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In situ STAR treatment is delivered by pumping air down a well past an in-line heater into 

a contamination source zone (Fig 2.2). The hot air dries and heats the soil around the well 

screen until temperatures conducive to smoldering are reached (Scholes et al., 2015). Once 

smoldering begins, the reaction is self-sustaining, and the heater is turned off. The self-

sustaining reaction relies only on continued injection of air. Vapors produced by the 

reaction are removed via soil vapor extraction units (Scholes et al., 2015). The radius of 

influence (ROI) around each ignition well during in situ STAR is influenced by delivery 

of air to the reaction as it propagates outwards from the ignition point and through the 

treatment zone. The feasibility of in situ STAR was recently demonstrated by a pilot test 

in a coal tar contaminated aquifer roughly 7.9 m below ground surface (bgs). During this 

 

Figure 2.2: In situ application of STAR. Image modified from Scholes et al. (2015). 
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test, a treatment zone up to 1.9 m thick with an ROI of 3.7 m was achieved (Scholes et al., 

2015). Comparison of pre- and post- STAR sampling from multiple locations within the 

targeted treatment area confirmed that 98.6% of aromatics, 99.7% of aliphatics, and 100% 

VOC/BTEX compounds were removed by STAR (Scholes et al., 2015). A similar test in a 

shallower aquifer (~3m bgs) followed the same trend, with overall coal tar removal of 

99.72% (Scholes et al., 2015).   

2.4 Effects of Heating on Soil 

During heating events in the subsurface, temperature induced changes occur to the 

biological and physicochemical properties of the soil (Diazravina et al., 1992; Whitmore, 

1984). It is generally understood that maximum temperatures attained during thermal 

remediation (i.e., 100oC or greater) will be deleterious to the immediate well-being of 

typical soil microbial communities, with microbial die-off proportional to the severity of 

heating (Dettmer, 2002; Neary et al., 1999; Pape et al., 2015; Richardson et al., 2002). It is 

also known that soil structure, porosity, pH, and water storage are altered during severe 

heating, often accompanied by a loss of organic matter and nutrients (Pape et al., 2015; 

Powers et al., 1990). Indeed, it has been shown that at temperatures greater than 500oC, 

losses of organic matter and nitrogen in the soil are nearly complete, and clay particles 

begin to break down and aggregate, altering soil structure and making it difficult to retain 

valuable nutrients (Pape et al., 2015; Weast, 1988). As temperatures rise, more nutrients 

are lost. Nutrient compounds containing potassium volatilize at 760oC, containing 

phosphorus at 774oC, sulfur at 800oC, sodium at 880oC and magnesium at 1107oC (Weast, 

1988). Further, soils may become water repellant after exposure to elevated temperatures 
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(Debano, 1981). This phenomenon is initiated at temperatures above 176oC and is 

terminated at temperatures greater than 288oC due to formation and destruction of 

hydrophobic materials at each respective temperature (Debano, 1981; DeBano et al., 1977; 

Debano et al., 1976). Hydrophobic layers often adsorb large amounts of organic matter, 

allowing them to support small, high growth rate microbial communities shortly after 

(Pietikainen et al., 2000). It is likely that the high temperatures associated with STAR will 

thus remove most of the hydrophobic material from the treatment zone. However, 

periphery temperatures surrounding the treatment zone may fall within this range, 

influencing microbial communities within them. 

2.5 Microbial Repopulation of Heated Soil 

2.5.1 Soil Repopulation Following Surface Fires 

The overall effects of heat transfer from fires into subsurface ecosystems are complex, with 

impacts on subsurface physical, chemical, and microbial processes (Neary et al., 1999). 

These impacts may cause either positive or deleterious effects on the subsurface, depending 

on the severity of the fire (Neary et al., 1999). The maximum soil temperature during an 

above ground fire varies with fuel type, and can range from 200oC-700oC (Fig 2.3), with 

instantaneous “flash” temperatures greater than 1,500oC (Dunn & Debano, 1977; Rundel, 

1983). In severe fires, microbes up to 50 mm below the ground surface may be killed, while 

mild fires often have no deleterious effects (DeBano et al., 1977). 

