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ABSTRACT 

Colloid filtration theory was utilized to estimate the 

sticking coefficient (a) of bacteria in filter media. 

Determination of bacterial cell numbers was facilitated by 

incorporation of [3H]leucine into cells prior to filtration. 

Large changes in retention of bacteria within porous 

material correlated with different stages in the bacterial 

growth cycle. This was due primarily to changes in cell 

size and not due to a change in a. The effects of ionic 

strength, pH, nutrient status, surfactant concentration and 

filter material on a were also evaluated. Various 

filtration models predicted similar trends in the magnitude 

of bacterial a with changes in experimental conditions. 

Experiments were performed with two gram negative and one 

gram positive bacterial species, Pseudomonas fluorescens. 

Pseudomonas JS6. and Bacillus pumilus. Small reductions in 

a were observed in cultures that were carbon- limited. 

Oxygen limitation produced no change in a. Bacterial a's 

were a function of ionic strength and filter material. 
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CHAPTER 1.0 INTRODUCTION 

An understanding of the physical and chemical 

mechanisms that control bacterial transport in porous media 

is important in a number of situations in which bacteria can 

provide either a harmful or beneficial presence. 

Contamination of groundwater resulting from wastewater 

treatment processes is well documented and has resulted in a 

large amount of effort to establish theoretical models to 

predict the movement of bacteria in subsurface environments 

(Cogger 1988, Corapcioglu and Haridas 1984, Cherry 1984, 

Bitton and Harvey 1992). The ultimate goal of these efforts 

is to establish reliable engineering criteria for specifying 

setback distances from septic tank drain fields or 

infiltration basins used for ground water recharge and land 

treatment of municipal wastewater. 

The effectiveness of bioremediation strategies using 

genetically engineered or acclimated organisms capable of 

degrading chemical wastes in the treatment of contaminated 

soil and ground water is dependent upon the rate at which 

the introduced microorganism spread throughout the 

contaminated zone. Bioremediation using indigenous 

microbial populations is centered around the use of 

injection wells to provide limiting nutrients such as 

oxygen, nitrogen, and phosphorous or additional carbon 
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sources. Biofilm growth in the area immediately surrounding 

injection wells is a common problem resulting in reduced 

hydraulic conductivity and eventual clogging at the well 

face (Robinson et al. 1984, Nelson et al. 1985, Molz et al. 

1986). 

A large amount of work has been devoted to identifying 

the forces that control bacterial interaction with surfaces 

(Abbot et al. 1983, Busscher et al. 1990, Corapcioglu and 

Haridas 1985, Cunningham et al. 1988, DeFlaun et al. 1990). 

Many of these studies provide useful qualitative information 

on attachment under a variety of chemical and physical 

environments. However, there is a limited amount of data 

providing a quantitative analysis of attachment within 

environments hydraulically comparable to water flow in 

soils. 

Particle transport as predicted by colloid filtration 

theory provides a model for determining the physical and 

chemical components of bacterial retention in a porous 

media. The physical controls on particle transport are 

based on the geometry of the media and as well as that of 

the particle. The number of opportunities for a particle to 

contact a surface as it flows a known distance can be 

estimated based on purely physical mechanisms. This allows 

a numerical determination of the probability for attachment 

( a sticking coefficient) that is dependent on the chemical 
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forces affecting adhesion and repulsion. 

Although column studies provide a good model for solute 

flow and colloid transport in porous media, the amount of 

time required to design, setup and complete a set of 

experiments can be prohibitive for determining attachment 

under a broad range of environmental conditions. Column 

studies are also subject to error from a variety of sources 

due to their complexity. Thus, a screening method that 

allows for a rapid quantitative determination of the 

probability for bacterial attachment (a sticking 

coefficient) in porous media would be useful in providing a 

set of reference values upon which to base column design or 

as input parameters in model predictions. 

It was the purpose of this investigation to develop a 

method that allows rapid determination of the sticking 

coefficient for bacteria under conditions that are 

hydraulically similar to those found in groundwater 

aquifers. 
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CHAPTER 2.0 

LITERATURE REVIEW 

2.1 GENERAL 

This section reviews the literature on topics that are 

relevant to the study of bacterial transport in porous 

media. 

The first section reviews colloid filtration theory, 

establishes the utility of the theory in modeling particle 

attachment in porous media, and describes the forces 

involved in particle/surface interactions. 

The second section is a review of previous 

investigations of bacterial attachment, the techniques used 

to measure attachment, and the relevance of these studies to 

bacterial transport in porous media. 

2.2 FILTRATION THEORY 

Filtration is a process by which suspended particles 

are removed during passage through a porous media. The 

suspending media may be gas or liquid, with the particles 

removed from suspension termed aerosols or aquasols, 

respectively. This study is primarily concerned with the 

transport of bacterial aquasols through fibrous and granular 

filters. 

During the filtration process there are three separate 



physical components that interact: the suspended particle, 

the suspending media (in this study water), and the porous 

medium. The suspended particles are characterized by their 

size dp (diameter), density pp, shape, and surface 

chemistry. The suspending fluid is characterized by its 

velocity U0, density pf, absolute temperature T, and 

viscosity v. The porous media is defined by size dg, 

packing density $ (1-p), surface chemistry and geometrical 

dimensions - Length L and overall surface area. 

Particle collection is predicted to be governed 

primarily by interception, diffusion, and gravitational 

deposition mechanisms for particles similar in size and 

density to bacteria. Straining, although an important 

particle removal mechanism, is not considered in this study 

since particle transport will not occur for systems in which 

straining is dominant (McDowell-Boyer et al. 1986). When 

straining occurs, substantial particle accumulation creates 

a filter cake or mat and causes a loss in permeability. 

Theoretical and experimental studies indicate that straining 

becomes significant when the particle diameter is larger 

than 20% of the grain diameter (Tien and Payatakes 1979). 

dp > 0.2 (dg) (2.1) 

Particle interaction with the media surface via 
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interception occurs when the particle size and the fluid 

flow streamline of the particle cause the particle to 

approach the media surface. The particle is predicted to 

contact the surface when the fluid streamline comes within 

approximately ones particle radius of the media surface. 

Theoretically, it is assumed that the particles do not 

deviate from the fluid stream lines and that inertial 

effects are insignificant (Hinds 1983, Tien 1989). 

Particle/surface interaction via Brownian motion or 

diffusion occurs when a particle that is traveling in a non-

intercepting streamline deviates from its flow path due to 

the random bombardment of fluid molecules (Kinds 1983, Yao 

et al. 1971) which causes the particle to contact the media 

surface. 

Particle/surface interaction due to gravitational 

mechanisms results when the gravitational force is 

sufficiently large to cause a particle to deviate from a 

non-intercepting streamline and cause a contact with the 

media surface. 

A fourth mechanism impaction occurs when a particle, 

due to its inertia, crosses fluid streamlines and impacts a 

media grain. The forward momentum of the particle causes 

the deviation from its flow path in areas where the fluid 

streamlines are rapidly changing due to the presence of 

media grains. Impaction becomes important when the particle 
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density is large or the particle size is large. 

The relative importance of each mechanisms is dependent 

on the system geometry, the particle geometry, fluid 

physics, and fluid velocity. 

Ignoring diffusive transport and assuming steady-state 

particle influent concentration and particle removal in a 

porous bed of length L, integration of the mass balance 

equation for suspended particle concentration yields (Yao 

et al. 1971): 

C -54>ari 
—  * = e  

d < *  ( 2 . 2 )  
Co 

where C0 is the influent suspended particle concentration, 

Ce is the effluent particle concentration, $ is a 

geometrical factor equal to 3/2 for spherical media and A/it 

for cylindrical media, rj is the total collision efficiency, 

and a is the sticking coefficient which is most often 

empirically derived and will be described further below. 

The collision efficiency is the rate at which particles 

strike a media surface divided by the rate at which they 

approach the surface (Yao et al 1971). The collision 

efficiency can be determined from trajectory analysis of 

particles as they pass by a media grain or fiber. The basic 

premise of trajectory analysis is that by knowing the types 
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of forces acting on a particle in suspension, as well as, 

the magnitudes and directions of the forces it is possible 

to estimate the rate of particle collisions with a fiber or 

grain comprising the filter media. The utility of 

trajectory analysis is that it allows analytical solutions 

to be developed that predict the collision efficiency for 

each collection mechanism. Solutions are developed for each 

collection mechanism acting independently and summed to 

achieve the total collection efficiency, rj. Theoretically, 

it is not correct to add the individual collection 

efficiencies to solve for rj, since the different mechanisms 

compete for the same particle and a collision could be 

counted more than once (Hinds 1983). However, in general, 

one collection mechanism will predominate and the total 

efficiency will depend on that mechanism to the exclusion of 

the other mechanisms. The total collection efficiency is 

then: 

*i = nz + 1)D + 1)G + *\M (2*3) 

where the individual collection efficiencies are 

interception rj,, diffusion r?0, gravitational rjG, impaction 

V 
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2.2.1 Filtration Models 

Various investigators have developed solutions for the 

individual collection efficiencies which are presented 

below. 

Yao et al. Model: For spherical collectors, 

(1971) developed the following equations: 

ilr = — R2 
lr 2 

__2 

x\D = A Pe 3 

r\G = G 

where Pe the peclet number is a dimensionless parameter that 

indicates the relative importance of advection and 

diffusion. High peclet numbers indicate systems that are 

dominated by advective transport and low peclet numbers 

indicate systems that are dominated by diffusive transport. 

The relationship is illustrated in the following equation: 

Pe = -^^2 (2.7) 
D 

Yao et al 

(2.4) 

(2.5) 

(2.6) 

where U0 is superficial velocity of fluid in the filter and 

D is the particle diffusivity obtained from the Stokes-
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Einstein equation: 

k T D = , . (2.8) 
3 ji n dp 

where k is Boltzmans constant (1.38 x 10"23J°K*1), T is the 

absolute temperature, /i is the fluid dynamic viscosity, and 

dp is the particle diameter. 

The interception number, R, is a dimensionless 

parameter relating the particle size to the collector size 

and can be determined as follows: 

In general, the particle diameters are smaller than the 

collector diameter and it is doubtful that the validity of 

the equation would hold when the particle diameter greatly 

exceeds that of the collector. 

The gravitational number, G, is a dimensionless 

parameter indicating the relative importance of the particle 

settling velocity and the superficial filter velocity. 

where Up is the particle settling velocity and can be 
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determined from stokes law . 

