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ABSTRACT 

 

Microbial transport plays an essential role in microbial activities in the subsurface soil. In this 

research, transport of Echerichia coli, Pseudomonas fluorescens and Bacillus subtilis in silica 

sand under water unsaturated conditions was investigated using column experiments and a two-

region solute transport model was used to simulate the bacterial transport with an assumption 

that bacterial deposition occurred within the immobile region only. It was concluded from this 

research that bacterial retention in unsaturated porous media was determined by their interactions 

within the system, which could be predicted based on independently determined surface 

properties. Following this research, I further investigated the activities of Shewanella 

putrefaciens in reducing iron oxide in the iron rich soil of Northwest Florida with landfill 

leachate serving as the carbon source. In addition, adsorption of reduced ferrous iron on S. 

putrefaciens was characterized. Considering that organic compounds can be potentially served as 

energy source, I explored the feasibility of the usage of microbial fuel cell (MFC) technology for 

landfill leachate decomposition and power generation. Landfill leachate collected from landfills 

located in Northwest Florida was tested in a laboratory scale MFC to provide evidence that 

landfill leachate can be decomposed and electrons released from leachate decomposition in the 

anodic chamber can be transported and consumed in the cathodic chamber and consequently, 

electricity can be generated. Finally, I studied the interactions of bacteria with the porous media 

to explain microbial biofouling.  

 All the research work in this dissertation has been published in peer-reviewed technical papers, 

details of which are provided in Chapter 1.  

 

Key words: Bacteria; Deposition; Surface Property; Echerichia coli; Pseudomonas fluorescens; 

Bacillus subtilis; Ferrous Iron, S. putrefaciens, Reduction; Adsorption; Landfill, Microbial Fuel 

Cell;  Leachate; Florida; Adhesion; Lifshitz-van der Waals; Lewis acid/base; Electrostatic; 

Biofouling. 
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CHAPTER ONE 

OVERVIEW 

 

This dissertation includes a total of six chapters. Chapter one is an overview of the entire 

dissertation. It includes brief summaries of each chapter to provide the reader with an idea of 

what various parts of my research deals with.  

 

Chapter two of the dissertation deals with observing the column transport of model bacterial 

strains of Echerichia coli, Pseudomonas fluorescens, and Bacillus subtilis in silica sand under 

variable water unsaturated conditions.  A two-region solute transport model was used to simulate 

the bacterial transport with the assumption that bacterial deposition occurred within the immobile 

region only.  It was hypothesized that bacterial deposition was owing to their interactions within 

the pore environment, which was a function of their surface physicochemical properties as well 

as pore water chemistry.  Surface thermodynamic properties of these bacterial strains were 

measured independently by means of contact angle measurements under different water 

saturation conditions using variable lawn moisture contents.  Both E. coli, P. fluorescens and B. 

subtilis had different contact angles under different water saturation conditions.  In addition, they 

exhibited monopolar surface properties under the water saturation conditions of this research.  

Bacterial interactions with the liquid-gas interface and the porous media were calculated based 

on their surface properties and were related to their transport observations.  This study 

demonstrated that bacterial retention in unsaturated porous media was determined by their 

interactions within the system, which could be predicted based on their independently 

determined surface properties.  This part of my research has been published in the International 

Journal of Environmental Pollution. 

 

In chapter three, the activities of S. putrefaciens in reducing iron oxide from the iron rich soil of 

Northwest Floridian with landfill leachate serving as the carbon source as well as adsorption of 

reduced ferrous iron on S. putrefaciens cell surfaces is investigated. In Northwest Florida, the 

soil is mainly covered by poorly drained sandy soil of Myakka, which is characterized by a 
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subsurface accumulation of humus and Al and Fe oxides. When organic rich landfill leachate is 

leaked to the iron rich soils, ferrous iron is released with the oxidation of organic compounds in 

the leachate. In this research, we investigated the activities of S. putrefaciens in reducing iron 

oxide in the iron rich soil of Northwest Florida with landfill leachate serving as the carbon 

source. S. putrefaciens had similar maximum specific growth rate and half saturation coefficients 

for all the leachate and soil samples. The average maximum specific growth rate was 0.008 hr-1 

and the average half saturation coefficient was 243.8 mg/l. Averagely, 2.2 mg ferrous iron was 

generated per mg COD consumed. In addition, adsorption of reduced ferrous iron on S. 

putrefaciens was further characterized. Ferrous iron adsorption on S. putrefaciens was a kinetic 

process, which increased with the increase of the reaction time. Equilibrium ferrous iron 

adsorption on S. putrefaciens can be reached after three hours. Ferrous iron had linear adsorption 

isotherms on S. putrefaciens for the pH range of 5 to 9. This part of my work has been published 

in the Journal of Environmental Science and Engineering. 

 

In chapter four, the feasibility of the usage of MFC technology for landfill leachate 

decomposition is investigated. There is worldwide consensus that landfilling is the most cost 

effective, least polluting and safest means of disposing of solid urban waste. However, one of the 

challenges to be confronted during landfill operations is to handle the landfill leachate. Low cost 

technologies are in urgent need to treat landfill leachate. The objective of this study is to 

investigate the feasibility of the usage of microbial fuel cell (MFC) technology for landfill 

leachate decomposition and power generation. For MFC applications for landfill leachate 

treatment, multiple physical, chemical and biological factors play important roles in determining 

MFC performances, which complicates the design of the MFC systems. For this research, landfill 

leachate collected from landfills located in Northwest Florida was tested in a laboratory scale 

MFC to provide evidence that landfill leachate can be decomposed and electrons released from 

leachate decomposition in the anodic chamber can be transported and consumed in the cathodic 

chamber and consequently, electricity can be generated. The proposed MFC technology is of 

great benefit to landfills located in remote territories in terms of energy generation and 

environmental protection. . This part of my research has been accepted for publication in the 

International Journal of Environmental Engineering and is currently in press. 
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Chapter five of the dissertation deals with a mechanistic investigation into microbial biofouling. 

It is important in a variety of applications including reverse osmosis membranes and in-situ 

bioremediation. The initial microbial adhesion plays the key role in microbial biofouling on 

abiotic surfaces, which can be explained in terms of microbial surface properties. This research 

investigated the interactions of three indigenous bacteria with the porous medium of silica sand 

and their corresponding initial attachment. Traditional and extended DLVO forces were 

calculated based on independently measured bacterial and medium surface thermodynamic 

properties and were related to bacterial attachment observations. Lifshitz-van der Waals, 

electrostatic, and Lewis acid/base forces were found to be strongly dependent on the separation 

distance between bacteria and the medium surface. It was concluded that the electrostatic force 

served as the barrier preventing the bacterial strains from getting close to the medium. Once the 

bacterial strains overcame the barrier with the aid of hydrodynamic forces, Lifshitz-van der 

Waals force and electrostatic force dropped while Lewis acid/base force increased with the 

decrease of separation distance. Consequently, Lewis acid/base force became the dominating 

force controlling bacterial adhesion. This part of my research has been accepted for publication 

in the Journal of Adhesion Science and Technology. 

 

Finally, chapter six of my dissertation provides conclusions to the various parts of my research, 

in addition to providing scope for further research.   
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CHAPTER TWO 

 

BACTERIAL DEPOSITION IN UNSATURATED POROUS MEDIA AS 

RELATED TO SURFACE PROPERTIES 

 

2.1 Introduction 

Interest in predicting the fate and transport of bacteria in the subsurface area is motivated by 

either a concern that microbes can contaminate drinking water supplies or their role in 

bioremediation (Fontes, Mills, Hornberger, & Herman, 1991).  Bacterial transport is affected by 

the propensity of the cells to adsorb within the pore environment in the subsurface (Karickhoff, 

Brown, & Scott, 1979; Smets, Grasso, Engwall, & Machinist, 1999).  Model calculations with 

the support of numerical simulation techniques have aided in the identification of the key 

processes that govern the bacterial transport and adsorption, which makes it possible to evaluate 

the bacterial adsorption mechanisms more effectively.  For bacterial transport under unsaturated 

conditions, the recently developed two-region transport model, which well defines solute 

transport, has been introduced to describe bacteria transport.  This two-region model assumes the 

liquid phase can be partitioned into mobile (flowing) and immobile (stagnant) regions and mass 

exchange exists between these two regions (Vangenuchten & Wagenet, 1989).  Based on the 

two-region transport model, bacterial retention within the porous media is assumed to be 

composed of two processes: bacterial transfer from the mobile region to the immobile region 

owing to the concentration gradient and bacterial retention in the immobile region owing to their 

interactions within the pore environment.   

 

According to the two-region model, bacteria retention in the unsaturated system is either 

captured at the solid-liquid interface by physicochemical deposition or captured at the liquid-gas 

interface owing to capillary forces.  At the same time, they may also be captured in small pore 

throats at the gas-liquid-solid three phase interface due to physical constraints.  Bacterial 

deposition at the solid-liquid interface is similar to that of saturated transport.  Bacteria 

attachment to the liquid-gas interface is usually assumed to be irreversible and the attachment is 

determined by the bacterial interactions with the liquid-gas interface.  Film straining is the 
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special case of bacterial attachment at the liquid-gas interface, which occurs when the thickness 

of the water film is smaller than the diameter of bacteria (Wan & Tokunaga, 1997).  Even at high 

water saturation, film straining is still likely to occur as the water film thickness distribution is 

uneven within the system owing to the heterogeneity of the porous media surfaces.  At regions 

where water film thickness is greater than the bacterial diameter, bacteria can be captured at the 

solid-liquid interface by physicochemical deposition or captured at the liquid-gas interface owing 

to capillary forces.  If bacteria do not attach at the liquid-gas interface, in most cases, they do not 

deposit at the solid-liquid interface either.  Physical constraints occur when bacteria are 

entrapped in pore throats at the liquid-gas-solid three phase interfaces that are too small for 

bacteria to pass through.  Physical constraints are greatly affected by the bacterial size, media 

size distribution, as well as water saturation (Liu, Johnson, & Elimelech, 1995; Small, 1974). 

 

Traditional and extended DLVO theory has been successfully introduced in describing bacterial 

adhesion and attachment in porous media (Chen & Strevett, 2001; Grasso et al., 1996; Smets et 

al., 1999).  Assuming that bacteria behave as inert particles and that bacterial adhesion can be 

understood by a physicochemical approach, van Loosdrecht et al. (Vanloosdrecht, Lyklema, 

Norde, & Zehnder, 1989) used the DLVO theory to interpret bacterial adhesion to glass as well 

as more practical surfaces (Rhine river sediment and protein-coated surfaces).  Assuming that 

bacteria can be modeled as a sphere, van Loosdrecht et al. (Vanloosdrecht et al., 1989) 

demonstrated that the DLVO theory could be used to calculate the interaction Gibbs free energy 

between a cell and a surface.    

  

Bacterial strains were found to have stronger retention under unsaturated conditions (Powelson 

& Mills, 1998; Schafer et al., 1998).  Bacterial transport in the porous media is usually controlled 

by their interactions with the surrounding environment (Bradford, Simunek, & Walker, 2006; 

Jacobs, Lafolie, Herry, & Debroux, 2007).  The objective of this study was to relate bacterial 

deposition in unsaturated porous media to bacterial interactions within the pore environment.  

We experimentally observed column transport of model bacterial strains of Echerichia coli, 

Pseudomonas fluorescens, and Bacillus subtilis in silica sand under variable water unsaturated 

conditions.  In a separate experiment, we measured bacterial and media surface thermodynamic 

properties at water saturation of column experiments.  Bacterial interactions within the pore scale 
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system were quantified at these water saturation levels, which included bacterial interactions 

with the liquid-gas interface and bacterial interactions with the solid media surface.  These 

interactions were then correlated with bacterial overall physicochemical surface properties 

(Bakker, Busscher, & van der Mei, 2002; Briandet, Meylheuc, Maher, & Bellon-Fontaine, 1999; 

Gallardo-Moreno et al., 2002; van der Mei, van de Belt-Gritter, Doyle, & Busscher, 2001).   

Finally, bacteria retention was related to bacterial interactions with their surrounding 

environment.   

 

2.2 Materials and Methods 

 

2.2.1 Bacterial Strains and Growth conditions 

Three bacteria, E. coli, P. fluorescens, and B. subtilis were selected for this study.  These three 

bacterial strains were typical representatives of rod-shaped bacterial strains of Bacillaceae, 

Enterobacteriaceae, and Pseudomonadaceas.  They represented the typical indigenous bacteria 

in the soil and were also typical representatives of microorganisms commonly used in 

bioremediation of contaminated soil and associated groundwater.  These three strains were 

obtained from ATCC (33694, 17559 and 6051a).  E. coli was grown in Luria-Bertani (LB) Broth 

(Sigama L3522) at 37oC and P. fluorescens and B. subtilis were grown in Nutrient Broth (Difco 

0003) at 26C and 30C, respectively.  All these three strains were grown until the stationary 

state as determined by Adenosine Triphosphate (ATP) analysis (Chen & Strevett, 2001).  At 

stationary state, the bacterial strains were collected and centrifuged at 2500 RPM (Damon/IEC 

Divison, Needham Heights, MA) for 20 min.  After washed twice with a sterilized buffer 

solution (potassium phosphate monobasic-sodium hydroxide buffer, Fisher Scitific, Pittsburgh, 

PA), they were re-suspended in sterilized nano-pure de-ionized water to make a bacterial 

solution.  During the washing process, soluble exopolysaccharide (if any) was stripped off the 

bacteria (Hancock, 1988).  For bacterial transport in the column, the growth of bacteria was 

assumed to be minimal due to the lack of substrate or nutrient and short retention time.  

Consequently, bacterial surface properties should remain unchanged during transport and could 

be described by their surface thermodynamic properties.  In column experiments, bacterial 
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concentrations were quantified by Adenosine Triphosphate (ATP) analysis.  Hydrodynamic radii 

of the bacteria were measured using a Malven Zetasizer 3000 Hsa (Malvern Instrument Ltd., 

Malvern, Worcs, UK) as described by Meinders et al. (Meinders, vanderMei, & Busscher, 1995), 

which were 4.6 nm, 3.0 nm and 7.8 nm for E. coli, P. fluorescens and B. subtilis, respectively. 

 

2.2.2 Porous Media 

Porous media used for this research were the same silica sand (Fisher Scientific, 8 mesh) as 

reported by Chen and Zhu (Chen & Zhu, 2004).  Before packed in the column, silica sand was 

treated to remove organic matters and saturated with Na+.  After packing, the column was 

sterilized and stabilized by extensive flushing with sterilized de-ionized water until the electrical 

conductivity of the outflow is less than 1 dS/m. 