Post–fire subsurface microbial abundances reported in the literature are highly variable. In 

one study, microbial concentrations were significantly increased as early as 1 month after 

a fire (Vazquez et al., 1993). On the other hand, another study showed decreases in 
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microbial biomass of up to 50% following a wildfire, with little recovery over a 2-year 

period (Prieto-Fernandez et al., 1998). The explanation for this apparent discrepancy is that 

microbial life in the subsurface is more negatively impacted with increasing severity of 

heating (Neary et al., 1999). Soil alterations (i.e., loss of organics, nutrients, etc.) caused 

by sustained high temperatures stunt microbial repopulation, while shorter exposures and 

lower temperatures may actually alter soil chemistry in such a way as to spur microbial 

growth during repopulation (Acea & Carballas, 1996; Ahlgren & Ahlgren, 1960; DeBano 

et al., 1977; Hossain et al., 1995; Mabuhay et al., 2003; Vazquez et al., 1993; Whitmore, 

1984). The species of microorganisms that emerge dominant in the shallow subsurface 

following a severe surface fire differs between studies, and this is likely because of the 

 

Figure 2.3: Maximum ground temperatures during a fire as a function of 

vegetation cover. Reprinted with permission byRundel (1983). 
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variability in the physicochemical properties of the post-burn soils, as well as the resilience 

of different microbial species to heating (Acea & Carballas, 1996). 

2.5.2 Microbial Repopulation Following Thermal Remediation 

Thermal remediation, the heating of the subsurface via hot air or steam injection, electrical 

resistance, radio wave heating, thermal conduction, or smoldering (i.e., STAR), is a 

remediation type that targets NAPLs within the subsurface. Typical temperature values 

during thermal treatment range from ~100oC during steam injection to ~1200oC during 

STAR treatment (Dettmer, 2002; Switzer et al., 2009). Though repopulation following 

thermal remediation is not often studied, the studies that have been done agree that thermal 

remediation technologies have a significant impact on the microbial communities within 

and above the targeted treatment zone.  

Contaminated soils subjected to treatments which operate at higher temperatures, (i.e., 

STAR, radio wave heating and thermal conduction) experience heavy die off of microbial 

life during remediation (Dettmer, 2002; Pape et al., 2015). In a study by Pape et al. (2015), 

it was found that microbial repopulation over an 8-week period after STAR or after 

exposure to temperatures of 500oC or greater was 2-3 orders of magnitude lower than an 

unheated control soil. However, the same soil type, if heated to temperatures below 500oC, 

exhibited rapid recovery to similar bacterial concentrations seen in the control. In this 

study, differences in success of repopulation was attributed to the loss of organics and 

nutrients caused by temperatures at or above 500oC (Pape et al., 2015). Amendments of 

organic matter and specific nutrients were recommended by the authors in order to facilitate 

complete recolonization, a strategy which still requires further study (Pape et al., 2015). In 
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shallow soils which have been thermally treated, nutrient amendments may be coupled 

with the addition of certain plants and microorganisms to initiate a semi-natural succession 

(Bradshaw, 1997).     

Surrounding the treatment zone are fringe soils. The “fringe” is here defined as the zone 

surrounding the treatment zone, where a gradient exists between the treatment temperature 

and the ambient soil temperature. Because thermal treatments often target DNAPL pools 

specifically, fringe zones may also be contaminated with residual DNAPL which goes 

untreated, especially in the soils above the treatment zone, through which DNAPL has 

previously migrated. Thus, hydrocarbon degrading microorganisms may play a role in 

natural attenuation of DNAPL in these soils. Therefore, it is important to understand the 

impacts heating will have on the fringe zone microbial communities. Due to lower 

temperatures in fringe soil relative to the treatment zone, microbial populations in the 

fringe may be more abundant during treatment (Krauter et al., 1996). However, if 

temperatures in fringe soils are high enough to cause partial or complete sterilization, heat-

generated release of organics and nutrients often cause repopulating microbes to exhibit a 

rapid and robust recovery, and occasionally even biostimulation after treatment is 

completed and temperatures return to ambient (Dettmer, 2002; Pape et al., 2015; 