„ , a (p.-p,) dp (2.11( 
p 18 v pf 

where g is the gravitational constant, p and p f the 

particle and fluid densities, and u is the fluid kinematic 

viscosity. High values of G describe a system that is 

dominated by transport due to gravitational forces and low 

values of G indicate a system that is dominated by advective 

or diffusive transport. 

The described model was shown to provide reasonable 

agreement with data on the removal of latex beads in packed-

bed columns. However, when the packing material was coated 

with a coagulant aid, the sticking coefficient exceeded 

unity. 

Hinds Model: The model set forth by Hinds (1983) was 

developed for aerosol filtration in fibrous mats composed of 

cylindrical fibers. It is his summation of extensive work 

done by others (Fuchs et al. 1973,Lee and Liu 1982,Yeh and 

Liu 1974) and provides a close approximation of more 

rigorous approaches: 

ri^ = 2 Pe'1 (2.12) 
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tlx = S~ [2(1+12) ln(l+R)-(l+R) + (-i-)]<2*13) 
2KU 1+iv 

TjG = G (1+R) (2.14) 

corrections for gas slip that are used in aerosol theory are 

assumed to be negligible in aquasols (Tien 1989) . The 

Kuwabara number Ku is a correction that is used to account 

for interferences in the particle trajectory caused by 

neighboring fibers. It is calculated from : 

Ku = ~ln ̂  + $ - — (2.15) 
2 4 4 

Hinds includes the particle impaction mechanism to account 

for the removal from curved streamlines due to the particle 

momentum. The single collector efficiency for impaction , 

r7M is: 

_ J Pp Up Cc 

36 Ku2 uf d 
* M =  „  ?  °  .  (2.16) 

where J is empirically determined from: 

J (Rz 0 . 4 )  =  2  

J (R) 0 . 4 )  =  ( 2 9 . 6  - 2 8 $ 0 - 6 2 )  R2~21 .5  I ? 2 - 8  

(2.17) 

(2.18) 



Lee and Liu Model: Lee and Liu (1982) developed a 

theoretical solution for the particle trajectories 

considering only interception and diffusion. They reviewed 

previous theoretical solutions to the total single fiber 

collection efficiency and established that their model was 

in satisfactory agreement with the previous work. They 

concluded that in the region of minimum collection 

efficiency only interception and diffusion are important. 

The single fiber efficiencies for their model are: 

« = £-El (2.19) 
,J Ku (1 + R) 

T, = 2.6(-£-) 3 Pe 3 (2.20) 
Ku 

In subsequent work Rubow and Liu (1986), developed empirical 

factors that yield better agreement between their model and 

experimental results. 

Rajagopalan and Tien Model: This model was developed 

for deep bed filtration of colloidal particles in dilute 

liquid suspensions and utilizes Happel's sphere-in-cell 

model for the effect of neighboring fibers (Rajagopalan and 

Tien 1976). Happel's unit bed model yields corrections that 

are similar to the Kuwabara flow field solutions in that 

they are both designed to account for the effect of 
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neighboring fibers. This model also incorporates effects 

due to hydrodynamic retardation and London-Van der Waals 

forces. The following correlations were derived governing 

collision frequencies: 

tl„ = 4 A/5 Pe'z (2'21) 

1 15 

tlx = 0.72 As Lae R 8  ( 2 . 2 2 )  

t|G = 2.4.X10"3 As G1'2 R ~ 0 , 4  (2.23) 

where As is Happel's cell model to account for the effect of 

neighboring fibers and is given by: 

, . (i-p*> 
s 3 3 •; (2.24) 

1 - — P + — P5 - P6 
2 2 

where P is equal to (1—p)1/3 and L0 is the London Group 

representing the London-Van der Waals forces and is given 

by: 

L° ~ 9 i H (0.5d ) 2 U0 {2'25) 

where H is the Hamaker constant which is dependent upon the 
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media grain, the suspended particle, and the fluid, a common 

value for water is I0*13(ergs). 

The Rajagopalan and Tien model is the only one of the 

above solutions that takes into consideration the effect of 

hydrodynamic retardation on particle collision. 

Hydrodynamic retardation results from differential fluid 

shear and drag forces across the particle as it approaches a 

media grain. As a particle approaches a stationary media 

grain the drag force increases on the side facing the 

collector, and decreases fluid shear on the side of the 

particle facing the media grain. This results in a torque 

on the particle that is dependent on the distance between 

the particle and the media grain. The net effect of 

hydrodynamic retardation is to reduce the rate that 

particles collide with media grains and in some instances 

may cause particles to detach (Tien and Payatakes 1979). 

Hydrodynamic retardation increases with particle size and 

decreases with particle density. 

The result of including hydrodynamic retardation is a 

reduction in the predicted particle collision efficiency 

which would result in a higher predicted particle 

penetration for the model of Rajagopalan and Tien compared 

with the other models presented above. However, they also 

included an attractive term in their collision efficiencies 

to account for London-Van der Waals forces (L0) which 
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partially offsets the loss of efficiency due to retardation. 

This results in a higher collision efficiency than the other 

models for particles in the size range of the minimum 

collision efficiency and a lower collision efficiency as the 

particle size increases (Fig. 2.1). It can also be seen 

1 0 : 

>. 
O 
£ 1 : © 
0 : 

>4-
UJ 

C a 
a 
1 0.1: o 
o : 

0.01 "I 1 1 1 1 1 1 1 1 1 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

Diameter (um) 

Yao Tien Hinds Liu 

Figure 2.1: Comparison of predicted particle 

collision efficiency in a Whatman GF/c filter for the 

various filtration models presented. 
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that all of the models predict nearly identical collision 

efficiencies for bacterial sized particles despite the wide 

variation in the formulation of the solutions to predict 

collision efficiency. 

Two other groups of models have been developed that 

describe particle flow through porous media by using 

different unit bed geometries. These are the capillary and 

the constricted tube model. 

The capillaric model, which predicts significantly 

lower collision efficiencies than all the previously 

discussed models, is developed by considering the 

interconnected pore spaces as a series of straight capillary 

tubes of cylindrical cross section arranged perpendicular to 

the filter face (Tien and Payatakes 1979, Rubow and Liu 

1986). This model is useful for only a limited number of 

practical situations because it does not adequately describe 

the fluid flow or predict the number of particle media 

interactions in a depth filter. However, it does show good 

agreement with experimental data when applied to nucleopore 

filters and single layer mesh (Spurny et al 1969, Rubow and 

Liu 1986, Logan submitted). This is because the cappilaric 

model takes into account the effect of varying pore sizes. 

In the fibrous models particle collection is dependent on 

the collector geometry and number of collectors and 

independent of pore size. Thus, the fiber model would 
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predict that particles greater than the pore diameter are 

able to penetrate the filter. 

The constricted tube model is developed by considering 

the media as a network of converging-diverging pore spaces 

(Burganos et al 1992, Tien and Payatakes 1979). The 

constricted tube model, which is in reasonable agreement to 

the above models, provides an accurate description of the 

flow in a granular porous media. One disadvantage to the 

constricted tube model is that there is no closed form 

analytical solution to the collision efficiency. The model 

has recently been developed that allows for consideration of 

the effect of deposition in nonvertical pores and the effect 

of oblique flow paths that provides a realistic physical 

representation of particle transport and fluid flow in 

granular media (Burganos et al. 1992). Since this model is 

based on a more accurate description of the physical 

transport mechanisms operative in a porous media, it could 

provide a much firmer basis for investigation of the 

chemical factors influencing particle transport. 

Except for the Rajagopalan and Tien model, all of the 

above solutions developed to model the collision efficiency 

are derived from the physical aspects of the system and do 

not consider the chemical state of the system. The model of 

Rajagopalan and Tien contains an attractive term that is 

derived from consideration of London-Van der Waals forces. 
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Although the collision efficiency predicts the number 

of times that a particle will make contact with a surface it 

does not indicate if a particle will attach to the media 

grain that it contacts. Yao et al (1971), incorporated the 

sticking coefficient (a) in their model to account for 

particles that do not attach after colliding with a surface. 

It can be defined as follows: 

a = successful collisions (2.26) 
total number of collisions 

Where successful collisions are collisions that result in 

particle attachment and the total number of collisions is 

determined from theoretical predictions as described 

previously. Alpha is most often used as an empirical 

coefficient that provides a quantitative measure of the 

physico-chemical forces that occur between the particle, the 

media surface, as well as the fluid, that control particle 

immobilization after a collision occurs. 

For example, since cell size does affect bacterial 

attachment, it is important to account for size when 

comparing attachment under a variety of chemical conditions, 

throughout a bacterial growth cycle, or between cultures 

that vary in cell size. If differences in attachment that 



are due to cell size can be accounted for, as predicted by 

filtration theory, than differences in attachment due to 

specific chemical effects can be more accurately determined. 

2.3 FORCES CONTROLLING PARTICLE ATTACHMENT TO SURFACES 

There are a number of different forces that have been 

reported to contribute to the interaction between suspended 

particles and the media surface in an aqueous environment 

(Van Oss 1991, Sprouse and Rittman 1990, Elimelech 1992). 

These can be categorized into five primary forces that 

either promote or hinder particle stabilization at a surface 

(Van Oss 1991). The five primary forces are: 

1. Electrodynamic, or London-Van der Waals forces. 

2. Electrostatic, or coulombic forces. 

3. Polar (Lewis acid-base) interactions, of which 

Bronsted acid-base interactions or hydrogen 

bonding forces are a subset. 

4. Brownian motion or diffusion . 

5. Chain elasticity. 

The London-Van der Waals forces are short range forces 

that can be attractive or repulsive depending on the 

properties of the particle, the fluid, and the surface. 

These forces decay as the inverse square of the distance for 
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distances less than 5 nm and as the inverse cube of the 

distance at distances greater than 5 nm. They arise from 

vibration of the electron clouds associated with an atom in 

a molecule, which creates a transient dipole that can 

polarize neighboring atoms creating induced dipoles. 

Interaction of the induced and transient, yet recurring 

dipoles, creates an attractive or repulsive force. The most 

important parameters determining the Van der Waals 

interactions are the Hamaker constant, the distance of 

separation, and the system geometry (Rutter and Vincent 

1980). Tabled values of the Hamaker constant, which is a 

measure of the polarizability of a surface, for materials of 

biological interest are available and typically range from 

10*12-10"13 ergs for aqueous systems (Nir 1976, Stumm and 

Morgan 1970, Doyle and Rosenberg 1990). 