 

2.2.3 Measurement of Surface Thermodynamics 

Surface thermodynamic properties of the bacterial strains were measured using contact angle 

measurements and surface thermodynamic properties of the porous media of silica sand were 

measured using the wicking method (Ku, Henry, Siriwardane, & Roberts, 1985; Walinder & 

Gardner, 1999).  For both the wicking method and contact angle measurements, an apolar liquid 

of diiodomethane and two polar liquids of formamide and water were used.  As weakly polar 

surfaces do not bind strongly with polar liquids, and strongly polar surfaces attract many types of 

impurities and are more soluble in polar liquids, formamide and water were chosen s the polar 

liquids.  According to Kwok et al. (Kwok, Li, & Neumann, 1994), van der Waals components of 

solid surface tensions were relatively stable when measured using dispersive liquids such as 

diidomethane, which was also favored by van Oss (van Oss, 1994).  The most disputable subject 

might be the dependence of Lewis acid/base components of solid surface tensions on the polar 

liquid used for the measurements.  After examining the experimental results using different polar 

liquids for the contact angle measurements, it seemed that the combination of formamide and 

water could offer stable and reliable Lewis acid/base component estimations for the solid 

surfaces (Kwok et al., 1994).  Contact angle measurements were performed using a Contact 

Angle Meter (Tantec, Schaumburg, IL) following the method described by Grasso et al. (Grasso 

et al., 1996).  Bacterial solutions prepared as described above was vacuum filtered on silver 

metal membrane filters (0.45 m, Osmonic, Inc., Livermore, CA) and air-dried to obtained a 
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lawn water content of 20%, 40%, and 60%, respectively.  The amount of cells on the silver filter 

was approximately 13 mg to ensure multi-layer membrane coverage.  For the wicking method, 

contact angles were measured based on the Washburn equation (Washburn, 1921): 

 

(1)                                                                                           
2

costR
h Le2




  

where h is the height (m) of capillary rise of the wicking liquid at time t (s) and Re is the average 

interstitial pore radius (m). 

 

Each of the contact and wicking measurement was repeated 30 times and the average results 

were fitted in the van Oss-Chaundhury-Good equation to estimate bacterial and media surface 

thermodynamic properties (van Oss, 1994): 

 

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

LW
SL

   

 

where L is the surface tension of the liquid that is used for the measurement (J/m2); LW is the 

Liftshitz-van der Waals component of surface tension (subscript S denotes solid and L denotes 

liquid) (J/m2); + is the electron-acceptor parameter and - is the electron-donor parameter of 

Lewis acid/base component of surface tension (subscript S denotes solid and L denotes liquid) 

(J/m2).  In addition, the liquid surface tension L can be expressed in terms of Liftshitz-van der 

Waals and Lewis acid/base components of surface tension L
LW, L

+, and L
-:  

 

(3)                                                                                    γγ2γ γ LL
LW
LL

  

 

2.2.4 Interaction Quantification 

Bacteria typically have one of the following three shapes: rods (bacilli), spheres (cocci), or spiral 

(spirilla).  The simplest shape is the sphere.  For this research, all these three strains investigated 

are rod-shaped cells.  Since the dimension of the porous media is at least one order of magnitude 

larger than that of the bacteria, it is usually safe to assume that bacteria have a sphere shape.  The 
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average hydrodynamic bacterial radii of these three strains were calculated as lw
2

1
 , where w 

and l are the mean cell width and length.  The average bacterial hydrodynamic radii were 

confirmed by dynamic light scattering measurements using a Malven Zetasizer 3000 Hsa 

(Dusenbery, 1997; Smets et al., 1999).  The sphere-flat plate configuration was thus adopted to 

simplify the description of interactions between bacteria and the media.  The distance-dependent 

Lifshitz-van der Waals interactions between spherical bacteria, 1, and a flat plate media grain, 2, 

immersed in water, 3, are given by (Meinders et al., 1995): 

]
y)(2R

y)y(4R
Ln

y)(2R

2R

y)y(4R

2R
[

6

A
 )platesphere(G

22

22
LW
132 








   (4) 

where y is the distance between the bacterial surfaces (sphere) and the media matrix (flat plate) 

measured from the outer edge of the sphere (m); R is the radius of the bacteria (m) and A is the 

Hamaker constant (J/m2), which can be obtained from the Gibbs free energy at the equilibrium 

distance, i.e., 

LW
y

2
0 0

Gy12A                                                                                    (5) 

where y0 is the equilibrium distance of 1.57 Å , which was obtained by comparison of a sizable 

number of liquid and solid compounds (van Oss, 1994); Gy0
LW is the van deer Waals interaction 

free energy of two parallel plates, 1 and 2, immersed in water, 3 at y0 and can be calculated based 

on bacterial and porous media surface thermodynamic properties (Meinders et al., 1995): 

))((2G LW
1

LW
3

LW
2

LW
3

LW

132y0
                                    (6) 

 

The Lewis acid/base interaction free energy G132
AB decays exponentially from the Gibbs free 

energy value at the equilibrium distance (Meinders et al., 1995): 
 /)yy(AB

132y0
AB
132

0

0
eGRy2 )y(G                                                 (7) 

where  is the water decay length (0.6 nm for pure water) (van Oss, 1994) and Gy0
AB is the 

Lewis acid/base interaction free energy of two parallel plates, 1 and 2, immersed in water, 3 at 

the equilibrium distance (J) (Meinders et al., 1995): 
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32323131
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           (8) 
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The electrostatic interaction free energy G132
EL can be evaluated by (constant potential 

approach valid for y > 10) (van Oss, 1994): 

  )]e1(Ln)( 

)
e1

e1
(Ln2[R )y(G

y22
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2
01

y
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02010
EL
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                                    (9) 

where  and 0 are the relative dielectric permittivity of water (78.55 for water at 25oC) and 

permittivity under vacuum (8.854 x 10-12 C/Vm) respectively; 1/ is the Debye-Hückel length 

that is also an estimation of the effective thickness of the electrical double layer (m) (van Oss, 

1994); and 01, 02 are the potentials at the bacterial and media surfaces (V), which can be 

calculated by: 

)zexp()r/z1(0                                                                          (10) 

where  is the zeta potential measured at the slipping plate (V); z is the distance from the particle 

surface to the slipping plate (m); and r is the radius of the bacteria or porous media (m).  

 

2.2.5 Column Transport Experiments 

The transport of these three bacterial strains through the porous media of silica sand was 

evaluated in column experiments, which were conducted using a column (5.0-cm ID  25.0-cm 

length) vertically oriented.  The inflow was applied using a sprinkler from the top by a peristaltic 

pump (Masterflex, Cole-Parmer, Vernon Hills, IL) at flow rates of 2 ml/min.  Column outflow 

was collected with a fraction collector and elution was measured for the bacterial concentration.  

During the column experiments, matric potential inside the column was monitored with three 

tensiometers mounted evenly along the length of the column.  Matric potential was recorded 

using a Campbell Scientific CR-7X datalogger (Campbell Scientific, Inc.).  Silica sand was 

initially saturated with 100 pore volumes of sterilized nano-pure de- ionized water.  Water 

content within the column was predicted by fitting the van Genuchten equation (Toride, 1995), 

(11)                                                                                          ])h(1[S 1)-(1/nn
e   

where  is the inverse of the air-entry potential (m-1); h is the water potential (m-H2O); n is the 

parameter related to pore size distribution (-); and Se is the effective saturation (-).  During 

column experiments, water content of the system was maintained by adjusting a hanging water 
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column at the outlet until the three tensiometers had consistent readings, which were translated to 

the desired effective water saturation according to the van Genuchten equation. 

 

A conservative pulse tracer (chloride) breakthrough curve was determined separately before the 

introduction of bacteria.  For each run, one pore volume of bacterial solution (107 cells/ml as 

predetermined by ATP analysis) was injected via a syringe using an injection port.  The column 

was continuously flushed with sterilized nano-pure de-ionized water until a background ATP 

signal was detected from the elution that was collected by a fraction collector.  The 

concentrations of ATP were then used to generate breakthrough curves for each bacterial strain.  

For each bacterial strain, three runs were performed, and the inconsistency of the breakthrough 

curves was within 5% (95% CI).  After each run, mass balance was performed.  Bacterial 

contents inside the column were measured by making the media a suspended solution to perform 

an ATP measurement.   

 

2.2.6 Bacterial Transport Modeling 

For bacterial transport at low concentrations, impacts of deposited bacterial cells on the 

deposition of suspended bacterial cells is minimal, thus a first order kinetic process instead of 

second order rate law is assumed to describe bacterial deposition during transport.  Bacterial 

transport through homogeneously-packed sand columns can be mathematically described using 

the one-dimensional two-region nonequilibrium transport model to account for the advective-

dispersive movement and mass-transfer reactions between mobile and immobile regions 

(Vangenuchten & Wagenet, 1989):  

(14)              C]K)f1([)CC(
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where Cm is the bacterial concentration in the mobile liquid region (cell/m3); Cim is the bacterial 

concentration in the immobile liquid region (cell/kg); t is the elapsed time (s); m and im are the 

mobile and immobile fraction porosity; f is the fraction of adsorption sites that equilibrates with 

the mobile liquid region (-); b is the media bulk density (kg/m3); Kd is the partition coefficient 
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in the mobile region (m3/kg); Dm is the longitudinal dispersion coefficient (m2/s); Jw = vmm is 

the mobile volumetric water flux density (m/s), where vm is the bacterial velocity in the mobile 

liquid region (m/s); x is the coordinate parallel to the flow (m); 0 is the first order mass transfer 

coefficient (s-1) governing the rate of bacterial exchange between mobile and immobile liquid 

regions; L is the first order bacterial deposition coefficient on the liquid-gas interface (s-1); and 

S is the first order bacterial deposition coefficient on the porous media surface (s-1).  

 

Longitudinal dispersion coefficient Dm was obtained by fitting experimentally obtained 

breakthrough data of the conservative tracer of sodium chloride (CXTFIT 2.1) (Toride, 1995).  

Other parameters in equations (13) and (14) were obtained by fitting experimentally obtained 

bacterial breakthrough data using CXTFIT 2.1.  All these parameters were optimized by 

minimizing the sum of the squared differences between observed and fitted concentrations using 

the nonlinear least-square method.    

 

 

2.3 Results and Discussion 

 

For all the three bacterial strains, diiodomethane contact angle increased, while formamide and 

water contact angle decreased with the decrease of moisture contents (Table 2.1).  Compared to 

bacterial strains, changes of silica sand contact angles were minimal with respect to water 

content variations.  The Lifshitz-van der Waals component of surface tension, LW was 

determined solely by diiodomethane contact angle measurements, which decreased with the 

increase of lawn moisture contents for E. coli, P. fluorescens and B. subtilis (Table 2.2).  

Electron acceptor parameter of Lewis acid/base component of surface tension, +, increased with 

the increase of lawn moisture contents, and the increase was more pronounced for E. coli and P. 

fluorescens than that of B. subtilis;  on the contrary, electron donor parameter of Lewis acid/base 

component of surface tension, -, decreased with the increase of lawn moisture contents.  Again, 

for silica sand, changes of surface properties with respect to moisture content variations were not 

significant. Bacterial surface polarity can be evaluated in terms of -/+.  All the bacterial strains 

and silica sand exhibited a predominant monopolarity surface since their - values were at least 
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two orders in magnitude greater than those of + (Table 2.2).  B. subtilis had relatively greater 

monopolarity surfaces than those of E. coli and P. fluorescens.  The monopolarity of all the three 

bacteria strains decreased with the increase of lawn moisture contents; however, the 

monopolarity of silica sand increased with the increase of moisture contents.  For gram-negative 

bacteria, the outer membrane contains phospholipids, lipoproteins, lipopolysaccharides, and 

proteins, which is covalently linked to the peptidoglycan layer through hydrophobic interactions.  

Phospholipids are located mainly in the inner layer of the outer membrane, as are the 

lipoproteins.  The lipopolysaccharides, located in the outer layer of the outer membrane, consist 

of a lipid portion called lipid A embedded in the membrane and a polysaccharide portion 

extending outward from the bacterial surface.   

 

Lipopolysaccharides are important to gram-negative bacterial cell since they help to provide a 

permeability barrier to hydrophobic substances.  The outer membrane also contains a number of 

proteins that differ from species to species.  The embedded proteins fulfill a number of tasks that 

are crucial to bacterial cells, such as solute and protein translocation, as well as signal 

transudation.  It seems that outer membrane proteins play a more important role in determining 

bacterial monopolarity, though these major outer membrane proteins are not essential for cellular 

survival (Hu & Kerppola, 2003).  Gram-positive bacterial outer membrane is composed of 

peptidoglycan (60 to 90%) covalently bound to teichoic acid.  The peptidoglycan in the gram-

positive cell wall gives the bacterium its shape and prevents osmotic lysis.  The outer surface of 

the peptidoglycan is studded with proteins, similarly as gram-native bacteria, may be responsible 

for bacterial interactions with the surrounding environment.  As outer surfaces of the membrane 

in gram-negative bacteria (i.e., E. coli and P. fluorescens) is high in polysaccharide content and 

low in peptidoglycan contents, the impact of moisture content variations on monopolarity of 

gram-negative bacteria is more pronounced as compared to gram-positive bacteria (i.e., B. 

subtilis) (Nikaido & Vaara, 1985).   
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Table 2.1:  Microbial Contact Angles at Different Water Content 

 

E. coli 
 

Moisture Content 20% 40% 60% 

Diiodomethane 30.3  0.2 34.2  0.3 46.1  0.4 

Water 19.0  0.3 18.3  0.5 17.1  0.6 

Formamide 10.4  0.2 6.8  0.4 2.5  0.7 

 

P. fluorescens 
 

Moisture Content 20% 40% 60% 

Diiodomethane 11.2  0.2 6.9  0.3 19.6  0.8 

Water 30.2  0.3 29.3  0.5 25.9  0.6 

Formamide 20.2  0.3 14.0  0.4 12.1  0.7 

 

B. subtilis 
 

Moisture Content 20% 40% 60% 

Diiodomethane 8.56  0.3 15.6  0.7 30.9  0.8 

Water 40.7  0.2 35.6  0.5 28.3  0.7 

Formamide 30.1  0.3 20.1  0.4 12.1  1.0 

 

