-1

 for Port 1, Port 2 and Port 3, respectively (Table 5-2). 

A slight increase in the value of D was obtained when adding rhamnolipid. There was no evidence to 

show that rhamnolipid influenced the retardation coefficient values (Table 5-2). Rhamnolipid had a 

similar effect on the transport behaviour of hydrophobic R. erythropolis-pTEC23 td Tomato compared 

to hydrophilic P. putida KT2442-GFP, as shown in Table 5-2. When comparing the transport 

behaviour of hydrophobic and hydrophilic bacteria, BTCs of hydrophilic P. putida KT2442-GFP 

showed a greater value for D and Rd than the BTCs of hydrophobic R. erythropolis-pTEC23 td Tomato. 

However, a smaller value of μ was observed for hydrophilic P. putida KT2442-GFP compared to 

hydrophobic R. erythropolis-pTEC23 td Tomato. 
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Figure 5-3 Comparison of the observed and fitted breakthrough curves of P. putida KT2442 in water that were obtained by ex situ measurements (A), the optrode with sampling for ex situ 

measurements (B) and the optrode without sampling for ex situ measurements (C). □, Δ and ◊ shows the data obtained at Port 1, Port 2 and Port 3; Symbols are the observed data; lines are the 

fitted data. Ex situ measurement data is the average of duplicate data. The optrode data at Port 1, Port 2 and Port 3 are not from the same run. 

 
Figure 5-4 Comparison of the observed and fitted breakthrough curves of P. putida KT2442 in rhamnolipid that were obtained by ex situ measurements (A), the optrode with sampling for ex situ 

measurements (B) and the optrode without sampling for ex situ measurements (C). □, Δ and ◊ shows the data obtained at Port 1, Port 2 and Port 3; Symbols are the observed data; lines are the 

fitted data. Ex situ measurement data is the average of duplicate data. The optrode data at Port 1, Port 2 and Port 3 are not from the same run. 
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Figure 5-5 Comparison of the observed and fitted breakthrough curves of R. erythropolis-pTEC23 td Tomato in water that were obtained by ex situ measurements (A), the optrode with sampling 

for ex situ measurements (B) and the optrode without sampling for ex situ measurements (C). □, Δ and ◊ shows the data obtained at Port 1, Port 2 and Port 3; Symbols are the observed data; lines 

are the fitted data. Ex situ measurement data is the average of duplicate data. The optrode data at Port 1, Port 2 and Port 3 are not from the same run
 

   
Figure 5-6 Comparison of the observed and fitted breakthrough curves of R. erythropolis-pTEC23 td Tomato in rhamnolipid that were obtained by ex situ measurements (A), the optrode with 

sampling for ex situ measurements (B) and the optrode without sampling for ex situ measurements (C). □, Δ and ◊ shows the data obtained at Port 1, Port 2 and Port 3; Symbols are the observed 

data; lines are the fitted data. Ex situ measurement data is the average of duplicate data. The optrode data at Port 1, Port 2 and Port 3 are not from the same run.
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Table 5-2 Transport parameters in BTCs of P. putida KT2442-GFP and R. erythropolis-pTEC23 td Tomato that were monitored 