Electrostatic forces are long range forces that arise 

from the presence of surface ionizable groups, specific ion 

adsorption, and imperfections or isomorphous replacements in 

the crystal lattice of solids (Stumm and Morgan 1970). The 

value of the surface potential is generally expressed as an 

electrokinetic potential such as the zeta potential which is 

a measure of the charge in the plane of shear for a particle 

moving in response to an induced electrical field. 

Electrostatic forces decay exponentially with distance as, 

e"KL, where 1/K is the thickness of the electrical double 
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layer (Van Oss 1991, Stumm and Morgan 1970). The value of 

1/K is dependent on the concentration and valence of ions 

present in solution and is inversely proportional to the 

square root of the ionic strength (Van Loosdrecht et al. 

1989). The double-layer thickness is given by the formula: 

2 . 8 x 10"8 , \ 
/ ~ 1 (cm) (2.27) 

I2 

Since the value of 1/K increases with a decrease in ionic 

strength it is predicted that electrostatic forces become 

dominant in solutions of low ionic strength. The pH is also 

predicted to affect electrostatic forces due to its 

influence on surface ionizable functional groups which in 

most instances can be described by Bronsted-Lowry acid-base 

reactions. For bacterial cells an overall negative charge 

results from the presence of carboxyl,sulfate and phosphate 

surface functional groups (Rutter and Vincent 1980, Sharma 

et al. 1985, Richmond and Fischer 1973). 

The balance between the London-Van der Waals forces and 

electrostatic forces composes the framework of DLVO theory 

(Derjaguin-Landau-Verwey-Overbeek) which has been used 

successfully to provide a conceptual model of particle-

surface interactions and is: 
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^QDLVO - ̂ QVanderWaals + ^QElectiostatic 

where AG indicates the interaction energy as the reversible 

isothermal work (i.e. Gibbs free energy) due to Van der 

Waals forces and electrostatic forces. 

Polar forces are intermediate range forces that in an 

aqueous environment are dominated by hydrogen bonding. As 

with electrostatic forces, polar forces decay exponentially 

with distance, as e'L/x, where A is a decay length that is 

characteristic of the liquid medium (Van Oss 1991). 

Hydrogen bonding occurs due to the tendency of hydrogen 

atoms to become positively polarized. Because of their 

small size they are able to form an electrostatic bond with 

a nearby electronegative atom. 

The tetrahedral coordination of the water molecule 

allows it to form a three dimensional network of hydrogen 

bonds between surrounding water molecules that forms a 

structured yet labile arrangement of molecules. The strong 

tendency for water molecules to maintain an ordered network 

is responsible for what has been termed the hydrophobic 

effect. When another substance that is nonpolar or 

incapable of forming hydrogen bonds with the surrounding 

water molecules is present, the water molecules pack 

themselves around the nonpolar solute to minimize the number 

of lost hydrogen bonds. This effect, often referred to as 
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hydrophobic solvation, is energetically unfavorable because 

it imposes a more ordered structure on the surrounding water 

molecules. Thus, to minimize the number of times that the 

molecules have to repack, water tends to squeeze nonpolar 

solutes together which results in a strong attractive force 

between nonpolar species in water. This strong attraction 

between nonpolar solutes in water is termed hydrophobic 

interaction. 

In most instances hydrophobic interaction becomes 

stronger as the electrolyte concentration is increased 

(Doyle and Rosenberg 1990). Tests to measure the 

hydrophobicity of bacteria, such as the Salt Aggregation 

Test (SAT) and Hydrophobic Interaction Chromatography (HIC), 

make use of this phenomena by employing strong electrolyte 

solutions as the suspending media. However, at high ionic 

concentrations the electrical double layer is compressed 

allowing closer approach of similarly charged particles and 

increasing the relative importance of Van der Waals forces. 

Thus, these tests to measure changes in hydrophobic 

interaction are also measuring changes in Van der Waals 

forces that may be affected by the same changes that alter 

the degree of hydrophobic interaction. 

Hydration pressure, which is a repulsive force, is the 

result of water forming stable hydrogen bonds at a surface. 

In order for a particle to attach to the surface it must 



disrupt this stable layer of strongly oriented water 

molecules. Whether or not a particle will attach is 

dependent on the interaction energy between the particle and 

the surface, which must be sufficient to overcome the 

hydrogen bonds at the surface. 

The energy of interaction between hydrophobic and 

hydrophilic particles in water can be stronger than London-

Van der Waals or electrostatic forces (Van Oss 1991, 

Israelachvili 1985). Since classic DLVO theory does not 

account for polar forces, it is not adequate to describe the 

total interaction energy for systems in which hydrogen 

bonding is important. 

Hydrophobic interaction and hydration pressure are 

rather complex phenomena that are difficult to 

quantitatively characterize because many other parameters 

and forces contribute to the overall interaction between 

particles and surfaces in aqueous systems. Israelachvili 

(1985) and Doyle and Rosenberg (1990), both have reviewed 

polar interactions extensively and describe the 

complications associated with quantifying the effect that 

this force has upon bacterial attachment. 

Brownian motion or diffusion forces generally 

contribute to particle stabilization. Thus, in the absence 

of all other forces the energy required to keep a particle 

attached to a surface must be greater than the tendency for 
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the particle to diffuse into the surrounding solvent. The 

concept of Brownian motion as a repulsive force in particle 

attachment becomes slightly more complex in filtration 

theory where it is a mechanism that creates an opportunity 

for a particle to attach to a surface. Thus, Brownian 

motion provides a diffusive velocity to a particle that 

allows it to contact a surface. However,the attractive 

forces holding the particle to the surface must be large 

enough to overcome the tendency for the particle to diffuse 

back into the surrounding medium. 

Chain elasticity (Van Oss 1991) is a short range 

repulsive force that is operative when an adsorbed polymer 

layer or glycocalyx on the surface of a bacterial cell 

begins to overlap with a similar adsorbed layer on another 

cell. It is more of a steric hindrance to attachment than a 

physicochemical force. 

2.4 PREVIOUS INVESTIGATIONS OF BACTERIAL ATTACHMENT 

There is a considerable amount of literature relating 

to the attachment of bacteria on surfaces, and the following 

review is not intended to be comprehensive. Instead, the 

intent is to review those studies that represent a 

particular parameter involved in the attachment process. 

Most of the studies report qualitative results that are 
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useful front a phenomenological viewpoint but not applicable 

to predictive models of colloid transport. More recently, 

investigations have begun to focus on using colloid 

filtration theory to derive a quantitative measure of 

bacterial attachment that, theoretically, can be used to 

predict bacterial transport through a porous media. 

However, since it is difficult to accurately characterize 

the physical geometry of heterogenous porous media, colloid 

filtration models can only provide qualitative indications 

of how a specific set of environmental conditions will 

affect bacterial attachment. 

2.4.1 Effect of Bacterial Growth and Nutrient 
Limitations 

There have been conflicting reports in the literature 

on the effect that the nutrient status, growth rate, and 

growth substrate have upon the surface properties of 

bacteria. However, it is fairly well accepted that these 

factors do alter the surface characteristics of bacteria and 

as such affect the attachment properties of the bacteria. 

Van Loosdrecht et al. (1987) noted that the carbon 

source had very little effect upon the electrophoretic 

mobility or the hydrophobicity of bacteria grown in batch 

culture. The study utilized four different species of 
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bacteria and the following substrates: acetate, ethanol, 

mannitol, glucose, and o-xylene. However, other 

investigators have noted changes in the attachment or 

surface properties of bacteria that are associated with 

changes in the limiting nutrient or changes in the growth 

environment. 

Lindqvist and Bengtsson (1991) found that the 

hydrophobicity of bacteria grown in groundwater was eight 

times greater than that of bacteria grown in lake water. 

The increased hydrophobicity was correlated with a greater 

number of attached bacteria for the groundwater environment 

in comparison with the lake water environment. Although the 

bacteria were more adherent in an oligotrophic environment, 

the amount of bacteria in the bulk solution was still 

greater than the amount of adherent bacteria. They also 

found that the attached bacteria produced ten times as much 

poly-/3-hydroxybutyric acid (PHB) , a cellular storage 

product, than the free living bacteria which they speculated 

to be due to increased mass transfer of nutrients to the 

attached bacteria. They concluded that although attachment 

seemed to favor bacterial metabolism and survival, a 

significant portion of the bacteria were still mobile for 

reasons they were unable to explain. 

Brown et al (1977) found that chemostat cultures grown 

under carbon limitation were more adherent than cultures 
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grown under nitrogen limitation. Their general conclusion, 

which they derived from previous studies (Marshall et al 

1971, Zobell 1943), was that glucose receptors on the 

bacterial surface that would be saturated during growth in 

the nitrogen-limited media were available to bind to glucose 

on the media surface during growth in the carbon-limited 

media. Thus, available binding sites for glucose receptors 

on the cell surface were able to react with surface bound 

glucose promoting attachment. 

The concept of a specific substrate receptor on the 

surface of the cell that controls bacterial attachment has 

been reported by other investigators. Yu et al (1987) 

reported that the adhesion of a marine Vibrio sp. to a 

complex carbohydrate substratum was dependent on production 

of a lectin that was sensitive to the nutrient concentration 

of the surrounding media. If conditions were changed such 

that the cell was deprived of a required nutrient, the cells 

detached. The detachment occurred under conditions of 

phosphate, nitrogen, and carbon limitation. However, they 

also noted that when cells requiring a specific amino acid 

for protein synthesis were exposed to levels that were below 

the amount required for cell division but sufficient for 

protein synthesis the cells remained attached. The 

implication is that the lectin was preferentially expressed 

to maintain adhesion as long as conditions were favorable 
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for protein synthesis. 

McEldowney and Fletcher (1986) demonstrated that the 

composition of the growth medium was an important factor 

affecting the attachment of four freshwater bacterial 

isolates; Pseudomonas fluorescens. Enterobactor cloacae. 

Chromobacterium SP.. and Flexibacter SP.. The physico-

chemical properties of the cell surface, as measured by 

hydrophobicity and electrostatic charge, were also affected 

by changes in the composition of the growth media. However, 

they could find no general relationship between the growth 

conditions, physico-chemical properties and amount of 

attachment that was descriptive of all four species . 