Richardson et al., 2002). Indeed, it has been observed that moderate heating (i.e., <500 oC) 

may result in post treatment recovery to numbers equal to or even greater than the original 

pre-heated population (Dettmer, 2002; Fletcher et al., 2011; Pape et al., 2015; Richardson 

et al., 2002). Further, because fringe zones experience a temperature gradient between 

treatment and ambient conditions, it is likely that the optimal temperature for microbial 

growth will be obtained at some point within the fringe zone. Therefore, there is potential 
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for biostimulation of fringe soil during treatment. Further, different microbial community 

structures have been shown to thrive at different temperatures, so it is likely that fringe 

zone microbial communities will vary in structure as a function of soil temperature (Norris 

et al., 2002; Zogg et al., 1997).  

2.6 Subsurface Microbial Transport 

2.6.1 Transport Processes 

Movement of microorganisms through the subsurface is primarily influenced by the Darcy 

velocity of the groundwater, the size of the microorganism, and the physical properties of 

the porous medium through which it travels (Camesano & Logan, 1998; Ginn et al., 2002). 

Advection is the primary mode of transportation of microorganisms in the groundwater. 

During advective transport, microorganisms undergo some mixing due to dispersion and 

Brownian motion (Corapcioglu & Haridas, 1984). At high Darcy velocities, both motile 

and non-motile microorganisms are subjected to this mixing effect (Camesano & Logan, 

1998). However, at lower Darcy velocity, only non-motile microorganisms exhibit 

mechanical mixing, since motile microorganisms can overcome the force of the 

groundwater flow and swim in any direction through the pore space (Camesano & Logan, 

1998). Mixing is also limited by the size of the microorganism. In general, microorganisms 

exhibit a dampened Brownian motion, limiting the mixing effect of microbes in the 

subsurface (Li et al., 1996). Further, by virtue of their size, microbial cells preferentially 

experience the higher pore water velocities associated with the center of the pore (de 

Marsily, 1986; Dodds, 1982). Repulsive interactions between soil grain and microorganism 

surface charges may also push the microorganisms away from the soil grains and into the 
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center of the pore (Bradford et al., 2014). As a result of reduced mixing and preferential 

high velocity exposure, some microorganisms have been reported to breakthrough before 

conservative tracers (Ginn et al., 2002). Indeed, numerous field and column studies have 

shown microbes transported at speeds as much as 70% greater than the mean pore water 

velocity (Enfield & Bengtsson, 1988; Hubbard et al., 2001; Li et al., 1996; Zhang et al., 

2001).  

Many microorganisms have the ability to move themselves through the subsurface, 

propelled by their flagellum or Cilia (Corapcioglu & Haridas, 1984). Swimming speeds 

can vary greatly for a cell over time, and there are differences in minimum and maximum 

speeds between different species (Armitage et al., 1999). For example, bacteria have a 

swimming speed range of 1-1000 µm/s documented in the literature (Fenchel & Thar, 

2004; Marwan et al., 1991). At the lower end of this spectrum, the benefit of movement 

may be lost, since nutrients will likely diffuse faster than the bacterium travels (Mitchell & 

Kogure, 2006). At the higher end, maximum motor rotation and optimal length/number of 

flagellum is reached, making 1000 µm/s a physically constrained maximum speed 

(Mitchell & Kogure, 2006). Flagellar travel velocity is dependent on multiple factors, such 

as the length and number of flagellum, size, and shape of the microorganism, as well as 

environmental conditions (Armitage et al., 1999; Calladine, 1978; Mitchell & Kogure, 

2006; Scharf, 2002). Migration in small pores is an issue especially effecting motile 

microbes since the flagella add extra length, making it difficult to navigate in tight spaces. 

Lui & Papadapoulos, (1995) found that E. coli in a 6 µm wide capillary could only swim 

in one direction, unable to turn due to their flagella. In a 3 µm wide capillary, geometric 

restriction not only precluded turning, but also passing alongside other microorganisms 
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(Liu et al., 1997). Indeed, evidence has been shown that pore radius selects for a 

microorganism’s flagella length, number, and cell size (Chen et al., 1998; Mitchell & 

Kogure, 2006).   