by ex situ measurements and the optrode 

 Bacteria stains 
Experiment 

condition 

Sampling 

port 

D  

(cm2/min) 
Rd μ (/min) R2 

Ex situ 

measurements 

P. putida 

KT2442-GFP 

Water 

Port 1 0.12±0.04 1.73±0.06 0.030±0.005 0.952 

Port 2 0.20±0.04 1.30±0.02 0.012±0.001 0.964 

Port 3 0.14±0.02 1.24±0.01 0.008±0.001 0.957 

Rhamnolipid 

Port 1 0.23±0.05 1.90±0.06 0.007±0.004 0.960 

Port 2 0.29±0.05 1.09±0.02 0.003±0.001 0.965 

Port 3 0.35±0.06 1.19±0.02 0.004±0.001 0.911 

R. erythropolis-

pTEC23 td 

Tomato 

Water 

Port 1 0.05±0.02 1.08±0.03 0.031±0.004 0.961 

Port 2 0.20±0.04 1.12±0.02 0.019±0.001 0.927 

Port 3 0.11±0.01 1.11±0.01 0.013±0.001 0.984 

Rhamnolipid 

Port 1 0.25±0.08 1.34±0.06 0.010±0.003 0.932 

Port 2 0.24±0.02 1.18±0.08 0.0001±0.001 0.990 

Port 3 0.25±0.03 1.14±0.01 0.0001±0.0003 0.940 

Optrode with 

sampling for 

ex situ 

measurements 

P. putida 

KT2442-GFP 

Water 

Port 1 0.07±0.01 1.76±0.03 0.1000±0.0030 0.986 

Port 2 0.10±0.04 2.27±0.04 0.0424±0.0020 0.917 

Port 3 0.42±0.06 1.68±0.02 0.0088±0.0006 0.928 

Rhamnolipid 

Port 1 0.48±0.2 2.55±0.23 0.0010±0.0100 0.795 

Port 2 0.28±0.05 1.87±0.05 0.0122±0.0019 0.886 

Port 3 0.50±0.08 1.69±0.03 0.0004±0.0007 0.881 

R. erythropolis-

pTEC23 td 

Tomato 

Water 

Port 1 0.17±0.08 1.47±0.13 0.1652±0.0062 0.946 

Port 2 0.11±0.05 1.38±0.04 0.0500±0.0015 0.903 

Port 3 0.03±0.02 1.48±0.02 0.0313±0.0012 0.791 

Rhamnolipid 

Port 1 0.17±0.02 1.79±0.05 0.1781±0.0019 0.993 

Port 2 0.13±0.03 1.31±0.01 0.0525±0.0004 0.993 

Port 3 0.25±0.04 1.59±0.02 0.0247±0.0006 0.936 

Optrode 

without 

sampling for 

ex situ 

measurements 

P. putida 

KT2442-GFP 

Water 

Port 1 0.20±0.06 1.30±0.06 0.0472±0.0056 0.896 

Port 2 0.15±0.04 1.26±0.02 0.0338±0.0011 0.757 

Port 3 0.12±0.03 1.28±0.01 0.0134±0.0005 0.892 

Rhamnolipid 

Port 1 0.22±0.04 1.20±0.07 0.0411±0.0057 0.915 

Port 2 0.26±0.06 1.24 ±0.06 0.0046±0.0008 0.982 

Port 3 0.30±0.07 1.22±0.02 0.0076±0.0007 0.911 

R. erythropolis-

pTEC23 td 

Tomato 

Water 

Port 1 0.14±0.05 1.35±0.04 0.0700±0.0044 0.836 

Port 2 0.16±0.03 1.30±0.02 0.0332±0.0012 0.941 

Port 3 0.10±0.02 1.25±0.01 0.0200±0.0003 0.896 

Rhamnolipid 

Port 1 0.15±0.07 1.30±0.03 0.0380±0.0028 0.894 

Port 2 0.15±0.04 1.24±0.01 0.0184±0.0008 0.946 

Port 3 0.15±0.02 1.20±0.01 0.0089±0.0003 0.921 

        Estimated value ± standard deviation 
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5.3.3. Discussions 

1) The influence of the sampling protocol 

In this study, retardation and lower bacteria concentration were monitored by the optrode when the 

optrode and ex situ measurements were conducted together. The heterogeneity of the column may have 

contributed to the differences obtained by two sampling techniques. The optrode was used to collect 

data inside the column at horizontal distances of 17 mm and 10 mm from the outer edge to test this 

possibility. However, no significant difference was observed between these two sets of data (P ˃ 0.05), 

which showed a mean correlation of 0.8631 (Figure A-7 in the appendix for Chapter 5). This finding 

indicates that the column was homogeneously packed. A previous study (Gang Chen and Zhu, 2004) 

showed that differences in transport behaviour must be considered when comparing results produced by 

different monitoring methods. It was hypothesized in this study that that scale issue caused by the 

sampling volume could lead to different transport behaviour observed by the optrode and ex situ 

measurements. The optrode collects the emission spectra in a tiny volume around the optical fibre 

(Campbell et al., 1999), which can be regarded as a sampling point. Each ex situ measurement collects 