Silica Sand 
 

Moisture Content 20% 40% 60% 

Diiodomethane 62.1  0.4 60.9  0.5 60.0  0.6 

Water 78.0  0.3 76.8  0.6 76.4  0.8 

Formamide 69.1  0.3 67.9  0.4 68.0  0.6 
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Table 2.2:  Bacterial and Medium Surface Thermodynamic Properties 

 

E. coli 

 

Moisture Content LW 

(mJ/m2) 
+ 

(mJ/m2) 
- 

(mJ/m2) 
-/+ 

 
20 44.1 0.54 59.1 109.4 

40 42.4 0.59 57.4 97.3 

60 36.4 0.67 53.6 80.0 

 

P. fluorescens 

 

Moisture 
Content 

LW 

(mJ/m2) 
+ 

(mJ/m2) 
- 

(mJ/m2) 
-/+ 

 
20 38.6 0.42 56.7 135 

40 35.1 0.53 53.1 100.2 

60 32.4 0.61 51.4 84.3 

 

B. subtilis 

 

Moisture 
Content 

LW 

(mJ/m2) 
+ 

(mJ/m2) 
- 

(mJ/m2) 
-/+ 

 
20 50.1 0.08 58.6 732.5 

40 47.3 0.09 56.9 632.2 

60 42.6 0.10 54.7 547.0 

 

Silica Sand 
 

Moisture 
Content 

LW 

(mJ/m2) 
+ 

(mJ/m2) 
- 

(mJ/m2) 
-/+ 

 
20 29.4 0.03 13.7 456.7 

40 28.1 0.03 14.3 476.7 

60 28.6 0.01 14.9 1490 
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Since under water unsaturated conditions, bacteria interacted with the liquid–gas interface in 

addition to the sediments during transport within the column, the mechanisms of bacterial 

retention under water unsaturated conditions was investigated by studying the interaction free 

energy between bacteria and porous media and between bacteria and the liquid–gas interface 

based on their surface thermodynamic properties.  Once bacteria overcame the repulsive 

electrostatic interaction barrier and got close to the sediments, bacteria could initiate attractive or 

repulsive Lifshitz–van der Waals and Lewis acid/base interactions with the sediments and the 

liquid-gas interface.  The Lifshitz–van der Waals, Lewis acid/base and electrostatic interaction 

free energy between bacteria and the sediments and between bacteria and the liquid-gas interface 

was calculated based on equations of (4) - (10).  At the equilibrium distance where physical 

contact between bacteria and porous media or the liquid-gas interface occurred, electrostatic 

interactions were minimal as compared to Lifshitz-van der Waals and Lewis acid/base 

interactions owing to the superimposition of the double layers.   

 

At the equilibrium distance, bacterial Lifshitz-van der Waals and Lewis acid/base interaction free 

energy with the sediments was negative, resulting in negative total interaction free energy 

between bacteria and the sediments (Table 2.3).  This negative interaction free energy 

contributed to the deposition of the bacteria to the porous media.  For the interaction energy 

between bacteria and the liquid-gas interface at the equilibrium distance, Lifshitz-van der Waals 

interaction free energy was negative while Lewis acid/base interaction free energy was positive 

(Table 2.4).  The total interaction free energy between bacteria and the liquid-gas interface was 

negative, which also contributed to the deposition of the bacteria to the liquid-gas interface.   
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Table 2.3:  Free Energy of Bacterial Interactions with Porous Media at Equilibrium 
Distance 

 

E. coli 

 

Moisture Content 
G131

LW
 (kT)

*
 

G131AB (kT) G131
TOT (kT) 

20 - 2.46 - 15.5 - 18.0 

40 - 2.57 - 15.2 - 17.7 

60 - 1.85 - 13.7 - 15.7 
 

P. fluorescens 

 

Moisture Content 
G131

LW
 (kT)

*
 

G131
AB (kT) G131

TOT (kT) 

20 - 1.26 - 8.86  - 10.1 

40 - 1.14 - 7.81 - 8.96 

60 - 1.00 - 7.79 - 8.79 

 

B. subtilis 

 

Moisture Content 
G131

LW
 (kT)

*
 

G131
AB (kT) G131

TOT (kT) 

20 - 5.10 - 23.5 - 28.6 

40 - 5.22 - 22.9 - 28.2 

60 - 4.72 - 22.4 - 27.1 

 

* k is the Boltzmann constant (1.38048  10-23 J/K). 
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Table 2.4:  Free Energy of Bacterial Interactions with the Liquid-Gas Interface at 
Equilibrium Distance 

 

E. coli 

 

Moisture Content 
G13

LW
 (kT)

*
 

G13
AB (kT) G13

TOT (kT) 

20 - 68.4 8.94 - 59.5 

40 - 67.1 9.31 - 57.8 

60 - 62.2 8.59 - 53.6 

 

P. fluorescens 

 

Moisture Content 
G13

LW
 (kT)

*
 

G13
AB (kT) G13

TOT (kT) 

20 - 41.7 5.34 - 36.4 

40 - 39.8 5.78 - 34.0 

60 - 38.2 5.37 - 32.9 

 

B. subtilis 

 

Moisture Content 
G13

LW
 (kT)

*
 

G13
AB (kT) G13

TOT (kT) 

20 - 123.7 8.88 - 114.8 

40 - 120.2 9.13 - 111.0 

60 - 114.0 7.34 - 106.7 

 

* k is the Boltzmann constant (1.38048  10-23 J/K).  
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Table 2.5:  Bacterial Transport Parameters Using Two-Region Transport Model 
   

E. coli 

Water 
Saturation 

Dm
 

(cm2/min) 
m 0 

(min-1) 

L 

(min-1) 
S 

(min-1) 
R2 

20 13.6  0.12 0.721  
0.005 

0.18  
0.01 

0.09  
0.00 

0.86  
0.02 

0.989 

40 11.8  0.15 0.803  
0.006 

0.12  
0.00 

0.07  
0.00 

0.67  
0.04 

0.969 

60 9.78  0.21 0.846  
0.004 

0.08  
0.00 

0.04  
0.01 

0.32  
0.01 

0.974 

 

P. fluorescens  

Water 
Saturation 

Dm
 

(cm2/min) 
m 0 

(min-1) 

L 

(min-1) 
S 

(min-1) 
R2 

20 9.80  
0.20 

0.896  
0.006 

0.09  
0.01 

0.06  
0.01 

0.32  
0.03 

0.978 

40 6.27  
0.17 

0.909  
0.007 

0.06  
0.00 

0.04  
0.00 

0.21  
0.02 

0.975 

60 4.51  
0.14 

0.918  
0.005 

0.03  
0.00 

0.02  
0.01 

0.09  
0.00 

0.984 

 

B. subtilis  

Water 
Saturation 

Dm
 

(cm2/min) 
m 0 

(min-1) 

L 

(min-1) 
S 

(min-1) 
R2 

20 16.7  
0.20 

0.682  
0.004 

0.58  
0.01 

1.54  
0.02 

2.14  
0.01 

0.982 

40 13.2  
0.46 

0.721  
0.007 

0.42  
0.02 

1.35  
0.01 

1.89  
0.02 

0.986 

60 10.7  
0.27 

0.784  
0.010 

0.28  
0.01 

1.03  
0.01 

1.57  
0.01 

0.987 
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Figure 2.1(a): Breakthrough Curves (symbols) and Model Simulations (lines) for E.coli 
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Figure 2.1(b): Breakthrough Curves (symbols) and Model Simulations (lines) for P.fluorescens 
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Figure 2.1(c): Breakthrough Curves (symbols) and Model Simulations (lines) for B.subtilis 

 

 

 
For the interaction free energy between bacteria, 1, and porous media, 2, immersed in water, 3, 

evaluated at the equilibrium distance, both the Lifshitz-van der Waals interaction free energy, 

G132
LW and the Lewis acid/base interaction free energy, G132

AB increased with the increase of 

lawn moisture contents, consequently, the total interaction free energy, G132
TOT (sum of 

G132
LW and G132

AB) increased with the increase of lawn moisture contents (Table 2.3).   

 

For the interaction energy between bacteria and the liquid-gas interface at the equilibrium 

distance, Lifshitz-van der Waals interaction free energy, G13
LW increased with the increase of 

lawn moisture contents for all these three strains investigated in this research.  However, there 

was no regularity with respect to Lewis acid/base interaction free energy, G13
AB with the 

increase of lawn moisture contents.  The total interaction free energy, G13
TOT (sum of G13

LW 

and G13
AB) increased with the increase of lawn moisture contents, suggesting increased 

deposition with the increase of lawn moisture contents (Table 2.4). 
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Figure 2.2: Bacterial Deposition on Porous Media Surfaces as a Function of Bacterial 
Interaction Free Energy with the Media 

 

 

All the bacterial breakthrough curves exhibited a long-lasting tail indicating kinetic adsorption 

dominating during bacterial transport in the porous media (Figure 2.1(a) – (c)) (Burgisser, 

Cernik, Borkovec, & Sticher, 1993).  For all the water saturation levels investigated in this 

research, bacterial strains were retained within the system, and the retention decreased with the 

increase of effective water saturation.  B. subtilis was retained the most, followed by E. coli and 

P. fluorescens (Figure 2.1(a) – (c)).  The two-region model was successful in describing bacterial 

transport and the model parameters obtained by optimizing to fit experimental data are presented 

in Table 2.5.  The sum of the squared residuals between modeled concentrations and observed 

concentrations, SSQ (R2), were minimized as the objective function during the optimization 

process (Table 2.5).   
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Bacterial deposition on porous media surfaces was related to total interaction free energy 

between bacteria, 1, and porous media, 2, immersed in water, 3, evaluated at the equilibrium 

distance, G132
TOT.  Greater bacterial retention coincided with negatively greater G132

TOT 

values.  B. subtilis had the greatest deposition on porous media surfaces (2.14 min-1, 1.89 min-1, 

and 1.57 min-1 corresponding to water saturation of 20, 40, and 60), followed by E. coli (0.86 

min-1, 0.67 min-1, and 0.32 min-1) and P. fluorescens (0.32 min-1, 0.21 min-1, and 0.09 min-1).  

Correspondingly, B. subtilis had the negatively greatest total interaction free energy with the 

porous media (- 23.5 kT, - 22.9 kT, and - 22.4 kT corresponding to water saturation of 20, 40, 

and 60), P. fluorescens had the least (- 8.86 kT, - 7.81 kT, and - 7.79 kT), and E. coli in between 

(- 15.5 kT, - 15.2 kT, and - 13.7 kT).  Bacterial deposition on porous media can be described by 

an exponential function (Figure 2.2). 

 

Bacterial deposition on the liquid-gas interface was related to total interaction free energy 

between bacteria, 1 and the liquid-gas interface, 3, evaluated at the equilibrium distance, 

G13
TOT.  Greater bacterial retention on the liquid-gas interface also coincided with negatively 

greater G13
TOT values.  B. subtilis had the greatest deposition on the liquid-gas interface (1.54 

min-1, 1.35 min-1, and 1.03 min-1 corresponding to water saturation of 20, 40, and 60), P. 

fluorescens the least (0.06 min-1, 0.04 min-1, and 0.02 min-1), and E. coli in between (0.09 min-1, 

0.07 min-1, and 0.04 min-1).  The interaction free energy with the liquid-gas interface was - 114.8 

kT, - 111.0 kT, and - 106.7 kT for B. subtilis; - 36.4 kT, - 34.0 kT, and - 32.9 kT for P. 

fluorescens; and - 59.5 kT, - 57.8 kT, and - 53.6 kT for E. coli.  Again, bacterial deposition on 

porous media can be described by an exponential function (Figure 2.3). 

 



24 
 

 

 

Figure 2.3:  Bacterial Deposition on the Liquid-Gas Interface as a Function of Bacterial 
Interaction Free Energy with the Liquid-Gas Interface 
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CHAPTER THREE 

 

IRON REDUCTION AND ADSORPTION ON SHEWANELLA PUTREFACIENS 

NEARBY LANDFILLS IN NORTHWEST FLORIDA 

 

3.1 Introduction 

Groundwater is an important source of drinking water, which can be easily contaminated with 

iron in Northwest Florida owing to the high iron content in the soil (Bauer & Blodau, 2009). 

Although iron is an essential mineral for human health, its presence in groundwater above a 

certain level makes the water unusable mainly for aesthetic considerations such as discoloration, 

metallic taste, odor, turbidity, staining of laundry and plumbing fixtures (Vreeburg & Boxall, 

2007). Nearby landfills of Northwest Florida, landfill leachate is being blamed for elevated 

levels of iron and arsenic, especially iron observations in the groundwater monitoring wells 

downgradient of unlined C&D landfills (Williams, Subramanian, & Chen, 2009). It is suspected 

that the geomicrobial iron reduction processes are responsible for the observed iron release in the 

groundwater nearby these landfills (Williams et al., 2009).  

 

In Northwest Florida, the soil is mainly covered by a poorly drained sandy soil of Myakka. 

Myakka is a spodosol, acid soil characterized by a subsurface accumulation of humus and Al and 

Fe oxides (Dantzman & Blue, 1977; Elrashidi et al., 2001; Graetz & Nair, 1995). Although 

Myakka soil series is widely extensive in the State of Florida, it can hardly be seen in any other 

states. When organic rich landfill leachate is leaked to the iron rich soil, organic compounds in 

the leachate are oxidized by intrinsic microorganisms to carbon dioxide and water and electrons 

are freed, which are picked up by the iron oxide. Consequently, iron oxide is reduced to ferrous 

iron. Once released to the groundwater, iron exists in the form of ferrous iron owing to the low 

oxygen content in the groundwater. Specifically, elevated levels of iron concentrations have been 

observed in the percolation of lysimeters amended with high organic matter content at Leon 

County Landfill (Williams et al., 2009). 
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Currently, the bacterial family of Shewanella has been evidenced to be able to conserve energy 

for growth with the structure Fe(III) bound in smectite clay as the sole electron acceptor 

(Blakeney, Moulaei, & DiChristina, 2000a; Kostka, Dalton, Skelton, Dollhopf, & Stucki, 2002; 

Kostka, Haefele, Viehweger, & Stucki, 1999) 

  OH8Fe4COOH3OFe2OCH 2
22322      (1) 

 

This is a very important discovery since most of the iron on earth exists in the form of silicate 

mineral or iron oxide. Besides Shewanella, other organisms that can obtain the energy for growth 

by oxidizing organic compounds coupled with Fe(III) reduction have also been identified, 

including Geobacter metallireducens (Nevin & Lovley, 2002; Weiss, Emerson, & Megonigal, 

2004) and Desulfuromonas acetoxidans (Roden & Lovley, 1993). In addition, it has also been 

reported that hydrogen and formate oxidation can be coupled to the dissimilatory reduction of 

Fe(III) or Mn(IV) by Alteromonas putrefaciens (Lovley, Phillips, & Lonergan, 1989).  