Changes in bacterial cell surface physico-chemistry are 

expressions of changes in the macromolecular composition and 

structure of the cell surface. Differences in the cell 

surface composition have also been shown to affect bacterial 

attachment (Pringle et al. 1983). Alteration of the cell 

surface composition during nutrient limitation has been 

reported by Nystrom et al. (1992) in which they describe a 

restructuring of the surface proteins present on a marine 

Vibrio sp. during starvation. The production of specific 

starvation induced proteins was dependent on the limiting 

nutrient (in this study carbon, nitrogen and phosphorous). 

Long term survival, dwarfing, and stress resistance to 

various environmental factors of the cells under nutrient 
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limitation were only observed for cultures that were carbon 

limited or subjected to multiple limitations simultaneously. 

In contrast to Nystrom et al. (1992), DeFlaun et al. 

(1990) found that the outer membrane proteins of a strain of 

Pseudomonas fluorescens were identical at each stage in the 

growth cycle. They did find that the outer membrane protein 

of an adhesion-deficient isolate derived from the original 

culture exhibited a different protein profile than the 

original strain. 

Persson et al. (1990) found that cultures grown under 

iron limitation produced considerably more siderophores, 

biosurfactant, and lipase, all of which may alter the 

surface chemistry of surrounding particles. They did not 

investigate changes in the physico-chemical forces of the 

overall cell surface, but it may be speculated that changes 

in the surface composition of the bacteria were accompanied 

by the changes in extracellular product formation. 

The growth phase ( i.e. logarithmic, early and late 

stationary phase) of a bacterial culture affects the overall 

hydrophobicity of the bacterial cell. Savage (1992) 

reported that the hydrophobicity of numerous strains of 

Lactobacillus decreases during the stationary growth phase 

along with their ability to attach to mice intestinal 

tissue. 

In contrast Allison et al. (1990) found that the 
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hydrophobicity of Escherichia coli increases dramatically 

during the stationary phase. They also found that the 

hydrophobicity of newly formed daughter cells was much less 

than that of the parent cells. 

Kjelleberg and Hermansson (1984) used 7 marine 

bacteria and obtained conflicting results for the response 

of bacteria to the onset of the stationary growth phase. 

They found that four of the bacteria exhibited increasing 

amounts of attachment to a glass surface during prolonged 

starvation as well as increased hydrophobicity. However, 

two of the bacterial species displayed an increase in 

attachment immediately following the onset of starvation and 

a subsequent decrease in attachment during prolonged 

starvation. The two species that exhibited decreased 

attachment during prolonged starvation showed no change in 

hydrophobicity during starvation. 

Dawson et al. (1981) examined the attachment of a 

marine bacterium to siliconized glass surfaces during log, 

early stationary and late stationary growth phases. There 

was a sharp decrease in cell size as the culture went from 

late log to late stationary phase, a response that is widely 

reported by other investigators for bacterial cultures 

stressed by nutrient limitation (Morita 1982, Casida 1977, 

Kjelleberg and Hemansson 1984, Bengtsson 1989). In addition 

they observed increasing numbers of adherent cells during 
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the transition from late log phase to late stationary phase. 

They suggested that the increased attachment may have been 

promoted by the formation of fibrils during starvation. The 

addition of small amounts of glucose inhibited adhesion even 

though the bacterium (Vibrio sp.l was not able to utilize 

glucose as a substrate. 

In contrast to the above study Wrangstadh et al. (1988) 

found that a marine Pseudomonas species exhibited a decrease 

in the amount of attachment of planktonic cells and an 

increased detachment rate for adhered bacteria during 

starvation. They correlated the reduced adhesion to 

production of an extracellular polymer that was present only 

during starvation. In addition, the cell surface 

hydrophobicity decreased at the onset of starvation. 

Van Loosdrecht et al. (1987) also investigated 

bacterial hydrophobicity and electrophoretic mobility as a 

function of growth rate and found that the hydrophobicity 

increased with increasing dilution rates in a chemostat. 

There was no change in the electrophoretic mobility at the 

different dilution rates. However, Allison et al (1990) 

found that the hydrophobicity of both adherent and 

planktonic bacteria decreased with increasing growth rates. 

It is evident that conflicting results for 

investigations of bacterial cell surface physico-chemistry 

and attachment in response to nutrient conditions are often 
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inherent in bacterial adjustments to changes in the 

environmental conditions. It also suggests that predictions 

of bacterial attachment based on a general relationship 

between growth conditions and substratum surface chemistry 

may not be feasible. 

2.4.2 Effect of Ionic Strength and pH on Attachment 

Although, DLVO theory may not be adequate to describe 

all of the forces contributing to bacterial interaction with 

a surface, it does provide an approximation for the effect 

that the pH and electrolyte concentration would have upon 

attachment. Thus, within the framework of the DLVO theory 

the surfaces of opposite charge should exhibit decreasing 

amounts of interaction at high ionic strength and surfaces 

of similar charge should exhibit increased amounts of 

interaction due to the compression of the ionic double 

layer. A plot of the double-layer thickness (1/K; Eq.2.26) 

versus ionic strength indicates that changes in the 

thickness of the double-layer become less pronounced above 

an ionic strength of approximately 0.1. However, below an 

ionic strength of 0.01, 1/K exhibits a rapid increase 

(Gordon and Millero 84). 

Since the bacterial surface contains a number of 
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surface molecules such as lipopolysacharrides, proteins, and 

pili that have charged groups with an associated pKa, the pH 

will affect the overall electrostatic charge on the 

bacterial cell. However, pH may not become important until 

the pH approaches the pHzpc (zero surface charge) since at pH 

values greater than or less than the pHzpc there will be a 

sufficient amount of charged groups available for repulsion 

or attraction. 

Most studies investigating the effect of electrolyte 

concentration on bacterial attachment have yielded results 

that are fairly consistent with the theoretical predictions. 

Gordon and Millero (1984) found that below an ionic strength 

of 0.1 bacterial attachment was very sensitive to changes in 

electrolyte concentration. They reported rapidly dfecreasing 

amounts of bacterial attachment to a positively charged 

hydroxyapatite surface as the ionic strength was increased 

and that a plateau was reached at an ionic strength of 

approximately 0.1. 

Abbot et al. (1983) used a rotating disc system and a 

glass surface that was negatively charged and obtained 

results that were consistent with theoretical predictions. 

Their results, which are presented as the stability ratio, 

or the inverse of the sticking coefficient, indicate that 

bacterial sticking coefficients decrease as ionic strength 

decreases for a similarly charged surface. They also found 
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that above an ionic strength of 0.1 there is little change 

in the sticking coefficient. Martin et al. (1991) found 

similar results in an identical although sightly more 

refined experiment. 

The effect of pH on bacterial attachment and surface 

properties is variable, and for the range of pH values in 

which most bacterial are able to survive pH may not be as 

important as other factors affecting attachment. The 

isoelectric point of most bacterial cells ranges between a 

pH of 1.5-4.0 (Harden and Harris 1953). The effect of pH on 

the surface properties of bacteria, as measured by 

electrophoretic mobility, is species dependent. For some 

bacterial species, pH may have very little effect on 

electrophoretic mobility whereas for other species pH has a 

significant effect on overall surface charge (Richmond and 

Fisher 1973). 

McEldowney and Fletcher (1986) could find no clear 

relationship between pH and bacterial attachment for a range 

of pH values from 5.0 to 9.0. Abbot el al. (1983) reported 

the attachment of bacteria to a glass surface under well 

defined flow conditions was unaffected by altering the pH 

from 4.5 to 7.5. Stenstrom (1989) found that the attachment 

of bacteria to cation and anion exchange beads and mineral 

particles was unaffected by pH values that ranged from 4.0 

to 9.0. 
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However, other investigators have reported increasing 

amounts of attached bacteria as the pH of the suspending 

solution was lowered. Scholl et al (1990) found that the 

attachment of a ground water isolate to quartz increased as 

the pH was lowered from 7.0 to 5.5. Lewis et al (1989) 

noted that the attachment of bacteria to stainless steel was 

greater at low pH values. 

The relationship between pH and bacterial attachment 

can be quite complex due to the highly variable composition 

of the outer membrane of bacteria. The effect of pH becomes 

even more complex when charge alterations due to pH changes 

on the supporting surface are examined. Thus, factors such 

as the growth environment, bacterial species, ions in 

solution, charged colloidal particles, and the chemistry of 

the attaching surface will affect the importance of pH on 

bacterial attachment. 
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CHAPTER 3.0 

MATERIALS AND METHODS 

3.1 GENERAL 

Attachment of bacteria to defined surfaces in a porous 

media was examined under various physical, chemical, and 

biological conditions. This was achieved by measuring 

retention of bacteria in large pore diameter filters. The 

pore sizes were chosen to allow passage of sufficient numbers 

of bacteria so that effects of different experimental 

parameters on the attachment of bacteria could be detected. 

The matrix of experimental parameters that were examined is 

presented in Table 3.1. The mechanisms of particle removal 

within the filter matrix was assumed to be sufficiently 

similar to that found in an actual aquifer or laboratory 

column to allow extrapolation of results to these types of 

porous media. 

A model that describes attachment of particles to surfaces 

is presented in section 2.1 which allows a quantitative 

measure of bacterial stickiness. 

3.2 BACTERIAL STRAINS AND CULTURE CONDITIONS 

Several different bacterial strains were utilized to 

represent two of the three distinctly different types of 
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TABLE 3.1 

TEST MATRIX FOR BACTERIAL ATTACHMEIIT 

BACTERIA 

GRAM NEGATIVE GRAM POSITIVE 

INDEPENDENT 

PARAMETERS 

Pseudomonas 

fluorescens 

(P17) 

Pseudomonas 

SD. JS6 

Bacillus 

Dumilus 

Growth Cycle 

(Glucose) X X X 

pH Effects 

(w/Growth Cycle) X X X 

Oxygen 

Limitation X - -

Ionic Strength X - -

Detergents X - -

Fluid Velocity X - -

- not tested 
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eubacterial cell wall compositions. Thus, for this study one 

"gram-positive" and one "gram-negative" bacterium were chosen 

to have representative members of two of the three cell wall 

compositional groups. The third group of eubacteria, the 

mollicutes lack cell walls and constitute a small and less 

characterized subdivision within the eubacteria. 

An additional "gram-negative" bacterium, Pseudomonas SP. 

JS6, was chosen for its ability to degrade chlorinated 

aromatics. It is possible that the transport capabilities of 

bacteria in a porous media may be affected by the growth 

substrate. This is an important consideration for in-situ 

bioremediation of contaminated soil and groundwater using 

introduced microorganisms. 