0.2 mL of liquid sample from the sampling port, which could represent the average concentration in a 

relatively large area above the sampling port. Ex situ measurements removed 2.7% the total injected 

cell mass, and 6.0% of the total injected liquid from the column, respectively. No impact was found in 

the velocity at Port 1 (0.43 cm/min) when withdrawing ex situ samples from the (Figure A-8 in the 

appendix for Chapter 5). Ex situ measurements slightly decreased the velocity at Port 2 and Port 3 

(from 0.43 cm/min to 0.42 cm/min and 0.42 cm/min, respectively), although the ANOVA test suggests 

ex situ measurements had a significant effect on the velocity at Port 2 and Port 3 (P<0.05). These 

analyses partially supported the finding of lower bacterial concentration and retardation in the BTCs 

produced by the optrode when samples were withdrawn for ex situ measurements. A possible reason 

could be that the optrode captured the disturbance created by the ex situ measurements on the pore 

scale when they were carried out together, although ex situ measurements did not appear to have a 

significant influence on the velocity inside of the column. As a consequence, the optrode possibly 
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monitored distinct bacteria transport behaviour when ex situ measurements created disturbance on the 

pore scale. 

When these two measurements were carried out independently, BTCs produced by the optrode had a 

similar pattern and but slightly lower concentration compared to those collected by ex situ 

measurements. This difference could be due to the scale issue as a result of sampling volumes, or lower 

mass balance during the calibration procedure, or both. This phenomenon is acceptable and must be 

considered when comparing results obtained with different monitoring techniques. These results 

indicate that the optrode is sensitive to changes in the column and can provide more data on the pore 

scale. This in situ technique can be applied to monitor bacteria transport in in situ bioremediation in the 

future. It also offers the possibility of monitoring bacteria transport in a larger field, like 2D and 3D 

column, where the averaged ex situ samples are not able to represent the flow. The next section 

discusses the bacteria transport behaviour obtained by the optrode under different conditions without ex 

situ sampling. 

2) The optrode monitored bacteria transport behaviour  

Without the disturbance from ex situ measurements, the optrode monitored a greater transport of 

hydrophilic bacteria compared to hydrophobic bacteria in this study (Figure 5-3 C vs Figure 5-5C). The 

optrode also observed how the addition of rhamnolipid promoted the transport of both bacterial strains. 

Those findings match observations from earlier studies (Hewitt et al., 2012; Tai et al., 2007). Since the 

optrode measures the bacteria transport from the pore scale, the interaction energy between bacteria and 

sand particles coud possibly explain bacteria transport that was collected by the optrode. As shown in 

Figure 5-6, the hydrophobic bacteria had attractive LW-AB interaction (-34.6 and -5.9 mJ/m
2
 in the 

presence of water and rhamnolipid, respectively) with sand particles. Repulsive LW-AB interaction 

(10.2 and 32.6 mJ/m
2
 in the presence of water and rhamnolipid, respectively) was obtained between 

hydrophilic bacteria and sand particles. The results for the LW-AB interaction energy support the 

observation that hydrophilic is easier to transport inside the column than hydrophobic bacteria. 
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Rhamnolipid increased the value of the LW-AB interaction energy between both strains and sand 

particles thereby weakening the attraction between hydrophobic bacteria and sand particles but 

enhancing the repulsive interaction between bacteria and sand particles. As a consequence, an enhanced 

bacteria transport was obtained with the addition of rhamnolipid for both bacterial strains. These results 

therefore suggest that the optrode can monitor bacteria transport and quantify the changes in 

physicochemical conditions. 

 

Figure 5-7 The value of ΔGadh between bacteria and sand particles with the addition of rhamnolipid  

5.4. Conclusion  

This study compared the transport behaviour of bacteria using the in situ optrode and ex situ 

measurements, and highlighted bacteria transport behaviour collected by the optrode without sampling 

for ex situ in the absence and presence of biosurfactant rhamnolipid. The in situ optrode and ex situ 

measurements monitored the transport of bacteria from different scales: a point and averaged liquid 

sample, respectively. The optrode was found to be sensitive to the modification of bacterial 

concentration and velocity on pore scale which is caused by ex situ measurements. When not sampling 

for ex situ measurements, the optrode is able to provide in situ bacteria transport data from pore scale 

and the effect of bacterial hydrophobicity and rhamnolipid on the bacteria transport in sand columns. 