2.6.2 Retardation Processes: Straining 

Straining refers to the entrapment of microorganisms in pore throats between soil grains 

which are too small to allow passage, and is exclusively a result of pore geometry 

(Corapcioglu & Haridas, 1984). Microbial removal by straining is considered to be an 

irreversible process, in that strained microorganisms do not reenter the pore water 

(Tufenkji, 2007). Silliman, 1995, found that straining of latex colloids which were in the 

size range of 2-90 µm in diameter by a glass bead porous medium was enhanced as 

heterogeneity increased. In his experiments, Silliman found that colloids deposited in the 

porous media had the highest probability to be found at contacts where the pore water 

moved from large to small pores (Silliman, 1995). Further, the more perpendicular the 

contacts were to the flow of the water, the more colloids were deposited (Silliman, 1995). 

Theoretically, a particle of any size may get wedged in a crevice between two soil grains 

in the subsurface (Corapcioglu & Haridas, 1984). Nevertheless, it is estimated that straining 

only has a significant effect on mass removal when the colloid passing through a pore has 

a diameter greater than 5% of the porous media grain diameter (Corapcioglu & Haridas, 

1984; Harvey & Garabedian, 1992; Herzig et al., 1970; McDowellboyer et al., 1986). Once 

the particle diameter is less than 5% of the grain diameter, the predominant mechanism for 

attachment to the soil grains will be surface forces (Corapcioglu & Haridas, 1984). 

Therefore, the ratio of microbe to pore throat diameters will determine the role of microbial 

straining in a porous medium. 
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2.6.3 Retardation Processes: Sedimentation 

Sedimentation, or gravitational deposition onto the grains of the porous media, may 

also occur when a microorganism travelling through pore space has a density greater than 

the pore water (Corapcioglu & Haridas, 1984). While the majority of microorganisms are 

so small that gravitational settling is negligible, some microorganisms may exhibit 

densities greater than water, in which case transport velocity will be reduced by 

sedimentation (Corapcioglu & Haridas, 1984; Reynolds et al., 1989; Bradford er al., 2014). 

Yao et al, 1971, showed that sedimentation only plays a significant role in increasing the 

efficiency of a collector (i.e., a sand grain which collects particles such as microorganisms 

from the pore water) if the particle is greater than 5 µm (Fig 2.4). Some microbes have 
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exhibited the ability to produce bio-gas, which in some way enhanced travel efficiency 

(Reynolds et al., 1989). In theory, gas production could increase the buoyancy effect for 

microorganisms, reducing sedimentation effects. 

2.6.4 Retardation Processes: Interception 

It is inevitable that even the most minute suspended particles will at some point be unable 

to follow the tortuous flow paths and collide with the porous media (Corapcioglu & 

Haridas, 1984).  However, as seen in Fig 2.4, Interception of small particles is a very rare 

 

Figure 2.4:  Collector efficiencies of various removal mechanisms as a function of 

particle size. Reprinted with permission from Yao et al. copywright (1971) American 

Chemical Society. 

 

 

 

 



20 

 

event, making it negligible as a standalone phenomenon. Microbial cells, on the other hand, 

are much larger, and thus often intercept pore walls, forming clusters on the grain surface 

(Corapcioglu & Haridas, 1984). Clustering is often so extensive that it causes the effective 

grain size diameter of the soil grain to increase (Corapcioglu & Haridas, 1984). This 

increase leads to increased straining of smaller particles in the pore throat and 

filtration/sorption of particles to the bacterial cluster (Konhauser, 2007; Krone et al., 1958). 

These accumulations often grow to the point of instability, at which point large bunches of 

the cluster slough off and are transported down gradient (Corapcioglu & Haridas, 1984). 

The rate of sloughing is a function of the pore water flow rate and the size and density of 

the microbial cluster (Krone et al., 1958). 

