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SUMMARY 

 

 Colloidal particles suspended in a liquid or gas phase often interact with solid-

liquid or solid-gas interfaces. In this study, experimental data through atomic force 

microscopy (AFM) and neutron reflectometry (NR) and theoretical results of colloidal 

particle-surface interactions were obtained and compared. Atmospheric and aquatic 

environments were considered for the interactions of microbial colloidal particles and 

nano-sized silica particles with planar surfaces. Spores of Bacillus thuringiensis (Bt), 

members of the Bacillus cereus group, were examined as the microbial particles 

simulating the pathogens Bacillus cereus and Bacillus anthracis which are potentially 

dangerous to human health. Model planar surfaces used in this study include gold which 

is an electrically conductive surface, as well as mica and silica which are charged, 

nonconductive surfaces. 

A mathematical model was developed to calculate the adhesion force between a 

spherical particle and a planar surface in atmospheric systems as the sum of the capillary 

force and the van der Waals force. The electrostatic interaction was initially neglected in 

the model. The two-force mechanisms that were considered are functions of relative 

humidity. The capillary force increases as the relative humidity value increases, whereas 

the van der Waals force decreases as the humidity increases. Adhesion force 

measurements by AFM were conducted using a particle or a Bt-spore modified AFM 

cantilever probe. The measured adhesion force between a silica particle and a gold 

surface is comparable to the model calculations, while there is some disagreement 

between the measured adhesion force for the Bt spore-gold surface system and the 



 xix 

calculated values. The discrepancy may be the result of neglecting the electrostatic force, 

and of the surface roughness of the spore that was observed from the imaging studies.  

 In continuation of the study, the electrostatic force was investigated as one of the 

components of the adhesion force between Bt spores and planar surfaces in atmospheric 

systems. The surface potentials of a Bt spore and a non-conductive surface, such as mica, 

were experimentally obtained using a combined AFM-scanning surface potential 

microscopy (SSPM) technique. The surface charge of the mica and the Bt spore decreases 

with increasing humidity.  The Coulombic force was introduced for the spore-mica 

system and an electrostatic image force was introduced for the spore-gold system. The 

Coulombic force for spore-mica (both charged, non-conductive surfaces) is repulsive 

because the components are similarly charged, while the image force for the spore-gold 

system is attractive. The magnitude of both forces decreases with increasing humidity as 

a result of the decreasing surface charge density as humidity increases. The electrostatic 

forces were added to other force components, e.g., van der Waals and capillary forces, to 

obtain the adhesion force for each system. The repulsive Coulombic force for the spore-

mica system decreases the magnitude of the adhesion force, while the attractive image 

force for the spore-gold system increases the previously obtained adhesion force. It was 

shown that the electrostatic (Coulombic and image) forces play a significant role in the 

adhesion force between spores and planar surfaces. 

In this part of the study, bacterial spore interactions with planar surfaces in 

aquatic environments, including adhesion forces and force-distance profiles, were 

investigated.  The characteristics of Bt spores were determined using electron microscopy 

and electrokinetic measurements. The surface potentials of the spores and mica surface 



 xx 

used in the experiments were measured as a function of pH and ionic strength. The 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory was employed to predict the 

interaction force between the spore and planar surfaces as a function of the separation 

distance, and a force balance was used to explain the adhesion force or “pulling-off” 

force. Theoretical estimations were compared to experimental measurements obtained 

from AFM. The DLVO-based calculations are consistent with AFM force measurements, 

while the calculated adhesion force shows some deviations from the measurements. The 

deviations can be minimized by considering the roughness of the Bt spore and substrate 

surfaces.  

Neutron reflectometry was used as a method to investigate particle deposition and 

aggregation near a flat surface in aqueous solutions. This experimental technique has 

some advantages compared to other experimental tools, such as the capability to capture a 

large population of particles that represent the behavior of the whole system, as well as to 

observe particles within several nanometers from the surface. The results agree well with 

DLVO calculations between a particle and a surface, confirming that NR is a promising 

method for the study of interactions of particles close to a solid surface. 

The results obtained in this research provide insights into the fundamental 

mechanisms of colloidal particle interactions with environmental surfaces in both 

atmospheric and aquatic systems, contributing to the understanding of the phenomena 

driving interfacial processes such as deposition, aggregation, and sedimentation. Thus, 

the results obtained can help us describe the behavior of contaminant colloidal particles 

in environmental systems and subsequently devise better means for their removal from 

environmental surfaces.  



 

1 

CHAPTER 1 

INTRODUCTION 

 

1.1 Interfacial Processes and Colloidal Forces 

 Interfaces and colloidal particles including microbial particles are ubiquitous in 

environmental systems.  As the size of a system becomes smaller, the ratio of interfacial 

area to volume becomes bigger; thus interfacial processes have more significance in 

smaller systems.  The interface of two phases, such as solid-liquid or solid-gas, may 

involve colloidal particles suspended in a liquid or gaseous phase.  Examples of 

interfacial processes involving colloidal particles include deposition, aggregation, and 

sedimentation among others. In addition, there are microbiological processes such 

cellular attachment (or detachment) onto surfaces or adsorption of nutrients on the 

cellular membrane of microbial agents. The behavior of bioaerosols in atmospheric 

systems is also strongly influenced by interfacial processes. Such processes may occur in 

both natural and engineered environments. 

 Interfacial processes may be driven by several types of interaction forces between 

colloidal particles and interfaces in aquatic or atmospheric environmental systems.  One 

such type is the van der Waals force that arises from the attractive force between transient 

dipoles or quadrupoles in molecules; thus, the van der Waals force, also called dispersion 

force, is exhibited by non polar molecules (Israelachvili 1998). Electrostatic interaction is 

another type of force arising when two bodies are charged (Hiemenz and Rajagopalan 

1997).  This force can be expressed by Coulomb‟s law and is either attractive or repulsive 

depending on the charges of the two bodies.  While the van der Waals attraction and the 

electrostatic interaction forces occur in both aquatic and atmospheric systems, another 

type of force, called the capillary force, appears only in atmospheric environments.  
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When a particle rests on a planar surface, water is condensed due to the pressure 

difference and surface tension in the area between the two objects.  The capillary force is 

calculated as the sum of a force due to surface tension and a capillary pressure force that 

depends on the surrounding relative humidity.  Even though there are other types of 

forces, such as the magnetic force and the short-range Born repulsion force, the capillary, 

van der Waals, and electrostatic interaction forces are considered as the basic forces in 

interfacial systems. 

 There are existing mathematical models that can be used to quantify surface 

interaction forces.  The interaction force, such as the adhesion force between a particle 

and a surface in an atmospheric environment, is estimated by the addition of the van der 

Waals attraction, electrostatic interaction, and capillary forces (Cross and Picknett 1963; 

Ouyang et al. 2001; Biggs et al. 2002).  Solid-gas interfacial processes with fine particles, 

such as aerosols, deposited onto a surface could be explained by this method; however, 

the calculation of each component has limitations due to the inaccuracies in the values of 

parameters or the difficulties in measuring the variables. 

 The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory has traditionally been 

used to describe solid-liquid interfaces (Hiemenz and Rajagopalan 1997).  The DLVO 

theory describes the force between charged surfaces interacting through a liquid medium.  

It combines the effects of the van der Waals attraction and electrostatic interactions.  This 

theory explains colloidal systems with symmetric electrolytes at low concentrations.  

There are several systems, however, that cannot be predicted by the DLVO theory; for 

example, asymmetric electrolytes at high concentration, which can be encountered in 

many natural and engineered systems (Hahn and O'Melia 2004; Taboada-Serrano et al. 

2005).  Monte Carlo simulation has been proven an effective method to predicting the 

behavior of ions near charged surfaces (Yang et al. 2002; Taboada-Serrano et al. 2005).  

Molecular modeling deals with systems of relatively small dimensions compared to the 

experimental systems. Increasing the dimensions of the system is often challenging due 
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to computational limitations. Even with these limitations, Monte Carlo simulation can be 

used to explain the behavior of asymmetric electrolytes that cannot be described by the 

DLVO theory. 

 There are several experimental methods that can be used to provide a better 

understanding of various interfacial processes.  The quartz crystal microbalance is used 

for the investigation of the behavior of colloidal particles, polymers, and lipid films and 

biomolecules on surfaces (Caruso et al. 1997; Lvov et al. 1997; Marx 2003). The device 

measures the change in resonance frequency of a quartz crystal resonator, which is 

disturbed by the accumulation or removal of particles at the surface of the resonator. It 

can be used to monitor the deposition rate or the adsorption affinity of colloidal particles 

to surfaces. Another example of experimental methods to quantify surface interactions is 

atomic force microscopy (AFM).  In AFM, a particle probe (i.e., a microcantilever with a 

colloidal particle attached to it) approaches toward a surface and retracts from the surface.  

From the recorded deflection of the cantilever, the interactive force between the particle 

and the surface can be calculated as the product between the cantilever deflection and the 

cantilever spring constant. Neutron reflectometry provides structural information of the 

distribution of particles along a direction perpendicular to surfaces (Zhou and Chen 1995). 

The technique involves an incoming neutron beam at a flat surface, and its reflection 

from the surface is measured in terms of scattering length density as a function of depth. 

The obtained reflectivity profile can be used to determine the thickness, material 

composition, periodicity, and roughness of any thin film layered on the substrate.  

 In the present work, a combination of experimental data and theoretical 

calculations is used to provide a better understanding of the relative importance of 

interfacial forces under various environmental conditions. 
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1.2 Behavior of Microbial Colloidal Particles 

 There have been several studies reported in the literature on applying an 

experimental methodology or a simulation approach to determine the macroscopic 

behavior of biological aerosols. This determination has several implications related to 

environmental engineering including the detection of atmospheric pollutants, estimation 

of pathogenic transport through the atmosphere, and air filtration processes. Airborne 

bacteria or fungi can be transported through the stratosphere in either their vegetative 

state or their dormant form. Transport of microbial colloidal particles is an important 

issue with respect to spreading pathogenic microorganisms (Griffin 2004; Smith et al. 

2010). The dispersion of aerosol particles or biological agents as potential materials for 

bioterrorism was investigated through experimental simulation in an aerosol chamber 

(Utrup et al. 2003; Ho and Duncan 2005; Lai et al. 2008), or by sampling outdoor air 

(Fuzzi et al. 1997; Kuske 2006), or through computer-model simulation in high rise 

buildings (Reshetin and Regens 2003; Reshetin and Regens 2004). 

 Besides environmental-engineering related applications, studies on the interfacial 

behavior of bioaerosols have also implications in other fields related to microbiological 

ecology, hygiene in the medical field and food science, and pathology (Ubbink and 

Schar-Zammaretti 2005). Spore adhesion on spacecrafts was also investigated for 

cleaning, sterilization, validation, and recontamination prevention of the surface 

(Venkateswaran et al. 2004; Lin 2006). In addition, global transport or dispersion of 

biological aerosols or pathogens was investigated by air sampling to determine the 

atmospheric microbiological ecology (Bovallius et al. 1978; Westbrook and Isard 1999; 

Kellogg and Griffin 2006). 

 The fate and transport of biological colloids was studied in aqueous systems, as 

well. Microorganisms or biological colloids can be considered as contaminants in 

groundwater or subsurface systems and can also facilitate the transport of other 

contaminants, such as heavy metals (Pang et al. 2004; Custodio 2006). In addition, 
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biocolloids including bacterial spores can be used as tracers for sewage dispersion. The 

transport of spores was tested and visualized by laboratory-scale soil-column experiments 

or field-scale experiments under saturated or unsaturated condition (Kinoshita et al. 1993; 

Jiang et al. 2006; Keller and Auset 2007; Harvey et al. 2008), and the factors affecting 

the process of spore transport through a soil column were investigated (Camesano et al. 

1999; Kim et al. 2009). In addition, the advection-dispersion model was tested for 

microbial colloids in filtration processes (Pang et al. 2005). These studies have 

implications in groundwater contamination (a public-health problem), subsurface 

bioremediation, subsurface ecology, water-treatment process design, and risk assessment 

of pathogen contamination. 

 Previous studies on the fundamental mechanisms behind microscopic interfacial 

processes between microbial colloids and environmental surfaces provide a good 

background resource for understanding the macroscopic behavior of biocolloids in 

atmospheric and aquatic environments. 

 

1.3 Scope and Objectives 

 This study combines experimental and theoretical work to examine the 

fundamental mechanisms behind interfacial processes occurring in atmospheric and 

aquatic environments. This objective is accomplished through various experimental 

measurements and comparisons between experimental data and mathematical modeling 

results.  

 The overall objective of the present thesis is to provide a better understanding of 

the interfacial interaction forces in atmospheric and aqueous environments. The 

following specific objectives were proposed in order to achieve the overall goal:  

 Study the adhesion force between a particle (inorganic or biological) and a planar 

surface in atmospheric environments. 
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 Assess the relative importance of the adhesion force components between a 

spherical particle and a planar surface in atmospheric environments through 

mathematical modeling calculations. 

 Study the interfacial force and its components between a biological agent and 

model surfaces in aqueous environments. 

 Assess the factors influencing the interaction of colloidal particles with surfaces 

through experimental data and theoretical calculations. 

 Examine the potential of neutron reflectometry as a tool to investigate particle-

surface interactions. 

 

1.4 Organization of Thesis 

 Chapter 1 introduces the interfacial processes and colloidal forces acting on 

particles suspended in a liquid or gaseous phase. Chapter 1 also discusses the importance 

of studying the behavior of microbial colloids in environmental systems. The scope and 

objectives of this research are included in this chapter as well. 

 A review related to theoretical modeling and experimental methods is described 

in Chapter 2. Detailed descriptions of the DLVO theory, adhesion force modeling and 

calculations, neutron reflectometry, and operation procedure of the AFM can be found in 

Chapter 2. 

Chapter 3 describes the mechanisms of adhesion between a particle, such as a 

Bacillus thuringiensis spore, and an electrically conductive surface such as gold in 

atmospheric environments. The adhesion force, also called pulling-off force, measured by 

AFM is discussed and the components of the force are evaluated through a mathematical 

model. In the model, the effects of such parameters as particle size and properties of the 

materials, including the Hamaker constant and hydrophobicity or contact angle, are 
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investigated. In addition, the role of the relative humidity in the adhesion force is also 

discussed via experimental and theoretical approaches in Chapter 3. 

The adhesion force between a colloidal particle and an electrically non-conductive 

surface is discussed in Chapter 4. The comparison of AFM experimental data and model 

calculations showed a discrepancy, therefore, it was needed to modify the model. An 

electrostatic interaction force was introduced in the model as a new component of the 

adhesion force. The role of the electrostatic interaction in the modified model is discussed 

in this chapter. A possible additional force component in the system with conductive 

surface is also discussed. 

In Chapter 5, not only the adhesion force but also other types of force 

measurements that can be obtained through AFM, specifically the „force-distance curve‟, 

is also discussed for microbial colloids and planar surfaces in aquatic environments. The 

force-distance curve is compared to the calculated force-distance or potential-distance 

curve using the DLVO theory. Similarly to the atmospheric system, the adhesion force 

for aqueous environments is investigated both experimentally and theoretically. 

 Neutron reflectometry experiments are conducted to probe the classical theory, 

specifically the electrical double layer force. In Chapter 6, the results from neutron 

reflectometry experiments under various conditions of electrolytes are compared to 

theoretical calculations. The concentration distribution of particles near a charged surface 

is determined by fitting modeling results to neutron reflectivity data. The concentration 

profile of colloidal particles near the surface obtained in this way is explained by means 

of the DLVO theory. 

 Major conclusions of this research and recommendations for future studies are 

presented in Chapter 7. 
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CHAPTER 2 

COLLOIDAL PARTICLE-SURFACE INTERACTIONS: 

THEORETICAL MODELS AND EXPERIMENTAL 

MEASUREMENTS 

 

2.1 Theory for Colloidal Particle–Surface Interactions 

2.1.1 Adhesion Forces in Atmospheric Environments 

 Mathematical models for the adhesion force between a spherical particle and a 

planar surface in atmospheric systems have been reported in the literature (Cross and 

Picknett 1963; Sedin and Rowlen 2000; Butt et al. 2006; Farshchi-Tabrizi et al. 2006). 

Three main components – the van der Waals force, the capillary force, and the 

electrostatic force – are generally considered in the modeling of the adhesion force (Xiao 

and Qian 2000; Ouyang et al. 2001). These forces are functions of the electrostatic 

potential, shape, size, and roughness of particles, as well as the relative humidity. For the 

capillary force calculation, two components are considered: one is a surface tension force 

and the other is a force due to the pressure difference, and the circular approximation is 

used to describe the shape of the meniscus between the particle and surface (Orr et al. 

1975). Figure 2.1 shows the schematic of the spherical particle on the planar surface at a 

certain height and circular shaped meniscus.  

 The capillary force is calculated as the sum of the surface tension force and the 

force due to the pressure difference: 

 

)1.2()sin(2 2

1 PllFFF differencepressuretensionsurfacecapillary            
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Figure 2.1  Spherical particle on a planar surface at the height, a, and meniscus with 

circular shaped curvature. 
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where   is the surface tension of water. The Young-Laplace equation describes the 

pressure difference using the principal radii of the curvature as: 









21

11

rr
P  where r1 

and r2 are the principal radii of the meniscus curvature.  