More consistent values were obtained in fitted transport parameters of BTCs collected by the optrode 

without sampling for ex situ measurement. The optrode monitored bacteria transport under different 
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conditions could be understood trough the LW-AB interaction energy between bacteria and sand 

particles. 

As such, this study successfully demonstrated the use of the optrode in situ monitoring of bacterial 

mobility from the pore scale in the column despite the fact that the optrode occasionally collected 

variable values. This technique is particularly useful when collecting samplings that would be difficult 

or not possible in simulated soil environment. This study is the possibly the first to document the 

monitoring of bacteria transport using a fluorescence optical biosensor. One limitation for the 

application of the optrode is that the optrode, like all other spectrometry method, can capture all signals 

that are excited at a specific wavelength without differentiating the source of each signal. 
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Chapter 6. Conclusions, Implications, and Recommendations for Future 

Research 

Over the last several decades, the research evidence for the incubation of contaminated soil with 

exogenous bacteria using surfactant solution has grown. More recent studies have considered the use of 

surfactant microbubbles to provide oxygen to oxygen-deficient soil. However, no detailed experimental 

investigation has been reported on the effect of surfactant type (anionic vs. nonionic) and bacterial 

hydrophobicity (hydrophobic vs. hydrophilic) on microbial transport after treatment with surfactant 

solution and surfactant microbubbles. Further, no study has considered monitoring bacterial transport in 

situ. This chapter summarizes the study’s findings, discusses implications for in situ bioremediation, 

and makes recommendations for further study on the use of bacteria for bioremediation. 

6.1. Conclusions and Implications for Bioremediation 

This thesis had five hypotheses and three primary objectives. The conclusion for each objective, the 

validity of each hypothesis, and the implications for in situ bioremediation were discussed as follows: 

1) The different surfactant types altered bacterial hydrophobicity to different extents, but had an 

equivalent modification effect on the hydrophobicity of sand particles. In the absence of surfactant 

solution, hydrophilic bacteria were more likely to transport through the column than hydrophobic 

bacteria. The addition of surfactant solution modified the interaction energy between the bacteria and 

sand particles, resulting in enhanced transport for both hydrophobic and hydrophilic bacteria. 

Rhamnolipid showed a slight advantage over nonionic tergitol in enhancing bacteria transport, which is 

due to the weaker LW-AB interaction energy between bacteria and sand in the presence of rhamnolipid. 

This study is the first to consider and compare the effect of anionic and nonionic surfactant on the 

transport behaviour of both hydrophobic and hydrophilic bacteria. The results from this study could be 

used to help match bacteria and surfactant type when introducing microorganisms to contaminated soil. 



Chapter 6. Conclusions, Implications and Recommendations for Future Research 

107 

2) Continuously injected microbubble reduced the usage of surfactant solution compared to the amount 

of surfactant solution that was required by surfactant solution aided bacteria transport. Anionic 

rhamnolipid microbubbles were shown to be a more promising vehicle for carrying bacteria in the 

column than nonionic tergitol microbubbles, which was due to the bacteria’s preference for adhering to 

microbubbles rather than sand particles in the presence of rhamnolipid microbubbles. Hydrophilic 

bacteria were more likely to transport with microbubbles than hydrophobic bacteria, which was due to 

the greater adhesion tendency of hydrophobic bacteria to sand particles. Bacteria transport was 

promoted with the increased porosity of the column because of the increase in pore size. Rhamnolipid 

microbubble showed potential as an efficient vehicle for carrying hydrophilic bacteria to contaminated 

sites for in situ bioremediation, especially in the high permeable column. This study presented a 

preliminary investigation on the potential application of continuously injected microbubble for 

delivering both bacteria and oxygen for in situ bioremediation was also carried. The findings of this 

study could be utilized to gain insight into parameters that affect the distribution of bacteria with 

continuously injected microbubble. The findings of the study could also provide information to 

maximize the efficiency of the continuously injected microbubbles in the delivery of both bacteria and 

oxygen to oxygen-deficient soil environments. 