 

Among the iron-reducing strains, Shewanella is highly versatile in the use of terminal electron 

acceptors, which include oxygen, fumarate, nitrate, nitrite, trimethylamine N-oxide, dimethyl 

sulfoxide, sulfite, thiosulfate, and elemental sulfur, as well as solid mineral oxides such as 

hydrous ferric oxide (including goethite and hematite), manganese oxide, chromium oxide and 

uranium oxide (Fredrickson et al., 2008; Hau, Gilbert, Coursolle, & Gralnick, 2008). It is 

believed that the dissimilatory reduction of Fe(III) by Shewanella in the iron rich soil is the 

dominating mechanism for iron release to the groundwater (J. Chen, Gu, Royer, & Burgos, 2003; 

Kostka et al., 2002; Weber, Achenbach, & Coates, 2006). The ability of Shewanella to utilize 

iron oxide as the terminal electron acceptor, i.e., dissimilatory iron reduction, has been 

extensively studied. Most importantly, the genes involved in the dissimilatory iron reduction 

have been identified, which encode cytosolic membrane proteins as well as periplasmic and outer 

membrane proteins. These proteins are responsible for the inferred path of direct electron transfer 

from the cytoplasm to an insoluble extracellular substrate (Hartshorne et al., 2007; J. M. Myers 

& Myers, 2003; Shi et al., 2006; Zachara et al., 1998). Since iron reduction happens outside the 

cells, there is a great chance for the produced ferrous iron to accumulate on the outside cell 

surfaces (Gonzalez-Gil, Amonette, Romine, Gorby, & Geesey, 2005). In addition, it is suggested 

a reactive continuum exists in natural iron oxide assemblages, which determines the Shewanella 
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activity (Jones, Nadeau, Voytek, & Landa, 2006). In this research, we investigated the activities 

of S. putrefaciens in reducing iron oxide from the iron rich soil of Northwest Floridian with 

landfill leachate serving as the carbon source as well as adsorption of reduced ferrous iron on S. 

putrefaciens cell surfaces. Ferrous release was found to increase with carbon consumption and 

ferrous iron adsorption on S. putrefaciens was found to increase with the increase of the reaction 

time. In addition, adsorption of ferrous iron on S. putrefaciens was favored with the increase of 

pH. This research will provide guidelines for landfill leachate management in terms of iron 

release in the groundwater. Although this research is based on Northwest Florida, results from 

this study can be applied beyond local and landfill perspective to any iron rich soil. 

 

 

3.2 Materials and Methods 

 

3.2.1 Soil Collection and Characterization 

The soil used for this research was collected from four landfills located in Northwest Florida, 

including Franklin County Landfill, Quincy-Byrd Landfill (Gadsden County), Baker Landfill 

(Okaloosa County), and Santa Rosa Central Landfill (Santa Rosa County). Soil samples were 

collected 1 to 3 feet below the surface, 100 to 300 feet away from the landfills. The collected soil 

samples were immediately placed in a Styrofoam cooler and sealed. All the soil samples were 

delivered to the laboratory immediately and stored under refrigeration at 4oC until usage in the 

experiments. To assess the soil iron content, soil samples were first partially thawed and placed 

in an anaerobic chamber with a maintained H2-N2 atmosphere. The samples were then ground 

and the weighed samples were placed in a glass reaction vessel and purged with CO2-scrubbed 

air, after which the samples were acidified with hot, 5% perchloric acid to dissolve carbonate 

precipitates such as siderite, calcite, aragonite, and carbonate forms of green-rust. Evolved CO2 

gas was carried to the coulometer cell containing a CO2-sensitive ethanolamine solution and 

quantitatively titrated. The samples were then reacted with 0.25 M hydroxylamine (NH2OH) 

hydrochloride in 0.25 N HCl and incubated at 60 °C for 2 hours for iron extraction (Lovley & 

Phillips, 1988; Roden & Zachara, 1996). Following the extraction, soil iron content was 

determined using spectrophotometric analysis techniques by reacting Fe(III) with the thiocyanate 

ion to form a highly colored complex:  
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(aq)][Fe(SCN)(aq)6SCN(aq)Fe 3
6

3         (2) 

 

Because the thiocyanate complex is colored red, it absorbs at 447nm on the absorption spectrum. 

For this research, extracted iron was reacted with 1.5 M KSCN and the Fe(III) concentration was 

measured using a spectrophotometer at the wavelength of 447 nm (Shimadzu UV-1650 PC).  

 

3.2.2 S. putrefaciens Cultivation and Identification 

S. putrefaciens was cultured using the sampled soil as the innocula under anaerobic conditions in 

an anaerobic chamber. 250 ml Teflon-sealed serum bottles equipped with CO2 entrapping 

devices were used for the culturing. The serum bottles contained 100 mL mineral salts media that 

had a composition of KH2PO4, 160 mg/L; K2HPO4, 420 mg/L; Na2HPO4, 50mg/L; NH4Cl, 40 

mg/L; MgSO47H2O, 50 mg/L; CaCl2, 50mg/L; FeCl36H2O, 0.5 mg/L; MnSO44H2O, 0.05 

mg/L; H3BO3, 0.1 mg/L; ZnSO47H2O, 0.05 mg/L; and (NH4)6Mo7O24, 0.03 mg/L. Glucose at a 

concentration of 0.2 g/L and Fe2(SO4)37H2O at a concentration of 500 mg/L were added to serve 

as the carbon source and electron acceptor to stimulate S. putrefaciens growth. Resazurin 

(1 mg/L) was added as a redox indicator to indicate contamination by molecular oxygen and 

cysteine (3.0 g/L) was added to reduce the trace amount of oxygen remaining in the media after 

autoclaving. The media pH was adjusted to 7.0 with 0.1 M NaOH. The headspace of the serum 

bottles was pressurized with ultra-pure nitrogen and the serum bottles were capped with butyl 

rubber septa and crimped with an aluminum seal. The inoculated serum bottles were put into a 

rotary-shaker (150 rpm at 35°C) in the dark for at least 1 week until the formation of black 

precipitate at the bottom and on the wall of the serum bottles was observed. Then 10 mL 

enriched culture was transferred into 100 mL fresh culture media amended with 0.2 g/L glucose 

and 500 mg/L Fe2(SO4)37H2O for the second phase culture enrichment. After the fourth phase 

enrichment was completed, bacterial cells were harvested by centrifugation (6000 g, 15 min) and 

washed twice with a fresh electrolyte solution under an extra-pure nitrogen atmosphere. The 

electrolyte solution was prepared using analytical reagent-grade NaCl and nano-pure de-ionized 

water (NPDI, Barnstead, Dubuque, IA) at a concentration of 10-5 M and adjusted to pH 7. The 

concentrated cells were then re-suspended in a serum bottle containing fresh, electrolyte solution 

(10-5 M NaCl) to give a final concentration of approximately 5×109 cells/ml. 
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S. putrefaciens was identified based on polymerase chain reaction (PCR) analysis. Upon 

verification of the PCR reaction by viewing the gel bands, the PCR samples were purified using 

a QIAGEN QIAquick-spin PCR purification kit. After the purification, the samples were 

amplified and the resulted sequences were compared with the database of the National Center for 

Biotechnology Information (NCBI) based on the strands that have been previously identified as 

S. putrefaciens. The strains whose DNA codes matched the codes of S. putrefaciens were 

selected and enriched for further experiments. 

 

3.2.3 Iron Reduction Experiments  

Laboratory iron reduction experiments were conducted using 100 g collected soil samples 

reacting with landfill leachate collected from corresponding landfills in the presence of S. 

putrefaciens (5 mL stock solution at a concentration of 5 × 109 cells/mL). To mimic the real 

scenarios of iron reduction in the subsurface soil, the landfill leachate was diluted to COD 

around 50 mg/L. All of the experiments were performed in 250 mL Teflon-sealed serum bottles 

equipped with CO2 entrapping devices. The headspace of the serum bottles was pressurized with 

ultra-pure nitrogen. As a control, sampled soil was reacted with corresponding leachate in the 

absence of S. putrefaciens. Throughout the course of the experiments, chemical oxygen demand 

(COD) and ferrous iron concentrations were monitored by analyzing the extracted samples using 

a syringe. To investigate the effect of pH on iron reduction and release, above experiments were 

repeated under controlled pH conditions. For this part of research, the initial pH of the solution 

was adjusted to pH of 5, 6, 7, 8 and 9 using 1 M HCl or 1 M NaOH. During the experiments, pH 

was monitored by a pH probe mounted through the butyl rubber septa and was adjusted to 

maintain the desired value by adding 1 M HCl or NaOH using a syringe. COD measurements 

followed the standard method using a Hach DR5000 Spectrophotometer. For ferrous iron 

quantification, 1,10-Phenanthroline Method was utilized. In the presence of 1,10-phenanthroline 

(C12H8N2H2O), ferrous iron formed a stable, orange-colored complex with the reagent: 

  3H]Fe(ph)3(ph)H(aq)Fe 2
3

2       (3) 

 

For this experiment, 0.0125 M 1,10-phenanthroline was used and ferrous iron concentrations 

were quantified using the spectrophotometer (Shimadzu UV-1650 PC) at a wavelength of 520 

nm. 
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3.2.4 Iron Adsorption Experiments 

Ferrous iron adsorption on S. putrefaciens was carried out in autoclaved (121ºC and 1 atm for 20 

min) high-density polyethylene centrifuge tubes in an anaerobic chamber in a nitrogen 

environment. S. putrefaciens was first harvested by centrifugation at 6000 g for 15 min after 

growth in the minimal salts media. The cell pellets were then washed and re-suspended in the 

electrolyte solution to make a bacterial solution. The mass of the bacterial cells was quantified 

using ATP assay (G. Chen & Strevett, 2001). To investigate the kinetic adsorption of ferrous iron 

on S. putrefaciens, a series of centrifuge tubes containing ferrous iron chloride at concentrations 

of 0.25, 2.0, 3.5, 10.0, 15.0, and 30.0 mg/L as Fe2+ and 0.1 g S. putrefaciens (including blank 

controls) (sealed with Teflon-lined screw caps and pressurized with ultra-pure nitrogen) were 

agitated on a Wrist Action Shaker (Burrel Scientic, Model 75) for up to 24 hrs. The suspensions 

were then centrifuged at 6000 g for 15 min, after which ferrous iron concentrations in the 

supernatant were measured. The amount of ferrous iron adsorbed on S. putrefaciens was 

obtained using the following equation: 

M

V)CC(
q ei 
          (4) 

where q is the amount of ferrous iron adsorbed onto S. putrefaciens (mg/g), Ci and Ce are the 

initial and equilibrium ferrous iron concentrations in the solution (mg/L), V is the volume of the 

aqueous phase (L), and M is the mass of S. putrefaciens (g). 

 

To investigate the effect of pH on adsorption of ferrous iron on S. putrefaciens, a series of 

centrifuge tubes containing ferrous iron chloride at concentrations of 0.25, 2.0, 3.5, 10.0, 15.0, 

and 30.0 mg/L as Fe2+ and 0.1 g S. putrefaciens (including blank controls), adjusted with 1 M 

HCl or 1 M NaOH to pH of 5, 6, 7, 8 and 9 (sealed with Teflon-lined screw caps and pressurized 

with ultra-pure nitrogen) were agitated on the Wrist Action Shaker until equilibrium was 

reached, which was determined based on the results of above kinetic adsorption experiments. 

The suspensions were then centrifuged and quantified for ferrous iron adsorption. 
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3.3 Results and Discussion 

 

3.3.1 Soil Characterization and S. putrefaciens Identification 

The soil samples were characterized based on sieve analysis and were identified as loamy or fine 

sand. Based on sieve analysis, all the soil samples exhibited a poor grading, i.e., the soil particles 

were in general similar in size range. The finest particles were screened out by sieve 200 (~ 

75μm). Santa Rosa County samples had the highest percentage fines of 6.01%. Gadsden County 

samples were determined to have the lowest percentage fines of 0.53%. Franklin County and 

Okaloosa County samples had medium values of 1.31% and 4.12% respective. The soil iron 

content for all the samples ranged from 39.4 mg/g (Franklin County) to 119.9 mg/g (Okaloosa 

County). The average iron content was 77.1 mg/g. It should be noted that only reducible iron 

contributes to the quantified iron content. There was a general trend that the soil iron content 

increased with the increase of percentage of finer particles. This is due to the increase in surface 

area available for iron accumulation.  

 

In the iron rich soil, S. putrefaciens played an important role in the cycling of carbon, trace 

metals, and nutrients. S. putrefaciens has the potential to oxidize complex sedimentary organic 

matter to carbon dioxide with Fe(III) serving as the sole electron acceptor. In northwest Florida, 

owing to the high iron content in the soil, Fe(III) would serve as the dominating electron 

acceptor. In this research, S. putrefaciens was identified by means of PCR analysis from the 

culture cultivated from the soil samples. PCR analyses indicated that the excised Fe(III)-reducing 

band contained a single polypeptide with an apparent molecular mass of 91 kDa. The 91-kDa 

heme-containing protein identified the strain as S. putrefaciens.  