 The radius of the circle on the spherical particle along the line where the meniscus 

meets the particle, l, can be replaced by sinR . Then, the force can be rewritten as: 

 

)2.2(
11

sin)sin(2sin
21

1





















rr
RRFcapillary   

 

 Orr et al. (1975) expressed the principal radii using the radius of the particle (r), 

particle height (a), contact angles of the materials (θ), and angle of the meniscus ( ): 
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 Thus, the capillary force is calculated using known parameters such as the water 

surface tension, particle radius, angle of meniscus, contact angles of the surfaces, and the 

height of the spherical particle: 
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 The van der Waals force between a spherical particle and a planar surface is 

obtained by integrating the force between a circular disc and a planar surface as a 
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function of the properties of the medium surrounding the two objects. Because of the 

existence of the meniscus between the spherical particle and the surface in the system, the 

integration consists of two parts; one with water as the medium between the surfaces and 

the other with air surrounding the system: 
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where water

HA and air

HA are the Hamaker constant in water and air, respectively, and H is the 

distance between the disc and the surface which can be expressed using the parabolic 

approximation as )2/( 2 RxaH  . Therefore, the van der Waals force is described as: 
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 A value of the angle of the meniscus ( ) in the calculation of the van der Waals 

and capillary forces is determined as a function of the relative humidity ( 0/ PP ) by using 

the Kelvin equation: 

 

)8.2(
sin

)sin(

)cos1(

cos)cos()/ln(
121
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where gasR  and T  are the gas constant and absolute temperature, respectively, and 0  is 

the molar volume of water. As shown in the calculation results for model particle and 

surface (Figure 2.2), the sum of the two forces is influenced by the contact angles of the 

materials. While the Kelvin equation can be solved numerically, the angle of the  
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Figure 2.2  Adhesion force calculations for a model particle and a surface and the 

influence of contact angle θ1 for the sphere-water-air (a) and the contact angle 

θ2 for the planar surface-water-air (b) on the adhesion force. 
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meniscus is not determined at low relative humidity conditions for the model calculation, 

which means that the meniscus is not formed up to a critical value of the relative 

humidity. Below the critical humidity level, the capillary force is zero and the sum of the 

forces is constant. 

 The third component of the adhesion force is the electrostatic force which can be 

calculated from the surface potential or charge density of the two objects. The surface 

potential of the material is obtained from SSPM measurements and converted into the 

charge density, as explained further in a subsequent section (Section 2.2.3).  

If we assume an infinite size for a planar surface with surface charge density (σsurface), the 

electric field, E, produced by the surface charge is: 
02

 surface
E  . The force, F, applied to a 

particle of electrostatic charge (qparticle) in an electric field E is: 

 

)9.2(
2 0

particle

surface

particle qqEF



  

 

Because the surface charge of the spherical particle can be calculated as the product of 

the charge density and the surface area, the force can be rewritten as:  

 

)10.2(
22 00
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surface
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
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where Aparticle is the surface area of the particle. 

 The Coulombic force arises when two interacting objects have electrostatic 

surface charges. However, there is another type of electrostatic force acting between a 

charged particle and a grounded conductive surface. Although the conductive substrate 

has no surface charge, so the Coulombic force between the particle and the surface is zero, 
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there is an image charge or image particle arising on the opposite side of a conducting 

planar surface due to polarization of the conducting surface material by the charged 

atoms of the particle (Fowlkes and Robinson 1988; Feng and Hays 2003). The interaction 

force between the image particle due to polarization and the charged particle is called 

„electrostatic image force‟.  

 The image force is calculated by the equation:  

  

)11.2(
16 2

0

2

R

q
F

particle

imgae


   

  

where R is the radius of the particle and   is the weight coefficient, which is a function 

of several parameters such as the dielectric constant or the geometry of the particle. The 

value of α varies with the charge distribution on the particle surface. If the surface charge 

of the particle is concentrated close to the contact point on the surface,   increases by up 

to an order of magnitude (Czarnecki and Schein 2004). Also, if the particle has a 

symmetrical surface charge distribution, the value of   is 2.27 times greater than the 

point charged particle system.  

 Consequently, the adhesion force of a particle on a planar surface in an 

atmospheric environment can be determined by three factors: (i) van der Waals, (ii) 

capillary, and (iii) electrostatic (Coulombic or image) forces. There are two important 

approximations involved in the model development: (i) the shape of the meniscus formed 

between a spherical particle and a planar surface is circular and (ii) the distribution of the 

potential between two surfaces is linear.  

 While the interaction force between a particle and a surface in the atmosphere is 

described by considering the two interacting objects and the condensed water in-between, 

the interaction force in aqueous environments can be described by considering the ions in 

the solution and their interactions with ions accumulating near the particle surface and the 
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planar surface, as introduced in the following section (Section 2.1.2). The ionic cloud 

near a solid surface in an aqueous solution is also known as the electrical double layer. 

 

2.1.2 Interparticle Interactions in Aqueous Solutions through the DLVO Theory 

 Traditionally, the Derjaguin, Landau, Verwey and Overbeek (DLVO) theory has 

been used in explaining the interaction between two charged colloidal particles in 

electrolyte solutions (Elimelech et al. 1995; Hiemenz and Rajagopalan 1997; Israelachvili 

1998). The theory has two components, the electrostatic and van der Waals interaction 

whose energy potentials or forces can be expressed as a function of the separation 

distance between two planar surfaces. Mathematical expressions of potentials and forces 

between two planar surfaces, between two spherical particles, or between a particle and a 

planar surface have been reported in the literature (Elimelech et al. 1995; Hiemenz and 

Rajagopalan 1997; Dorobantu et al. 2009). The electrostatic interaction between charged 

particles in aqueous solutions is determined by the overlapping electrical double layers 

formed by ions accumulating near the charged surfaces (Hiemenz and Rajagopalan 1997). 

The electrical double-layer potential between two planar surfaces per unit area is 

expressed by:  

  

)12.2()exp(64 2

0

1 hTnkBedl   

  

  

where kB is the Boltzmann constant, T is the absolute temperature, n , is the number 

concentration of ions in the bulk solution, h is the separation distance between the 
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respectively. The interaction potential between two charged spheres can be given by: 
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where ri is the radius of the spherical particle i and i  is the reduced potential, which is 

related to the surface potential ( i ) by: 
Tk

e

B

i

i


  . The interaction potential of the system 

of a spherical particle and a planar surface can be estimated by the two-particle-system 

mathematical expression by allowing one particle to have an infinite size.  

 The van der Waals interaction potential between a spherical particle and a surface 

is given by:  

 

)14.2(6/ hRAHvdw   

 

while the van der Waals potential between two planar surfaces can be expressed per unit 

area:  

 

)15.2(/)12/( 2hAHvdw   
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where AH is the van der Waals constant and R is the radius of the particle (Elimelech et al. 

1995). After the addition of the two potential components (i.e., van der Waals and 

electrostatic interactions) between a spherical particle and a planar surface, the 

corresponding force can be simply obtained from the derivative of the total potential with 

respect to the separation distance between the surfaces. 

 In summary, the interaction between two objects in an aqueous environment has 

one missing component, the capillary force, compared to the atmospheric system. 

Moreover, two common components – van der Waals and electrostatic forces – are 

calculated using different equations for atmospheric and aqueous systems. While the 

electrostatic interaction in the aqueous solution is described by the interaction of adjacent 

electrical double layers, which are the clouds of ions near charged surfaces, the 

electrostatic force in the atmospheric environment is simply calculated using the surface 

charges. Also, the van der Waals force in the aqueous solution is calculated using a 

simple equation, while the van der Waals force in the atmospheric system is calculated 

with consideration of two media – the surrounding atmosphere and condensed water. 

 

2.2 Experimental Measurements of Particle–Surface Interaction  

 The theoretical estimations of the force or potential energy between a spherical 

particle and a planar surface can be verified with various experimental measurements 

such as neutron reflectometry or atomic force microscopy (AFM). While AFM provides 

the interaction force data between a particle and a surface directly (Chin et al. 2002), 

neutron reflectometry provides structural information of particle distribution near the 

surface, which is a result of the interaction force between the particle and the surface 

(Zhou and Chen 1995). Therefore, the particle distributional information obtained by the 
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neutron reflectometry measurements is explained by the potential energy (or force) curve 

calculated from the DLVO theory. Meanwhile, AFM force data can be directly compared 

to theoretical calculations of the interaction force. 

 

2.2.1 Neutron Reflectometry 

Neutron reflectometry provides structural information of surfaces (Penfold and 

Thomas 1990; Li et al. 1998). The technique involves an incoming neutron beam at a flat 

surface, and its reflection from the surface is measured in terms of angle and scattering 

length density as shown in Figure 2.3 (Russell 1990). The obtained reflectivity profile 

can be used to determine the thickness, material composition, periodicity, and roughness 

of any thin films layered on the substrate. The neutron reflectometry experiments provide 

information about the distribution of particles along the direction perpendicular to the flat 

surface, a result that cannot be provided by other instruments such as the quartz crystal 

microbalance or AFM. The neutron reflectometry measurements involve a very large 

population of particles, thus the measurements represent well the average behavior of the 

whole particle population in the system. In addition, in neutron reflectometry experiments, 

particles freely move toward and away from the surface in the aqueous solution. Thus, 

the behavior of a large number of colloidal particles freely floating in the medium and 

interacting with a surface in the neutron reflectometry experiment will be comparable to 

the behavior of a real natural or engineered system.  

Neutron reflectometry provides structural information near an interface, in the 

direction normal to the surface. The instrument provides the refractive index profile 

normal to the interface which is related to the scattering length density and this  
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Figure 2.3  Schematic of the neutron reflectometry cell. 
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information is used in the calculation of the reflectivity. The reflectivity profiles are 

produced using an approximate method (Grundy et al. 1988; Fragneto-Cusani 2001). 

The reflectivity )(R  is calculated using the following formula: 

 

)16.2()()()(
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where )(FR  is the reflectivity of an ideal interface and 
2

)(Q  is the modulus squared of 

the Fourier transform of the scattering density gradient. The reflectivity expected for an 

ideal interface is: 
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, where   is the neutron wavelength, s  

is the mean scattering length density in the bulk of the subphase, and abs  is an 

absorption factor which is considered not significant for most cases (i.e., 0 ). The 

scattering density   is calculated by the formula: 
i

ii bzNz )()( , where iN  and ib  

are the number density and the neutron scattering length of atom, i, respectively. 

The Fourier transform of the scattering density gradient is given by: 
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where a  is the scattering length density in air, z  is the distance perpendicular to the 

surface and  2/122 )sin1(
4





 fnQ   when fn1cos , or 0Q  otherwise.  

The experimentally obtained neutron reflectivity curve is analyzed by developing a 

model and finding the optimal model parameters that best describe the experimental data. 

The model contains a series of layers of different scattering densities and thicknesses 

along the normal distance from the surface. The thickness of various layers, which can be 

detected by this technique, ranges between 10 Å  and 5000 Å  from the surface. Neutron 

reflectometry can be employed to measure the structure of thin films; therefore, this 

technique can be applied to investigate surface or interfacial phenomena, for example, 

particle aggregation, polymer and surfactant adsorption, and structure of thin films or 

biological membranes. 

 

2.2.2 Atomic Force Microscopy 

 In AFM, a colloidal particle of interest attached to a tipless silicon-nitride AFM 

cantilever using micromanipulators and epoxy glue moves upward/downward on a 

surface presumed to be perpendicular to the surface (Chin et al. 2002). The interaction 

force between the particle and the surface during the movement is inferred from the 

recorded deflection of the cantilever using a laser beam and a photodetector. The laser 

beam which aims at the backside of the cantilever is reflected to the photodetector. The 

relative position of the laser beam in the photodetector divided into four segments is 

determined from an output voltage of each respective photodetector segment. The 

http://en.wikipedia.org/wiki/Thin_films
http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/Surfactant
http://en.wikipedia.org/wiki/Adsorption
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recorded deflection of the cantilever is converted into the interaction force after 

multiplication with the spring constant of the cantilever by Hooke‟s law: 

 

)19.2(zkF cantilever   

 

where kcantilever corresponds to the spring constant of the cantilever and Δz is the measured 

deflection of the probe. The spring constant is a function of the properties of the material 

and the geometric characteristics of the probe. The spring constant can be calculated 

theoretically, but it can be also experimentally measured. The measuring procedure 

involves capturing the cantilever‟s mechanical response to thermal noise. The motion of 

the probe in response to thermal agitations includes the Brownian motion of the 

molecules of the encompassing medium such as air or water. The frequency spectrum of 

the cantilever response is extracted from fluctuations of the cantilever as a function of 

time. Assuming a single degree of freedom of the cantilever and using the energy equi-

partition theorem, a Lorentzian line shape is fitted to the obtained frequency spectrum, 

which enables an estimate of the spring constant of the probe.  

 Two sets of data points are recorded during the two-way movements of the 

particle probe: approaching and retracting. Figure 2.4 shows a schematic of the data plot 

obtained from AFM force measurements. 

 While maximum deflection in probe retracting movement is simply converted into 

the adhesion force (often called „pulling-off‟ force) by Hooke‟s law using the spring 

constant, the data plot showing the change of the deflection of the cantilever with the  
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Figure 2.4  Schematic representation of the curve of tip deflection vs. probe position. 
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vertical position of the cantilever during the approach of the probe toward the surface is 

converted into the force-separation distance curve as shown in Figure 2.5. The force is 

calculated as the product of the deflection and the spring constant of the cantilever probe 

and the separation distance is calculated from the summation of the position and the 

deflection of the cantilever.  

 Figure 2.5 (a) and (c) represent an attractive and repulsive inter-particle force and 

the force-distance curve in Figure 2.5 (b) depicts neither attractive nor repulsive force 

between the particle and the surface. If there is a repulsive force as strong as an attractive 

force between two objects, the net force is zero and the force curve will be obtained as in 

Figure 2.5 (b).   

 The AFM provides not only force data between the tip and the surface, but also 

height information of the surfaces using a small sharp tip traveling along the surface of 

the substrate. In addition, AFM can be combined with other technologies such as 

scanning surface potential microscopy (SSPM) to measure the surface potential or 

surface charge density of the substrate. The working mechanism of SSPM that is based 

on an AFM setup will be introduced in the following section (Section 2.2.3). 

 

2.2.3 Scanning Surface Potential Microscopy 

Combination of the two techniques – AFM and scanning surface potential 

microscopy (SSPM) – provides surface potential information of the substrate. SSPM has 

been used to investigate electrical or electro-mechanical phenomena at the nanoscale 

(Kalinin and Gruverman 2007). The tapping-mode AFM technique precedes SSPM 

potential measurements to provide the surface topography and the corresponding 

electrostatic potential. The surface morphology of a substrate is obtained by AFM in a  
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Figure 2.5  Force-distance curves converted from the curves of tip deflection vs. probe 

position. 
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tapping-mode using a sharp tip traveling over the substrate. Immediately, following the 

SSPM measurement, the tip moves based on the height data recorded by AFM. Figure 2.6 

shows a schematic of a particle on a conductive substrate in the SSPM instrument in 

which a tip is moving on the surface.  

As depicted in Figure 2.6 (a), the tip scans along the recorded topographical line 

in the AFM image at a constant height (called a set height) away from the surface. The 

set height – distance between the tip and the scanning surface – is selected to minimize 

other short-range forces, such as the van der Waals force. At the second scan, the local 

electrostatic potential resulting from the electrostatic force between the AFM tip and the 

sample substrate is recorded and the potential data are plotted in the SSPM potential 

profile, as shown in Figure 2.6 (b).  

The obtained surface potential profile versus distance from the planar surface is 

used to calculate the surface charge density. The slope of the potential (
z


) is converted 

into the surface charge density using the equation: 
02








z
, where σ is the surface 

charge density and ε0 is the vacuum permittivity (Israelachvili 1998). Although this 

equation is applicable to a planar surface in the absence of any other objects interacting 

with the surface with respect to the electrical potential, the interacting object (AFM tip in 

the SSPM measurement system) is ignored in this study in order to obtain an approximate 

estimation of the surface charge density of the substrate. With the assumption that the 

potential distribution between the surface and the tip is linear as shown in Figure 2.6 (c), 

the slope of the potential can be obtained by dividing the potential difference between the 

two objects by the set height. Because the potential of the tip can be considered the same  



 27 

 

 

 

 

 

 

Figure 2.6  Scanning surface potential microscopy (SSPM) measurement of a particle on 

a conductive substrate and the obtained surface potential profile versus 

distance to calculate the surface charge density. 
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as the potential of the background gold surface during SSPM measurements (Jacobs et al. 

1998), the potential of the AFM tip ( tip ) is replaced by the measured potential of the 

conductive substrate ( substrate ) in the calculations. Therefore, the electrostatic potential 

data are converted into the surface charge density of the substrate using the equation: 

02


substrate

tipsubstrate

tipsubstrate

zz





.  