3) The in situ optrode monitored bacteria on pore scale inside the column and was sensitive to the 

disturbance on bacterial concentration and velocity on pore scale. The optrode used without sampling 

for ex situ measurement could provide information on the effect of bacterial hydrophobicity and 

rhamnolipid on bacteria transport. Fitted transport parameters in BTCs that were collected by the 

optrode were more consistent among different sampling ports. The optrode monitored bacteria transport 

under various conditions could be understood through the calculation of LW-AB interaction energy 

between bacteria and sand particles. As such, the optrode provided in situ monitoring of bacteria 

mobility from pore scale in the column. It is possibly the first documented to monitor bacteria transport 

using a fluorescence optical biosensor. This technique offers a simpler and relatively cost-effective 

approach to monitor bacteria transport in soil environments where it is difficult or not possible to 
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collect samples. Like all another spectrometry method, the application of the optrode will be affected 

because the optrode captures all signals that are excited at a specific wavelength without differentiating 

the source of each signal. 

6.2. Recommendations for Future Research   

Work still remains to be done to enhance our knowledge of potential approaches for in situ 

bioremediation of contaminated soil. The following work is recommended for future research: 

1) Only two strains of bacteria and two types of surfactant solutions were investigated in this study. 

Since bacterial hydrophobicity and surfactant type would affect the efficiency of bacteria transport, 

more data on bacteria transport in the presence of surfactant solution would be required to generalize 

these findings to gain a more accurate and realistic prediction of penetration of bacteria in the soil. 

Therefore, what is needed in the future is transport study involving a greater number of bacterial strains 

with different surface hydrophbicity, various surfactant types and various environmental factors. 

Another possible area of future research is to study the interaction between bacteria and pollutants and 

the distribution of pollutants in the contaminated soil when introducing bacteria. 

2) The permeability of the porous media is an important parameter yet to be further explored in the 

future because the permeability of porous media is one of the key factors determining the penetration of 

microbubble. Another possible area of future research would be adjusting stirring speed, surfactant type, 

surfactant concentration and ionic strength of solution to generate smaller microbubble, or increase the 

stability of microbubble, thereby promoting the penetration of microbubble thus enhancing bacteria 

transport. Finally, if the microbubble is employed for in situ bioremediation in the future, a study 

similar to this study should be carried out on pollutants in contaminated soil. Knowledge of all of these 

factors has the potential to advance and stimulate in situ bioremediation. 

3). In future studies, the optrode should be used in more complex soil environments in the laboratory, 

which is used to more closely simulate the real soil environment and gain more information on the 
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distribution of bacteria when introducing exogenous bacteria. For example, it would be interesting to 

extend this work to two even three-dimensional columns to access bacterial distribution by using 

probes with different length. Moreover, no spectra data are available in the presence of microbubble 

because the microbubble is likely reflecting the excitation and emission light. Challenge remains to be 

for the application of in situ monitoring technique to systems with microbubbles and gain a clearer 

picture of the bacteria transport in the presence of microbubbles. 
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Appendix  

This appendix information provides calibration of the fluorescence intensity and concentration of 

bacteria, and contact angle measurement procedure and results. 

1) The relationship between fluoresces intensity and CFU/mL 

The number of bacteria was quantified by measuring the fluorescence signals of collected samples 

using a Perkin Elmer EnSpire 2300 multilabel plate reader and the Wallace Envision Manager software 

program. The fluorescence of P. putida KT2442-GFP was detected using excitation and emission 

wavelengths of 473 nm and 535 nm, respectively. The fluorescence of R. erythropolis-pTEC23 td 

Tomato was detected using excitation and emission wavelengths of 554 nm and 581 nm, respectively. 

To determine the relationship between the bacterial fluorescence intensity and cell concentration, a 

double dilution series of culture in saline was counted using fluorescence multiwell plate reader 

immediately and then be spread on nutrient agar plates and cultivated overnight. The colony-forming 

units (CFU) were counted the next day since it is assumed that a single bacterium grows into a single 

colony on the agar plate. A linear relationship was obtained between fluorescence intensity and 

CFU/mL, with a R
2
 value of 0.9597. 



Appendix 

111 

 

 

Figure A-1 Intensities of plate reader reading over doubling dilutions relative to cell concentration (CFU/mL). A: R.e rythropolis- 

pTEC23 td Tomato; B: P. putida KT2442-GFP;  ■ (dash line): water; × (solid line): rhamnolipid solution; A log-log scale is used.  