 

3.3.2 Iron Reduction Experiment Modeling 

Landfill leachate collected from Okaloosa County had the highest COD value (2400 mg/L), 

followed by Santa Rosa County (1500 mg/L), Gadsden County (1000 mg/L) and Franklin 

County (450 mg/L). For this research, the collected landfill leachate was diluted to around 50 

mg/L. With the proceeding of the experiments, COD values decreased for all the landfill leachate 

investigated (Figure 3.1). After 20 days’ reaction, 50% to 60% of the organic content of landfill 

leachate was decomposed. With the decomposition of leachate, ferrous iron release was 
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observed, which linearly increased with the decomposition of the leachate (Figure 3.2). The 

average ferrous iron production was 2.2 mg per mg COD consumed. Okaloosa County had the 

most ferrous iron production, followed by Santa Rosa County, Gadsden County and Franklin 

County. If S. putrefaciens growth is coupled with organic substrate depletion, Monod-type 

kinetics can be assumed to describe S. putrefaciens growth (Monod, 1949): 
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where S is the organic substrate concentration, which is usually expressed in terms of COD 

(mg/L); m is the maximum specific growth rate (hr-1); X is the S. putrefaciens concentration 

(g/L); t is the elapsed time (hr); Y is the growth yield coefficient (g biomass per g substrate); Ks 

is the half-saturation coefficient (g/L); and b is the S. putrefaciens decay coefficient (hr-1). By 

ignoring the decay rate coefficient, Y can be used to estimate the S. putrefaciens production 

based on organic substrate depletion, such that: 
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By substituting equation (8) into equation (5), substrate depletion can be expressed as: 
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Figure 3.1: Landfill Leachate Organic Compound Decomposition 
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Figure 3.2: Fe2+ Release as a Function of Landfill leachate COD Consumption 

 

 

Organic substrate depletion by S. putrefaciens with the soil structure Fe(III) serving as the 

electron acceptor was simulated by means of non-linear regression of simplex optimization of 

least squares against equation (9). S. putrefaciens had similar maximum half saturation 

coefficient values for all the soil samples and the average half saturation coefficient was 243.8 

mg/l (284.9 mg/L for Okaloosa, 216.5 mg/L for Santa Rosa, 234.9 mg/L for Quincy and 238.8 

mg/L for Franklin). The similar half saturation coefficient values indicated that S. putrefaciens 

had similar affinity to the organic components. Similarly, specific growth rate and growth yield 

coefficient values were also in a similar range. The average maximum specific growth rate was 
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0.008 hr-1 (0.0105 hr-1 for Okaloosa, 0.0078 hr-1 for Santa Rosa, 0.0074 hr-1 for Quincy and 

0.0068 hr-1 for Franklin) and the average yield coefficient was 0.173 mg/g (0.141 mg/mg for 

Okaloosa, 0.116 mg/mg for Santa Rosa, 0.178 mg/mg for Quincy and 0.252 mg/mg for 

Franklin). Based on the soil analysis, the iron content was 119.9 mg/g, 83.2 mg/g, 68.8 mg/g and 

39.4 mg/g respectively for Okaloosa County soil, Santa Rosa County soil, Gadsden County soil 

and Franklin soil. Thus, the iron content was not the limiting factor during iron reduction. The 

variation in maximum specific growth rate among different landfill leachate and soil samples 

was attributed to variable concentrations of easily degradable organic compounds of the leachate. 

Okaloosa landfill leachate had the highest COD value and consequently most easily degradable 

organic compound content, thus S. putrefaciens had the greatest maximum specific growth rate 

among these samples. 

 

3.3.3 Ferrous Iron Adsorption 

Metal-reducing bacteria which use solid substrates such as Fe(III) as the terminal electron 

acceptor for anaerobic respiration must be able to transport the electrons across the outer 

membrane between large particulate metal oxides (e.g., Fe2O3) and the electron transport chain in 

the cytoplasmic membrane (Swanson, Usselman, Frerman, Eaton, & Eaton, 2008). As confirmed 

by bioelectrochemical method, S. putrefaciens had approximately 80% of the membrane-bound 

cytochromes localized in its outer membrane when grown under anaerobic conditions (Beliaev, 

Saffarini, McLaughlin, & Hunnicutt, 2001; Blakeney, Moulaei, & DiChristina, 2000b). This 

cytochrome distribution plays a key role in the ability to mediate Fe(III) reduction during 

anaerobic respiration (C. R. Myers & Myers, 1992). With the production of ferrous iron, ferrous 

iron may accumulate on the outside cell surfaces (Liu, Zachara, Gorby, Szecsody, & Brown, 

2001). The accumulation of ferrous iron on S. putrefaciens surfaces interferes the electron 

transport across the outer membrane between large particulate metal oxides (e.g., Fe2O3) and the 

electron transport chain in the cytoplasmic membrane. This is evidenced that with more ferrous 

iron adsorbed on the bacterial surface, the activities of S. putrefaciens decreased accordingly 

after 10 days. 

 

Results of ferrous iron kinetic adsorption at concentrations of 0.25, 2.0, 3.5, 10.0, 15.0, and 30.0 

mg/L are presented in Figure 3.3. Ferrous iron adsorption on S. putrefaciens increased with the 
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increase of the reaction time and more ferrous irons were adsorbed for higher initial solution 

ferrous iron values. Based on the kinetic investigation, it was found that ferrous iron adsorption 

reached the maximum value and becomes stable after 200 minutes. The results demonstrated that 

equilibrium was reached after three hours’ of adsorption reaction for most cases.  
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Figure 3.3: Ferrous Iron Kinetic Adsorption on S. putrefaciens 

 

 

Effect of pH on ferrous iron release and equilibrium adsorption on S. putrefaciens was further 

investigated. It was demonstrated that pH had an obvious effect of iron reduction and release 

(Figure 3.4). For all the soil samples, a low pH favored iron reduction and release. This is 

because that according to Equation 1, iron reduction consumes alkalinity in the solution. Again, 
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Okaloosa County had the most ferrous iron production, followed by Santa Rosa County, 

Gadsden County and Franklin County. Based on the speciation analysis, ferrous iron does not 

precipitate in the pH range of 5 to 9 under anaerobic conditions (Figure 3.5).  

 

 

 

 

Figure 3.4:  Iron Release as a Function of pH 

 

 

Therefore, the effect of precipitation on ferrous iron adsorption on S. putrefaciens was minimal. 

Ferrous iron had linear isotherms on S. putrefaciens under the pH range investigated for this 

research (Figure 3.6). It was found that high pH favored ferrous iron adsorption on S. 

putrefaciens. From isotherm experiments, the average partition coefficient was found to be 0.035 

L/g, 0.039 L/g, 0.050 L/g, 0.059 L/g and 0.073 L/g for pH of 5.0, 6.0, 7.0, 8.0 and 9.0 

respectively. Ferrous iron competes with H+ for adsorption on S. putrefaciens. With the increased 
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of pH, less H+ is available competing with ferrous iron, thus more ferrous iron is able to adsorb 

on S. putrefaciens. It should be noted that above observation was possible only under the 

condition that effect of ferrous iron precipitation can be ignored.  

 

 

 

Figure 3.5: Iron Speciation as a Function of pH 
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Figure 3.6: Ferrous Iron Adsorption on S. putrefaciens as a Function of pH 

 

 

The driving force of ferrous iron adsorption on S. putrefaciens was the attractive electrostatic 

interactions. The  potential of S. putrefaciens was found to be -24.2 ± 0.4 mV as estimated by 

means of electrophoretic mobility measurements based on dynamic light scattering (Zetasizer 

3000HAS, Malvern Instruments Ltd., Malvern, UK). During the  potential measurements, S. 

putrefaciens was suspended in the sterilized electrolyte solution (10-5 M NaCl) at a concentration 

of 5×109 cells/mL. The negative   potential indicated that S. putrefaciens was negatively 

charged, which supported the attractive electrostatic interactions with positively charged ferrous 

iron.  
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The chemical structure of S. putrefaciens was further analyzed using infrared spectroscopy to 

gain insight into the surface properties of S. putrefaciens. The surfaces of S. putrefaciens were 

found to be dominated by functional groups of carboxylic acids (RCOO-) (1600 cm-1) (32.6%) 

and carbonyl groups (CH3CO-) (1320 cm-1) (47.8%), which were responsible for the negative 

charges. 
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CHAPTER FOUR 

 

LANDFILL LEACHATE TREATMENT AND ENERGY GENERATION USING 

MICROBIAL FUEL CELL 

 

4.1 Introduction 

There is worldwide consensus that landfilling is the most cost effective, least polluting and safest 

means of disposing of solid urban waste. However, one of the challenges to be confronted during 

landfill operations is to handle the landfill leachate. Low cost technologies are in urgent need to 

treat landfill leachate. Microbial fuel cells (MFCs) provide an excellent solution for this problem 

(Watanabe, 2008). Currently, there are many types of available MFC reactors throughout the 

world. But all MFC reactors share the same operating principles: an anode electrode and a 

cathode electrode are connected by an external circuit and the difference in voltage between the 

anode and cathode, along with the electron flow in the circuit, generates electrical power 

(Lovley, 2008). Microorganisms play the key role in the MFC reactors. Under anaerobic 

conditions, organic substrates are oxidized by microorganisms to produce carbon dioxide, 

protons and electrons as described below (Bennetto et al., 1983): 

C12H22O11 + 13H2O → 12CO2 + 48H+ + 48e-   (1) 

 

If the microorganisms are electrochemically inactive, the electron transfer from the microbial 

cells to the electrode is facilitated by mediators such as thionine, methyl viologen, methyl blue, 

humic acid, neutral red and so on (Takagi, Kano, & Ikeda, 1998). MFCs use the mediators to 

shuttle the electrons to cross the outer cell lipid membranes and plasma wall to liberate electrons 

to the anode. Since most of the available mediators are expensive and toxic, mediator-less MFCs 

that use electrochemically active bacteria to transfer electrons to the anode have been developed. 

These mediator-less MFCs rely on electrochemically active bacteria that have electrochemically 

active redox enzymes such as cytochromes on their outer membranes to transfer electrons to 

external materials (J. R. Kim, Min, & Logan, 2005). These electrochemically active bacteria 

include Shewanella putrefaciens (Schaetzle, Barriere, & Baronian, 2008), Aeromonas hydrophila 
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(G. T. Kim et al., 2006), etc. Some bacteria, which have pili on their external membranes, are 

also able to transfer their electron production via these pili. The same holds true for the bacterial 

family of Geobacteraceae, which has been reported to form a biofilm on the anode surface in 

MFCs and to transfer electrons with high efficiency (Bond & Lovley, 2003). In addition, 

Rhodoferax species isolated from anoxic sediments have also been found to efficiently transfer 

electrons to a graphite anode using glucose as the sole carbon source (Chaudhuri & Lovley, 

2003). Remarkably, this bacterium is the first reported strain that can completely mineralize 

glucose to carbon dioxide while concomitantly generating electricity at 90% efficiency. 

 

During MFC operations, the anode is the electron acceptor recognized by the bacteria. Therefore, 

the microbial activity is strongly dependent on the redox potential of the anode (Manohar & 

Mansfeld, 2009). The cathode in the separate chamber of the MFCs is positively charged and is 

the equivalent of the oxygen sink at the end of the electron transport chain, which can also be 

external to the MFCs (Jadhav & Ghangrekar, 2008). Oxygen is usually used as the electron 

accepter at the cathodic chamber. For electricity generation, the anode and cathode are connected 

by a wire (or other electrically conductive path including electrically powered devices such as a 

light bulb) and the two chambers are connected by a salt bridge or ion-exchange membrane, 

which allows the produced protons to pass from the anodic chamber to the cathodic chamber, to 

complete the circuit. 

 

MFCs have a number of potential uses. The first and most obvious one is to harvest electricity 

(Rabaey & Verstraete, 2005). Especially, MFCs are a promising power source for long-term 

underwater applications based on their demonstrated ability to generate current by utilizing 

indigenous nutrients or carbon sources. Research on MFCs at present attracts dramatic attention 

since MFCs can directly convert a large diversity of organic compounds into electricity such as 

compost piles, septic tanks and waste lagoons. It should be noted that the power generated by 

MFCs is low, but techniques do exist to convert it to useful power levels. Most importantly, very 

dilute organic wastes that cannot serve as substrates in other energy production systems can be 

used an energy source for MFCs. For MFC applications to treat landfill leachate, not only 

organic compounds can be decomposed, energy can also be generated. Practically, MFCs have 
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been demonstrated to be able to use landfill leachate as the power source (Greenman, Galvez, 

Giusti, & Ieropoulos, 2009).  

 

The objective of this study is to investigate the feasibility of the usage of MFC technology for 

landfill leachate decomposition and power generation in Northwest Florida. For MFC 

applications in landfills, multiple physical, chemical and biological factors play important roles 

in determining MFC performances, which complicates the design of a MFC system. We 

hypothesize that the redox potential of the anode designed for this research ensures the activities 

of S. putrefaciens to utilize landfill leachate as the energy source. We further hypothesize that the 

electrons released from landfill leachate decomposition can flow from the anode to the cathode, 

where they can be accepted by selected electron acceptors. In this research, we demonstrated that 

landfill leachate can be decomposed and electrons released in the anodic chamber can be 

transported and consumed in the cathodic chamber and consequently, electricity can be 

generated.  

 

 

4.2 Materials and Methods 

 

4.2.1 Landfill Leachate 

The landfill leachate was collected from the leachate sumps of landfills located in Northwest 

Florida, including Quincy-Byrd Landfill (Gadsden County), 27 South Landfill (Leon County), 

Baker Landfill (Okaloosa County), and Santa Rosa Central Landfill (Santa Rosa County). After 

collection, the leachate was stored in temperature-controlled containers at 4oC and transported to 

the laboratory immediately. The leachate was stored under refrigeration at 4oC until the reaction. 

The landfill leachate had a composition of COD up to 20,000 mgL-1, NH4
+-N up to 500 mgL-1, and 

phosphorus up to 200 mgL-1.  

 

4.2.2. S. putrefaciens Culture  

Mediator-less MFCs depend on the electrochemically active bacteria to transfer electrons to the 

anode. Recently, some metal reducing bacteria have been reported to directly transfer electrons 

to the anode, which are commonly found in sediments, especially in the iron rich Northwest 
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Florida subsurface soil. For instance, specific cytochromes at the outside of the cell membrane of 

S. putrefaciens make these strains electrochemically active in case they are grown under 

anaerobic conditions. For this research, we cultured electrochemically active S. putrefaciens 

using collected soil samples from nearby the landfills as the inocula. Continuous cultivation and 

enrichment were carried out immediately in an anaerobic chamber after the samples were 

transported back to our laboratory. Specifically, 10 mg soil was transferred into a 250 ml serum 

bottle containing 100 ml sterilized culture media. The media had a composition (mg/l) of 

KH2PO4, 160; K2HPO4, 420; Na2HPO4, 50; NH4Cl, 40; MgSO47H2O, 50; CaCl2, 50; 

FeCl36H2O, 0.5; MnSO44H2O, 0.05; H3BO3, 0.1; ZnSO47H2O, 0.05; (NH4)6Mo7O24, 0.03; 

glucose, 200; and ammonia chloride, 60.  