 Consequently, theoretical calculations of particle-surface interactions are 

compared with the experimental measurements of interaction forces between a particle 

and a surface or the observation of distribution of colloidal particles. This study is helpful 

in understanding the fundamental mechanisms behind interfacial processes occurring in 

atmospheric and aquatic environments. 
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CHAPTER 3 

ADHESION OF SPORES OF BACILLUS THURINGIENSIS  

ON A PLANAR SURFACE 

 

 In this chapter, the fundamental mechanisms of the adhesion of colloidal particles 

on surfaces in atmospheric environments were studied via a combination of experimental 

and theoretical studies. Spores of Bacillus thuringiensis were chosen as a model particle 

system. The Bacillus thuringiensis spores simulate natural or engineered environmental 

contaminants, such as Bacillus anthracis spores.  

 The objective of this study is to provide a better understanding of how strongly 

colloidal particles and spores adhere on environmental surfaces. A mathematical model 

describing the adhesion force between a particle and a planar surface was developed, and 

the force consisted of van der Waals, capillary, and electrostatic force components.  

Because an electrically conductive material, such as gold, was used as a substrate surface 

material, the electrostatic force could be neglected in this part of the study. Model 

calculations were compared to experimental measurements of the adhesion force obtained 

via atomic force microscopy to determine the validity of the model. Consequently, the 

model can be used to predict the adhesion force of colloidal particles and spores onto 

electrically conductive environmental surfaces. This information may be used to devise 

methods for the removal of environmental contaminants from natural or engineered 

surfaces.  

 

3.1 Introduction 

 Microorganisms, especially bacteria, exist everywhere, and their importance in 

environmental processes and human activities is well recognized (Madigan et al. 2002). 
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In nature, bacterial cells live as a microbial community and form biofilms on surfaces. 

Bacteria in a biofilm interact with other cells as well as with heterogeneous surfaces. 

Bacterial interactions play a key role in pathology and food science (Ubbink and Schar-

Zammaretti 2005). The fact that a bacterial biofilm can be a source of medical implant 

infections, for example, has been discussed (Costerton et al. 1999; Emerson and 

Camesano 2004; Waar et al. 2005). Surface adhesion of bacteria is relevant to biological 

attacks as surfaces become contaminated with the bacterial agent used. Therefore, 

bacterial interaction forces are important in understanding how bacteria adhere to such 

common surfaces as metal, glass, or construction materials and how bacteria adhered to 

these surfaces can be detached. The microbial adhesion force between bacteria and a 

surface has been studied in either liquid (Ong et al. 1999; Vadillo-Rodriguez and Logan 

2006; de Kerchove et al. 2007; Sheng et al. 2007) or atmospheric environments (Thio and 

Meredith 2008) for several species such as Escherichia coli and Pseudomonas. 

 The adhesion force between a particle and a planar surface in an atmospheric 

environment has been considered to consist mainly of capillary force (Cross and Picknett 

1963; Orr et al. 1975) as the dominating interaction component; however, other force 

components, such as van der Waals and electrostatic forces, are added for a complete 

calculation of the total adhesion force (Xiao and Qian 2000; Ouyang et al. 2001). 

 Capillary forces arise due to water condensation between a particle and a surface. 

Water vapor in the atmosphere condenses onto the surface to form a water film, and when 

the particle is in contact with the surface, a water meniscus is formed between the two 

objects. This geometry leads to the adhesion force due to the surface tension pressure 

differences. Surface tension arises along the boundary line where condensed water meets 

the particle surface. Pressure difference, which is a characteristic of the curvature of the 

water surface, exists between the interior of the condensed water and the surrounding 

atmosphere. The van der Waals or dispersion force arises between the transient dipoles or 

quadrupoles in molecules and is calculated by use of the Hamaker constant, a property of 
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the combination of particle material, surface material, and the medium in between. The 

van der Waals force is calculated with consideration of two media: (i) surrounding 

atmosphere and (ii) condensed water. 

 The electrostatic interaction force between two objects may be calculated through 

Coulomb‟s law by use of the charges of interacting objects, the dielectric constant of the 

medium in between, and the separation distance.  

 Spores of microbial agents, which are living forms of spore forming bacteria 

during their life cycle, have previously been studied (Bowen et al. 2000; Prier et al. 2001; 

Faille et al. 2002). Spores have minimal water content to enhance their resistance to harsh 

environments, such as dryness and low or high temperature. They have an outer layer 

(coat) to serve as a barrier against external conditions and to support their structure. 

While most of the outer membrane of active cells of bacteria is a single-layered or 

multilayered cell wall consisting of polymer layers of peptidoglycan connected by amino 

acid bridges or lipopolysaccharide layers, spores have a coat as the outer membrane 

composed of layers of spore-specific proteins. Spores of the Bacillus cereus group, 

including Bacillus anthracis and Bacillus thuringiensis, have an additional filmy outer 

layer (Faille et al. 2002; Madigan et al. 2002). This most outer membrane, namely the 

exosporium, which covers the spore coat, consists of protein, aminopolysaccharides and 

neutral polysaccharides, and lipids (Gerhardt et al. 1976; Redmond et al. 2004). The 

difference between membrane components of bacterial cells and spores is expected to 

lead to different behavior in terms of adhesion onto a surface.  

 Spores, like bacteria in their active form, can be contaminants and health hazards. 

This study is focused on the adhesion of spores on surfaces through combining spore 

characterization, modeling of surface interactions, and surface force measurements. 

Spores of Bacillus thuringiensis (Bt) have been studied as a simulant of Bacillus 

anthracis, which is potentially dangerous to human health. There have been studies (Prier 

et al. 2001; Thio et al. 2009) of the adhesion force between a biological particle and a 
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surface in atmospheric conditions based on various experimental methods, including 

atomic force microscopy (AFM). The adhesion force was quantitatively determined by 

use of modified AFM probes with pollen particles (Thio et al. 2009); however, the 

components of the total adhesion force have not been investigated theoretically. 

Therefore, the aim of this study is to measure the adhesion force between a Bt spore and a 

planar surface, develop a validated model for the prediction of the adhesion force, and 

identify the mechanisms and all the force components. By comparison between the 

measurements and model calculations, the model will be verified and the relative 

contributions of the components of the total adhesion force will be evaluated for different 

relative humidity levels. 

 

3.2 Experimental Methods 

3.2.1 Materials 

 Spores of Bt have been purchased from Raven Laboratories (Omaha, NE) and 

also produced at Oak Ridge National Laboratory by the following procedure: Bt 

microorganisms were incubated in a 1:10 nutrient broth solution and grown in the 

solution for 2-4 days. After snap-freezing in liquid nitrogen and centrifugation, spores in 

the shape of pellets were obtained. The formation of spores was verified under an optical 

microscope. Both purchased and laboratory-produced spore suspensions were dried on a 

substrate for measurements under room conditions. A gold-coated silica substrate was 

used for topographical measurements of spores by AFM. Filter paper (Schleicher & 

Schuell, 470) was also used as a substrate in order to obtain dried spores that could be 

attached onto tipless AFM cantilevers for adhesion force measurements. A Bt spore or a 

spherical silica particle of predetermined size was attached onto a tipless silicon-nitride 

AFM cantilever by use of micromanipulators and epoxy glue. This method had been 
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employed in our previous work (Chin et al. 2002) to attach silica particles onto tipless 

AFM cantilevers. For better reproducibility, AFM probes with a silica particle or a Bt 

spore used in this study were prepared by Novascan Technologies (Ames, IA).  

 The adhesion force between a spore or a particle and a substrate was measured by 

MultiMode AFM (Veeco Instruments, Plainview, NY). The adhesion force is measured 

between the AFM probe and a model planar surface as the retraction force normal to the 

surface. During force measurements, the cantilever with the particle or spore facing the 

surface moves toward and away from the surface. While the cantilever is approaching the 

substrate until the tip (silica particle or spore attached onto the cantilever) is in contact 

with the substrate and retracting away from the substrate, the deflection of the cantilever, 

which is a result of the interaction between the particle and the substrate, is recorded. The 

adhesion force is calculated from the maximum deflection occurring during retraction 

multiplied by the spring constant of the cantilever. The spring constant was directly 

measured in our laboratory by an AFM procedure. For force measurements via AFM, a 

gold-coated substrate was used. The silica surface was soaked into sulfuric acid overnight, 

then rinsed with deionized water, and dried with nitrogen, while the gold surface was 

rinsed with acetone or ethanol and with deionized water and then dried with nitrogen gas. 

Because the theory predicts that adhesion force is a function of relative humidity, the 

adhesion force was measured at a wide range of relative humidity values. A glass 

cylinder around the head of the AFM was used as a humidity-control chamber, and the 

humidity was adjusted by the flow rates of saturated and dry air gas. 

 

3.2.2 Spore Characterization: Size and Shape of a Bt Spore 

 Imaging of Bt spores was conducted prior to adhesion force measurements via 

AFM, scanning electron microscopy (SEM), and scanning/transmission electron 

microscopy (STEM). AFM imaging was performed in contact mode. As shown in Figure 
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3.1, the spore surface has considerable roughness, an observation that was also reported 

in the literature (Chada et al. 2003; Giorno et al. 2007). Images of Bt spores have also 

been obtained by STEM (Hitachi-2000) and SEM in the Center for Nanophase Materials 

Sciences at Oak Ridge National Laboratory. From STEM images, it was found that there 

are objects of two shapes, a rod-shaped object (approximately 1.3 μm long and 0.8 μm 

wide) and a rhombus-shaped object of various sizes. The former is the spore and the latter 

is a parasporal crystal protein made by the microorganisms (Gerhardt et al. 1976). These 

two types of objects could also be identified in SEM images, but a more detailed structure 

was observed on the spore surface. In SEM images, ridge structures are shown on the 

surface of the spores, and the exosporium-assumed objects (i.e., the material connected to 

the spores and spread onto the surface) are shown in the images. Variations in the spore 

shape or roughness are also observed in the images. There are mainly spherical or rod-

shaped spores but also spores with rough surface, which indicate variations in the shape 

and roughness of the spores or variations in their water content. A combination of AFM 

and scanning surface potential microscopy was employed to measure the surface 

potential of the spores. The electrostatic potential of the spore surface was relatively 

wide-ranging, from -330 to -850 mV at different relative humidity levels. This relatively 

high surface charge of Bt spores helps the adhesion of spores onto positively charged 

surfaces. 

 

3.3 Theoretical Calculation of the Adhesion Force in Atmospheric Systems 

 Mathematical models for the adhesion force between a spherical particle and a 

planar surface in atmospheric systems have been reported (Cross and Picknett 1963; 

Sedin and Rowlen 2000; Butt et al. 2006; Farshchi-Tabrizi et al. 2006). Previous studies 

were focused mainly on the capillary force (Cross and Picknett 1963), but other studies  
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Figure 3.1  Images of Bt spores and protein crystals obtained by AFM, STEM, and SEM. 

(a) spore images by AFM, (b) spore images by STEM, (c) protein crystal 

images by STEM, and (d) spores and protein crystals in SEM images. 
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investigated the role of van der Waals and electrostatic forces in the determination of the 

total adhesion force (Ouyang et al. 2001). In the modeling of adhesion force in this study,  

the three main components that were considered are van der Waals, capillary, and 

electrostatic forces. These forces are functions of the electrostatic potential, shape, size, 

and roughness of particles as well as relative humidity. However, because the gold-coated 

substrate was electrically conductive, the assumption was made that the surface charge 

dissipated, so that the electrostatic force could be neglected in the calculations. Thus, the 

adhesion force is calculated as the sum of capillary and van der Waals forces. In addition, 

even though the spore is confirmed to be rod-shaped, the object in the model was 

assumed to be of spherical shape with a smooth surface, so that the roughness of the 

particle is initially ignored. For capillary and van der Waals forces, the following 

expressions were used, respectively (Orr et al. 1975; Xiao and Qian 2000): 
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 There are several parameters in these equations, including the angle of the 

meniscus of water between the two objects ( ), contact angles (θ1 for particle-air-water, 

θ2 for flat surface-air-water), particle radius (R), surface tension of water (γ), 

intermolecular spacing (a, 0.275 nm), and the Hamaker constants (AH). Except for the 

radius of the particle and contact angles, which are experimentally measured, the values 

of such variables as surface tension of water, the Hamaker constant, and intermolecular 

spacing were obtained from the literature (Orr et al. 1975; Xiao and Qian 2000; Brown 

and Jaffe 2006) (see Table 3.1). The angle for meniscus ( ) can be calculated by using 
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the Kelvin equation (equation 3.3) as a function of the relative humidity (P/P0) with 

additional variables: temperature (T) and molar volume of water (v
0
). Rgas is the gas 

constant. 
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 In the Kelvin equation, the principal radii were geometrically expressed with the 

“circle approximation” that describes the shape of the meniscus as a circular curve (Orr et 

al. 1975). The contact angles of gold (62°) and silica (79°) were measured in this study 

by a contact angle meter (CAM Plus). The meniscus angle,  , in equation 3.3 was 

calculated as a function of the relative humidity. As shown in Figure 3.2, the meniscus is 

not formed below a certain relative humidity value (approximately 30% in the figure). 

Above the critical relative humidity level, the meniscus angle increases as relative 

humidity increases. Therefore, the meniscus force is zero below the critical humidity and 

increases above the critical relative humidity value. The van der Waals force is constant 

for low humidity conditions, where there is no meniscus formed, and decreases as the 

humidity level increases. As a sum of the forces, the total adhesion force is composed 

mainly of the van der Waals force at low relative humidity values (below the critical 

point), while the main component of the total force is rapidly shifted to the capillary force 

contribution beyond the critical point. The adhesion force between two hydrophilic 

surfaces (contact angle with water <5°) has recently been investigated (Asay et al. 2009), 

and a good comparison between experimental and modeling results, considering the 

structure of the adsorbed water layer on the surface, was reported. The surfaces used in 

the present work, however, are hydrophobic with contact angles higher than 60°. The 

thickness and structure of the water layer adsorbed at the interface between air and a  
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Table 3.1 Parameters used in model calculations for a 1-µm silica particle or a spore and 

a gold planar surface. 

 

 

* The Hamaker constant for the spore is applied from the value for the general bacteria 

form literature. 

k Gas constant 8.314472 J/K·mol 

T Temperature 298 K 

γ Water surface tension 0.07197 kg/sec
2
 

ν
o
 Molar volume of water 1.8E-5 m

3
/mol 

 Contact angles 62º (silica), 79º (gold), 80º (spore) 

R Radius of the particle 500 nm 

AH Hamaker constant 
1.29E-19 J (air), 1.68E-20 J (water) for silica-gold surface 

1.24E-19 J (air), 1.38E-20 J (water) for spore-gold surface* 

a Intermolecular spacing 0.275 nm 
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Figure 3.2 Model calculations for the van der Waals, capillary, and total adhesion force 

for a 1-µm silica particle and a planar gold surface. 
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hydrophobic solid surface still needs to be investigated. In order to determine the 

influence of various parameters on the adhesion force for the system of the present work, 

three different contact angles and two particle sizes were independently considered in the 

model. It is shown in Figure 3.3 that as the contact angle (θ1) increases, the critical point 

increases too. This behavior means that a particle made by a material of high contact 

angle will allow formation of the meniscus between the particle and the planar surface at 

higher relative humidity values. Similar behavior was observed for the other contact 

angle, θ2. While the contact angles of the materials determine the critical relative 

humidity value for formation of the water meniscus, the particle size determines the 

magnitude of the adhesion force. A larger particle size was predicted to have a stronger 

adhesion force. 

 

3.4 Results and Discussion 

3.4.1 Adhesion Force Measurement of a Silica Particle on Surfaces by AFM 

 To verify model predictions, adhesion force measurements between a silica 

particle and a gold planar surface have been obtained by use of 1-μm silica AFM probes 

at different humidity levels (Figure 3.4). The spring constant of each probe was measured 

by using the thermal tune function of the AFM. A significant difference was found 

between the spring constant of the cantilever reported by the manufacturer (0.12 N/m) 

before attachment of the particle and that measured (0.297 N/m) for the 1-μm silica probe. 

The spring constant is a critical parameter because the adhesion force is directly 

proportional to the spring constant; therefore, it is important to measure the exact value of 

the spring constant after modification of the cantilever probe. 

 To verify formation of the meniscus between the particle and the planar surface, 

various surface delay times were selected for the measurement before retraction of the 
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Figure 3.3  Influence of the contact angles on the calculated total adhesion force: (a) 

effect of contact angle θ1 for the sphere-water-air and (b) effect of contact 

angle θ2 for the planar surface-water-air. 
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Figure 3.4  Representative force-distance curve for a 1μm silica particle onto a gold 

surface at relative humidity 35 % (upper) and for a Bt spore onto the gold 

surface at relative humidity 48 % (lower). 
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cantilever from the surface was initiated. During the delay time, the particle stayed in 

contact with the planar surface, allowing water condensation to occur between the 

particle and the surface. By use of the AFM software, the delay time could change up to a 

maximum of 200 s. The adhesion force was measured with delays of 0, 50, 100, 150, and 

200 s at room temperature (22 °C). It was found that the adhesion force increased slightly 

as the delay time increased. Delay of 0 s did not allow enough time for the meniscus to be 

formed, and as the time delay increased, the meniscus formed, approaching equilibrium. 