2) Contact Angle Measurement  

The contact angle measurement procedure was the same as used in a previous study (Feng et al., 

2013b). Bacterial solution was prepared with optical density (OD600) = 0.3 to prepare the bacteria lawn. 

The consistency and accuracy of contact angle results mainly depend on a homogeneous bacterial lawn. 

To determine the minimum volume of bacterial suspension required for a homogeneous lawn, scanning 

electron microscopy (SEM) was used to check the bacterial lawn on 0.45 µm (pore size) nitrocellulose 

membranes. In this study, 40 mL of bacterial solution was used with OD600 of 0.3 for P. putida 
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KT2442-GFP and R. erythropolis-pTEC23 td Tomato. Quartz is the major component of sand and 

quartz slides were used to represent sand when calculating the free energy interactions. The quartz 

slides were equilibrated with 0.01M NaCl and rhamnolipid solution for 48 hours and dried at room 

temperature for 12 hours before contact angle measurement was taken. Table S-1 is the list of probe 

liquids can be used as diagnostic liquid. 

A digital goniometer was applied to measure the contact angle of the homogenous bacteria lawn and 

the contact angle was obtained using the CAM software. Three diagnostic liquids, Milli-Q water, 

formamide, and 1-bromonaphthalene were used (Bos, Mei, et al., 1999). Each result is the mean of five 

measurements. The contact angle of diagnostic liquid behaves differently between polar and nonpolar 

liquids. For nonpolar liquids, the contact angle keeps the same drop volume, drop height and base 

diameter during the recording period, i.e. 20 s (Figure S-3). However, the contact angle of the polar 

liquid changes with time  (Figure S-4), which is consistent with previous findings (Sharma and 

Hanumantha Rao, 2002). Once the liquid drops on the bacterial lawn, it takes around 0.1 seconds for 

the probe liquid to spread on the surface and the volume of diagnostic liquid stays constant during this 

stage. After this stage, the contact angle of liquid drop remains constant with the same drop volume, 

height and base diameter. This equilibrium stage would last about 1-3 second. Then the contact angle 

decreases due to the absorbance of the polar liquid into the bacterial lawn. The decreasing stage is 

accompanies by a steady decease of liquid volume and height as well as a constant increase in drop 

diameter. In this study, the digital goniometer was set up to capture the contact angle at time zero and 

beyond. Contact angle data at 2 seconds was selected as the finally contact angle for all the diagnostic 

liquid in this study.  
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Figure A-2 The contact angle parameters of nonpolar liquid (1-bromonaphalene) as a function of time.  ♦ is contact angle, ■ is 

drop volume, ▲ is height and ● is  the base diameter  

 

Figure A-3 The contact angle parameters of polar liquid (water) as a function of time. ♦ is contact angle, ■ is drop volume, ▲ is 

height and ● is base diameter  
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3) Contact angle results  

Table A-1 Contact angle (∂) for lawns of R. erythropolis-pTEC23 td Tomato and P. putida  KT2442-GFP  treated with surfactant 

Bacteria Experimental conditions ∂Water ∂ Formamide ∂ 1-Bromonaphthalene 

R. erythropolis-

pTEC23 td Tomato 

Water 94.7± 0.3 67.9± 0.4 41.2± 0.6 

Rhamnolipid 84.0± 0.4 62.6± 0.8 41.2± 0.4 

Tergitol  90.0± 0.3 66.7± 0.2 40.6± 0.4 

P. putida KT2442-

GFP 

Water 36.2± 0.4 46.4± 0.2 49.2± 0.9 

Rhamnolipid 39.2± 0.2 46.2± 0.4 53.1± 0.7 

Tergitol  39.7± 0.5 33.8± 0.7 30.4± 0.8 

Quartz 

Water 46.7± 1.3 17.7± 3.2 30.1± 1.5 

Rhamnolipid 14.8± 1.2 14.7± 0.8 28.7± 3.4 

Tergitol  14.1± 1.6 14.4± 1.1 27.2± 0.5 

Obtained value ± standard deviation 

Appendix Information for Chapter 3 

1) Free energy of bacteria aggregation 

Based on surface tension parameters, the free energy of aggregation of bacterial cell immersed in water 

(Van der Mei et al., 1998; C. Van Oss, 1995) which indicates bacterial hydrophobicity can be 

calculated as: 

22( )

4( )

LW LW

bwb b w

b b w w b w b w

G  

              

   

   
                          (A-1) 

where subscript b denotos bacteria, w denotes water. 