 

The pH of the media was adjusted to 7.4 with 1 M HCl or 1 M NaOH, after which the media 

were sterilized by autoclaving (121oC and 1 atm) for 20 min. Glucose was filter-sterilized and 

aseptically added to the autoclaved media. The serum bottle was equipped with CO2 entrapping 

devices. For this research, 1 M KOH was used to entrap CO2. Resazurin (1 mg/l) was added as a 

redox indicator to indicate contamination by molecular oxygen and cysteine (3.0 g/l) was added 

to reduce the trace amount of oxygen remaining in the media after autoclaving. The headspace of 

the serum bottle was pressurized with ultra-pure nitrogen and the serum bottle was capped with 

butyl rubber septa and crimped with an aluminum seal. The inoculated serum bottle was put into 

a rotary-shaker (150 rpm at 35°C) in the dark for at least 1 week until the formation of black 

precipitate at the bottom and on the wall of the serum bottle can be observed. Then 10 ml 

enriched culture was transferred into 100 ml fresh culture media with approximately 50 mg/l 

Fe3+ for the second phase culture enrichment. 10 ml enriched culture from the second phase was 

transferred into 100 ml fresh culture media with approximately 50 mg/l Fe3+ for the third phase 

culture enrichment and 10 ml enriched culture from the third phase was transferred into 100 ml 

fresh culture media with approximately 50 mg/l Fe3+ for the fourth phase culture enrichment.  

 

After the fourth phase enrichment was completed, bacterial cells were harvested by 

centrifugation (6000 g, 15 min) and washed twice with fresh, anoxic NaHCO3 buffer (0.05 M) 

under an extra-pure nitrogen atmosphere. The concentrated cells were re-suspended in a serum 

bottle containing fresh, anoxic NaHCO3 buffer (0.05 M) to give a final concentration of 
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approximately 5×109 cells/ml. S. putrefaciens was identified by polymerase chain reaction (PCR) 

analysis. Once S. putrefaciens was screened out, it was enriched in 100 ml fresh culture media 

with approximately 50 mg/l Fe3+. 

 

4.2.3 Laboratory Scale MFC Experiments  

A dual-chamber MFC was constructed in this research, which is sketched in Figure 4.1.  

 

 

Figure 4.1: Sketch of a Microbial Fuel Cell 

 

A graphite rod, without a catalyst coating, was installed in the center of the inner chamber as the 

anode. The anode was attached with the cultured S. putrefaciens. Carbon cloth (effective area of 

12.6 cm2, 30% wet proofing), coated with platinum catalysts (0.15 mg/cm2, 5% Pt) was placed 

on the outside layer of the inner chamber, serving as the cathode. Connections between the two 

electrodes were a copper wire through a rheostat (10 - 1000 Ω). Synthetic polymeric nanoporous 

membranes (Ultrex CMI-7000, Membranes International Inc., Glen Rock, NJ) were used as the 
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cation-selective membrane or cation-exchange membrane (CEM). During the operation, 

collected landfill leachate was introduced to the anodic chamber and the operation proceeded in 

the absence of oxygen. The generated carbon dioxide was trapped in the CO2 entrapping device. 

In the cathodic chamber, oxygen was provided. Impact of temperature on MFC performance was 

conducted by putting the MFC in an incubator. The temperature investigated was in the range 

from 25oC to 40oC.  

 

 

4.3 Results and Discussion 

 

4.3.1 Voltage Generation 

Besides landfill leachate, glucose was also used as a comparison for power generation. Glucose 

generated higher voltage (up to 0.4 V) as compared to that of landfill leachate (up to 0.1 V) 

(Figure 4.2). In addition, a self-sharpening power generation front was observed for glucose. 

However, for landfill leachate, there was an obvious lag, indicating that S. putrefaciens needed 

time to adapt to the landfill leachate. Among the landfill leachate collected from the four 

counties, landfill leachate collected from Okaloosa County generated the most power, followed 

by Leon County, Gadsden County and Santa Rosa County. By translating the voltage to power, it 

was discovered that the power generation was as high as 68 mW/m2 for glucose and 25 mW/m2 

for landfill leachate.  

 

Impact of pH on power generation is illustrated in Figure 4.3. High pH (i.e., pH 8) generated 

more power as compared to low pH (i.e., pH 6). It should be noted that the pH control was 

achieved at the anode chamber where organic compounds (glucose or landfill leachate) were 

decomposed. According to the following equation, raising the pH should favor electron release: 

C12H22O11 + 13H2O → 12CO2 + 48H+ + 48e-   (2) 

 

However, when free electrons are picked up by oxygen in the cathode chamber, lowering the pH 

should favor the reaction: 

1/4O2 + H+ + e- → 1/2H2O      (3) 
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Impact of temperature on power generation was examined using Leon County landfill leachate as 

the substrate. As shown in Figure 4.4, more power was generated at higher temperature as 

compared to room temperature. At 35oC, a voltage of 0.4 V can be reached as compared to 0.15 

V at room temperature. 
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Figure 4.2: MFC Voltage Generation 
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Figure 4.3: Impact of pH on Voltage Generation 
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Figure 4.4: Impact of Temperature on Voltage Generation  

 

 

4.3.2 Landfill Leachate Decomposition  

During MFC applications, organic compounds were decomposed. Samples were periodically 

withdrawn from the MFC and analyzed for organic concentration in terms of BOD5. If microbial 

activities are coupled with organic depletion and Monod-type kinetics are assumed to describe 

microbial growth, substrate and microbial concentrations over time can be described by 

following equations (Monod, 1949): 
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where S is the organic concentration, which is expressed in terms of BOD5 (mg/L); m is the 

maximum specific growth rate (hr-1); X is the microbial concentration (g/L); t is the elapsed time 
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(hr); Y is the growth yield coefficient (g biomass per g substrate); Ks is the half-saturation 

coefficient (g/L); and b is the microbial decay coefficient (hr-1). By ignoring the decay rate 

coefficient, Y can be used to estimate the microbial production based on organic substrate 

depletion, such that: 
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         (6) 
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By substituting equation (7) into equation (6), substrate depletion can be expressed as: 
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      (8) 

 

Landfill leachate decomposition was simulated against Equation (8) (Figure 4.5).  
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Figure 4.5: Organic Decomposition in the MFC 
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The simulated half-saturation coefficient Ks (mg/l), growth yield coefficient Y (g biomass per g 

substrate), and maximum specific growth rate m (day-1) are listed in Table 4.1. Except landfill 

leachate from Gadsden County, all the other landfill leachate had similar Ks values, indicating 

that the culture had similar affinity to the leachate. However, all these Ks values were larger than 

that of glucose. Gadsden County Landfill leachate also had the least Y value and m value. All 

the other leachate had similar Y and m values. Based on above analysis, it might be concluded 

that landfill leachate from Gadsden County Landfill contained some organic compounds that 

were a little harder for S. putrefaciens to decompose. However, since similar power was 

generated as compared to other landfill leachate samples, there was no much difference of 

energy content of the organic compounds from this landfill as compared to others. 

 

 

Table 4.1: BOD5 Decomposition Parameters 

 

 KS (mg/L) Y (g/g) μmax (day-1) 

Glucose 154.3 0.678 0.0124 

Gadsden County 271.6 0.323 0.0072 

Leon County 172.1 0.412 0.0089 

Okaloosa County 163.7 0.486 0.0105 

Santa Rosa County 174.5 0.421 0.0093 

 

 

A range of more complex organics, containing a large variety of different readily and non-readily 

degradable molecules such as domestic wastewater (H. Liu, Ramnarayanan, & Logan), brewery 

wastewater (Feng, Wang, Logan, & Lee, 2008), paper recycling wastewater (Huang & Logan, 

2008) or the effluent of anaerobic digesters (Aelterman, Rabaey, Clauwaert, & Verstraete, 2006) 

have been demonstrated to generate electrical power in MFCs. Nevertheless, the power outputs 

using wastewater are about a factor 10 lower compared to pure substrates (Aelterman et al., 

2006). Moreover, the composition of the wastewater is strongly affecting the power output of 

MFCs. This is also the case for landfill leachate. So far, although landfill leachate can be used to 

generate electricity, the level is still too low to be utilized directly. 
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4.3.3 S. putrefaciens Activities  

In the operation of mediator-less MFCs, several factors are limiting steps for electricity 

generation such as fuel oxidation at the anode, electron transfer from microorganism to anode or 

the presence of electrochemically active redox enzymes, external resistance of the circuit, proton 

transfer through the membrane to the cathode, and oxygen reduction at the cathode. Among 

above factors, the most important one is the organic composition (Hou, Li, Cho, de Figueiredo, 

& Han, 2009; H. F. Liu & Zheng, 2009; Luo, Liu, Zhang, & Zhang, 2010). For different organic 

compounds, the energy release from their oxidation is different (Table 4.2). As shown in Table 

4.2, glucose can release more energy than other organic compounds such as acetate, etc. Since 

landfill leachate is a combination of variable compounds, the energy release would be different 

once they are applied in MFCs.   

 

 

Table 4.2: Gibbs Free Energy of Organic Compound Oxidation 

 

 

Reactions for Organic Compounds 

G0(w) 

kJ/e- eq 

Acetate: 

1/8 CH3COO- + 3/8 H2O = 1/8 CO2 + 1/8 HCO3
- H+ + e-  

 

-27.40 

Ethanol: 

1/12 CH3CH2OH + 1/4 H2O = 1/6 CO2 + H+ + e- 

 

-31.18 

Formate: 

1/2 HCOO- + 1/2 H2O = 1/2 HCO3
- + H+ + e- 

 

-39.19 

Glucose: 

1/24 C6H12O6 + 1/4 H2O = 1/4 CO2 + H+ e-  

 

-41.35 

Lactate: 

1/12 CH3CHOHCOO- + 1/3 H2O = 1/6 CO2 + 1/12 HCO3
- + H+ + e- 

 

-32.29 

Propionate: 

1/14 CH3CH2COO- + 5/14 H2O = 1/7 CO2 + 1/14 HCO3
- + H+ + e- 

 

-27.63 
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The energy that S. putrefaciens obtained from the oxidation of the landfill leachate through 

respiration must balance their need to synthesize the new cells. Consequently, 

 0GGA sr         (9) 

where  is the efficiency of energy transfer to or  from the energy carrier (e.g., ATP) which is 

assumed to be 0.6; Gr is the free energy released per electron equivalent (eeq) (amount of the 

substrate that releases 1 mole e- during a specified oxidation reaction) of electron-donor substrate 

converted for energy (e.g., respiration) (kcal); Gs is the carrier (ATP) energy required to 

synthesize 1 eeq of cells which includes energy loss incurred in using the energy carrier (e.g., 

ATP) (kcal); and A is the balance ratio between Gr and Gs. For heterotrophic growth with 

ammonia as nitrogen source, A can be estimated by equation by: 
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where Gp is the free energy required (or evolved) in conversion of the carbon source to 

pyruvate (kcal per eeq pyruvate); Gc is the ATP energy required to form 1 eeq cells from 

pyruvate and ammonia which is assumed to be 7.5 kcal; m = +1 when Gp > 0 and m = -1 when 

GP < 0. For heterotrophic growth with nitrate as the nitrogen source, as nitrate needs to be 

converted to ammonia first before it can be used for synthesis, A is estimated by: 
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Table 4.3: Theoretical S. Putrefaciens Activity Parameters 

 

 

Organic 

Compounds 

 

A
 

 

Y (g/g) 

 

μmax (day
-1

) 

 
Acetate 

 

 
0.73 

 
0.44 

 

 
~ 0.011 

 
Ethanol 

 

 
0.60 

 
0.92 

 

 
~ 0.013 

 
Formate 

 

 
0.43 

 
0.17 

 
~ 0.018 

 
Glucose 

 

 
0.40 

 
0.53 

 
~ 0.019 

 
Lactate 

 

 
0.56 

 
0.48 

 
~ 0.014 

 
Propionate 

 

 
0.72 

 
0.63 

 
~ 0.011 

 

 

 

Stoichiometric yield coefficient Y can be estimate as: 

used) substrate gper  formed biomass (g   
)A1(

Y




  (12) 

where  is the mole weight of 1 eeq biomass which equals to 5.65 g for ammonia served as the 

nitrogen source and 4.04 g for nitrate as the nitrogen source if S. putrefaciens is assumed to have 

a formula of C5H7O2N, and  is the mole weight of 1 eeq substrate which equals to 7.37 g, 3.83 

g, 22.5 g, 7.50 g, 7.42 g and 5.21g for acetate, ethanol, formate, glucose, lactate and propionate, 

respectively.  

 

The maximum specific growth rate can be estimated by: 

Ykmax          (13) 
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where k is the maximum specific utilization rate (g substrate used per g microbe per day) when 

ignoring decay or maintenance. It is asserted that the rate of electron transfer in energy-yielding 

reactions (e.g., respiration) is relatively constant (per g biomass per day) varying between 0.5 

and 2.0 among many types of microorganisms — including heterotrophs, autotrophs, aerobes, 

and anaerobes. Based on this assertion, the maximum specific utilization rate is:  

 

A
)A1)(0.2~5.0(

k



      (14)  

 

 

The theoretically calculated Y and k values were in a similar range as those measured in the 

experiments (Table 4.3). It should be noted that the theoretically estimated stoichiometric yield 

coefficient Y and maximum specific growth rate μmax were obtained based on the assumption 

that the ammonia served as the nitrogen source. 
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CHAPTER FIVE 

 

MICROBIAL BIOFOULING: A MECHANISTIC INVESTIGATION 

 

 

5.1 Introduction 

 

Microbial biofouling, i.e., immobilized microbial cell colonization on abiotic surfaces, is 

important in a variety of applications including reverse osmosis membranes and in-situ 

bioremediation (Herzberg, Berry, & Raskin, ; Ramesh, Lee, & Lai, 2007). For reverse osmosis 

membrane applications, microbial biofouling is considered as a potential source of 

contamination, which also results in decreased reverse osmosis membrane performance. 

However, for in-situ bioremediation, microbial biofouling may be advantageous (Fletcher, 1994).   