2.6.5 Retardation Processes: Adsorption  

Rather than colliding with a grain surface via straining, sedimentation and interception, a 

microorganism may biochemically adsorb to it (Konhauser, 2007). There are three main 

mechanisms that determine the success or failure of complete microbial adsorption to a 

grain surface: the solution chemistry, substratum chemistry, and finally, bio-attachment 

(Konhauser, 2007). Generally, adsorption of microbes to a surface is reversible until the 

microbially-mediated bio-attachment is complete (Konhauser, 2007).  

Reversible Attachment: Solution Chemistry   

Initially, the adsorption between a microorganism and a soil grain is termed reversible 

adhesion (Konhauser, 2007). Reversible adhesion is an instantaneous attraction by long 

range forces holding the microbe at a distance of 1-10 nm from the grain surface, depending 

largely on the ionic strength of the solution (Konhauser, 2007). At this stage, the 
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microorganism can easily be pulled away from the surface by a rotation of its flagella or 

shear forces of the passing groundwater (Marshall et al., 1971). This initial and reversible 

attraction can be predictably modeled using DLVO (Derjaguin-Landau-Verwey-

Overbeek) theory (Fig 2.5) (Konhauser, 2007). According to DLVO theory, surfaces have 

a tendency to minimize their total Gibbs free energy by satisfying their charges, and one 

way of doing this is via microbial adsorption (Absolom et al., 1983). Assuming that steric 

effects are negligible, the total Gibbs free energy (GT, Fig 2.5) will be the difference of the 

van der Walls attractive energy (GA, Fig 2.5) and the electrostatic repulsive energy (GR, 

Fig 2.5) (Konhauser, 2007). At low ionic strength, the repulsive forces are greater than the 

attractive forces between the microorganism and the grain surface (Vanloosdrecht et al., 

1989). This creates a positive spike in total Gibbs free energy between the microbe and the 

surface, making it thermodynamically unsatisfactory for the microorganism to approach 

any closer (Vanloosdrecht et al., 1989). As the ionic strength of the solution increases, the 

electrostatic repulsive energy decreases (Vanloosdrecht et al., 1989). This causes the 

attractive van der Walls energy to exceed electrostatic repulsive forces within the aqueous 

phase, removing the positive Gibbs free energy barrier, and creating a state of increasingly 

negative Gibbs free energy from the microbe to the grain surface (Stumm & Morgan, 1996; 
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Vanloosdrecht et al., 1989). Since Gibbs total energy is increasingly negative towards the 

grain surface, cation bridging in the solution acts to bring the microorganism closer to the 

surface (Stumm & Morgan, 1996). Both column and field experiments have backed up the 

theory of ionic strength dependent sorption, documenting an increased attachment 

efficiency with an increased ionic strength (Gannon et al., 1991; Scholl & Harvey, 1992; 

Tan et al., 1995).  

 

Figure 2.5: Reversible adhesion of a bacterium to a mineral surface on soil grain 

at low (A) and high (B) ionic strength. Where GT is total Gibbs free energy, GA is 

van der Waals attraction, and GR is electrostatic repulsion (Konhauser, 2007). 
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Reversible Attachment: Substratum Chemistry 

When considering initial adhesion, the chemical composition of the mineral and the 

microbial cell surfaces are also of importance. Depending on the chemistry of the mineral 

surfaces, their charge may be either positive or negative, whereas microbial cell surfaces 

are most often negative or neutral, and in some cases, positively charged (Konhauser, 

2007). Thus, depending on the surface chemistry, there could be either attractive or 

repulsive electrostatic forces between the microorganism and the mineral surface 

(Konhauser, 2007).  

Surface charges are controlled by the master variable pH. Microbial cell surfaces are 

teaming with ligands, which may become protonated or deprotonated at various pH levels 

(Konhauser, 2007). The most simplistic representation of reversible deprotonization takes 

the form of the following reaction (Konhauser, 2007): 

R–AH ↔ R–A- + H+  Eq 2.1  

Typical ligand types found on cell surfaces include hydroxyl (R–OH), carboxyl (R–C–

OOH), sulfhydryl (R–S–H), phosphate (P–O4H2
 ) and amino groups (N–H3) (Konhauser, 

2007). The distribution of protonated and deprotonated ligands can be quantified with the 

following equation (Konhauser, 2007): 

𝐾𝑎 =
[𝑅 − 𝐴−][𝐻+]

[𝑅 − 𝐴𝐻]
                  𝐸𝑞 2.2 

where Ka is the acid dissociation constant for the reaction. As evidenced in Eq 2.2, when 

the pH increases, [H+] in solution decreases, causing an increase in [R–A-] and a decrease 
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in [R-AH]. This gives the cell surface an increasingly negative charge (Konhauser, 2007). 