Choice of bacteria was also dependent on the ability of 

the organism to grow on defined media, the size of the 

bacteria, and the absence of significant flocculation during 

the growth cycle. 

The characteristics of the bacterial strains used in this 

study are listed in Table 3.2. Bacillus pumilus 1-1-4 was 

provided by K. Duncan and C. Istock, Dept. of Ecology and 

Evolutionary Biology, University of Arizona. Pseudomonas 

fluorescens P17 was provided by C. Gerba, Dept. of 

Microbiology and Immunology, University of Arizona. 

Pseudomonas SP. JS6 was provided by J. Spain, U.S. Air Force 

Engineering and Services Center, Tyndall A.F.B., Florida. 
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TABLE 3.2 

BACTERIA 

Characteristics Pseudomonas Pseudomonas Bacillus 

fluorescens - sp. - JS6 cumilus -

P17 1-4-1 

Origin8 Water Sewer Beach sand, 

distribution isolate, Rochester, 

system, Tyndall N.Y. 

Netherlands A.F.B. 

Gram reaction negative negative positive 

Motility + + + 

Morphology rod rod rod 

Cell length, um 0.9 - 1.9 1.0 - 2.8 2.0 - 3.0 

Cell equivalent 0.7 - 1.4 1.0 - 1.7 1.0 - 1.6 

Diameter, umb 

a See text for donors of strains used in experiments 

b Based on projected area 
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TABLE 3.3 

Mineral Salts Media 1 (MSM 1) 

Per Liter 

K2HPOA 0.50 gm 

NH^Cl 1.00 gm 

CaCl2 0.15 gm 

MgS04»7H20 0.10 gm 

FeCl3 0.04 mg 

pH adjusted to 7.0 with NaOH or HCl 

Mineral Salts Media 2 CMOP8 Media) 

Per Liter 

MOPS 4.19 gm 

K2HP04 0.02 gm 

NHAC1 1.00 gm 

MgS0A-7H20 0.05 gm 

CaCl2 0.08 gm 

FeCl3 0.04 mg 

NaOH 0.48 gm 

(12.5ml of IN NaOH) 

pH « 7.2 
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In the course of this study two different mineral salts 

media were utilized for growth and attachment studies (Table 

3.3). Experiments were initially performed using the 

phosphate buffer (MSM 1) . However, a computer simulation of 

the media was performed using SURFEQL to determine the extent 

of complexation in the phosphate buffer. The results 

indicated that a large portion of the cations were present as 

phosphate complexes, and that 99.0% of calcium was present as 

a precipitated solid with an overall charge of -l. The other 

cationic species were either freely soluble (> 85%) or 

present as trace constituents with negligible effect on 

overall chemistry. To determine if the complexes had an 

effect on the bacterial sticking coefficient, the phosphate 

buffer was replaced with a MorpholinoPropaneSulfonate buffer 

(MOPS) that exhibits negligible metal-binding properties 

(Hughes and Poole 1991). Experimental results indicate that 

for this particular media the type of buffer utilized did not 

affect the sticking coefficient. With a small adjustment to 

cation concentrations a much stronger buffer solution could be 

made with MOPS without altering the ionic strength of the 

media. This allowed cultures to be grown without pH 

adjustments during the growth cycle and the MOPS buffer was 

subsequently used for the remainder of the study. 

Bacterial growth was monitored spectrophotometrically by 

measuring the suspended culture light scattering at 600 nm or 
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by direct count using acridine orange epifluorescent methods 

(Hobbie et al. 1977). For this study the growth cycle is 

defined as the period of time during which cultures proceed 

from the exponential growth phase into the stationary and 

death phase. 

Glucose was the sole carbon and energy source in most 

experiments at a concentration of 250 mg/1. During the 

initial portion of this study in which the growth 

characteristics of the bacteria were being investigated the 

glucose concentration was 500 mg/1. Since the bacteria were 

not washed prior to the experimental procedure, (Sec. 3.6) the 

amount of carbon in the media was lowered to reduce the amount 

of background carbon present after the culture was diluted to 

» 10"6 cells/ml. The results of bacterial growth curves 

obtained from experiments at the two different glucose 

concentrations indicate that the culture density at the onset 

of stationary phase was reduced at the low carbon 

concentration. This suggests that the cultures were carbon 

limited. Since B. pumilus was unable to grow on a minimal 

media containing only glucose, the inorganic salts, media for 

B. pumilus was supplemented with 200 mg/1 yeast extract to 

satisfy complex nutritional requirements. Unless otherwise 

noted all cultures were grown in two-liter bench-top (Biostat 

MD ; M.Braun, INC. or Virtis yVirtis Co.) fermentation 

systems. All cultures were grown at approximately 25°C, an 
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aeration rate of 3.0 standard liters per minute and an 

agitation of 300 RPM. The aeration apparatus and fluid 

impellers for both fermentation systems were nearly identical, 

and it was assumed that fluid shear and the gas transfer rate 

of oxygen were equivalent for both systems. 

To compare the attachment properties between cultures 

that are carbon limited or nitrogen limited an additional set 

of bacterial growth curves was developed to determine the 

critical C:N ratio for the growth of Pseudomonas fluorescens 

P17. This was done by performing a series of growth curves at 

a constant carbon concentration and varying the amount of 

nitrogen available (NH4-N) . The critical C:N ratio was 

determined by noting the C:N ratio that caused a reduction in 

the culture density at the onset of stationary phase. For Pj_ 

fluorescens P17 the critical C:N ratio was between 10:1 and 

15:1. Cultures of P. fluorescens used to test the effect of 

nitrogen limitation were grown using a C:N ratio of 20:1 and 

40:1. 

3.3 BACTERIAL SIZE MEASUREMENTS 

Individual cell lengths, projected surface area, and 

shape factors (degree of roundness) were estimated using light 

microscopy ( Olympus BH-2) and an image analysis system (Cue-

2, Olympus) at 1000X. Bacteria were prepared using acridine-

orange staining procedures and viewed using epifluorescent 
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microscopy. To minimize error resulting from the variable 

nature of the staining procedure each image was processed 

using a moderate grey level stretching procedure to enhance 

image contrast (a high degree of image stretching can also 

produce error). In addition, at least three images and a 

minimum of 50 cells were analyzed for each data point. The 

difference between the average cell dimensions for each field 

of view analyzed was always less than 0.10 /xm, which yielded 

a maximum amount of error in the equivalent diameter of 

approximately 0.06 /xm. Since the all of the bacteria were rod 

shaped, the equivalent diameters of the bacteria were 

determined using the projected surface area and assuming a 

spherical geometry by using the following equation: 

4 A 
d = (-12)1/2 3.1 

P % 

where dp is the equivalent diameter and Ax is the average 

projected surface area for each data point. 

3.4 FILTER CHARACTERIZATION 

At the onset of this study a wide variety of filters with 

different chemical compositions and pore sizes were examined. 
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This included cellulose acetate (0.2, 1.2, 5, 8 /um? Millipore 

Corp.), nylon (1.2, 5 /zm; Poretics Corp.), borosilicate glass-

fiber (GF/F, GF/C, GF/A, GF/D[with manufacturers' rated 

nominal pore sizes of 0.7, 1.2, 1.6, 2.7 jum, respectively]; 

Whatman), polycarbonate (0.2, 1.0, 5, 10 fimj Poretics Corp.) 

and polyvinylidene difluoride (5 urn; Millipore Corp.). To 

limit the cost and size of the experimental matrix only the 

GF/C and 5 jum nylon filters were subsequently used. The GF/C 

filter was selected because the glass fibers have a negative 

surface charge at near neutral pH. Therefore it was assumed 

these filters would have a similar surface chemistry to soil 

forming minerals and to glass beads used in column studies 

being investigated by others (Jewett Univ. of AZ.). The nylon 

filter was selected because it has a positive surface charge 

at near neutral pH (Mozes et al. 1987) due to the presence of 

free amino groups and it is a relatively hydrophobic material 

(Pringle and Fletcher 1983) compared to the glass-fiber 

filter. A summary of filter characteristics is presented in 

Table 3.1. 

Utilization of filtration models to estimate bacterial 

stickiness requires an accurate description of the filter 

geometry. The mathematical models presented below assume that 

all of the fibers in the filter are independent and isolated. 

It is also assumes that all the fibers are cylinders arranged 

in stacked overlapping parallel rows (Fig. 3.1). From this 
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dl (l-p) = _5 (3.2) 
2>/3 (dg+dh)2 

Where dg is the collector diameter, e is the porosity, and dh 

is the pore diameter. The validity of this equation in 

predicting actual filter geometries given two of the three 

unknowns has not been previously established. 

wg 
dh 

Figure 3.1: Illustration of geometry for equation 3.2 

For this study, filter porosities were determined from 

manufacturers* information or measured gravimetrically knowing 

the density of the filter material, area, and depth. 
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Individual fiber diameters and actual pore sizes were 

estimated using electron photomicrographs. Photomicrographs 

were made of filters plated with gold in a vacuum evaporator 

and produced using a Hitachi scanning electron microscope. 

Carboxylated microspheres with known diameters (0.5 and 2.2 

fim, type YG Fluoresbrite, Polysciences) were photographed on 

the filter material to provide greater accuracy in estimating 

fiber diameters and to provide a visual indication of which 

filtration process (sieving or surface attachment) were 

operating in each filter. 

TABLE 3.1. Characteristics of Filters Used in Study 

Filter Characteristic My Ion GF/C 

Pore diameter [Mm] 
- Advertised 
- dh, used here 

5 
5 

1.2 
4.1* 

Collector diameter [urn] 
- using microscope 
- dc, used here 

1.5 
5.0 

1.2 
2.2 

Porosity 0.77* 0.89 

Filter length [/xm] 120 300 

value calculated as unknown in Eq. 3.2 
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3.5 ATTACHMENT STUDIES 

Bacterial attachment was determined by measuring the 

amount of bacteria retained in large pore diameter filters. 

To facilitate the determination of bacterial retention the 

cells were radiolabeled and the fraction retained was measured 

as the amount of total activity retained within the filter 

matrix. In keeping with the current practice of providing 

acronyms for attachment methods, this procedure will be 

referred to as FORM (Filtration Of Radiolabeled Microbes) 

method. 