 

The transport and attachment of suspended microbial cells to a solid–liquid interface is the first 

step in microbial biofouling. Zobell and Allen (Zobell & Allen, 1935) first recognized the role of 

microbial attachment in microbial fouling and Zobell (Zobell, 1943) later found that microbial 

attachment was a time-dependent process, which could be enhanced by the formation of 

microbial slime as surface contact time increased. Marshall et al. (Marshall, Stout, & Mitchell, 

1971) described the initial microbial attachment to solid surfaces as a two-step process: 

Microbial adhesion begins with long-range, non-specific, reversible interactions between 

microorganisms and substrates, which is unstable and adsorbed microorganisms at this stage can 

be removed from surfaces by fluid shear before firm adhesion can occur. These long-range 

interactions are dependent on the physicochemical properties of microbial and substratum 

surface as well as on the intervening medium (Chen & Strevett, 2001). Once microorganisms are 

in close proximity to a surface, they can establish short-range, irreversible interactions, which are 

also dependent on the physicochemical properties of microbial and substratum surface as well as 

on the intervening medium. These two processes together refer to initial adhesion (Gottenbos, 

van der Mei, & Busscher, 1999, 2000). When microorganisms stabilize on a surface, they may 

slow down their metabolism and grow slowly as microcolonies, starting to secrete an 
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exopolysaccharide matrix in order to cement themselves to the surface, which is a time-

dependent biological process (Costerton, Lewandowski, Caldwell, Korber, & Lappinscott, 1995; 

Fletcher, 1994). This slimy layer of microorganisms embedded in a polysaccharide matrix is 

known as biofilm. All of the above stages depend on microbial physiological states. Many 

microbial species have evolved sophisticated mechanisms to adapt to variations in energy and 

nutrient availability, resulting in favorable surface physicochemical properties for biofouling 

(Chen & Strevett, 2001).   

 

The initial adhesion plays the key role in microbial biofouling and the strength of the initial 

adhesion of microbes to abiotic substrates is of special interest, as the following biological 

process can proceed only if initial adhesion occurs (Bekeley, 1980). Meinders et al. (Meinders, 

vanderMei, & Busscher, 1995) concluded that initial microbial adhesion could be explained in 

terms of microbial surface properties. During the initial adhesion process, the density of 

microbial cells is almost the same as that of the bulk medium, making the gravitational settling 

of the cells of minor importance. Interaction forces between microbes and the substrate when 

microbes initially approach the solid surface are thus the dominating factor, which can be 

described by the classical (traditional) Derjaguin, Landau, Verwey, & Overbeek (DLVO) theory 

(van Oss, 1994).  

 

The traditional DLVO theory takes into consideration an electrodynamic or van der Waals 

component and an electrostatic component. It has long been surmised that physical forces, other 

than electrodynamic and electrostatic forces, play a major role in microbial stability in aqueous 

media. Both van Oss (van Oss, 1994) and Israelachvili and Wennerstrom (Israelachvili & 

Wennerstrom, 1996), using different techniques, have identified an additional force component 

that has hitherto been neglected in the traditional DLVO force balance. Consequently, van Oss 

and colleagues have extended the traditional DLVO theory by taking account of Lewis acid-base 

force to the extended DLVO theory (ExDLVO) (van Oss, 1994). Lewis acid/base force includes 

chemical phenomena such as solvation and solvolysis, weak intermolecular forces and H-

bonding, as well as hydrophobic partitioning (Meyer, Rosenberg, & Israelachvili, 2006). The 

inclusion of acid-base force is essential for describing interfacial interactions between polar 

materials. All of these three forces are distance-dependent. One of these forces may dominate 



58 
 

over the others depending on the separation distance between the bacterial strains and the abiotic 

substrates.  

 

This research investigated the interactions of three indigenous bacteria with the porous medium 

of silica sand and their corresponding initial attachment. Traditional and extended DLVO forces 

were calculated based on independently measured bacterial and medium surface thermodynamic 

properties and were related to bacterial attachment observations. It was concluded that the 

electrostatic force served as the barrier preventing the bacterial strains from getting close to the 

medium. Once the bacterial strains overcame the barrier with the aid of hydrodynamic forces, 

Lewis acid/base force became the dominating force controlling bacterial adhesion. 

 

 

5.2 Materials and Methods 

 

5.2.1 Bacterial Strains and Growth Conditions  

Three bacteria, Echerichia coli, Pseudomonas fluorescens, and Bacillus subtilis were selected for 

this study, which are typical representatives of rod-shaped bacterial strains of 

Enterobacteriaceae, Pseudomonadaceas, and Bacillaceae. These three strains were indigenous 

microorganisms commonly found in the contaminated soil and associated groundwater as well as 

in reverse osmosis membrane applications. They were obtained from ATCC (33694, 17559 and 

6051a) and were cultured in 250 ml Erlenmeyer flasks containing 100 ml minimal salt medium, 

which had a composition of KH2PO4, 160 mg/l; K2HPO4, 420 mg/l; Na2HPO4, 50 mg/l; NH4Cl, 

40 mg/l; MgSO47H2O, 50 mg/l; CaCl2, 50 mg/l; FeCl36H2O, 0.5 mg/l; MnSO44H2O, 0.05 

mg/l; H3BO3, 0.1 mg/l; ZnSO47H2O, 0.05 mg/l; (NH4)6Mo7O24, 0.03 mg/l; and glucose, 200 

mg/l at 37oC, 26C and 30C. All these three strains were grown until a stationary state was 

reached as determined by adenosine triphosphate (ATP) analysis (Chen & Strevett, 2001).  

 

At the stationary state, the bacterial strains were collected and centrifuged at 7000 × ɡ 

(Damon/IEC Divison, Needham Heights, MA) for 20 min. After washed twice with a sterilized 

buffer solution (potassium phosphate monobasic-sodium hydroxide buffer, Fisher Scientific, 
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Pittsburgh, PA), they were re-suspended in sterilized nano-pure de-ionized water to make a 

bacterial suspension. The size and -potential of these bacterial strains were measured using a 

Malven Zetasizer 3000 Hsa (Malvern Instruments Ltd., Malvern, Worcs, UK) asdescribed by 

Meinders et al. (Meinders et al., 1995), which were found to be 1.0 m, 0.6 m and 2.6 m and 

10.6 mV, 10.2 mV and 14.7 mV for E. coli, P. fluorescens and B. subtilis, respectively. For this 

research, only the vegetative Bacillus subtilus was investigated. The surface properties and 

transport behavior are different for B. subtilis spores, which have been investigated in a separate 

research (Chen, Driks, Tawfiq, Mallozzi, & Patil, 2010). 

 

5.2.2 Porous Medium   

Silica sand (Fisher Scientific, 8 mesh) used in this research was first rinsed using de-ionized 

water and then treated with sodium acetate, hydrogen peroxide, sodium dithionate and sodium 

citrate to remove the organic matter. The silica sand was then saturated with Na+ using 1 M 

phosphate-buffered saline (pH 7.0). Before the experiments, the silica sand was sterilized and 

stabilized by extensive washing with sterilized de-ionized water until the electrical conductivity 

was less than 1 dS/m. Silica sand specific surface area was measured by a surface area analyzer 

using krypton adsorption isotherms (ASAP 2010, Micromeritics, Norcross, GA), which was 

found to be 0.013  0.001 m2/g.  potentials of the silica sand were measured by grinding and 

then suspending the silica sand in the nano-pure de-ionized water. 

 

5.2.3 Measurement of Surface Thermodynamic Properties   

According to the traditional DLVO and ExDLVO theory, a bacterial surface can be described by 

its surface thermodynamic parameters, namely, the van der Waals component of surface tension 

(LW), electron-acceptor parameter (+) and electron-donor parameter (-) of Lewis acid/base 

component of surface tension, and surface potential (). These bacterial surface thermodynamic 

components can be determined independently, and then used to calculate bacterium-substratum 

interactions, which are very well understood and formulated in mathematical equations.  

 

For this research, surface thermodynamic properties of the bacterial strains were determined 

using contact angle measurements, and surface thermodynamic properties of the porous silica 

sand medium were determined using the wicking method (Ku, Henry, Siriwardane, & Roberts, 
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1985; Walinder & Gardner, 1999). For both contact angle and wicking method measurements, an 

apolar liquid, diiodomethane and two polar liquids, formamide and water were used. As weakly 

polar surfaces do not bind strongly with polar liquids, and strongly polar surfaces attract many 

types of impurities and are more soluble in polar liquids, formamide and water were chosen for 

this research. Contact angle measurements were performed using a Contact Angle Meter (Tantec, 

Schaumburg, IL) following the method described by Grasso et al. (Grasso et al., 1996). Bacterial 

suspension prepared as described above was vacuum-filtered on silver metal membrane filters 

(0.45 m, Osmonic, Inc., Livermore, CA) and air-dried to obtain a lawn with water content of 

25%. The amount of cells on the silver filter was approximately 13 mg to ensure a multi-layer 

membrane coverage. For the wicking method, contact angles were determined using the 

Washburn equation (Washburn, 1921): 





2

costR
h Le2          (1) 

where h is the height (m) of capillary rise of the wicking liquid at time t (s); Re is the average 

interstitial pore radius (m); L is the wicking liquid surface tension (J/m2); and θ is the contact 

angle (degree). 

 

Each of the contact angle and wicking measurements was repeated 30 times and the average 

results were used in the van Oss- Chaudhury-Good equation to estimate bacterial and medium 

surface thermodynamic properties (van Oss, 1994): 
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where LW is the Liftshitz-van der Waals component of surface tension (subscript S denotes 

bacterium or medium and L denotes the measurement liquid) (J/m2); + is the electron-acceptor 

and - is the electron-donor parameter of Lewis acid/base component of surface tension (J/m2). 

The measurement liquid surface tension L can be expressed in terms of Liftshitz-van der Waals 

and Lewis acid/base components of surface tension L
LW, L

+ and L
-:  
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5.2.4 Interaction Quantification  

E. coli, P. fluorescens and B. subtilis are rod-shaped cells. Since the size of the porous silica 

sand medium is three orders of magnitude larger than those of the bacterial strains, it is usually 

safe to assume that the bacterial strains studied have a spherical shape. The average 

hydrodynamic radius of the bacterial strains was calculated as lw
2

1
 , where w and l are the 

mean cell width and length, respectively. The average bacterial hydrodynamic radius was 

confirmed by dynamic light scattering measurements using the Malven Zetasizer 3000 Hsa. The 

sphere-flat plate configuration was thus adopted to simplify the description of interactions 

between these bacterial strains and the medium. The distance-dependent Lifshitz-van der Waals 

force between spherical bacteria and a flat plate medium surface immersed in water are given by 

(Meinders et al., 1995): 
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where FLW is the Lifshitz-van der Waals force (N); y is the distance between the bacterial surface 

(sphere) and the medium matrix (flat plate) measured from the outer edge of the sphere (m); R is 

the radius of the bacterium (m) and A is the Hamaker constant (J/m2), which can be obtained 

from the Gibbs free energy at the equilibrium distance, i.e., 

LW
132y0 0

GyR12A               (6)                                            

where y0 is the equilibrium distance of 1.57 Å, which was estimated from a sizable number of 

liquid and solid compounds (Vanoss, 1993); LW
132y0

G  is the Lifshitz-van der Waals interaction 

free energy of two parallel plates, 1 and 2, immersed in water 3 evaluated at the equilibrium 

distance (J) and can be calculated based on bacterial and porous medium surface thermodynamic 

properties (Meinders et al., 1995): 

 ))((2G LW
1

LW
3

LW
2

LW
3

LW
132y0

     (7)                                   

 

The Lewis acid/base force, FAB, decays exponentially from the Gibbs free energy value at the 

equilibrium distance (Meinders et al., 1995): 
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where AB
132y0

G  is the Lewis acid/base interaction free energy of two parallel plates, 1 and 2, 

immersed in water 3 evaluated at the equilibrium distance (J) (Meinders et al., 1995): 
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The electrostatic force, FEL, can be evaluated by (constant potential approach valid for y > 10) 

(van Oss, 1994): 
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  (10)                                     

where  and 0 are the relative dielectric permittivities of water (78.55 for water at 25oC) and 

vacuum (8.854 × 10-12 C/Vm) respectively; 1/ is the Debye-Hückel length, which is also an 

estimation of the effective thickness of the electrical double layer (m) (van Oss, 1994); and 01 

and 02 are the potentials at the bacterium and medium surface (V), respectively, which can be 

calculated by: 

)zexp()r/z1(0                                                                                    (11) 

where  is the zeta potential measured at the slip plane (V); z is the distance from the bacterium 

surface to the slip plane (m); and r is the radius of the bacterium or porous medium (m).  

 

5.2.5 Attachment Assay 

Bacterial cells collected at the stationary state (predetermined by ATP assay) were centrifuged at 

7000 × ɡ and washed twice with sterilized buffer solution before re-suspending in the sterilized 

nano-pure deionized water to make a bacterial suspension (~ 5  108 cells/ml). A series of 

centrifuge tubes containing the bacterial suspension and 4 g sterilized silica sand (including 

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

(Burrel Scientic, Model 75) for ten hours. For every 10 minutes, one tube was sampled and 

centrifuged at 100 × ɡ for 5 min to separate silica sand from the bacterial suspension. Bacterial 
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concentration in the supernatant was measured by ATP assay. The amount of bacteria attached 

onto silica sand was obtained by the following equation: 

 
M

V)CC(
q ei 
          (12) 

where q is the amount of bacteria attached onto silica sand (mg/g); Ci and Ce are the initial and 

final bacterial concentrations in the suspension (cells/L); V is the volume of the aqueous phase 

(L), and M is the mass of silica sand (g). 

 

 

5.3 Results and Discussion 

 

5.3.1 Bacterial Surface Thermodynamic Properties 

Bacterial adhesion and surface colonization are correlated with bacterial surface physicochemical 

properties (Chavant, Martinie, Meylheuc, Bellon-Fontaine, & Hebraud, 2002; Chen & Strevett, 

2001; Flint, Brooks, & Bremer, 1997; Rosenberg, 1991), which are determined by the surface 

molecular composition in terms of proteins, polysaccharides and hydrocarbon-like compounds 

(Boonaert & Rouxhet, 2000). Different bacterial strains had different cell surface properties, and 

consequently different adhesion kinetics and affinity for the substrate (Bakker, Busscher, & van 

der Mei, 2002). Among these three bacterial strains, P. fluorescens had the highest 

diiodomethane contact angle values, B. subtilis had the least and E. coli was in between. 

Corresponding to the contact angle values, P. fluorescens had the least γLW values, followed by 

E. coli and B. subtilis (Table 1). All the three bacterial strains exhibited a predominantly 

monopolar surface since their - values were at least two orders of magnitude greater than the + 

values. In addition, B. subtilis was a relatively more monopolar than E. coli and P. fluorescens.  