On the other hand, as the pH lowers, [R–A-] decreases, while [R-AH] increases, causing 

the cell surface to be neutrally or positively charged (Konhauser, 2007). The pH at which 

[R–A-] and [R-AH] are equal is known as the pKa, and is defined as the negative log of Ka 

(Konhauser, 2007). There are often multiple ligand types on a single cell surface each with 

its own pKa (Fig 2.6-A) (Haas et al., 2001). This means that different ligands on a cell 

surface will dominate the change in surface charge at different pHs, 
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typically resulting in a slowly increasingly negative charge as pH rises (Fig 2.6-B) (Haas 

et al., 2001). Depending on the growth conditions of the microorganism, the proportions 

of ligand types on its surface will often change, causing surface charges to vary at different 

stages in cellular growth (Fletcher, 1977; Gilbert et al., 1991). The pH also has an effect 

on the charge of the mineral surface being adhered to by the microorganism. In a study by 

Yee et al, 2000, B. subtilis would not adhere to a quartz surface at a neutral pH, since both 

 

Figure 2.6: (A) Hypothetical speciation profile of major ligands associated with 

bacteria. (B) Hypothetical titration profile showing net surface charge with 

increasing pH. Image modified from Konhauser (2007) 
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the bacterium and the mineral are negatively charged at pH’s above 2.5. However, B. 

subtilis did adhere to corundum (a crystalline aluminum oxide) at neutral pH, since 

corundum is positively charged at pH values less than 9 (Yee et al., 2000). When the pH 

was driven past 9, both B. subtilis and the corundum were negatively charged, and repelled 

each other (Yee et al., 2000). The presence of organic and inorganic compounds sorbed to 

the mineral surface may also alter its charge (Mills et al., 1994). Quartz is often coated with 

iron hydroxide, giving it a positive charge at neutral pH (Mills et al., 1994). However, 

organic molecules may also sorb to the Fe-coated quartz, making the surface negative once 

again and repelling microorganisms (Sharma et al., 1985). On the other hand, hydrophobic 

adhesion of organic matter onto cell surfaces increases the microorganisms overall negative 

charge, and leads to an increased attraction to the Fe-quartz surface (Johnson & Logan, 

1996).    

Aside from electrostatic forces, hydrophobicity is another driver for microbial adsorption. 

In a study by Yee et al, 2000, it was shown that microbes adsorbed to corundum, even 

though their cell surfaces were neutrally charged and the corundum surface was positively 

charged. It was hypothesized that since the cell surface was hydrophobic, it was attracted 

to the nearest non-aqueous phase, the corundum, despite the lack of electrostatic attraction 

between them (Yee et al., 2000). pH is also the controlling variable for hydrophobic 

attraction to a mineral surface. As ligands protonate and deprotonate with changing pH, 

they become respectively hydrophobic or hydrophilic (Konhauser, 2007; Yee et al., 2000). 

Thus, microorganisms may transition from hydrophobic attraction → electrostatic 

repulsion → electrostatic attraction to a mineral surface as the pH rises (Konhauser, 2007). 

For example, a microbe at low pH is protonated and hydrophobic, so it attaches to a mineral 
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surface via hydrophobic attraction. As the pH rises, the microbe becomes increasingly 

deprotonated. This reduces hydrophobicity, causing the microbe to detach from the mineral 

surface. However, as pH continues to rise, the microbes surface becomes increasingly 

anionic, electrostatic attractive forces increase, and the microbe re-adsorbs to the site 

(Konhauser, 2007).   