To prepare cells for the FORM procedure an aliquot of 2-5 

ml was removed from an active culture and placed into a 20-ml 

test tube containing 25 jul of [3H]2,3,4,5-leucine (116 Ci 

mmole'1, 1 Ci ml*1, ICN Laboratories). This tube was placed 

on a test-tube rotator and allowed to incubate at room 

temperature for 0.5 hr. The leucine radiolabel was chosen 

since it is rapidly assimilated into cell proteins (Kirchman 

and Hodson 1984). An additional sample was taken from the 

same culture to determine cell concentration and size. The 

radiolabeled cells were then transferred to sterile buffer to 

achieve a final concentration of « io6 cells ml"1, unless 

otherwise noted. 

The FORM procedure consisted of rinsing the filters with 

5 ml of the appropriate buffer solution, filtering 5 ml of the 

radiolabeled cell suspension through large pore filters, and 
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rinsing twice with 5 ml of sterile buffer. A small Vacuum of 

~25mm Hg was applied to facilitate fluid passage through the 

filter. An additional filtration procedure was performed to 

account for unassimilated label that was associated with the 

filters. This consisted of placing 0.2 jum polycarbonate 

filters on top of the large pore filters and subjecting them 

to the FORM procedure. The 0.2 (im filters capture essentially 

all the activity associated with 100% of the cells, and 

radioactivity retained by the bottom, large-pore filters were 

used to correct for unassimilated label adsorbed to the filter 

matrix. This correction procedure was also run with two 0.2 

fim filters to account for unassimilated label that is adsorbed 

to the polycarbonate filter. All steps were performed in 

duplicate to detect spurious results. Filters were combined 

with 10 ml of scintillation cocktail for counting in a liquid 

scintillation counter (Beckman 3801) using H-number quench 

correction. The vials containing cocktail and filters were 

set aside for 24 hrs and then agitated by hand to ensure that 

all radioactivity had been leached from the filter matrix. 

This procedure was repeated until a stable count was obtained 

to ensure that all activity had been recovered from the 

filters matrix. The fractional retention was calculated as: 
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where FR is the fraction of cells retained in the large pore 

filter, A is the total activity associated with the large pore 

filter, bA is the activity due to unassimilated label adsorbed 

to the large pore filter, T is the total amount of activity 

associated with the cells contained in 5 ml of cell 

suspension, and bT is the activity due to unassimilated label 

adsorbed to the polycarbonate filter. 

3.6 STATISTICAL ANALYSIS 

The effect of growth phase and pH on the fractional 

retention and the sticking coefficient was examined using the 

ANOVA procedure (Abstat, Anderson-Bell, Parker, Colo.). 

Growth phase, pH, and bacterial size were considered as 

treatments (response variables). The results of the ANOVA 

procedure are presented as p-values (significance of F for the 

treatment considered) for a series of one-way analysis of 

variance procedures for each combination of growth phase and 

pH. The results of a 2-way analysis of variance incorporating 

growth phase and pH are also presented as a single p-value. 

The p-values are a measure of the probability that there is a 

difference in the mean of the dependent variable for a 

particular group of data from the means in the other data 

groups. As an example the mean value of the sticking 
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coefficients for each phase in the growth cycle at a constant 

pH of 7.0 can be analyzed to determine if their is a 

substantial difference between the sticking coefficients in 

any two growth phases. The probability that a difference in 

the mean is statistically significant is presented in the p-

value. The smaller the p-value the greater the probability 

that there is a difference between the means in two different 

data groups. Thus, if p = 0.05 there is a 95% certainty that 

the difference in the mean between two groups of data is due 

to the treatment. 

In the ANOVA procedure there is a degree of freedom (DF) 

associated with each source of variability. Thus, for a one 

way ANOVA procedure there is a DF corresponding to the 

variability between each block (a population) of data (b-1) 

where b is equal to the number of data blocks. There is also 

a DF that corresponds to variability within the blocks of data 

(n-b) where n is equal to the total number of data points 

overall. The DF corresponding to the within block variability 

is termed the residual DF in the ABstat program. The sum of 

(b-1) + (n-b) must add up to (n-1) the total degree of 

freedom. The between block DF and the residual DF are used in 

computing the P values. 

In a two way ANOVA there are five degrees of freedom; one 

DF associated with each treatment (t-1), one for each data 

block (b-1), one between the data blocks and the treatments 
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(b-1)(t-1), the residual [(n-(t-l)-(b-1)-{(b-1)(t-1)}], and 

the total (n-1) . The treatment DF and residual DF are used in 

determining the P value. 

To make the ANOVA tables in section 4.6 easier to 

interpret the DF for each ANOVA procedure is not included in 

the tabled P values. 
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CHAPTER 4.0 

RESULTS 

4.1 MODEL PREDICTIONS 

The Yao model predicts that the collection efficiency 

(r?) will be at a minimum for particles approximately 0.3 - 0.4 

nm in diameter in both the GF/C (glass-fiber) and nylon 

filters (Fig. 4.1). The minimum occurs in the regime where 

the model predicts there is a change from a system in which 

Brownian motion is the dominant transport mechanism for 

particles approaching a collector, to one that is controlled 

by interception. Thus, for bacteria-size particles, which are 

larger than 0.4 um, the model predicts that interception is 

the dominant removal mechanism in both the GF/C and nylon 

filters. Ignoring the effects of surface chemistry, this 

indicates that the filter geometry and bacterial size are the 

primary determinants in the overall removal of particles 

during filtration (Equations 2.4 and 2.5). This also 

indicates that the effects of particle density, particle 

diffusivity and fluid velocity should have a neglible effect 

on particle removal for the methodology used in this study. 

Since the filter geometry is fixed in this study and the 

collision efficiency due to interception is a function of the 
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Figure 4.1: Yao model predictions for the effect of 

particle size on the collection efficiencies for the GF/C 

(glass-fiber) and the nylon (5 um) filters. The 

individual collection efficiencies for the GF/C filter 

are included (gravitational -» 0). 
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square of particle diameter, a small change in the equivalent 

diameter of the bacteria can have a large impact on overall 

removal if the collector diameter is close to that of the 

bacteria (Eq. 2.4 and 2.9). If the sticking coefficient is 

GF/C 

^ 0.4" 

LI. 
Nylon 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

Diameter (um) 

GF/c Filter Nylon Filter 

Figure 4.2: Predicted particle retention in GF/C and 

nylon filters. Sticking coefficient =0.2 . 
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assumed constant (a = 0.2) for both filters, the fraction of 

retained particles in the GF/C (1.2 um nominal pore size) 

filter shows a much greater sensitivity to changes in particle 

diameter than the nylon (5 um) filter due to the smaller 

average collector diameter and higher porosity in the GF/C 

filter (Fig. 4.2). In addition, the fraction of retained 

particles is predicted to be much greater in the GF/C filter 

than the nylon filter. 

A similar analysis on the effect of collector size for 

soils that have a larger average collector size indicates that 

particle collection efficiency is controlled by diffusion 

(Fig. 4.3). However, soil has a heterogenous structure and a 

wide range of collector sizes. Thus, the physical mechanisms 

for removal in soil are much less defined and will"probably 

involve a combination of gravitational, diffusive, and 

interception collection efficiencies. The importance of each 

mechanism in overall removal would depend on the texture of 

the particular soil, the size of the bacteria, fluid velocity, 

porosity, and type of pore spaces (macro-, meso-, micro-) that 

are present. For bacterial-sized particles the total 

collection efficiency drops off rapidly for collector 

diameters from 1-100 um, with relatively small changes in 

collection efficiency as collector diameter increases beyond 
\ 

100 um. 

In the GF/C and nylon filters, particle removal is 



71 

predicted to be controlled primarily by diffusion at flow 

rates lower than 10"5 m s"1 (Figure 4.4). This indicates that 

at low fluid velocities the particle removal is a function of 

fluid velocity and Brownian motion. At higher (> 10'5 m s"1) 

velocities particle removal is controlled by interception and 

lE-oia 

>V 
u c 
a> 
o 

Tot. 

•+-
H-Ld 
C 
o 

Diffusion 

O o 
o 
O 

Interception Gravitational 

1E-05 
500 600 200 300 400 0 100 

Collector Dia. (urn) 

Figure 4.3: Effect of soil particle sized collector 

diameter on individual collection efficiencies. 

Dp = 1.0 Aim, U0 = 3.32 x 10"4 m/s, pp = 1.05 gm/cm3, 

T = 25 °C. 
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independent of velocity. The fluid velocity in the 

experimental procedure for this study is 8.77 xlO"4 m/s 

(superficial velocity) which indicates that particle removal 

is independent of velocity and that interception is the 

dominant collection mechanism. 

1.0E+01 =r 

Diffusion 

GF/C 

Interception 
o 1.0E-01 = 

Nylon 

GF/C 

Nylon 

Gravitational 

1.0E-04-I r 
1 .0E-07 1.0E-C 1.0E-06 1.0E-05 1.0E-04 

Velocity (m/s) 

Figure 4.4: Individual collector efficiencies for the 

GF/C and nylon filters illustrating velocity dependence 

below 10"5 m s'1 for the GF/C filter and below 10"4 m s*1 

for the nylon filter. 



73 

If the physical mechanisms that control the number of 

opportunities for a particle to contact a surface are known, 

then differences between in particle removal by filters will 

be a function of the sticking coefficient. Since, the 

sticking coefficient is an inverse log function of the 

fractional retention in the filter, the sticking coefficient 

1 0 0  g  

>-
o 
c 
0) 
'o 
M— 
M— 
LJ 

0.01 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0 

Fraction Retained 

- G F / c  F i l t e r  — N y l o n  F i l t e r  

becomes Figure 4.5: Sticking coefficients as function of 

the fractional retention in the GF/C and nylon filters. 

Dp = 1 jum, UQ = 8.77 X 10"4 m/s. 
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increasingly sensitive as the fractional retention approaches 

zero or unity (Fig. 4.5). This can result in imprecise values 

of the sticking coefficient due to experimental error in 

determining fractional retention. For example in the GF/C 

filter when the fractional retention changes by 0.01 between 

0.98 - 0.99 the sticking coefficient varies from 0.54 to 0.64. 