All adhesion force measurements were performed with 200 s of delay time, which is the 

maximum delay time allowed by the instrument. The meniscus was removed before the 

next force measurement by applying a low-humidity condition with less than 5% relative 

humidity for at least 15 min between consecutive measurements. Measurements obtained 

with this procedure were very reproducible. The adhesion force was measured several 

times for the same conditions and the average value was recorded. The maximum 

variability of the measurements under the same conditions was within 9% of the 

measured force. 

 Force measurements between a 1-μm silica particle and a planar gold surface are 

plotted in Figure 3.5. The reproducibility was confirmed and the trend and magnification 

of the experimental data were comparable to modeling results in a relative humidity 

range between 0% and 60%. The adhesion force could not be obtained by AFM at 

relative humidity values above 60% because the maximum deflection of the cantilever in 

higher relative humidity environment could not be physically achieved due to the 

cantilever retraction limit (∼2.5 μm) of the instrument.  
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Figure 3.5  Adhesion force measurements by AFM between a 1-µm silica particle (inset) 

and a gold planar surface under different relative humidity values. 
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3.4.2 Adhesion Force Measurement of a Bt Spore on Surfaces by AFM 

 Bt spore probes have been produced similarly to silica probes by attaching a spore 

onto a tipless cantilever (see Figure 3.6). As shown in images, Bt spores are not spherical 

but ellipsoid or rod-shaped. For comparison of the measurements with model calculations, 

a spherical particle with the same planar surface was assumed in the model, with 

parameters for the biological material and the gold surface. The particle radius in the 

model was determined at 498 nm for a sphere of the same volume as an average-size Bt 

spore. The spore was attached to the cantilever along the long axis of the ellipsoid (rod), 

so the long axis of the ellipsoid (rod) is parallel to the planar surface when the spore is 

resting on the surface during measurements. Therefore, the area of contact between the 

two objects is bigger for the spore than for the spherical particle. Similarly, the center of 

the spore mass is closer to the planar surface than the center of mass of a spherical 

particle. The bigger contact area between a spore and a planar surface forms a meniscus 

of larger perimeter and leads to a stronger capillary force. Furthermore, the lower center 

of mass for the spore leads to a stronger van der Waals force compared to the equivalent 

spherical particle of the same mass or volume. Therefore, due to these geometrical effects, 

it was expected that the measured force would be larger than the force calculated for the 

spherical model particle. The measured adhesion forces between a Bt spore and a gold 

surface in Figure 3.6 show that the measured forces are on the average 20% larger than 

the calculated values. In addition, no significant change in the measured force was 

observed, while a change of the force is expected from model calculations. This can be 

explained by inaccuracies in the contact angle value of the spore. The contact angle value 

used here was taken from the literature for bacteria in general, not for the specific spores 

used here. As discussed in the previous section, the contact angle of the material 

determines the critical point of relative humidity at which the meniscus starts to form. 

Below the relative humidity critical point, the capillary force is zero and the van der  
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Figure 3.6  Comparison between (i) model calculations for the system of a spherical 

particle, with the same volume as that of a Bt spore, and a planar gold surface 

and (ii) adhesion force measurements between a Bt spore (inset) and a gold 

surface by AFM.  
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Waals force is constant. If it is assumed that the actual contact angle of the Bt spores is 

big enough to move the critical point to higher humidity levels (above 70% relative 

humidity), the constant value of the force measurements at relative humidity values up to 

70% can be explained. 

 

3.4.3 Model Modification 

 Consideration of the actual spore shape in the model was expected to lead to more 

accurate force calculations. The spherically assumed spore/planar surface system can be 

modified to account for the geometry of the actual geometrical system in the model by 

introducing the rod shape of a particle consisting of two hemispheres and one cylinder 

between the hemispheres. For the modified system, calculation of capillary and van der 

Waals force had to be modified as well.  

If it is assumed that the height and principal radii of the meniscus for the 

spore/planar surface system are the same as those for the sphere/planar surface system, 

where the sphere has the same radius as that of the spore hemisphere, the equation used 

to calculate capillary force can be easily modified because the two components of 

capillary force are related to the geometrical characteristics of the meniscus. The force 

due to the pressure difference and the surface tension force are directly proportional to 

the area and the perimeter of the meniscus boundary, respectively. The van der Waals 

force can be also modified for the system of a rod-shaped particle and a planar surface. 

The force is calculated by addition of two elements: one for the two hemispheres and 

another representing the cylindrical part. The former is calculated as one complete sphere 

and the latter is described as an equivalent spherical particle having the volume of the 

cylinder. Two spheres are considered instead of a single sphere having the same volume 

as the whole rod particle to minimize the gap between the centers of mass of the rod-

shaped particle and the spherical particle. 
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Results from the modified model are presented in Figure 3.7. When compared to the 

results of the equivalent-volume spherical particle shown in Figure 3.6, the magnitude of 

the total adhesion force is larger and a substantial increase of capillary force is obtained 

at high relative humidity values. The discrepancy between calculated and measured 

values of the adhesion force may be due to surface roughness of the spore surface. Even 

though it is known that surface roughness can make the capillary force smaller (Farshchi-

Tabrizi et al. 2006), this study considered the spore to have a smooth surface; therefore, 

the roughness of the spore surface did not appear in the calculations. 

If it is assumed that the actual contact angle of the spore is greater than the value 

used in this study and thus the critical point of relative humidity is higher than 70%, then 

the constant measured force can be explained. In that case, it can be concluded that when 

the electrostatic force is eliminated, the adhesion force of the Bt spore onto a surface is 

explained by the modified model for a particle and a planar surface system in which the 

total force consists of the capillary and van der Waals forces. 

 

3.5 Summary 

A mathematical model was developed to calculate the adhesion force between a 

spherical particle and a planar surface as a sum of the capillary force and the van der 

Waals force. The electrostatic interaction was neglected in the model for the experimental 

system of this work, which involves an electrically conductive material as the planar 

surface. The two-force mechanisms that were considered are functions of the relative 

humidity. The capillary force increases as the relative humidity value increases, whereas 

the van der Waals force decreases as the humidity increases.  

Adhesion force measurements by AFM were conducted using a particle or spore 

modified AFM cantilever probe. The measured adhesion force between a silica particle 

and a gold surface was comparable to the model calculation, while there was some  
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Figure 3.7  Comparison between (i) modified model calculations for the system of a rod-

shape particle representing a Bt spore and a planar gold surface and (ii) 

measured adhesion force between a Bt spore and gold planar surface by AFM. 

The schematic shows a rod-shape particle of R=400 nm and D=500 nm 

representing a 0.8-µm wide and 1.3-µm long spore. 
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disagreement between the measured adhesion force for the Bt spore-gold surface system 

and the calculated value. In order to minimize the discrepancy, the model was modified 

using the actual shape and dimensions of the spores. The results of the modified model 

also showed some discrepancy with the measurements. The discrepancy may be a result 

of neglecting important parameters in the model, such as the surface roughness of the 

spore, which was observed in AFM, SEM, and STEM images.  

The implications of this study are two-fold: (i) the mechanisms and parameters 

involved in spore adhesion onto environmental surfaces are identified, contributing to the 

understanding of the phenomenon, and (ii) the results may help us devise better means 

for the removal of spores and other biological particles from environmental surfaces. 
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CHAPTER 4 

THE ROLE OF THE ELECTROSTATIC FORCE  

IN SPORE ADHESION 

 

 As shown in Chapter 3, the adhesion force between a spherical particle or a 

bacterial spore and a planar surface can be estimated as the sum of the capillary force and 

the van der Waals force. The electrostatic force was not included for the system of a 

charged particle and an electrically conductive surface. However, when measurements of 

the adhesion force were conducted for a system involving a non-conductive surface, such 

as mica, a significant discrepancy between model calculations and AFM measurements 

was observed. This discrepancy was assumed to be the result of an electrostatic force 

component that was neglected in the mathematical model.  

 In this chapter, the electrostatic force is introduced into the model as an additional 

component of the adhesion force. The Coulombic force can play a significant role in the 

interaction between two objects such as a highly charged particle (or spore) and a charged 

planar surface. Furthermore, another type of electrostatic force which is called „image 

force‟ is introduced into the theoretical model for a charged particle and a conductive 

surface. Addition of the image force into the model can lead to a more accurate 

estimation of the adhesion force. 

 

4.1 Introduction 

 The electrostatic force can be an important component in the adhesion force 

between a particle and a planar surface, especially in a system of small charged particles. 

The importance of the electrostatic force as a component of the adhesion force has been 

discussed for powder particles and other surfaces in previous studies (Feng and Hays 
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2003, Takeuchi 2006, Hays and Sheflin 2005). Even though the interaction of 

microorganisms with solid surfaces in aqueous environments may include forces 

additional to the electrostatic interaction (Abu-Lail and Camesano 2006), the electrostatic 

force is possibly a major component in spore adhesion on surfaces in atmospheric 

systems. A charged dielectric particle has an electrostatic interaction with either a 

conducting surface or a nonconductive surface. The electrostatic force can be calculated 

based on Coulomb‟s law using the surface charges of the particle and the planar surface. 

It has also been reported that the electrostatic force may be a major component for the 

microscale or nanoscale adhesion force in some cases (Ouyang et al. 2001, Kumar et al. 

2008). 

 The evaluation of the adhesion force or its components for small contaminants, 

such as microorganisms or nanosized particles attached to natural or engineered surfaces, 

may be important in the decision-making process for the decontamination of 

environmental systems. The contaminant particles may be removed by physical, chemical, 

or electrical methods. Detachment of a particle by electrical means has been investigated 

in previous studies, especially when the contaminant particles have a significant amount 

of electrical charge and/or the surface material is electrically conductive, which means 

that an electrical potential can be applied (Feng and Hays 2000, Techaumnat, Kadonaga 

and Takuma 2009, Watano, Hamashita and Suzuki 2002).  

Previously, we investigated the adhesion force between a Bacillus thuringiensis 

(Bt) spore and a gold planar surface using atomic force microscopy (AFM) measurements 

and calculations based on mechanistic modeling (Chung et al. 2010a). Even though 

microorganisms, and in particular spores, are known to attain electrostatic charge on their 

surface (Husmark and Ronner 1990),  previous experiments were conducted using a Bt 

spore and a gold substrate at conditions for which the electrostatic force could be ignored 

as a component of the adhesion force. Theoretical and experimental results were 

comparable for a Bt spore and the gold surface system. However, measurements between 
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the Bt spore and a mica surface showed a significant deviation from calculated results, 

which is believed to be due to the electrostatic force.  

The focus in this study is on the importance of electrostatic forces on the adhesion 

force under a variety of environmental conditions. Coulombic and image forces are 

introduced in the model to better explain the adhesion force measurements between a Bt 

spore and a mica planar surface and to minimize the difference between theoretical and 

experimental results for a Bt spore and a gold surface system. 

 

4.2 Materials and Methods 

 Bt spores were purchased from Raven Labs (Omaha, Nebraska). Spore suspension 

drops were air-dried either on gold-coated silica to be imaged by AFM or on a filter paper 

from where spores were transferred to a tipless cantilever and fixed there by epoxy glue. 

Through this procedure, the tipless cantilever was modified into a Bt spore probe. 

Because the spring constant of the tipless cantilever reported by the manufacturer may 

not be accurate or may change significantly after the mounting of the Bt spore, the spring 

constant of the modified spore probe is measured using the function „thermal tune‟ of the 

AFM. The method involves measurement of the cantilever‟s mechanical response to 

thermal agitations, originating from the Brownian motion of the molecules of the 

encompassing fluid (ambient air). While the tipless cantilever used was reported to have a 

spring constant of 0.12 N/m, the measured spring constant after mounting of the spore 

was between 0.25 and 0.3 N/m. The epoxy glue used in this study is commercially 

available, and the elastic modulus of the glue is high enough so that the epoxy-spore 

interaction can be ignored. For scanning surface potential microscopy (SSPM) 

measurements, drops of the spore suspension were placed on substrates and dried over 10 

hours in a desiccator before put into the imaging chamber. The imaging chamber was 

then purged with ultrapure nitrogen to reach 0% humidity and continued to be purge for 
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four more hours. The humidity was brought up slowing to a desired level for imaging at a 

speed of ~ 10% per 30 minutes. 

 A combination of tapping-mode AFM and SSPM with modified Nanoscope IIIa 

(Veeco instrument, Plainview, NY) controller was used to investigate the surface 

topography and the corresponding local electrostatic potential of a sample, such as mica 

or Bt spores on gold substrate. Details of the procedure were previously described 

elsewhere (Lee et al. 2003). In brief, a surface topographical image with height data of 

256 points in a line was first recorded by scanning in AFM tapping mode, using a metal-

coated Si cantilever AFM probe, followed by 3-dimensional electrical potential mapping. 

The coating consisted of approximately 25-nm thick layers of chromium and platinum 

iridium on both sides of the cantilever. Potential mapping was performed by scanning 

along with the recorded topographical line at a set height of 50 nm from the sample 

surface using the same AFM probe in the scanning surface potential mapping mode. 

During the SSPM measurements, an AC voltage with adjustable DC offset was applied to 

the conducting AFM-tip (VDC +VACcost). Surface potential measurements with 

maximum sensitivity are achieved when the AC voltage applied to the tip has the 

resonance frequency of the cantilever and the first harmonic component (cost) of the tip 

force becomes zero.  The oscillation amplitude of the cantilever was zeroed by adjusting 

the external DC voltage until it matched the sample potential, so that the tip was at the 

same DC potential as the region of the sample surface underneath it. 

Figure 4.1 shows an example of AFM and SSPM measurements for a Bt spore on 

a gold substrate. The measurement provides the topographical surface profile in the AFM 

mode (left) and surface potential profile in the SSPM mode (right) of the spore on the 

gold surface. Because the gold surface potential is equal to the metal-coated tip potential, 

the surface charge of the spore can be calculated by assuming a linear distribution of the 

potential between tip and spore. All experiments were repeated 4-6 times to ensure 

reproducibility. A set height of 50 nm was selected to minimize other short-range forces,  
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Figure 4.1  AFM (left) and SSPM (right) measurements of a Bt spore on gold (Au) 

surface. The tapping mode AFM imaging is employed and height data are 

recorded. Surface potential mapping by SSPM follows, providing the surface 

potential. 
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such as the van der Waals force. From the SSPM potential data of the sample, the surface 

charge densities can be calculated. Using the surface potential profile versus distance 

from the planar surface, the slope of the potential (
z


) can be converted into the surface 

charge density using the equation: 
02








z
, where σ is the surface charge density and 

0 is the permittivity (Israelachvili 1998). This equation, however, is applicable to one 

planar surface whose surface charge density is σ, absent any other object interacting with 

the surface with respect to the electrical potential. In the SSPM measurement system, the 

tip is traveling above the surface at a distance of 50 nm. We can obtain an approximate 

estimation of the surface charge density of the substrate by dividing the potential 

difference between the two objects by the set height (50 nm). The underlying assumption 

is that the potential distribution between the surface and the tip is linear. 

Bt spore probes were used in a multi-mode AFM (Veeco, Plainview, NY) using 

various substrates such as mica and gold to investigate the adhesion force between a 

spore and a planar substrate under different humidity levels. The cantilever of the spore 

probe is made of silicon nitride, which is not conductive. A glass cylindrical chamber was 

mounted around the head of the AFM for humidity control. Dry air provided by a 

pressurized cylinder (Airgas) was divided in two streams. One of the streams was passed 

through a column of water in the form of bubbles (formed by a bubble diffuser) to be 

humidified. The humidity in the AFM chamber was controlled by adjusting the flow rates 

of the dry and humidified air streams. A number of 512 data points were extracted from 

the force curve while the probe was retracting from the substrate. Retraction started after 

200 seconds of delay to allow enough time for the formation of the meniscus and for the 

equilibrium state to be reached. The adhesion force was measured 5-10 times for the 

same conditions, and the average value was recorded.  
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4.3 Results 

4.3.1 Surface Charge of the Spore and the Planar Surfaces 

It is known that the surface structure and the size of the spores depend on the 

humidity level of the surrounding atmosphere (Driks 2003, Westphal et al. 2003, Plomp 

et al. 2005). Spore changes with humidity are a result of structure modification of the 

coat - the outer membrane of the spores. As the humidity is decreased, the degree of 

roughness on the coat surface of the spore increases and the size of the spore decreases. 

Not only the size but also the surface charge of the spores is expected to depend on the 

relative humidity. Thus, all the components of the adhesion force including the 

electrostatic, van der Waals, and capillary forces are functions of the relative humidity. 

Therefore, AFM imaging has been employed to quantify the size and morphology of 

spores, and SSPM measurements were conducted to provide the surface potential at 

various relative humidity levels, independently of the force measurements, using gold as 

a model substrate (20, 40, 60, and 80%).  

The size variation of Bt spores is shown in Table 4.1 under a relative humidity 

ranging from 20 to 80%. The width values shown in Table 4.1 are averages over at least 

ten images at each humidity level that were measured along the short axis of the rod. The 

variations were negligible (within 1 nm) so only the averages are shown. Spore width 

increases with increasing relative humidity, as expected from the literature (Driks 2003). 

The measured increasing trend in this study, however, was insignificant; the width at 

80% relative humidity increases by 1.8% compared to the value at 20% relative humidity. 

If it is assumed that the shape of the spore and the ratio of length to width do not change 

with relative humidity, the surface area will increase by only 3.6% from 20 to 80% 

relative humidity. 