Irreversible Attachment & Biofilm Formation 

If a reversibly attached microbe is not carried away by shear forces, and is in a desirable 

location, it will use biological means to more permanently adhere itself to the surface (Ginn 

et al., 2002; Jucker et al., 1998; Konhauser, 2007). Microorganisms have many unique 

ways to initiate a permanent attachment (O'Toole et al., 2000). Most microorganisms 

utilize extracellular polymeric substances (EPS) to affix themselves to a surface (Ginn et 

al., 2002; Konhauser, 2007). It has been shown in the literature that the initial state of 

reversible adhesion to a surface triggers genes that regulate EPS (Davies & Geesey, 1995). 

Other mechanisms include the use of pili, fibrils, holdfasts, lipopolysaccharides (LPS), etc., 

to adhere to the surface (Deweger et al., 1987; Doig et al., 1988; Konhauser, 2007; Makin 

& Beveridge, 1996). It is interesting to note that starving microorganisms (i.e., 

microorganisms repopulating an oligotrophic environment) are more likely to adhere 

permanently to a surface (Konhauser, 2007). When starving, microbes shrink in size, but 

produce more EPS, making them more adhesive (Konhauser, 2007). This is ecologically 

advantageous, as there are typically more organic and inorganic compounds that can be 

used for growth accumulated at solid-liquid interfaces (Dawson et al., 1981; Konhauser, 

2007). Once adhered to the soil grain, microorganisms such as P. aeruginosa can travel 

using pili to push or pull themselves across the surface (Boyd & Chakrabarty, 1994; Wu & 
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Kaiser, 1995). Others use a twitching motility to facilitate surface travel (Semmler et al., 

1999).  Surface transport is utilized by some microbial species to initiate biofilm formation, 

as they congregate into large clusters (O'Toole & Kolter, 1998). These clusters may then 

travel as a unit across the surface, potentially to a more favorable location (O'Toole & 

Kolter, 1998). 

Once attached to the surface, the microorganisms adapt to life in a biofilm (O'Toole et al., 

2000; Probst et al., 2013). Primarily, production of EPS is increased dramatically 

(Konhauser, 2007). In fact, mature biofilms may be upwards of  90% composed of EPS 

(Christensen & Characklis, 1990). Aside from adhering the microbes to a surface (Fig 2.7), 

EPS provides several vital services. These services include: attracting and storing organics 

and inorganics, buffering environmental stressors such as temperature and pH, and 

allowing for mixed communities to live in close proximity (Decho, 2000). Microbes living 

in biofilms also exhibit increased antibiotic resistance, resistance to UV light, increased 

rates of genetic exchange, altered biodegradative capabilities, and increased secondary 

metabolite production (Annachhatre, 1996; Brazil et al., 1995; Gross & Logan, 1995; 

Karamanev et al., 1998; Marshall et al., 1971; Moller et al., 1998; Sarra et al., 1999; 

Wolfaardt et al., 1994; Zobell, 1943). Once a  biofilm is formed, it increases straining and 

interception, and thus instigates its own growth (Little et al., 1997). In a column experiment 

by Morales et al, 2007, it was found that colloid transport through porous media was 

heavily influenced by the presence of biofilms. As the biofilm matured with time, colloid 

breakthrough concentrations decreased, until complete retention was observed by three 

weeks (Morales et al., 2007). After some time, microorganisms may slough off the biofilm, 

forming large pulses travelling through the pore water (G. O'Toole et al., 2000). Although 
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little is known of the regulatory pathways that result in the release of individual microbes 

from the biofilm, the overexpression of the enzyme alginate lysase has been correlated with 

increasing the rate of detachment from some biofilms (Boyd & Chakrabarty, 1994).  

2.7 Summary  

Little is known regarding the microorganisms in soils contaminated specifically with coal 

tar.  However, the dominant microorganisms in the pore water within soils contaminated 

by similar hydrocarbons have been documented. NAPL thermal remediation technologies, 

such as STAR, operate at temperatures that can cause significant die-off of microbial life. 

Further, these technologies may alter the physical structure and chemistry of a soil during 

 

Figure 2.7: A Biofilm Formed on a Feldspar Grain. Several bacteria (b) live on the 

surface, residing within the EPS (Konhauser, 2007). 

 

 