4.2 EXPERIMENTAL EXAMINATION OF MODEL 

4.2.1 Effect of Filter Type and Pore Size 

The retention of P. fluorescens ("1 nm diameter during 

stationary growth phase) was examined for a variety of pore 

sizes in five different types of filter materials. Depending 

on availability of pore size for each filter material, the 

pore sizes (as defined by the manufacturer) ranged from 0.7 to 

10.0 /Ltm for the following filter types: cellulose acetate, 

nylon, glass fiber, SV, and polycarbonate. In general, for 

each of the filter types the fractional retention was 

inversely related to the nominal pore size (Fig. 4.6). The 

one exception occurred within the GF/B (1 uM pore dia.) filter 

in which the retention was much less than would be expected 

for the filter's rated pore size. The removal between 

different filter types with similarly rated pore sizes showed 

a wide variation, which suggests that pore size alone is an 
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unreliable measure for predicting fractional removal of 

bacteria. The highest retention occurred in the cellulose 

acetate and nylon filters and is consistent with other 

published results for bacterial retention by filters (Zierdt 

1979, Sheldon 1972). The polycarbonate and SV filters 

retained the fewest cells which is also consistent with 
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5 °-7 
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< 0.6 
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< 
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0.2 0.7 1.0 1.2 1.6 2.7 3.0 5.0 8.0 10.0 

PORE SIZE OF FILTER, um 

-x- CELLULOSE SVLP NYLON 

PFTE GLASS FIBER 

GF/C 

Figure 4.6: Experimentally determined retention of 

Pseudomonas fluorescens P17 in different filter types as 

a function of manufacturers rated pore sizes. 
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published results for the polycarbonate filter. The SV filter 

is listed by the manufacturer as having surface properties 

that result in low binding of proteins. Bacterial removals in 

the cellulose acetate (8 /nm), nylon (5 nm), and glass fiber 

(GF/C 1.2 tm) filters were 55 %, 49%, and 49%, 

0.9 

0.8 

0.7 

0.6 

0.5 Nylon 

0.4 

0.3 Cellulose Acetate 

GF/C 
0.2 

0.1  

0 
2.0 2.5 3.0 3.5 4.0 4.5 5.0 0.0 0.5 

Diameter (um) 

GF/c Filter Nylon Filter Cellulose Acetate 

Figure 4.7: Predicted particle penetration (Cg/C^) for 

three filter types assuming a particle sticking 

coefficient of 0.2 for each filter. X-axis particle dia. 
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respectively. These results are contrary to model results 

which, for a constant sticking coefficient, predict lower 

removals for the nylon filter than the glass fiber (GF/C) or 

cellulose acetate (8 nm) filters (Fig. 4.7). This suggests 

that physico-chemical interactions between the bacteria and 

the filter surface are important determinants in overall 

removal. 

4.2.2 Effect of Cell Concentration 

The model predictions for particle removal assume a 

"clean" filter. If the filter is heavily loaded, filter 

ripening can increase the filtration efficiency (Darby 1991) 

or overload the filter causing a decrease in filtration 

efficiency (Zierdt 1979, Gannon et al 1991). An examination 

of the filtration efficiency at varying influent 

concentrations was performed to insure that the experimental 

procedure was conducted under "clean" filter conditions. 

Influent cell concentrations of 6 x 104 to 2 x 107 cells ml"1 

were prepared from a stock solution of " 108 cells ml"1 and 

the fractional retention was examined for four filters (nylon, 

GF/C, SV, and Polycarbonate). The results (Fig. 4.8) of the 

experiment which was performed on cells in the stationary 

phase of the growth cycle and required 6 hrs to complete show 

a slight decrease in cell retention at higher cell 

concentrations. It is possible that the decrease is due to 
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changes in cell diameter and surface properties during the 

lengthy experiment. However, other investigators have noted 

reductions in bacterial retention within filters (Zierdt 1979) 

and sand columns (Gannon et al 1991) which they attributed to 

saturation of available binding sites at high cell 

concentrations. 

4.2.3 Effect of Fluid Velocity 

An experiment was performed to test the model prediction 

that collection efficiency is independent of velocity and to 

ensure that the velocities used during the experiment did not 

result in significant bacterial detachment due to fluid shear. 

The results for four types of filters at superficial 

velocities ranging from 1-12 mm s"1 show that cell retention 

decreased with increasing fluid velocity (Figure 4.9). Since 

the model predicts no change in collection efficiency at fluid 

velocities in the range examined, the decrease is most likely 

due to fluid shear. The fluid velocity is expressed as the 

superficial velocity and is not representative of actual pore 

velocity, which would be different for each filter depending 

on filter porosity. To reduce the changes resulting from 

fluid shear, the filtration velocity was limited to 

approximately 1 mm.s"1 or less. 
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Figure 4.8: Retention of Pseudomonas fluorescens P17 in 

filters as a function of cell concentration. Nylon (NY), 

glass-fiber (GF/C), polyvinylidene difluoride (SV), 

polycarbonate (PC). 
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Figure 4.9: Retention of Pseudomonas fluorescens P17 in 

filters as a function of velocity. Cellulose acetate 

(CA) , nylon (NY), glass-fiber (GF/C), polyvinylidene 

difluoride (SV). 
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Numerous investigations have shown that the physical and 

chemical characteristics of bacteria are related to 

nutritional status and growth phase (DeFlaun et al. 1990, 

Dahlback et al. 1981, Bengtsson et al. 1989, Allison et al. 

1990, Persson et al. 1990, Pringle and Fletcher 1983). During 

log (exponential) growth it is generally assumed that cell 

characteristics remain unchanged from one division cycle to 

another and there is little variation in individual bacteria 

from the overall bacterial population. The average individual 

cell diameter for the P. fluorescens P17 and Pseudomonas sp. 

JS6 remained fairly stable during log phase growth (Fig. 4.10-

4.14). However, both species exhibited a decrease in cell 

diameter in the period immediately preceding the transition 

into stationary phase as defined by the break point in the 

culture absorbance curve. In P. fluorescens (P17) this was 

marked by a significant drop in cell diameter and in 

Pseudomonas sp. (JS6) this was indicated by a slight increase 

in cell diameter that was immediately followed by a more 

substantial decrease in cell diameter to a size much lower 

than during log growth. 

The gram-positive bacteria B.pumilus exhibited a small, 

but reproducible increase in cell diameter during log phase 

growth that continued into the very first portion of the 
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stationary phase (Fig. 4.15 and 4.16), which was followed by 

a slight decrease during the transition into stationary phase. 

In general, all three bacteria showed a reduction in cell 

diameter after reaching the stationary phase (Fig. 4.10-4.16) 

followed by a further decrease during late stationary phase 

(death phase). Table 4.1 lists the average individual cell 

diameter during each growth phase for the three bacteria used 

in this study. The standard deviations listed in Table 4.1 

include error associated with the image analysis system (Sec. 

3.3) . 

Pseudomonas sr>. JS6 exhibited the largest change in 

diameter throughout the growth cycle and B. pumilus showed the 

least amount of change during the growth cycle. 

TABLE 4.1: Average cell diameter during each growth phase 

BACTERIA GROWTH PHASE BACTERIA 

LOG STATIONARY LATE STATIONARY 

P.Fluorescens 
(P17) 

1.2 ± 0.1 
(n=30) 

1.0 ± 0.1 
(n=16) 

0.9 ± 0.2 
(n=10) 

Pseudomonas 
SP. (JS6) 

1.6 ± 0.1 
(n=28) 

1.3 ± 0.1 
(n=8) 

1.1 ± 0.0 
(n=8) 

Bacillus 
pumilus 

1.4 ± 0.1 
(n=24) 

1.5 ± 0.0 
(n=12) 

1.3 ± 0.2 
(n=8) 
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Figure 4.10: Bacterial growth curve and size changes. 

Pseudomonas fluorescens (P17) Date: 5-9-91 
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Figure 4.11: Bacterial growth curve and size changes. 

Pseudomonas fluorescens (P17) Date: 5-15-91 
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Figure 4.12: Bacterial growth curve and size changes. 

Pseudomonas SP. (JS6) Date: 3-16-91 
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Figure 4.13: Bacterial growth curve and size changes. 

Pseudomonas sp. (JS6) Date: 4-9-91 
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Figure 4.14: Bacterial growth curve and size changes. 

Pseudomonas SP. (JS6) Date: 6-21-91 
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Figure 4.15: Bacterial growth curve and size changes. 

Bacillus pumilus Date: 6-5-91 
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Growth Factor: 200 mg/l - yeasl extract 

Virtis culture vessel: RPM — 250, Air - 3.0 SLPM 

Kmax: 0.186/hr 

T(1/2): 3.72 

"40" 

2.0 

-1 .8  

-1 .6  

-1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

-0.0 
1 0  20 ~30~ 50 60 

Time (hrs.) 

Ln Abs. (600nm) ~e~ Eq. Dia. 

Figure 4.16: Bacterial growth curve and size changes. 

Bacillus pumilus Date: 6-8-91 
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4.4 BACTERIAL RETENTION IN FILTERS 

4.4.1 Effect of Growth Phase 

The fractional retention of Pseudomonas fluorescens P17 

exhibited an overall decrease within both the GF/C and the 

nylon filter during the transition from log growth phase to 

the late stationary phase (Fig 4.17 and 4.18). The average 

fraction retained in the GF/C filter during log, stationary, 

and late stationary phases was 0.87, 0.84, and 0.60. In the 

nylon filter the average fractional retention was 0.75, 0.66, 

and 0.54 proceeding from the log phase to the late stationary 

phase (Table 4.2a and 4.2b). 

The retention of Pseudomonas so. JS6 also decreased with 

mean cell age within the glass-fiber and nylon filter (Fig. 

4.18 and 4.19). The average fractions retained in the GF/C 

filter during the log, stationary, and late stationary phases 

were 0.89, 0.70, and 0.39 (Table 4.2a and 4.2b). In the nylon 

filter the fraction retained decreased during the transition 

from the log phase to the stationary phase from 0.48 to 0.28 

and then increased in the late stationary phase to 0.33. 

The gram-positive bacterium Bacillus pumilus exhibited 

very little change in the average fractional retention 

throughout the growth cycle on both filters (Table 4.2a and 

4.2b). There was a slight increase during the stationary 

phase within the GF/C filter, followed by a slight decrease 
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during the late stationary phase to values that were similar 

to those obtained during log phase growth (Fig. 4.21 and 

4.22). This trend was reversed on the nylon filter in which 

there was slight drop during the stationary phase followed by 

an increase during the late stationary phase (Fig. 4.22). 