 

These surface properties are mainly determined by outer surface proteins (Hancock & Poxton, 

1988). As the outer membrane surface in Gram-negative bacteria (i.e., E. coli and P. fluorescens) 

is high in polysaccharide content and low in peptidoglycan content, the surface properties of 

Gram-negative bacteria are different from those of Gram-positive bacteria (i.e., B. subtilis) 

(Nikaido & Vaara, 1985).  As shown in Table 1, Both LW and - values were much smaller and 

+ values were much higher for E. coli and P. fluorescens as compared with B. subtilis. 
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Table 5.1.  Bacterial and Silica Sand Contact Angles and Surface Thermodynamic Properties 

 

 E. coli P. fluorescens B. subtilis Silica sand 

Dii (o) 49.8  0.6 52.6  0.7 29.1  0.4 70.3  1.2 

F  (o) 24.1  0.3 35.5  0.5 25.5  0.4 59.9  0.7 

W (o) 13.3  0.3 25.9  0.5 14.2  0.4 70.8  0.8 

LW (mJ/m2) 39.1 35.4 44.6 22.7 

+ (mJ/m2) 0.59 0.42 0.08 1.57 

- (mJ/m2) 58.9 56.9 59.9 15.4 

-potential 

(mV) 

-10.60.4 -10.20.1 -14.70.4 -27.50.7 

 

Dii  Contact angles measured with diiodomethane.   
F  Contact angles measured with formamide. 
W Contact angles measured with water.  

LW, - and + are intrinsic bacterial surface properties, therefore, they do not vary much under 

different growth conditions (van Oss, 1994). 

 

 5.3.2 Traditional DLVO Forces ― Long Range Forces 

Over the past decade, efforts have been made to characterize bacterial surfaces as well as their 

attachment to abiotic surfaces thermodynamically using the traditional DLVO theory (Otto, 

Elwing, & Hermansson, 1999). Traditional DLVO forces are known to be long range forces 

(Sharma & Rao, 2002). Lifshitz-van der Waals force comprises three different, but closely 

related phenomena: 1. randomly orienting dipole-dipole (or orientation) interactions, described 

by Keesom; 2. randomly orienting dipole-induced dipole (or induction) interactions, described 

by Debye; 3. fluctuating dipole-induced dipole (or dispersion) interactions, described by London 

(van Oss, 1994).  Of these three, Keesom and Debye interactions are only found among surfaces 

that have permanent dipole moments.  The London interactions, however, are universal and are 

of preponderate importance, especially in the aqueous medium that contains electrolytes 

(Israelachvili & Wennerstrom, 1996). Therefore, Lifshitz-van der Waals force is mainly 
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contributed by London interactions. Since both the bacterial strains and abiotic surfaces are 

usually negatively charged, repulsive electrostatic force between them may be strong enough to 

be the dominant factor to prevent bacterial cells from getting close to abiotic surfaces. Both 

Lifshitz-van der Waals force and electrostatic force are strongly dependent on the distance 

between bacterial cells and the substratum surface. The repulsive electrostatic force usually 

serves as the barrier preventing the bacterial strains from getting close to the substratum surface. 

The electrostatic force reaches the maximum value when the separation distance between the 

bacterial cells and the substratum surface is in the range of the sum of the double layers of the 

bacterium and the substratum. With the further decrease of the separation distance, the double 

layers are superimposed. Consequently, the electrostatic force would decrease. This conclusion is 

supported by Bendersky and Davis (Bendersky & Davis, 2011).  

 

Once the bacterial strains overcome the barrier with the aid of hydrodynamic forces, Lifshitz-van 

der Waals force and electrostatic force drop significantly, which is much more pronounced for 

electrostatic force than for Lifshitz-van der Waals force. From this research, it was discovered 

that Lifshitz-van der Waals force and electrostatic force operated several tens of nanometers 

away from the medium surface, which actually served as the barrier to prevent bacteria from 

getting close to the medium surface (Figure 5.1(a) – 5.1(c)).  

 

Compared to Lifshitz-van der Waals force, electrostatic force was the dominating one 

(Enlargement of Figure 5.1(a) – 5.1(c)). For the electrostatic force, separation distance 

corresponding to the peak repulsive electrostatic force (maximum barrier separation distance) 

was a function of the ζ potential of the bacterium, which was in the range of 3 to 4 nanometers 

away from the medium surface (Figure 5.2).   
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Figure 5.1(a): Lifshitz-van der Waals, Lewis Acid/Base, Electrostatic and Total Interaction Force 
between Bacterial Strains and Silica Sand as a Function of Separation Distance (         E. coli ) 
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Figure 5.1(b): Lifshitz-van der Waals, Lewis Acid/Base, Electrostatic and Total Interaction Force 
between Bacterial Strains and Silica Sand as a Function of Separation Distance (  P. fluorescens) 
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Figure 5.1(c): Lifshitz-van der Waals, Lewis Acid/Base, Electrostatic and Total Interaction Force 
between Bacterial Strains and Silica Sand as a Function of Separation Distance (   B. subtilis  ) 
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Figure 5.2: Maximum Barrier Separation Distance Plotted against Bacterial ζ Potential 

 

 

5.3.3 ExDLVO Forces ― Short Range Forces 

Lewis acid/base force is a short-range force between bacteria and a substrate (Israelachvili & 

Wennerstrom, 1996). This force is a polar interaction, attributed to Lewis acids, which are 

electron pair acceptors, and Lewis bases, which are electron pair donors, reacting to form 

adducts in which a coordinate covalent bond is formed (Israelachvili & Wennerstrom, 1996). 

Therefore, Lewis acid/base force is also called an electron-acceptor/electron-donor interaction 

(Israelachvili & Wennerstrom, 1996). Increase in electron donating groups on a surface can 

increase the Lewis basicity of the surface, while increase in electron accepting groups can 

increase the Lewis acidity of the surface. Among the three bacterial strains, B. subtilis had the 

most Lewis basicity and least Lewis acidity (Table 5.1). 

 

With the aid of hydrodynamic forces, bacteria may overcome the repulsive barrier and get close 

to the medium surface. After passing the repulsive barrier, Lifshitz-van der Waals force and 

electrostatic force drop while Lewis acid/base force increases with the decrease of separation 
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distance. For this research, the Lewis acid/base force was found to be attractive between bacteria 

and the medium. As the increase of Lewis acid/base force was more pronounced with the 

decrease of the separation distance than the Lifshitz-van der Waals force and electrostatic force, 

all the three bacterial strains had net attractive interactions at the equilibrium distance where 

attachment occurred. However, even with the aid of hydrodynamic forces, only certain amount 

of strains can overcome the repulsive barrier and attach onto the porous medium. Figure 5.3 

demonstrates a moderate increase of percent bacterial attachment with the reaction time.   
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Figure 5.3: Percent Bacterial Attachment to Porous Silica Sand Medium as a Function of 
Reaction Time 

 

 

5.3.4 Application of DLVO Theory in Describing Bacterial Initial Attachment 

Marmur (Marmur, 1979) developed an equation to calculate the fraction of successful collisions 

out of the total collisions as a function of the Gibbs interaction free energy. The attachment of 

bacteria onto abiotic surfaces can thus be related to their interactions with the porous medium 
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surface. As found in this research, percent bacterial attachment corresponded to the total 

interaction force evaluated at the equilibrium distance (Figure 5.4). As discussed before, the 

repulsive barrier also played a very important role in controlling bacterial attachment. By 

plotting the percent bacterial attachment against the maximum barrier force, it was found that the 

percent bacterial attachment decayed exponentially with the increase of the maximum barrier 

force (Figure 5.5). 
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Figure 5.4: Percent Bacterial Attachment to Porous Silica Sand Medium Plotted against Total 
Interaction Force 
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Figure 5.5: Percent Bacterial Attachment to Porous Silica Sand Medium Plotted against 
Maximum Barrier Force 

 

 

The porous medium surfaces are usually Lewis acidic. Therefore, bacterial electron donating 

groups play a key role in determining bacterial interactions at the equilibrium distance and 

subsequent bacterial attachment. As shown in Figure 5.6, total interaction force at the 

equilibrium distance dropped (absolute values increased) exponentially with the increase of -. 

Among the three bacterial strains investigated in this research, B. subtilis had the highest -, 

consequently, B. subtilis had the highest interaction force at the equilibrium distance and the 

most attachment onto the silica sand surface. 
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against γ- 
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CHAPTER SIX 

CONCLUSION 

 

Bacterial mobility in the unsaturated soil plays an important role in bioremediation, a process 

that utilizes inexpensive microorganisms for the removal of contaminants from the contaminated 

soil.  Subsurface remediation can be enhanced by injecting bacteria and the attenuation of 

suspended microorganisms during advective flow through porous media is of environmental 

interest from the perspectives of in situ remediation.  In addition, manure generated by livestock 

has been practiced for land applications to improve soil tilth and fertility and currently, it is well 

recognized that land applications are the best method of utilizing animal manure.  In the mean 

time, increasing water demands owing to the growth of urbanized populations have led to 

constraints on existing surface and groundwater supplies.  As a new recognized water resource, a 

wide variety of options have been developed to reuse reclaimed wastewater, among which 

agricultural irrigation is most commonly practiced (Asano & Tchobanoglous, 1991; Crook & 

Surampalli, 1996).  Both animal waste and reclaimed wastewater are rich in infectious agents or 

pathogenic bacteria (Croteau et al., 2007).   

 

When animal waste or reclaimed wastewater is used for land applications or agricultural 

irrigation, the major concern is the possible spreading of infectious agents or pathogenic bacteria 

in the soil and the possibility of groundwater contamination once they pass through the vadose 

zone and reach the groundwater table.  Special care must be taken to monitor the fate and 

transport of these infectious agents or pathogenic bacteria during animal waste land applications 

or agricultural irrigation using reclaimed wastewater to ensure that they will not pass through the 

vadose zone and contaminate the groundwater. 

 

The main achievement of this study is the use of surface thermodynamic theory in interpreting 

bacterial deposition in porous media under water unsaturated conditions.  Interfacial interactions 

between bacteria and porous media and between bacteria and the liquid-gas interface were 

thought to be the driving force for bacterial deposition.  To develop a surface thermodynamic 

explanation of bacterial deposition under water unsaturated conditions, surface thermodynamic 
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properties of bacteria and the porous media were measured and transport of the bacteria within 

the media was evaluated in column experiments.  Bacterial deposition was found to be a function 

of the total interactions between bacteria and the porous media and between bacteria and the 

liquid-gas interface.  In addition, bacterial deposition in porous media exhibited an exponential 

function of the interaction free energy.  As bacterial deposition was achieved using column 

methods with a high solid to solution ratio, the results were close to that would be encountered in 

the natural system of interest. This study will be of great importance in understanding the fate 

and transport of bacteria in the subsurface, and in guidance of in situ bioremediation and 

groundwater protection. 

 

Laboratory iron reduction experiments were conducted using soil samples reacting with landfill 

leachate collected from corresponding landfills in the presence of S. putrefaciens. After 20 days’ 

reaction, 50% to 60% of the organic content of landfill leachate was decomposed. With the 

decomposition of leachate, ferrous iron release was observed, which linearly increased with the 

decomposition of the leachate. Organic substrate depletion by S. putrefaciens with the soil 

structure Fe(III) serving as the electron acceptor was simulated with Monod Equation by means 

of non-linear regression of simplex optimization of least squares against equation. S. putrefaciens 

had similar maximum half saturation coefficient values for all the soil samples and the average 

half saturation coefficient was 243.8 mg/L. Similarly, specific growth rate and growth yield 

coefficient values were also in a similar range. Ferrous iron adsorption on S. putrefaciens was 

further investigated in an anaerobic chamber in a nitrogen environment. Ferrous iron adsorption 

on S. putrefaciens increased with the increase of the reaction time and more ferrous irons were 

adsorbed for higher initial solution ferrous iron values.  

 

Based on the kinetic investigation, it was found that ferrous iron adsorption reached the 

maximum value and became stable after 200 minutes. The results demonstrated that equilibrium 

was reached after three hours’ of adsorption reaction for most cases. Effect of pH on ferrous iron 

release and equilibrium adsorption on S. putrefaciens was further investigated. It was 

demonstrated that pH had an obvious effect of iron reduction and release. For all the soil 

samples, a low pH favored iron reduction and release and a high pH favored ferrous iron 

adsorption on S. putrefaciens. 
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The high energy requirement of conventional landfill leachate treatment is demanding for the 

alternative treatment technology which requires less energy for its efficient operation and 

recovers useful energy to make this operation sustainable (Depountis, Koukis, & Sabatakakis, 

2009; Fang et al., 2010). In past two decade high rate anaerobic processes are finding increasing 

applications for the treatment of landfill leachate as well as industrial wastewater. Although 

energy can be recovered in the form of methane gas during anaerobic treatment, utilization of 

methane is not attractive (Iza, Keenan, & Switzenbaum, 1992). When treating small quantity of 

low strength leachate, the generated methane is usually flared. In addition, due to global 

environmental concerns and energy insecurity, there is emergent interest to find out sustainable 

and clean energy source with minimal or zero use of hydrocarbons (Gebert & Groengroeft, 

2006).  

 

MFCs are capable to provide clean energy, apart from effective treatment of landfill leachate. 

MFCs utilize bacterial catalysis to directly generate electric power from carbohydrates, which 

can be found in a diverse range of sources such as crops, industrial and agricultural waste, 

including landfill leachate. In this research, landfill leachate collected from four landfills was 

decomposed and consequently, electricity was generated. However, although MFCs have the 

advantages of clean power generation and simultaneous waste utilization, their 

commercialization has been halted due to their low power output. The low power capability of a 

MFC is mainly due to the sluggish kinetics of the electron transfer between the bacterial cells 

and the fuel cell anode. 

 

It has been shown that the initial adhesion of bacteria to substrates plays an important role in 

bacterial adhesion (Bos, van der Mei, & Busscher, 1999; Gottenbos et al., 1999, 2000). For 

negatively charged bacterial strains and abiotic substrates, repulsive electrostatic force may be 

strong enough to be the dominant factor to prevent bacterial cells from getting close to abiotic 

surfaces. With the aid of hydrodynamic forces, bacteria may overcome the repulsive barrier and 

get close to the medium surface. With the decrease of separation distance, repulsive Lifshitz-van 

der Waals force and electrostatic force drop while Lewis acid/base force increases. The final 

bacterial attachment is thus determined by their interactions with the porous medium surface 

evaluated at the equilibrium distance, dominated by Lewis acid/base force. The quantification of 
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bacterial adhesion onto abiotic surfaces will be useful in biotechnological, biomedical, 

biomaterial and pharmaceutical applications, where engineering principles can be utilized to 

study the behavior of living cells. 
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