The potentials of the tip and the spore are theoretically required in order to 

calculate the surface charge as discussed in the preceding section; however, the properties  
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Table 4.1   AFM/SSPM measurements of Bt spores on gold (Au) substrate under different 

relative humidity levels. 

 

 

Relative 

humidity  

[%] 

Bt spore  

width 

 [µm] 

Bt spore 

potential 

 [V] 

AFM tip 

potential  

[V] 

Mica 

potential 

[V] 

AFM tip 

potential  

[V] 

20 0.772 -0.439 0.43 -5.73 0.44 

40 0.776 -0.409 0.43 -4.99 0.44 

60 0.779 -0.373 0.43 -4.55 0.44 

80 0.786 -0.354 0.42 -4.50 0.44 
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obtained from the SSPM measurements include the potentials of the background surface, 

which in the experimental setup is gold and the spore. In the literature about the SSPM 

working principle (Jacobs et al. 1998), it was found that the potential of the tip can be 

considered the same as the potential of the background gold surface. Therefore, the 

measured gold surface potentials were used to find the potential of the AFM tip 

interacting with the spore surface. From the potential values shown in Table 4.1, at 20% 

relative humidity, we have: nmV
zz

tipsubstrate
/017.0






 
 at a distance z =50 nm 

between the tip and the spore surface. The distance, z, or a set height in SSPM 

measurements was selected as 50 nm throughout the experiment and it is expected that a 

short-range force, such as the van der Waals force, is minimal at that distance. Therefore, 

the charge density of the Bt spore surface is calculated as: 2

0 /031.02 cmC
z




 



 . 

The estimated surface charge decreases with increasing relative humidity. A 10% 

decrease was observed when the relative humidity was increased from 20% to 80% 

(Figure 4.2).  

For various reasons, many natural or engineered materials have electric charge on 

their surface. For instance, the mica surface is charged due to its surface structure. 

Isomorphous substitution of atoms and functional groups on the surface cause the charge 

on the surface of mica. There are many studies reporting the surface charges of clay 

mineral particles such as mica at different conditions of pH or ionic strength in aqueous 

environments (Hartley, Larson and Scales 1997, Vane and Zang 1997), but an influence 

of the humidity on the surface charge in atmospheric environments has not been reported. 

A relationship between the surface charge and the relative humidity has not been 

established, thus, the surface charge of mica is estimated through SSPM measurements in 

this study using the same experimental procedure that was utilized for the determination 

of the surface charge density of the spore (i.e., measurements with a system of mica and  
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Figure 4.2 Surface charge densities of a Bt spore and mica at different humidity levels. 
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gold). For these measurements, a small piece of mica was placed on top of a gold surface. 

The electrostatic potential values of the mica surface and AFM tip is shown in Table 4.1. 

The potential was found as: nmV
zz

tipsubstrate
/123.0






 
 at 20% relative 

humidity using the same approach. This value was converted to surface charge density 

for the mica surface as -0.219 μC/cm
2
. This surface charge density is about 10 times 

greater than that of the spore at the same humidity level. In addition, it was observed that 

the charge density of the mica also decreases with increasing relative humidity. The 

decreasing rate of the mica surface charge is, however, bigger than that of the spore 

(Figure 4.2).  

Neglecting the electrostatic interaction between the tip and the planar surface, we 

estimated the surface charge approximately. However, the values for surface charge 

density of mica in air calculated in this study are comparable to those reported in 

previous studies (Shao 1959), indicating that the approximate procedure employed for the 

evaluation of the surface charge density from potential measurements is acceptable for 

the system studied here. 

 

4.3.2 Coulombic Force Calculation 

From Coulomb‟s law, it is well known that there is an attractive or repulsive force 

between charged surfaces. Since the SSPM measurement confirms that Bt spores have a 

significant surface charge density, the Coulombic force is expected to be an important 

component in its interaction force with another charged surface, such as mica. Since the 

charge densities of the spore and the planar surface were found to be slightly different at 

different humidity levels, the electrostatic force is also expected to vary with the relative 

humidity.  
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From the surface charge of Bt spores (-0.031 μC/cm
2
) and the surface charge of 

mica (-0.219 μC/cm
2
) at 20% relative humidity, the electrostatic interaction force can be 

calculated between the spore and the planar mica surface. If we assume an infinite size 

for the mica surface with surface charge density (σ), the electric field, E, produced by the 

charged mica surface will be: 
02


E where 0 is the vacuum permittivity. The force, F, 

applied to a particle of electrostatic charge (q) in an electric field E is: qqEF
02


 . 

Because the surface charge of the spore can be calculated as the product of the charge 

density and the surface area, the force can be rewritten as: 

 

)1.4(
22 00

spore

sporesurface

Coulomb AqqEF







  

 

where Aspore is the surface area of the spore. 

The Bt spore can be modeled as a rod shaped particle of 0.8-µm width and 1.3-µm 

length based on SEM or STEM images (Chung et al. 2010a). Assuming that the size 

change of the spore as a result of humidity occurs with a constant ratio of length to width, 

we were able to calculate the surface areas of the spore under different humidity levels 

using the measured width via tapping-mode AFM. The estimated surface area of the Bt 

spore is 2.098 µm
2
 at a relative humidity of 20%, and the corresponding electrostatic 

force was calculated as 79.7 nN. The positive value means a repulsive force between the 

two objects whose charges are both negative. The calculated electrostatic forces in 

different humidity environments are given in Table 4.2. The electrostatic force between 

the Bt spore and the mica surface decreases with increasing humidity level as a result of 

the decreasing surface charge density on both the spore and the mica surfaces (see Figure 
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4.2). Even though the surface area is reduced, the size variation effect seems insignificant 

in comparison with the effect of the surface-charge-density change.  

 

4.3.3 Electrostatic Image Force Calculation 

A force called “electrostatic image force” arises between a charged particle and its 

image particle on the opposite side of a conducting planar surface (Feng and Hays 2003, 

Fowlkes and Robinson 1988). The image charge or image particle arises due to 

polarization of the conducting surface material by the charged atoms of the particle. The 

image force is calculated for the Bt spore on the planar gold surface. Because the image 

force is the interaction force between the charged particle and its image due to 

polarization, the Coulombic interaction between these two objects should always be 

attractive. In addition, there are other forms of forces caused by application of an external 

electric field. Previous studies evaluated the total electrostatic image force on a uniformly 

charged particle under an externally applied electric field as: 

 

)2.4(
16

22

02

0

2

ERqE
R

q
Fimage 


   

 

where q is the particle charge, R is the particle radius, E is the electric field, and ε0 is the 

vacuum permittivity (Hays 1995, Hartmann, Marks and Yang 1976). The first term on the 

right hand side of the equation represents the electrostatic image force between the 

particle charge and the image charge; the second term represents the force on the charged 

particle located in the applied electric field, E; and the last term represents the force 

between dipoles (one in the particle, induced by the external electric field, and the other, 

an image dipole in the substrate). The coefficients α, β, and γ are functions of several 

parameters, such as the dielectric constant or the geometry of the particle, and they 



 64 

determine the relative magnitude of each force. While the properties of both objects 

(planar surface and particle) are considered in the calculation of the electrostatic force, 

the image force is a function of particle properties only. No electric field was applied 

during adhesion force measurements between a spore and a surface in our system; 

therefore, the last two terms related to the external field are not present in this study.  

The charge of the spore, q, was calculated as a product of the surface charge 

density obtained from the SSPM measurement and the surface area for a rod shaped 

particle obtained from AFM images at different relative humidity conditions. In order for 

equation 4.2 to be applicable, the spore was assumed to be a spherical particle having an 

equivalent volume as the rod-shaped particle (Chung et al. 2010a). The radius of the 

model spherical particle (R) varied from 0.481 to 0.490 µm at relative humidity values 

ranging from 20% to 80%.  

 The image force is directly proportional to the dimensionless coefficient, α, but it 

is known that the value of α varies with the charge distribution on the particle surface. 

There is evidence that the charge distribution is not uniform in a real system and the 

partial charge distribution influences the electrostatic force (Matsuyama, Ohtsuka and 

Yamamoto 2008, Pollock, Burnham and Colton 1995, Techaumnat and Takuma 2009). 

As the uniformity of the surface charge of the particle decreases, i.e., the charges are 

concentrated close to the contact point on the surface, and the value of the constant 

increases by up to an order of magnitude. For example, α is 1.59 for a uniformly charged 

particle with a dielectric constant of 3 compared to 52.7 for a nonuniformly charged 

particle having a concentrated charge at two opposite poles of a spherical particle (Feng 

and Hays 2003).  

In addition to the charge distribution on the sample surface, the discreteness of the 

nonuniform surface charge influences the electrostatic image force. According to the 

reference by Czarnecki and Schein (2004), a discretely charged particle can increase the 

electrostatic image force compared to the force for a point charged particle. The image 
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force for a spherical, symmetrically charged particle and a planar surface was calculated 

as )27.2(/41    times greater than the point charged particle system, and the increase 

was constant with different configurations. If 1.59 is taken as the value of α for a 

uniformly charged, sphere-shaped spore and a discrete charge distribution is assumed on 

the surface of the spore, the image force is calculated as 14.6 nN at 20% of relative 

humidity. Because the surface charge of the spore decreases with humidity as shown in 

Figure 4.2, reduction of the image force is expected as relative humidity is increased (see 

Table 4.2). 

 

4.4 Adhesion Force between a Bt Spore and Surfaces 

The electrostatic force can be a significant component in the interaction between a 

spore and a charged surface. Forces such as van der Waals and capillary are less 

important for a small, spherical particle, such as a spore, than the electrostatic force due 

to the spore‟s size and the relatively small contact area between the spore and the planar 

surface. In addition, it was confirmed by SSPM measurements that the spore has a 

significant level of surface charge. The force measurement of the Bt spore on the mica 

surface by AFM supports the hypothesis that the electrostatic interaction may play a 

significant role in the adhesion force of the spore on electrically nonconductive materials, 

such as mica. The adhesion force for mica was found to be less than that for the spore and 

gold system in the entire range of relative humidity used in the measurements. This result 

implies that the magnitude of an electrostatic repulsion between similarly charged objects 

(the spore and the mica) is large enough to cancel out the attraction due to the van der 

Waals and capillary forces. A mathematical model was applied to explain the 

experimental observation by quantifying each component of the force (van der Waals, 

capillary, and electrostatic). In previous work by the authors on spore adhesion on  
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Table 4.2   Calculated Coulombic forces between a Bt spore and a mica surface and the 

image forces between the spore and an electrically conductive surface such as 

gold. 

 

 

Relative Humidity [%] FCoulomb [nN] Fimage [nN] 

20 79.7 -14.6 

40 68.5 -13.8 

60 60.7 -12.7 

80 59.0 -12.1 
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surfaces (Chung et al. 2010a), the adhesion force was modeled as a sum of a capillary 

force and a van der Waals attraction. The details to calculate each force component are  

discussed elsewhere (Chung et al. 2010a, Orr et al. 1975). The parameters applied in the 

calculation can be found in the supporting materials. 

Based on the discussion presented in the preceding section, the third component 

of the adhesion force, the electrostatic interaction that can be neglected for electrically-

conductive materials, is included. The van der Waals and capillary forces, were 

calculated according to methods described in the literature (Orr et al. 1975, Xiao and 

Qian 2000), and the electrostatic force for four different relative humidity levels is shown 

in Figure 4.3. According to the calculations, the repulsive electrostatic force cancels a 

part of the attractive capillary and van der Waals forces. Approximately 60% of the sum 

of the two attractive forces at 20% relative humidity, and 25% of the attractive force at 

80% relative humidity are cancelled by the electrostatic force. 

The calculated value of the electrostatic force (79.7 nN) is comparable to the 

expected value because the sum of the adhesion force components (van der Waals and 

capillary) is approximately -125 nN at 20% relative humidity, while the measured force is 

approximately -72 nN. Therefore, the expected electrostatic repulsive force is 53 nN. The 

electrostatic force between the spore and the mica surface decreases as the relative 

humidity level is increased.  

This result agrees with the experimental observation of increasing adhesion force 

with increasing relative humidity. While the attractive component of the total adhesion 

force increases with relative humidity, the repulsive electrostatic force decreases with 

relative humidity. Thus, the total adhesion force, i.e., the sum of attractive and repulsive 

forces, is expected to be greater at higher humidity values. As expected, the measured 

adhesion force increases with increasing relative humidity. Even though the trend of the 

measured adhesion force with the relative humidity is similar to that predicted by the 

theory, the increase of the experimental adhesion force does not completely correlate  
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Figure 4.3  Measured adhesion force by AFM between a Bt spore and a mica surface and 

model calculation of its components: capillary, van der Waals, and 

electrostatic forces. 
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with calculations at higher humidity levels. The greater discrepancy between the 

measurement and the theoretical estimation at higher relative humidity levels is  

considered to be due to the values of the parameters used in the model. For example, the 

values of the contact angle and the Hamaker constant of the Bt spore were assumed 

similar to those for bacteria, which have been reported in the literature. This assumption, 

as well as the assumption that the permittivity of air (ε) is not affected by humidity, may 

have introduced some error in the calculations.  

If the electrostatic force is ignored, then the capillary and van der Waals forces 

are the only components of the total adhesion force of the spore on an electrically 

conductive surface. This is because it is assumed that the surface charge of an electrically 

conductive surface, such as gold, dissipates fast and is neutralized by interaction with 

water vapor in the atmosphere at most relative humidity levels except at extremely low 

ones (less than 5%). In this paper, the authors note that another force can exist due to the 

charge on the spore surface and the corresponding polarization in the planar surface even 

with the spore and conductive surface system. Addition of this “image force” is expected 

to improve the accuracy in the estimation of the adhesion force between a charged 

particle and a conductive surface. Figure 4.4 depicts the measured adhesion force 

between the Bt spore and gold surface by AFM and the calculated adhesion force 

consisting of three components: capillary, van der Waals, and electrostatic image forces. 

The parameters in the capillary and van der Waals force calculation were applied as 

described in our previous study (Chung et al. 2010a). The calculated image force is 

approximately 10% of the total adhesion force for the relative humidity range 20% to 

80%. 

The comparison can be done at relative humidity values up to 60% because, due 

to experimental limitations, the adhesion force could not be measured at a higher relative 

humidity. The negative values of the forces represent an attractive force. The capillary 

and van der Waals forces are more sensitive to humidity than the image force. The total  
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Figure 4.4  Measured adhesion force by AFM between a Bt spore and a gold surface and 

model calculation of its components: capillary, van der Waals, and 

electrostatic image forces. 
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adhesion force consists primarily of the van der Waals force at low and intermediate 

relative humidity levels. High contact angles of the two materials (Bt spore and gold) 

inhibit the meniscus formation between the two objects, which reduces the capillary force 

(Chung et al. 2010a). The van der Waals force decreases with increasing humidity and 

the total force shows the same trend. The image force decreases as the humidity is 

increased but the change is not significant. Therefore, the contribution of the image force 

to the total force increases. At a relative humidity between 20% and 60%, the model 

estimated forces are closer to the experimental values when the image force is added, 

which means that the addition of the image force improves the estimation of the adhesion 

force even though the image force is not the major component of the total adhesion force.  

Although the added component of the image force improved the theoretical 

predictions, the discrepancy between the experimental values and model calculations for 

the gold surface system is greater compared to that for the mica surface system. This 

difference may be due to the surface roughness of the gold surface. Comparing to the 

atomically flat mica surface, the gold surface has some level of inherent roughness. The 

effect of surface roughness on the adhesion force or potential has been discussed in the 

literature (Schein and Czarnecki 2004, Farshchi-Tabrizi et al. 2006). Schein and 

Czarnecki noted that the image force is N


4
 times the force for one-point contact 

between a particle and a planar surface, where N is the number of contact points between 

the two objects (Schein and Czarnecki 2004). Quantifying the effect of roughness would 

require knowledge of N. 

 

4.5 Summary 

In the present study, the electrostatic force is investigated as one of the 

components of the adhesion force between Bacillus thuringiensis (Bt) spores and planar 



 72 

surfaces. Two types of the electrostatic forces were introduced for two types of surfaces 

used; one is the electrostatic image force for an electrically conductive surface and the 

other is the Coulombic force for a non-conductive surface. Gold and mica were chosen as 

the surface material, respectively.  

The surface potentials of a Bt spore and a non-conductive surface, such as mica, 

are experimentally obtained using a combined atomic force microscopy (AFM)-scanning 

surface potential microscopy (SSPM) technique. On the basis of experimental 

information, the surface charge density of the spores is estimated as 0.03 μC/cm
2
 at 20% 

relative humidity. The surface charge of the mica and the Bt spore decreases with 

increasing humidity. 

The Coulombic force is introduced for the spore-mica system and an electrostatic 

image force is introduced to the spore-gold system. The Coulombic force for spore-mica 

(both charged, non-conductive surfaces) is repulsive because the components are 

similarly charged, while the image force for the spore-gold system is attractive. The 

magnitude of both forces decreases with increasing humidity as a result of the decreasing 

surface charge density as humidity increases.  