If the interaction between two bacterial cells is stronger than the interaction between the cell with water, 

by definition, the cell are considered to be hydrophobic since ∆Gbwb <0, vice versa. 

2) Nonequilibrium model for CDE 

Solute transport in the subsurface is affected by a varity of chemical and physical nonequilibrium 

process. Chemical nonequilibrium may occur as a result of kinetic adsorption while physical 



Appendix 

115 

nonequilibrium is caused by a heterogeneous flow regime. Chemical nonequilibrium modles consider 

adsorption on some of the adsorption sites to be instantaneous, while adsorption on the remaining sites 

is governed by the first-order kinetics. In contrast, physical nonequilibrium is often modelled by using a 

two–region type of formulation. The medium contains two distinct mobile and immobile liquid regions; 

mass transfer between the two is modelled as a first-order process. 

This study considered the bacteria to be transporting through a uniform, one-dimensional, saturated 

porous media, therefore the chemical nonequilibrium CDE is described by the two-site models: 
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where C is the bacteria concentration (ML
-3

), D is the dispersion coefficient (L
2
T

-1
), θ is the 

volumetric water content (M
3
L

-3
), x is the distance (L), t is the time (T), α is a first-order kinetic 

rate coefficient (T
-1

), f is the fraction of exchange sites that are always at equilibrium, 𝜇𝑙 and 𝜇𝑠 

are the first order decay coefficient for degradation of solute in the liquid and adsorbed phase, 𝜌𝑏 

is the soil bulk density (ML
-3

), and the subscripts e and k refer to equilibrium and kinetic 

adsorption sites, respectively. 
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Table A-1  Dimensionless parameters for the nonequilibrium CDE 

Parameters Model Parameters Model 
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According to the dimensionless parameters listed in Table A-1, the two-site model reduces to the same 

dimensionless form: 
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where the subscripts 1 and 2 refer to equilibrium and nonequilibrium sites, respectively. Β is a 

partitioning coefficient, and ω is a dimensionless mass transfer coefficient.  
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3) Fitted parameters using nonequilibrium model 

Table A-2 Fitted parameters using nonequilibrium model 

Bacteria 
Experiment 

condition 

Depth 

cm 
D (cm

2
/min) Rd β μ (/min) R

2
 

R. erythropolis 

Water 

3.0 0.05 1.065 0.9949 0.07332 0.960 

15.5 0.1441 1.297 0.9999 0.027 0.964 

30.5 0.11 1.117 0.9999 0.03276 0.982 

Rhamnolipid 

3.0 0.2128 1.256 0.9999 0.0001 0.931 

15.5 0.22 1.217 0.999 0.0001 0.961 

30.5 0.265 1.13 0.6564 0.0001 0.967 

Tergitol 

3.0 0.3476 2.159 0.9204 0.02415 0.934 

15.5 0.264 1.202 0.9999 0.01364 0.995 

30.5 0.1915 1.113 0.9999 0.1250 0.992 

P. putida KT2442 

Water 

3.0 0.1316 1.737 0.9999 0.09229 0.952 

15.5 0.1 1.35 0.773 0.02628 0.966 

30.5 0.1508 1.243 0.9999 0.01928 0.954 

Rhamnolipid 

3.0 0.2899 1.888 0.9999 0.1968 0.959 

15.5 0.05 1.165 0.7326 0.00732 0.920 

30.5 0.3537 1.186 0.9999 0.008563 0.910 

Tergitol 

3.0 0.4096 2.148 0.9999 0.02047 0.977 

15.5 0.1109 1.527 0.6934 0.005065 0.979 

30.5 0.2996 1.246 0.1487 0.007653 0.990 

Appendix Information for Chapter 5 

This Supplementary Information provides results of the calibration of the optrode in batch and the ex 

situ measurement results, the correlation of the optrode intensity collected from different depth inside 

the column, and the effect of ex situ measurement on the velocity at each sampling port. 