The electrostatic forces are added to other force components, e.g., van der Waals 

and capillary forces, to obtain the adhesion force for each system. The repulsive 

Coulombic force for the spore-mica system decreases the magnitude of the adhesion 

force, while the attractive image force for the spore-gold system increases the previously 

obtained adhesion force. The adhesion forces measured by AFM are greater than the 

values estimated by the model, including the electrostatic forces. It is shown that the 

electrostatic (Coulombic and image) forces play a significant role in the adhesion force 

between spores and planar surfaces. 
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CHAPTER 5 

INTERACTIONS OF SPORES WITH PLANAR SURFACES IN 

AQUEOUS SOLUTIONS 

 

 So far, the adhesion force between spherical particles, especially microbial 

colloids such as a bacterial spores, and planar surfaces in atmospheric environments was 

estimated as the sum of the capillary force, van der Waals force, and electrostatic force. 

Experimental observations and theoretical estimations showed a good agreement. 

However, it is expected that the theoretical calculations can be improved if parameters 

that were neglected in the model, such as roughness of the interacting surfaces, were 

considered. 

 In this chapter, the interaction forces between a particle and a planar surface in 

aquatic environments are investigated. Two types of forces, i.e., the adhesion force and 

the force-distance profile, are observed between a bacterial spore and various planar 

surfaces. Parallel theoretical and experimental studies were conducted for both types of 

forces. Since ions are taken into account for the calculation of the electrostatic force in 

aquatic solutions, the theoretical model for the electrostatic force differs from the model 

used for atmospheric environments. While a qualitative agreement between modeling 

results and experimental data is expected, consideration of the surface roughness is 

needed to provide quantitative agreement at various experimental conditions. 

 

5.1 Introduction 

Microbial interactions are important in understanding how the microorganisms 

adhere to such common surfaces as soil particles, metal, or glass in natural or engineering 

environments and how they are redispersed in aquatic environments. The microbial 
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colloids facilitate the transport of other contaminants, such as heavy metals or they can be 

considered as contaminants in groundwater or subsurface systems. Previous studies on 

the behavior of the biocolloids using laboratory-scale or field-scale experiments have 

applications in contaminated groundwater treatment such as filtration, coagulation, or 

sedimentation, subsurface bioremediation, subsurface ecology, water-treatment system 

design, and risk assessment of pathogen contamination. 

Bacterial spores, a dormant form of microorganisms during their life cycle, have 

their most outer layer (called „spore coat‟) as a structural support and a barrier against 

external conditions (Gerhardt, Pankratz and Scherrer 1976). Inside the coat, the core 

contains DNA, ribosome, and enzymes, as well as protein, calcium, and dipicolinic acid 

which provide resistance to external stimuli such as heat, oxidizing agents, or UV 

radiation. The properties of the spores allow them to travel through either atmospheric or 

aquatic environments for a relatively long time and distance compared to the transport of 

its active form. This behavior can explain a global transport or dispersion of microbial 

colloids with regards to microbial ecology. Microbial colloids can also be used as a tracer. 

Biocolloids, including bacterial spores, for example, can be used as a tracer for sewage 

dispersion (Pang, Close and Noonan 1998). 

There are many mechanisms contributing to the interaction force between two 

surfaces. The main interaction force components between two objects, such as a particle 

and a planar surface, are van der Waals force, electrostatic interaction, acid-base 

interaction, and steric forces (Israelachvili 1998, Elimelech et al. 1995). Electrostatic 

interaction occurs when the interacting bodies are electrically charged. Traditionally, the 

electrostatic force in an aqueous solution is calculated by using the electrical double layer 

theory. The electrostatic force may be a significant component for objects with a large 

surface area to volume ratio. The double layer is formed by the depletion of coions and 

concentration of counterions as a consequence of the surface charge. Near the surface 

exposed to the liquid, two layers are formed. Hydrated counterions adsorb onto the 
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surface, building an inner layer called Stern layer, while the outer layer is called the 

diffuse layer. The Lifshitz-van der Waals force arises from the interactive forces between 

the permanent or instantaneous dipoles in molecules and, for macroscopic bodies; it is 

calculated using the Derjaguin approximation. While the van der Waals force appears 

between molecules in both polar and nonpolar systems, the acid-base interaction plays a 

role only in polar systems. 

Combination of these forces determines the total interaction force between a 

particle and a planar surface. The contribution of each component varies with the 

properties of the medium and the particle/planar-surface system such as type of materials, 

shape, and charged density. 

Adhesion of a spore or a bacterial cell onto surfaces has been studied previously 

(Faille et al. 2002, Li and Logan 2004). The magnitude of the adhesion force and the 

effects of the material properties on the adhesion have been investigated, however, the 

components of the total force have not been fully examined. In this study, the forces 

between a Bacillus thuringiensis (Bt) spore and planar surfaces of mica and gold are 

investigated via experimental and theoretical methods. Within the Bacillus genus, 

Bacillus thuringiensis is a member of the Bacillus cereus group, which includes the 

pathogens Bacillus cereus and Bacillus anthracis that are potentially dangerous to human 

health. Bacillus thuringiensis is a reasonable representative of the Bacillus cereus group 

and an excellent substitute of the dangerous Bacillus anthracis. Mica and gold surfaces 

are also good model surfaces in terms of surface charge. Mica is known to have a high 

surface charge in natural environments, while gold is chosen as an electrically conductive 

material. The aim of the research is to provide a better understanding of the interaction of 

spores with model surfaces in aquatic environments.  
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5.2 Materials and Methods 

5.2.1 Spore Characterization: Size and Zeta Potential Measurements 

The size of Bt spores was measured using electron microscopy. Images of the 

spores were taken by scanning electron microscopy and scanning/transmission 

microscopy, and the images showed that the size of the spores varies. More than 50 spore 

sizes were acquired from at least five different images and averaged. The zeta potential of 

Bt spores and mica particles was measured by a zetameter (ZetaPlus, Brookhaven 

Instruments Corporation, Holtsville, NY) in solutions of varying pH and ionic strength. 

For such solutions, the measurements were repeated 15 to 25 times and averaged values 

were obtained. Three pH values (4.5, 7.0, and 9.5) adjusted by addition of HCl or NaOH 

solution and three ionic strengths (0.0001 M, 0.001M, and 0.01 M) of sodium chloride 

were considered resulting in nine different conditions from the 3 by 3 combination of the 

variables considered. 

 

5.2.2 AFM Force Measurements 

Bt spores were purchased from Raven Labs (Omaha, Nebraska). Details of the 

preparation of the spore AFM probes can be found elsewhere (Chung et al. 2010a). In 

brief, drops of spore suspension were air-dried on a filter paper, and the spores were 

transferred onto a micro-cantilever. Epoxy glue was used to fix a single spore on a tipless 

AFM cantilever. The spring constant of the spore probe was measured after mounting of 

the spore. The typical values were about 0.3 N/m. The Bt spore probes prepared, as well 

as various substrates such as mica and gold, were used for measurements with a multi-

mode atomic force microscope (Veeco, Plainview, NY) to yield the interaction force 

between a spore and a substrate. Two types of forces can be measured by the AFM force 

mode between two objects; adhesion force (sometimes called „pulling-off‟ force) and 
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force-distance curve. The force-distance curve is obtained as the AFM probe approaches 

the substrate, and the adhesion force is measured from the maximum deflection of the 

cantilever when the probe retracts from the substrate. A number of 1024 data points were 

recorded for each force-distance curve, as the probe approached toward and retracted 

from the substrate.  

 

5.3 Theoretical Approach 

5.3.1 Adhesion Forces of a Particle onto Surfaces 

The adhesion force can be modeled with the assumption that the particle is 

attached onto the planar surface at a distance of an intermolecular spacing from the 

surface. In previous studies by the authors, the adhesion force between a spherical 

particle and a planar surface in atmospheric environments was modeled as the addition of 

van der Waals, capillary, and electrostatic forces (Chung et al. 2010a, Chung et al. 

2010b). In an aquatic system, however, the capillary force that is due to water 

condensation between the surfaces does not apply. Therefore, in our theoretical approach, 

the adhesion force between a particle and a flat surface has been assumed to be composed 

of van der Waals and electrostatic interactions.  

The van der Waals force has been mathematically expressed by Hamaker and 

Lifschitz by the integration of all interactions between atoms or molecules of the objects 

(Israelachvili 1998). For aqueous systems, the Hamaker constant needs to be adjusted to 

take into account the presence of water molecules in between the interacting surfaces. 

The electrostatic interaction force can be calculated using Coulomb‟s law. In aqueous 

solutions, the electrostatic force can be calculated by the electrical double-layer theory as 

discussed in the following paragraph. 
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 5.3.2 Force-Distance Curves between a Particle and a Planar Surface through 

DLVO Theory  

The second type of force measurements obtained via AFM is force-distance 

curves. Traditionally, the Derjaguin, Landau, Verwey and Overbeek (DLVO) theory has 

been used to explain the interaction between two charged colloidal particles in electrolyte 

solutions (Israelachvili 1998, Elimelech et al. 1995, Hiemenz and Rajagopalan 1997). 

The DLVO theory has also two components, the electrostatic and van der Waals 

interactions, whose potentials or forces can be expressed as functions of the separation 

distance between the two interacting surfaces. Mathematical expressions of potentials and 

forces between two planar surfaces, between two spherical particles, or between a particle 

and a planar surface have been reported in the literature (Elimelech et al. 1995, Hiemenz 

and Rajagopalan 1997, Dorobantu et al. 2009). The electrostatic interaction between 

charged particles in aqueous solutions is determined by overlapping of the electrical 

double layers formed by ions accumulating near the charged surfaces. The electrical 

double-layer potential between two planar surfaces is expressed per unit area by: 
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where ri is the radius of the spherical particle i and i  is the reduced potential, which is 

related to the surface potential ( i ) by: 
Tk

e

B

i

i


   (Hiemenz and Rajagopalan 1997). The 

interaction potential of the system of a spherical particle and a planar surface can be 

estimated by equation 5.1, by allowing one particle to have infinite size. The van der 

Waals interaction potential between two flat surfaces is given by: 2/)12/( hAHvdw   

and is expressed per unit area, while the van der Waals potential between a spherical 

particle and a flat surface is given by:  

 

)2.5(6/ hRAHvdw 

 

where AH is the van der Waals constant and R is the radius of the particle (Elimelech et al. 

1995). After the addition of the two potential components (i.e., for van der Waals and 

electrostatic interactions) between a spherical particle and a planar surface, the 

corresponding force can be obtained from the derivative of the total potential with respect 

to the separation distance. 

 

 5.4 Experimental Results 

5.4.1 Spore Characterization 

The length and width distributions of Bt spore samples obtained from electron 

microscopy images are shown in Figure 5.1. The graphs show normal distributions with 

average sizes of 1.57 μm in length and 0.86 μm in width. A spore probe used in AFM 

force measurements was also imaged by scanning electron microscopy (results not 

shown). The spore attached onto the cantilever does not have the exact average size of the  
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Figure 5.1  Size distribution of Bt spore samples. The average size of the spores is 1.57 

μm long (a) and 0.86 μm wide (b). 
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observed Bt spores but it could be confirmed that its size (1.3 μm long and 0.8 μm wide) 

is within the expected range. 

Three different pH levels and three different ionic strengths were chosen, with 

nine different configurations resulting from their combination, for adhesion force and 

force-distance measurements using AFM. Zeta potential measurements at the same 

conditions were conducted, as shown in Table 5.1. The observed zeta potential values of 

the Bt spores were negative for all conditions. An increase of the pH level leads to 

increase of the absolute value of the potential. The effects of the ionic strength were not 

significant in low-pH conditions but, in mid- or high-pH conditions, the zeta potential 

decreased with increasing ionic strength in the range of conditions used in the study. 

 

 5.4.2 Adhesion Force between a Bt Spore and a Surface 

The adhesion force measurements are summarized in Table 5.2 and 5.3. The maximum 

adhesion force for the Bt spore-gold surface system is measured at the mid-pH level, 

except when the ionic strength is 0.01 M. In either lower or higher pH levels, the 

adhesion force is smaller than that at mid-pH conditions. Also, the adhesion force at 

acidic conditions (pH 4.5) is greater than at basic conditions (pH 9.5). This trend can be 

explained by a similar trend of the electrostatic force because the van der Waals force is 

expected to be constant at all conditions. The adhesion force of the spore onto the gold 

surface in Table 5.2 is greater than that onto the mica surface in Table 5.3; however, the 

trend of the adhesion force onto mica is similar to the trend of adhesion onto the gold 

surface. The reason that adhesion is stronger on gold is that not only is the Hamaker 

constant of the mica-water-spore system smaller than that of the gold-water-spore system, 

but also the mica surface is similarly charged with the spore surface charge, while the 

gold has opposite surface charge.  
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Table 5.1 Zeta potential measurements (in V) of Bt spores in different conditions of pH 

and ionic strength (NaCl). The reported numbers are averaged values, while the 

standard deviations are shown in the parentheses. 

 

 

pH 

     I  
4.5 7.0 9.5 

0.0001 M -0.013 (0.007) -0.038 (0.008) -0.051 (0.006) 

0.001 M -0.014 (0.005) -0.026 (0.006) -0.040 (0.003) 

0.01 M -0.015 (0.006) -0.018 (0.003) -0.033 (0.007) 
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Table 5.2 AFM-measured adhesion force between a Bt spore and a gold planar surface in 

various conditions. The values in the parentheses are theoretically calculated 

adhesion forces, all in (nN). 

 

 

pH 

     I  
4.5 7.0 9.5 

0.0001 M  -1.94 (-15.2) 

 

 

 

 

 

-5.34 (-15.2) -0.16 (-15.0) 

0.001 M  -1.95 (-15.3) -2.88 (-15.3) -1.18 (-14.7) 

0.01 M  -1.91 (-15.3) -1.73 (-15.3) -1.28 (-14.4) 
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Table 5.3 AFM-measured adhesion force between a Bt spore and a mica planar surface in 

various conditions. The values in the parentheses are theoretically calculated 

adhesion forces, all in (nN). 

 

 

pH 

     I  
4.5 7.0 9.5 

0.0001 M  -0.20 (-8.19) 

 

 

 

 

 

-2.30 (-8.06) -0.04 (-8.01) 

0.001 M  -0.06 (-8.02) -0.58 (-7.83) -0.02 (-7.59) 

0.01 M  -0.92 (-7.56) -0.25 (-7.42) -0.01 (-6.81) 
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For the calculation of the adhesion force, the van der Waals and electrostatic force 

components were considered, while the adhesion force was modeled with the assumption 

of an “intermolecular spacing” between the particle and the planar surface. At this close 

distance, the van der Waals force is expected to be a major component of the adhesion 

force unless the charge of the particle or the planar surface is significant. As shown in 

Table 5.2 and 5.3, the overall calculated values are greater than the adhesion forces 

measured by AFM. This result may be attributed to the assumption of intermolecular 

spacing between the spore and planar surface. If, for example, the spore/planar-surface 

interface was not smooth at the molecular level, then the spacing allowed between the 

spore and the planar surface would be larger. The adhesion force of the Bt spore-mica 

surface system is measured close to zero in most of the experimental conditions (Table 

5.3). The real separation distance between the Bt spore and the mica surface at which the 

van der Waals attraction and the electrostatic repulsion are equal, so that the adhesion 

force is zero, can be used to estimate the surface roughness of the spore by subtracting 

the intermolecular spacing from the „zero-force‟ separation distance. From the model, the 

total adhesion force at most conditions is calculated close to zero at about 1.0 nm distance 

between the spore and mica surface. The assumed intermolecular spacing in the model 

was 0.275 nm (Chung et al. 2010a, Xiao and Qian 2000); therefore, the roughness of the 

spore can be estimated at approximately 0.725 nm. Table 5.4 summarizes the recalculated 

adhesion forces with a distance between the spore and the gold surface of 1.0 nm, and 

shows that the calculated values are closer to the AFM force measurements. Therefore, it 

can be concluded that the surface roughness of the spore should be considered for the 

estimation of the separation distance between the spore and the surface in model 

calculations. 
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Table 5.4 Calculated adhesion forces between a Bt spore and a gold planar surface with 

the assumption that the distance between the spore and the surface is 1 nm. The 

values are in units of (nN). Calculated adhesion forces for the spore-mica 

system are close to zero at all conditions.  

 

 

pH 

     I  
4.5 7.0 9.5 

0.0001 M -1.18  

 

 

 

 

 

-1.25  -0.98  

0.001 M -1.28  

) 

-1.25  -0.75  

0.01 M -1.30  -1.26  -0.58  
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5.4.3 Force-Distance Curves between a Bt Spore and a Planar Surface by AFM 

Force-distance curves obtained using AFM for the Bt spore-gold surface system 

were compared to the calculated force-distance curves obtained from the DLVO theory 

using the zeta potential values of gold surface obtained from literature (Taboada-Serrano 

et al. 2008) (result not shown). At mid- or low-pH levels, the spore and the gold have 

opposite charge which caused an attractive force calculated for all separation distances. 

Even though the measured force-distance curves did not show an attractive force for any 

separation distance, there are local minima in the curves at pH values of 4.5 and 7.0. The 

separation distance for these local minima becomes smaller as the ionic strength increases. 

This result seems reasonable because the thickness of the electrical double layer becomes 

smaller as the ionic strength increases. The calculated force curves at higher pH values, 

where the Bt spore and gold surface are similarly charged, showed local maxima due to 

the repulsive electrostatic force. Even though the modeling results agree with the 

experimental data qualitatively, a discrepancy between the two results implies that 

possible sources of error need to be considered in the model. One possible explanation is 

that there are other components of the total interaction force besides van der Waals and 

electrostatic forces, which are discussed in the following section. Another possible source 

of error in the model is that the zeta-potential values for the gold surface used in the 

calculations did not represent the gold surface used in this study. The same three pH 

levels (4.5, 7.0, and 9.5) were considered in the reference paper (Taboada-Serrano et al. 

2008), however, different ionic strengths (0.0005, 0.005, and 0.05 M) were used instead 

of the ionic strengths used in this study (i.e., 0.0001, 0.001, and 0.01 M). This difference 

may have contributed to the discrepancy between the force measurements and 

calculations. It should also be noted that the zeta potential was not directly measured in 

reference (Taboada-Serrano et al. 2008). 
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While the experimental results show a slight discrepancy compared to the 

theoretical calculations for the Bt spore-gold surface system, the force-distance curve 

calculations are more comparable to the AFM measured force-distance curves for the 

spore-mica surface system. As shown in Figure 5.2, when the AFM measured force-

distance curve is compared to the theoretically calculated curves, the experimental results 

show better agreement with the particle-surface system profiles than with the surface-

surface system profiles. The calculated force profile between two planar surfaces shows 

much greater repulsive force for the wider distance range compared to the experimentally 

obtained force-distance profile or the theoretical profile for particle-surface system. 

Because the surface charge of the spore and mica are both negative for all 

conditions of pH and ionic strength used in this study, the calculated curves showed local 

maximum points and exponential force decay after each maximum point. As the ionic 

strength increases, the maximum value of the repulsive force increases and the force 

profile shows steeper decay. In addition, the point of the maximum force approaches the 

surface as the ionic strength is increased. This is because the electrical double layer 

becomes thinner as the ionic strength increases. Also, the charge densities of the mica 

surface and Bt spore were found to be greater at a higher ionic strength of the solution. A 

change in the pH did not move the maximum force point, but an increase of the pH level 

led to a larger peak point value in the force curves. This behavior may be explained by 

the fact that the measured surface charge densities of the spores increased with increasing 

pH values even though the surface charge density of the mica did not change with pH. 

 

5.5 Discussion 

For a living bacterial cell and a planar surface, the extended DLVO theory is often 

employed to explain the interaction force between a particle and a surface (Dorobantu et 

al. 2009, Hoek and Agarwal 2006). For the Bt spore-mica surface system in this study,  
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Figure 5.2  Force-distance profiles for the Bt spore-mica planar surface system in three 

different pH levels and three different ionic strength conditions. The broken 

line is the theoretically calculated profile for a spherical particle and planar 

surface system; the solid line represents the theoretically calculated profile 

between two planar surfaces; and the dotted line is the measured force-

distance curve between the Bt spore probe and the mica surface using AFM. 
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force calculations using the DLVO theory have shown a relatively good agreement with 

the experimental values. The extended DLVO theory includes such terms as acid-base 

and steric interactions in the total potential or force calculations, in addition to the van der 

Waals and electrostatic interaction terms. Therefore, it can be concluded that the van der 

Waals and electrostatic interaction forces play important roles in the interaction between 

a Bt spore and a planar surface in an aqueous solution. 

The discrepancy between the theoretical force-distance curves and experimental 

results for the Bt spore-gold surface system can be attributed to the approximate zeta 

potential values of the gold surface, as discussed in the previous section. Explaining the 

experimental force curve using the DLVO theory by modifying the zeta potential of the 

gold surface provided zeta potential values that described better the force measurements. 

From the calculated force curve that describes best the experimental results (in Figure 

5.3), the zeta potential value of the gold surface was estimated as shown in Table 5.5. The 

estimated zeta potential values found in this way are lower than the approximate values 

obtained from previous work. These values are more reliable because they are directly 

related to the system used in this study. The zeta potential values obtained here follow the 

general trends of the zeta-potential with respect to pH and ionic strength. As the ionic 

strength increases or the pH level decreases, the absolute zeta potential values decrease. 

Effects of the deformation of the particle are sometimes considered in force 

measurements by AFM especially for soft particles, such as living microorganisms or 

polymers (Petrov and Gallyamov 2007). Force measurements via AFM are conducted 

using a micro-cantilever that is deflected due to the interaction force between the surface 

and the particle attached at the end of the cantilever. Therefore, deformation of the 

particle, which affects the deflection, may play a role in force measurements (Capella et 

al. 1997). The most outer membrane of the Bt spore, or other spores of similar species, 

consists of several types of proteins and lipids and sometimes has appendages on the 

surface. The outer membrane or the exosporium has a certain level of flexibility and the  
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Figure 5.3 Force-distance profiles for the Bt spore-gold planar surface system in three 

different pH levels and three different ionic strength conditions. The dotted line 

is the measured force-distance curve between the Bt spore probe and the gold 

surface using AFM, and the broken line represents the theoretically calculated 

profile for a spherical particle and planar surface system. 
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Table 5.5 Zeta potential values of gold estimated from the experimentally obtained force-

distance curves. The values are in units of (mV).  

 

pH 

     I  
4.5 7.0 9.5 

0.0001 M -45  

 

 

 

 

 

-50 -85 

0.001 M -30  
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-45 -55  

0.01 M -25  -40  -50  
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appendages have motility in aqueous solutions but, when the spore is dried in the 

atmosphere, the exosporium seems to cling to the inner layer and the appendages on the 

exosporium harden. This assumption is supported by the fact that the surface of an air-

dried spore is firm and inflexible enough to be used in the AFM imaging, using a sharp 

silicon nitride tip, without any deformation or damage of the surfaces. Therefore, since 

the AFM spore probes were dried in air prior to the measurements in this study, the 

deformation effect of spores on the interaction forces was not considered. 

 

5.6 Summary 

In summary, this study investigated the bacterial spore interactions with planar 

surfaces in aquatic environments, including adhesion forces and force-distance profiles, 

which are influenced by the geometry and physicochemical properties of the system.  

The characteristics of spores of Bt were determined using electron microscopy 

and electrokinetic measurements. The average size of the spores is 1.57 μm long and 0.86 

μm wide, and the zeta potential values are negative for the solutions used in this work. 

The DLVO theory was employed to predict the interaction force between the 

spore and planar surfaces as a function of the separation distance, and a force balance was 

used to explain the adhesion force or “pulling-off force.” Theoretical estimations were 

compared to experimental measurements obtained from AFM. The results on the 

adhesion force suggest that the surface roughness of the Bt spore used in this study is 

about 0.7 nm. Through the force-distance profile results for the spore-gold surface system, 

zeta potential values of the gold planar surface were estimated. 

The DLVO theory and the mathematical model describing the adhesion force 

were found adequate in explaining the behavior of spores in aqueous environments. 

Consequently, the model can be employed to describe transport and dispersion of spores 

in aquatic and subsurface systems. It can also be used to devise methods, such as 
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filtration or adsorption processes, for the removal or deactivation of spores in aqueous 

systems.  
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 CHAPTER 6 

INTERACTION OF SILICA NANO-PARTICLES WITH A FLAT 

SILICA SURFACE STUDIED BY NEUTRON REFLECTOMETRY 

 

 Studies in previous chapters of this thesis have been based on atomic force 

microscopy (AFM) as the experimental instrument of choice. Experimental data obtained 

through AFM were compared with theoretical calculations, and it was confirmed that the 

interaction of a Bacillus thuringiensis spore with planar surfaces, such as gold and mica, 

can be explained by the classical DLVO theory. The AFM provides information about the 

interaction between a single particle immobilized at the cantilever tip and a planar surface. 

Although the use of several AFM probes can produce a representative behavior of the 

interaction force, an experimental system in which a large population of particles 

interacts with the surface is expected to provide more realistic information. Neutron 

reflectometry, as described in this chapter, allows measurements involving a large 

particle population of particles. 

 In the experimental set-up of neutron reflectometry, many particles are floating in 

a cell and interact with a surface. The experimental data and the corresponding model 

analysis are expected to be explained by the classical theory. Similarly with the previous 

study, the original idea was to use the microbial colloidal particles in the measurements. 

However, silica particles were used as a sample material, instead of bacterial spores, for 

simplicity. It was expected that this study could demonstrate the possibility of the use of 

neutron reflectometry to provide a better understanding of the fundamental mechanisms 

behind particle-surface interactions. 
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6.1 Introduction 

Aggregation and surface deposition of particles in aqueous solutions are widely 

observed phenomena in natural or engineered systems. Deposition of particles, especially 

nano-sized particles, on surfaces is of great interest in various environmental processes, 

such as transport of groundwater contaminants onto subsurfaces and remediation of 

contaminated water. Aggregation of suspended particles is also important because it 

forms aggregates, which can be easily removed from aqueous solutions. Motivated by 

better water quality, researchers have investigated particle aggregation and deposition 

through experimental and theoretical approaches. 

Quartz crystal microbalance (QCM) is often used for the investigation of the 

behavior of colloidal particles, polymers, and lipid films, and biomolecules on surfaces 

(Lvov et al. 1997, Cliffel et al. 1998, Marx 2003, Keller and Kasemo 1998, Caruso et al. 

1997). The device measures the change in resonance frequency of a quartz crystal 

resonator, which is disturbed by the accumulation or removal of particles at the surface of 

the resonator. It can be used to monitor the deposition rate of colloidal particles on 

surfaces. 

Atomic force microscopy (AFM) can also be used to study the interaction of 

colloidal particles with a surface (Chin et al. 2002). The force-distance profile can be 

obtained from the deflection of the AFM cantilever as the AFM probe approaches toward 

or retracts from the surface. Cantilever deflection results from the interaction between the 

cantilever probe and the surface. While AFM provides the interaction force between a 

particle and a surface as a function of separation distance, QCM can detect the mass 

change of particles deposited on a surface. 

Neutron reflectometry (NR) provides structural information of surfaces (Zhou and 

Chen 1995). The technique involves an incoming neutron beam at a flat surface, and its 

reflection from the surface is measured in terms of scattering length density as a function 

of depth (Russell 1990). The obtained reflectivity profile can be used to determine the 
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thickness, material composition, periodicity, and roughness of any thin film layered on 

the substrate. NR data provide the distribution of particles along the direction 

perpendicular to the surface, a result that cannot be provided by QCM experiments. QCM 

measurements provide information on particles deposited onto a surface or removed from 

a surface, while AFM provides force measurements between a particle and a substrate 

surface as a function of distance from the surface. AFM experiments involving a single 

particle attached to the cantilever tip provide valuable information on particle-substrate 

interaction, but the question is whether the measurements represent the average response 

of the particle population. NR measurements, on the other hand, involve a large 

population of particles, thus the data reflect the average behavior of the whole particle 

population at the surface. Moreover, the movement of the particle, which is attached on 

the AFM cantilever tip, is dictated by the AFM controls in terms of height and speed, 

while in the NR experiment, particles freely move toward and away from the surface. 

Thus, the behavior of a large number of colloidal particles freely floating in the medium 

and interacting with a surface in the NR experiments is comparable to the behavior of a 

real system.  

Theoretical modeling, including Monte Carlo simulation (Taboada-Serrano et al. 

2006) or molecular dynamics (Gargallo et al. 2003, Peters 1999), has been applied to 

explain particle-surface interactions and particle aggregation. Theoretical calculations are 

often compared to experimental data provided by AFM or QCM. However, the modeled 

system is hardly matched by the experimental setup because of computational limitations 

(Taboada-Serrano et al. 2006) or the complexity in the calculations (Taboada-Serrano et 

al. 2005). 

NR has often been used to study surface interactions of polymer, surfactant, or 

biomolecules (Penfold and Thomas 1990, Fragneto-Cusani 2001, Li et al. 1998). 

However, this technique has not been utilized to study surface interactions of 

environmental particles in terms of stabilization, aggregation, and desorption. NR can be 
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a good alternative tool to QCM and AFM providing complementary information on the 

behavior of environmental nanoparticles. 

 

6.2 Theoretical Background 

6.2.1 Neutron Reflectometry Theory 

NR provides structural information near an interface, in the direction normal to 

the surface. The instrument provides the refractive index profile normal to the interface, 

which is related to the scattering length density, and this information is used in the 

calculation of the reflectivity. The reflectivity )(R  is calculated using the following 

formula (Russell 1990, Fragneto-Cusani 2001, Grundy et al. 1988): 
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where r0,1 is the reflection coefficient and r0,1
*
 is the complex conjugate of the reflection 

coefficient. The reflectivity for a multi-layer system is: 
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 layers. Here, k is the scattering vector within the species 

(normal to a surface), and d is the thickness of the species.  

The momentum transfer perpendicular to the surface is given by (Ankner and 

Felcher 1999): 

 



 99 

)3.6(sin
4





 zizfz kkQ

  

where  is the wavelength of the incident beam and  is the angle of the beam with the 

surface. The momentum transfer is used in the calculation of the reflection of neutrons in 

which the incident and reflected beam wave vectors (ki, kf) enter and exit the surface at 

the same angle . The critical value of Q is obtained from: )/(16)/(162 VbVbQ iic   , 

where bs/Vs is the scattering length density (SLD) of the incident medium and b/V  is the 

SLD of the subphase. SLD = bj/Vj where V and b are the volume and neutron scattering 

length of atom j, respectively. 

The experimentally obtained neutron reflectivity curve is analyzed by finding the 

model best describing the experimental data. The model contains a series of layers of 

different scattering densities and thicknesses along the normal distance from the surface. 

 

6.2.2 Potential Calculation 

For the purpose of comparison with the NR result, potential calculations are 

performed using the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. In the DLVO 

theory, the potential energy is mathematically expressed as a function of the separation 

distance between a spherical particle and a planar surface; in an aqueous solution, as the 

sum of two components, the electrostatic and van der Waals interactions (Hiemenz and 

Rajagopalan 1997): 
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where   is the zeta-potential of a particle or a surface, r  is the radius of the particle,   is 

the inverse of the Debye length,   is the permittivity, HA  is the Hamaker constant, and 

d  is the distance between the particle and the surface. The first term in the formula 

represents the electrostatic interaction between a particle and a flat surface, while the 

second term represents the van der Waals interaction. The electrostatic interaction or 

electrical double-layer potential between charged surfaces in aqueous solutions is 

originated by accumulated ions near the charged surfaces to form the electrical double 

layers, while the van der Waals interaction arises from quantum-induced instantaneous 

polarization multipoles in molecules. The zeta-potentials needed in the calculations were 

measured using a zeta-meter for SiO2 particles. For the flat surface, it was assumed that 

the zeta potential value is the same as that of a spherical particle of the same material. 

 

 6.3 Materials and Methods 

6.3.1 Materials 

Tetraethyl orthosilicate (TEOS, 99%) used in the preparation of the particles was 

purchased from Aldrich. Absolute ethanol (200 proof) was obtained from Decon Labs, 

and NH3H2O (28-30%, ACS) was purchased from BDH. All chemicals were used as 

received. Deionized water with 18.2 Mcm resistivity was processed from a Millipore 

ultra-pure water system. 

  

6.3.2 Nanoparticle Synthesis and Characterization 

Colloidal SiO2 nanoparticles were prepared by hydrolysis of TEOS in an alcohol 

medium in the presence of water and ammonia, according to a procedure originally 

described by Stöber et al. (1968). Hydrolysis and condensation of the TEOS monomers 
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catalyzed by ammonia provide stable spherical SiO2 nanoparticles. In the modified 

synthesis procedure (Wang et al. 2003b, Wang et al. 2003a), two solutions of equal 

volume were rapidly mixed under vigorous stirring at controlled temperature of 23°C or 

50°C. One of the solutions contained ethanol and TEOS; and the other included ethanol, 

water, and ammonia. The total volume of the solutions was 250 ml with final 

concentrations of 0.3 M TEOS, 0.12 M NH3, and 9.0 M H2O. The reaction was allowed 

to continue with moderate stirring for two hours at the controlled temperatures and then 

at room temperature for 12 hours. After the synthetic reaction was completed, the SiO2 

particles were collected by centrifugation and washed with deionized water three times, 

then further purified by dialysis using dialysis tubes (Pierce Snake Skin
TM

, 10,000 

molecular weight cutoff) in deionized water. 

Direct imaging of SiO2 nanoparticles was obtained by a Hitachi S4700 scanning 

electron microscope (SEM) under an acceleration voltage of 10 kV. The average particle 

diameter, size distribution, and zeta potential of SiO2 nanoparticles were determined by 

dynamic light scattering (DSL) with a Brookhaven 90Plus/ZetaPlus instrument. With 

initial reaction temperatures of 23°C and 50°C, the resulting SiO2 nanoparticles were 

95.3 nm and 24.7 nm in average diameters with polydispersity 5.7% and 10.2% 

respectively, as determined by DSL measurements. The SiO2 nanoparticles are negatively 

charged in water with  potentials of -47.9 mV and -51.7 mV for the 100-nm and 25-nm 

particles, respectively. Typical SEM images are shown in Figure 6.1. 