1) Calibration of the optrode 

A good linear relationship was observed between the fluorescence intensity collected by Optrode and 

bacterial concentration in liquid solution in our previous study (Hewitt et al., 2012Hewitt et al., 2012). 

Since while the relationship is hard to obtain directly inside the column due to the complex 

environment, two sets of batch experiment were carried out to gain an indirect calibration between the 

optrode intensity and bacterial concentration in the sand column. In the first set of experiment, the 
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batch experiment was carried out in the double diluted liquid solution in the absence of sand particles. 

The 1000 uL bacterial cell solution with double dilution were prepared in 1.5 mL microtubes. The 

fluorescence intensity was collected by submerging the probe in bacterial cell solutions, and the 

concentration of bacterial cell was determined by plate count protocol. The second batch experiment 

was carried out in the presence of sand particles to simulate the column condition. The sand particle 

was wet mixed in a microtube with the same water ratio inside the column (1:0.23) and the 

fluorescence intensity was collected by submerging the probe in the sand system. The relationship 

between fluorescence intensity and bacterial concentration can be determined by regrouping the two 

sets of experiment above. The entire sample was prepared in triplicate in absence and presence of 

rhamnolipid. Background eliminations were achieved by taking the reading of bacterial-free blank 

samples. Six blank samples were prepared and checked for the consistency of emission spectra 

intensity.   

A linear relationship between optrode fluorescence intensity and the concentration of bacteria cells was 

observed in all cases (Figure A-4), with an R
2
 value of 0.9833. Our result was consistent with that 

obtained by the previous study Hewitt et al. (2012) that the bacterial culture with doubling dilutions 

demonstrated a good linear relationship with the optrode fluorescence intensity collected from E. coli 

labeled with GFP and DsRed genes. The optrode fluorescence intensity collected in the presence of 

rhamnolipid was close to that collected in the absence of rhamnolipid, which indicates that the optrode 

was able to overcome the influence of rhamnolipid in the liquid solution although rhamnolipid can 

contribute to the optrode fluorescence intensity. Compared with the optrode fluorescence intensity 

collected from P. putida KT2442- GFP, a stronger intensity was collected from R. erythropolis-

pTEC23 cells, which indicates that the fluorescence intensity from R. erythropolis-pTEC23 was more 

sensitive than that from P. putida KT2442-GFP cells. 

The second experiment collected the spectrum intensities of bacteria after adding sand particles to the 

centrifuge tubes (Figure A-5). The optrode fluorescence intensity obtained in the sand system was 

generally lower than what was obtained in liquid solutions for both bacterial strains, with an R
2
 value of 
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0.9593. To investigate the relationship between the optrode signal intensity and the number of bacterial 

cells in the absence and presence of rhamnolipid in the sand column, data in Figure A-4 and Figure A-5 

were regrouped in Figure A-6. A linear relationship was obtained between the optrode signal intensity 

and the number of bacteria cells, with an R
2
 value of 0.9459. After this calibration procedure, the 

bacterial concentration in the column experiment can be determined through the normalized calibration 

curves. 

                  

                      
Figure A-4 Normalized Spectrum intensities over doubling dilutions relative to cell concentration in liquid media. A: P. putida 

KT2442-GFP; B: R.e rythropolis-pTEC23 td Tomato; ■ (dash line): water; × (solid line): rhamnolipid solution; A log-log scale is 

used.  
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Figure A-5 Normalized Spectrum intensities over doubling dilutions in liquid and sand system. A: P. putida KT2442-GFP; B: R. 

erythropolis-pTEC23 tdTomato; ■ (dash line): in liquid; × (solid line): sand system; A log-log scale is used. 
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Figure A-6 Normalized Spectrum intensities over doubling dilutions relative to cell concentration with sand. A: P. putida KT2442-

GFP; B: R. erythropolis-pTEC23 td Tomato; ■ (dash line): in liquid; × (solid line): with sand; A log-log scale is used. 
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2) The correlation of the optrode intensity collected from 10 mm and 17 mm inside the column 

 

Figure A-7 Correlation of the optrode intensity collected from 10 mm and 17 mm inside the column
 

3) The velocity inside the column at different sampling port due to the effct of ex situ sampling 

  
FigureA-8 The velocity inside the column at different stamping port due to effect of ex situ sampling
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