 

6.3.3 Neutron Reflectometry 

The neutron reflectivity study was conducted at the Spallation Neutron Source 

(SNS, Oak Ridge, TN) on the variable wavelength  Liquid Reflectometer (Ankner et al. 

2008). The wavelength band used were 2.5 <   < 6 Å , with the seven incident angle ( =  
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Figure 6.1  Electron microscopy images of synthesized SiO2 nanoparticles. Nominal size: 

100 nm (left), 25 nm (right). 
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0.15°, 0.25°, 0.45°, 0.65°, 0.85°, 1.6°, and 2.8°). The resolution ( QQ / ) of the 

instrument under the conditions used to collimate the neutron beam was determined by 

fitting the reflectivity data from D2O and it was found to be 0.078.  The experimental 

setup used for these measurements can be found in Figure 6.2.  

The coherent scattering length densities (SLDs) of H2O, SiO2, SiOx, and Si 

(substrate) were calculated as -5.60x10
-7

, 4.18x10
-6

, 3.20x10
-6

, and 2.07x10
-6

, 

respectively, in units of Å
-2

.  A pure D2O measurement was made to scale the H2O data 

appropriately. Since H2O has a negative SLD, the square root of Qc
2
 will yield an 

imaginary number, hence H2O cannot achieve total reflection. Correction due to 

incoherent scattering and absorption was insignificant.  Neutron reflectivity curves were 

calculated from the assumed SLD profiles and compared with measurements. This 

procedure was carried out carefully by utilizing statistical error minimization techniques 

until the agreement between the calculated reflectivity and the experimental reflectivity 

data was acceptable. 

The ionic strength of the solution was adjusted with NaCl solution. Starting with a 

low ionic strength (0.0001 M) solution, we added concentrated NaCl solution to reach 

higher ionic-strength conditions. Between each experiment, the surface was cleaned by 

using an ultrasonic device, and the NR cell was cleaned by flushing the cell several times 

with deionized water in order to remove the particles deposited on the surface or 

remaining inside the cell.  

To check the influence of time on particle deposition onto the surface, we 

repeated several times the experiment of one sample solution, without changing the 

sample solution. One cycle, with six different angles for each experiment, lasted for 40 

minutes, and several randomly selected samples were repeated for measurements up to 10 

cycles. 
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Figure 6.2 Schematic of the neutron reflectometry cell. 
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6.4 Results and Discussion 

Experimental data obtained from NR and their analyzed results in terms of 

concentration profiles are presented in Figure 6.3 for 25-nm silica-particle suspensions in 

three different ionic-strength conditions (0.0001 M, 0.01 M, and 1 M). The description of 

the layers in the analyzed data is summarized in Tables 6.1. The model describing the 

experimental data is evaluated by a factor called 2 . The 2  value indicates how closely 

the modeling results match the NR data. Lower 2  value means better description of the 

experimental data by the model. The 2  values of the analyzed results are acceptable for 

all conditions. The 2  value for the 1-M NaCl solution is higher than at other conditions, 

but still the lowest achievable.  Experimental data and analysis for 100-nm silica particle 

suspensions in different ionic strengths similarly obtained by NR are summarized in the 

Figure 6.4 and Table 6.2.  

Reproducibility measurements did not show significant differences for 

experiments run at the same conditions. The sample of 100-nm silica particles in 2-M 

NaCl solution was tested for 10 cycles and the results are shown in Figure 6.5. As shown 

in Figure 6.5, the resulting curves from the first and the last runs, which had more than 6 

hours time in between, do not show a difference when they are plotted on the same graph. 

This result implies that particle deposition reached equilibrium within an hour.  

DLVO calculations for the interaction of a 25-nm silica particle and a flat silica 

surface in three different solutions of ionic strengths, i.e., 0.0001 M, 0.01 M, and 1 M 

NaCl are shown in Figure 6.6 in order to qualitatively explain the particle distribution 

near the surface. An energy barrier was observed near the surface in the potential-

distance profiles for low ionic-strength solutions (0.0001 M and 0.01 M NaCl), while no 

energy barrier was observed in the 1-M solution. When there is an energy barrier close to 

the flat surface, the particles are expected not to approach the surface. Therefore, a  
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Figure 6.3  Neutron reflectivity data, model, and scattering density (b/V) versus layer 

depth (z), used to fit the data. Fitting results for 25-nm silica particles in three 

different solutions of ionic strength: 0.0001 M (a), 0.01 M (b), 1 M (c) NaCl.
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Figure 6.4  Neutron reflectivity data, model, and scattering density (b/V) versus layer 

depth (z), used to fit the data. Fitting results for 100-nm silica particles in 

solutions of various ionic strengths: 0.0001 M (a), 0.01 M (b), 0.1 M (c), 1 M 

(d), and 2 M (e) NaCl. 
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Figure 6.4  Neutron reflectivity data, model, and scattering density (b/V) versus layer 

depth (z), used to fit the data. Fitting results for 100-nm silica particles in 

solutions of various ionic strengths: 0.0001 M (a), 0.01 M (b), 0.1 M (c), 1 M 

(d), and 2 M (e) NaCl (Continued). 
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Figure 6.5  Repeated neutron reflectometry results for 100-nm silica particles in 2-M 

NaCl solution. 
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(a) 

(b)  

(c)  

(c)  

 

Figure 6.6  DLVO calculations for 25-nm silica particle solutions in three different 

solutions of ionic strength: 0.0001 M (a), 0.01 M (b), 1 M (c) NaCl. 
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particle concentration close to zero was expected at the surface, increasing up to the bulk 

concentration away from the surface. The concentration of particles in the analyzed 

modeling results, however, is the same as the bulk solution (8.18 wt% for 25-nm SiO2 

particle) for the entire z range as shown in Figure 6.3 and Table 6.1. This behavior 

indicates that the resolution or sensitivity of the NR measurements is not high enough to 

determine the thickness of a possible H2O layer between the flat surface and the particles. 

Better contrast can be obtained by using D2O. 

 The experiment with 25-nm particles in 1-M NaCl solution showed different 

results from the other concentrations with this particle size. In higher ionic-strength 

solutions, where DLVO calculations showed no energy barrier, the particles are attracted 

to the silica surface. The formation of a SiO2 monolayer was observed in the neutron data. 

Since these particles are spherical in shape, a 3-layer slab model was used to fit the data 

as shown in Figure 6.7. The 84 Å  layer closest to the silicon oxide (SiOx) layer consists 

of a 42 Å  ( 250
6

1
84 








 ) layer of H2O on which the SiO2 particles float. The SiO2 disk 

layer was found to be 146 Å  thick (Table 6.1). From this information, the particle 

diameter was determined as 21.9 nm, which is very close to the particle size obtained 

from electron microscopy. The areal density of the spheres was extracted from the data 

by calculating the packing fraction. The closest packing possible for spheres in a plane is 

a triangular lattice or honeycomb. The maximum packing fraction was determined to be 

0.907 in a monolayer using the honeycomb construction as the real fraction of circular 

cylindrical disks to hexagonal prism in two dimensions. The packing fraction (F) can be 

calculated using the scattering length densities of the SiO2, H2O, and the system of 

measurement: OHSiOtMeasuremen VbFVbFVb
22

)/)(1()/()/(  . The actual packing 

fraction found in this system is 0.23. 
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Figure 6.7  Model representation of the layers next to the surface with deposited SiO2 

particles. 
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At the end of the experiment, when the NR cell was disassembled, it was 

observed that the particle suspension had undergone gelation. This observation was made 

only for the 25-nm particles in high ionic-strength solution. During gelation, the particles 

aggregate with each other, forming large aggregates in which the particles are frozen in 

space. This phenomenon occurs in suspensions of high concentration of particles, 

undergoing rapid aggregation (Zackrisson et al. 2008).  Not only the size, but also the 

variation of size and shape of the aggregates might have caused the unexpected results 

observed in this experiment (Smith and Zukoski 2006). 

The 100-nm silica particle suspensions behave in the same manner as for 25-nm 

particles as shown in Figure 6.4 and Table 6.2. In low ionic-strength systems (0.0001 M 

and 0.01 M NaCl), the scattering length density plots showed the flat concentration 

profile with the concentration of bulk solution (i.e., 12 wt% SiO2). Although potential 

calculations by the DLVO theory showed an energy barrier close to the surface (Figure 

6.8), which means that a depletion of the particles was expected near the surface, the 

concentration of the particles is uniform in the entire system. High ionic-strength 

solutions (0.1 M, 1 M, and 2 M) for the 100-nm silica particle suspensions also showed 

similar behavior to that of the 25-nm particle suspensions in high ionic strength 

conditions. The model shows that particle deposition has been occurred. In 1-M NaCl 

solution, the depth of SiO2 disk layer was 720 Å . Based on the model, the diameter of the 

particles was calculated at 108 nm, and the H2O layer was determined to be 130 Å  deep. 

The actual packing fraction in this system was calculated as 0.54. The reason that the 

packing fraction of the 25-nm particles was lower than this value is the strong attractive 

force between the particles that let to gelation of the 25-nm particles. Although all the 

suspensions with ionic strength from 0.1 M to 2 M NaCl have shown the same monolayer 

formations, the depths of the water layer on which the silica particles float varied slightly 

with the solution ionic strength. The thickness of the H2O layer decreased from 150 Å  to 

120 Å  as the ionic strength increases. From this information, it can be concluded that the  
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Figure 6.8  DLVO calculations for 100-nm silica particles in solutions of various ionic 

strengths: 0.0001 M (a), 0.01 M (b), 0.1 M (c), 1 M (d), and 2 M (e) NaCl. 
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Figure 6.8  DLVO calculations for 100-nm silica particles in solutions of various ionic 

strengths: 0.0001 M (a), 0.01 M (b), 0.1 M (c), 1 M (d), and 2 M (e) NaCl 

(Continued). 
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silica particle monolayer is formed closer to the planar surface as the ionic strength 

increases. 

 

 6.5 Summary 

Through this study, the possibility that NR could be used as a tool to investigate 

particle deposition at a flat surface in aqueous solutions was tested. This experimental 

method has some advantages compared to other experimental tools, such as observation 

of particles within several nanometers from the surface and observation over a large 

population of particles that represent very well the behavior of the whole system. The 

results agree reasonably well with DLVO calculations between a particle and a surface, 

but there are also some disagreements that need to be further studied. Results of such 

studies can be used to predict aggregation between particles, as well as deposition on 

filter materials and membranes. 
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 CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

 

This research combines experimental and theoretical investigations of the 

interactions between colloidal particles and planar surfaces in atmospheric and aqueous 

environments. The adhesion or detachment of the particles onto or from the surfaces, the 

force-distance profiles between a particle and a surface, and the concentration profile of 

particles near a surface as a result of the surface charge were examined.  

Measurements of the adhesion force of microbial colloids on surfaces obtained 

using atomic force microscopy (AFM) and theoretical calculations have significance in 

the characterization of the adhesion force and its components. Quantitative information of 

the total adhesion force and knowledge of the possible contributing forces help delineate 

the effect of relative humidity, hydrophobicity of surfaces, surface charge, and other 

properties of the materials involved on the adhesion force. 

The force-distance profile data obtained by AFM and calculated by the classical 

DLVO theory indicate that the interaction force or potential energy between a microbial 

particle and a surface in aquatic solutions is influenced by the chemistry of the solution, 

e.g., pH or ionic strength. The values of the zeta potential of the surfaces, which are 

directly affected by the pH and ionic strength of the solution, determine the magnitude of 

the electrostatic interaction. 

Knowledge gained from neutron reflectometry has significance in visualizing the 

distribution of particles near a charged surface in an aqueous solution. The study provides 

information on the concentration profile of particles at the surface and in the solution near 

the surface.  
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Through experimental data obtained from various techniques and model 

calculations of the adhesion force and the force-distance profile, the following 

conclusions can be stated:  

 

 It was shown through AFM measurements that the adhesion force of microbial 

colloids on planar surfaces in atmospheric environments is a strong function of 

the relative humidity. A theoretical treatment assumed that the adhesion force 

consists of the van der Waals, capillary, and electrostatic forces. The capillary 

meniscus between interacting surfaces is not formed below a certain level of the 

relative humidity, which depends upon the hydrophobicity of the material 

expressed by the contact angle, thus the adhesion force is composed only of van 

der Waals and electrostatic forces in low relative humidity conditions. At higher 

humidity values, the condensed water between the particle and the surface forms a 

meniscus that causes a decrease of the van der Waals force and an increase of the 

capillary force. The electrostatic force decreases with increasing relative humidity 

as a result of decreasing surface charge. This study can be used to build criteria 

for decontamination of surfaces that have attached particulate contaminants such 

as bioaerosols on them in atmospheric environments. Because the adhesion force 

depends on humidity, the relative humidity level on which the adhesion force is 

minimized could be determined based on the geometry and material properties of 

the surfaces.   

 

 A possible explanation of the discrepancy observed between theoretical model 

calculations and AFM measurements of the adhesion force is the surface 

roughness of the spore and planar surface, which is neglected in the model. The 

roughness of the Bt spore was observed in AFM, SEM, and STEM images. An 

estimation of the surface roughness was indirectly obtained through the adhesion 
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force measurements in aqueous solutions between the spore and planar surfaces. 

By comparison of the AFM measurements and theoretical calculations, the 

surface roughness of Bt spores that describes best the measurements was 

determined. 

 

 Force-distance profiles between the Bt spore and planar surfaces in aqueous 

solutions were obtained using AFM. Based on the measured zeta potentials of the 

spore and surfaces, the force-distance curves were calculated through the DLVO 

theory. The results indicated that the interactions between spores and planar 

surfaces are influenced by the properties of the solution, such as pH and ionic 

strength. The DLVO theory was adequate in explaining the interactions between 

the spores and planar surfaces used in this study, therefore, it can be concluded 

that the van der Waals and electrostatic interaction forces are dominant 

components of the interaction between a Bt spore and a planar surface in an 

aqueous solution. It should be noted here that the capillary force does not exist in 

aqueous solutions. The implications of this study include treatment of 

contaminated water by filtration, coagulation, and sedimentation. We can control 

the conditions of the system in order to induce attractive or repulsive forces 

between particulate contaminants and surfaces. In addition, control of the pH or 

salt concentration in the solution can help the recovery of used filter media. 

Similarly, applications of this study can be found in water treatment systems. 

  

 Further experimental investigation of the interactions between colloidal particles 

and planar surfaces was carried out using neutron reflectometry. This 

experimental technique provides structural information of the distribution of a 

large population of particles near surfaces. The theory predicts that the potential 

energy is highly dependent on the ionic strength. For 0.0001 and 0.01 M NaCl 
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solutions, the particles concentration near the surface obtained from NR is the 

same as the bulk concentration, while depletion of particles near the surface was 

expected because of the repulsion that the DLVO theory predicts.  This result may 

be due to inadequate resolution of the measurements and calls for further 

investigation.  In contrast, in solutions of higher ionic strength, where the 

theoretical calculations show an attractive force between the particle and the 

surface and particles, a high concentration of adsorbed particles is observed near 

the flat silica surface. The study confirmed that neutron reflectometry is a 

promising tool for the investigation of particle-surface interactions in order to 

provide insight into the deposition of particles onto planar surfaces. 

 

In this study, theoretical model calculations were compared to experimental 

measurements. Through this comparison, the mechanisms of interaction phenomena 

between a particle and a surface can be identified. The implications of this research are 

two-fold: (i) the mechanisms and parameters involved in particle interactions with 

environmental surfaces are identified, contributing to the understanding of the 

phenomenon, and (ii) the results may help us devise better means for the removal of 

spores and other biological particles from environmental surfaces. 

Although this research identified the mechanisms of particle-surface interactions, 

further work is needed both experimentally and theoretically to improve the agreement 

quantitatively. It is known that the point of contact between a particle and a planar 

surface affects the adhesion force of the particle onto the surface in atmospheric 

conditions. Therefore, the roughness of both the particle and planar surface should have 

an influence on the adhesion due to the changes it can cause in the number of contact 

points and the separation distance between the particle and the surface. Consideration of 

the point of contact and the separation distance will enable us to predict more accurately 

the adhesion force components. 
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Although the DLVO theory explains the interaction between a Bt spore and a 

planar surface adequately, several studies on the adhesion of living bacterial cells onto 

surfaces pointed out that hydrophobicity plays a role in the adhesion force. Although the 

effect of hydrophobicity is incorporated in terms of the contact angle in the capillary 

force model, it is recommended to consider additional force components in the DLVO 

model, such as acid-base or hydrophobic interactions, especially for the adhesion of 

microbial colloids. 

Further work using neutron reflectometry is also recommended and is currently 

pursued as an extension of this research. Although the neutron reflectometry experiments 

confirmed its potential for the investigation of particle-surface interactions, various 

factors need to be examined in order to obtain better resolution in the measurements. 

More experiments are recommended to include a variety of materials for the particles, 

such as microbial colloids and nanoparticle contaminants, and different solution 

conditions, such as ionic strength and pH. Experimental results that do not show a good 

agreement with the classical DLVO theory may need to be compared with other 

theoretical calculations such as the extended DLVO theory and molecular simulations. 

Furthermore, it is recommended to use neutron reflectometry to obtain a better 

understanding of the electrical double layer at the solid-liquid interface by studying ion, 

rather than particle, distribution near the surface.  
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