A closer examination of individual experiments reveals 

that all three cultures exhibited a decrease in retention 

during log phase on the GF/C filter just prior to the onset of 

the stationary phase. For P17 and JS6 this corresponded to a 

drop in cell diameter. For Bacillus pumilus the decrease in 

retention occurred even though the cell diameter continued to 

increase. For P17 and Bacillus pumilus the decrease was 

followed by a sharp rise in retention during stationary phase 

that occurred while the cell diameter was decreasing. For JS6 

the retention continued to drop which reflected a drop in the 

in the cell diameter. In all three species the lowest cell 

retention occurred during the late stationary phase. This 

also corresponded to the lowest average cell diameters. 

On the nylon filter the retention of P17 and JS6 was 

lower than in the GF/C filter. However, the changes that 

occurred throughout the growth cycle indicated a similar trend 

to the changes in retention that occurred throughout the 

growth cycle on the GF/C filter. For Bacillus pumilus the 

changes in retention throughout the growth cycle on the nylon 

filter were almost exactly opposite to those that occurred on 
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the GF/C filter. 

4.4.2 Effect of pH and Growth Phase on Retention 

Altering the pH from 7 to 5 had very little effect on the 

average fractional retention of P. fluorescens P17 in the GF/C 

filter throughout the growth cycle (Fig. 4.23). The fraction 

retained at pH 6.0 during the late stationary phase was 

greater than the retention at pH 7.0 and 5.0. In the nylon 

filter there was no discernible change in retention associated 

with pH at any stage in the growth cycle (Fig. 4.24). 

The retention of Pseudomonas sp. JS6 was not affected by 

pH during the log growth phase within the GF/C filter (Fig. 

4.25). As the cell age increased the effect of differences in 

pH became more pronounced and during the stationary and late 

stationary phase the retention increased as the pH decreased. 

In the nylon filter the fraction retained increased as the pH 

decreased during the log growth and stationary phases (Fig. 

4.26). However, during the late stationary phase pH had no 

discernible effect on retention. 

The retention of Bacillus pumilus remained unchanged 

throughout the range of pH values tested at every stage of the 

growth cycle on both filter materials (Fig. 4.27 and 4.28). 



TABLE 4.2a: Bacterial retention in glass-fiber (6F/C) filters 

FRACTION RETAINED* 

pH 

BACTERIA GROWTH PHASE 7.0 6.0 ui
 .
 

o
 

Pseudomonas 
fluorescens 
P17 

LOG 0.87 ± 0.07 
(n=14) 

0.92 ± 0.04 
(n=8) 

0.88 ± 0.05 
(n=8) 

Pseudomonas 
fluorescens 
P17 

STATIONARY 0.84 ± 0.11 
(n=8) 

0.75 ± 0.02 
(n=4) 

0.79 ± 0.06 
(n=4) 

Pseudomonas 
fluorescens 
P17 

LATE 
STATIONARY 

0.60 ± 0.06 
(n=6) 

0.74 ± 0.02 
(n=2) 

0.63 ± 0.04 
(n=2) 

Pseudomonas 
sp. JS6 

LOG 0.90 ± 0.05 
(n=16) 

0.94 ± 0.05 
(n=6) 

0.95 ± 0.03 
(n=6) 

Pseudomonas 
sp. JS6 

STATIONARY 0.70 ± 0.08 
(n=4) 

0.67 ± 0.01 
(n=2) 

0.96 ± 0.04 
(n=2) 

Pseudomonas 
sp. JS6 

LATE 
STATIONARY 

0.40 ± 0.10 
(n=4) 

0.40 ± 0.06 
(n=2) 

0.65 ± 0.03 
(n=2) 

Bacillus 
pumilus 

LOG 0.85 ± 0.09 
(n=12) 

0.81 ± 0.14 
(n=6) 

0.85 ± 0.13 
(n=6) 

Bacillus 
pumilus 

STATIONARY 0.94 ± 0.04 
(n=4) 

0.91 ± 0.02 
(n=2) 

0.96 ± 0.05 
(n=2) 

Bacillus 
pumilus 

LATE 
STATIONARY 

0.83 ± 0.04 
(n=6) 

0.83 ± 0.04 
(n=2) 

0.77 ± 0.01 
(n=4) 

*± Standard Deviation based on measurements made n times 
during each growth phase 
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TABLE 4.2b: Bacterial retention in nylon filters 

FRACTION RETAINED* 
PH 

BACTERIA GROWTH PHASE 7.0 6.0 5.0 

Pseudomonas 
fluorescens 
P17 

LOG 0.75 ± 0.09 
(n=14) 

0.79 ± 0.08 
(n=8) 

0.72 ± 0.11 
(n=8) 

Pseudomonas 
fluorescens 
P17 

STATIONARY 0.66 ± 0.15 
(n=8) 

0.51 ± 0.02 
(n=4) 

0.65 ± 0.17 
(n=4) 

Pseudomonas 
fluorescens 
P17 

LATE 
STATIONARY 

0.54 ± 0.08 
(n=6) 

0.48 ± 0.01 
(n=2) 

0.67 ± 0.02 
(n=2) 

Pseudomonas 
sp. JS6 

LOG 0.48 ± 0.14 
(n=16) 

0.85 ± 0.14 
(n=6) 

0.88 ± 0.11 
(n=6) 

Pseudomonas 
sp. JS6 

STATIONARY 0.28 ± 0.06 
(n=4) 

0.46 ± 0.01 
(n=2) 

0.94 ± 0.0 
(n=2) 

Pseudomonas 
sp. JS6 

LATE 
STATIONARY 

0.33 ± 0.07 
(n=4) 

0.33 ± 0.0 
(n=2) 

0.38 ± 0.0 
(n=2) 

Bacillus 
pumilus 

LOG 0.91 ± 0.05 
(n=12) 

0.94 ± 0.04 
(n=6) 

0.89 ± 0.05 
(n=6) 

Bacillus 
pumilus 

STATIONARY 0.87 ± 0.02 
(n=4) 

0.95 ± 0.0 
(n=2) 

0.93 ± 0.04 
(n=2) 

Bacillus 
pumilus 

LATE 
STATIONARY 

0.91 ± 0.07 
(n=6) 

0.96 ± 0.0 
(n=2) 

0.94 ± 0.09 
(n=4) 

*± Standard Deviation based on measurements made n times 
during each growth phase 
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Figure 4.17: Fraction of Pseudomonas fluorescens P17 

retained within filters throughout the growth cycle 

Date: 5-9-91 
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Figure 4.18: Fraction of Pseudomonas fluorescens P17 

retained within filters throughout the growth cycle 

Date: 5-15-91 
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Figure 4.19: Fraction of Pseudomonas sp. JS6 retained 

within filters throughout the growth cycle Date: 3-16-91 
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Figure 4.20: Fraction of Pseudomonas sp. JS6 retained 

within filters throughout the growth cycle Date: 4-9-91 
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Figure 4.21: Fraction of Bacillus pumilus retained 

within filters throughout the growth cycle Date: 6-5-91 
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Figure 4.22: Fraction of Bacillus pumilus retained 

within filters throughout the growth cycle Date: 6-8-91 
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Figure 4.24: Retention of Pseudomonas fluorescens within 

the nylon filter at different pH values. 
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Figure 4.25: Retention of Pseudomonas sp. JS6 within 

the GF/C filter at different pH values. 
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Figure 4.26: Retention of Pseudomonas SP. JS6 within the 

nylon filter at different pH values. 
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Figure 4.27: Retention of Bacillus pumilus within the 

GF/C filter at different pH values. 
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Figure 4.28: Retention of Bacillus pumilus within the 

nylon filter at different pH values. 
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4.5 BACTERIAL STICKING COEFFICIENTS 

Since bacterial size can influence the ability of 

bacteria to move through a porous medium, sticking 

coefficients (Eq. 2.26) were determined for each experiment. 

Theoretically, this allows a distinction to be made between 

the physical factors controlling removal of bacteria within 

the filters from the influence of the forces controlled by the 

system chemistry affecting removal. Thus, a quantitative 

estimate of the extent that chemical factors influence 

bacterial attachment can be determined. The following 

sections describe the changes that occur in the sticking 

coefficient for each of the experimental parameters. 

4.5.1 Effect of growth phase 

Sticking coefficients for Pseudomonas fluorescens P17 on 

the glass surface (GF/C filter) indicate that the sticking 

coefficient is affected by growth phase (Fig. 4.29 and 4.30). 

In general, the sticking coefficient remained fairly stable 

throughout the log growth phase, rose slightly during 

stationary phase, and then decreased to the lowest value 

during the late stationary phase. There is also very little 

difference between the trend observed for the fraction 

retained throughout the growth cycle and the trend observed 
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for the sticking coefficient. 

The results for the nylon filter are inconsistent between 

experiments, and it is difficult to correlate any particular 

trend for the sticking coefficient during the growth cycle 

(Fig. 4.31 and 4.32). If the results for the two experiments 

are averaged, the sticking coefficient remains unchanged 

throughout the growth cycle. 

Pseudomonas sp. JS6 exhibited a steady decline in the 

sticking coefficient on the glass surface during each 

successive stage in the growth cycle (Fig. 4.33 and 4.34). 

The results for the two experiments clearly indicate that the 

growth phase has an effect upon the sticking coefficient for 

the GF/C filter. 

The average values for the sticking coefficient on the 

nylon surface for Pseudomonas SP. JS6 indicate that the 

highest value occurs during the late stationary phase and the 

lowest value occurs during the stationary phase. This is not 

clearly reflected in the individual experiments due to 

different values of the sticking coefficient obtained during 

the log growth phase for the two different experiments (Fig. 

4.35 and 4.36). However, the trend in the sticking 

coefficient throughout the growth cycle was similar between 

the two experiments. 

The changes that occurred in the stickinig coefficients 

for Bacillus pumilus throughout the growth cycle on the GF/C 
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filter were not large enough to say with certainty that growth 

phase has an effect (Fig. 4.37 and 4.38). The average values 

for the two experiments indicate that the changes that did 

occur were similar to those that occurred for Pseudomonas P17. 

However, the difference in magnitude of the sticking 

coefficient at each phase of the growth cycle was smaller than 

for Pseudomonas Pi7 and there was a greater amount of scatter 

in the values of the sticking coefficient during the log 

growth phase. 

The results for the nylon filter yielded a large amount 

of variation between experiments and between individual data 

points in a single experiment (Fig. 4.39 and 4.40). If the 

average values for the sticking coefficient are examined, they 

indicate that little or no change occurs throughout the growth 

cycle. 

In general, the changes that occurred in the sticking 

coefficient for all three bacteria were reflected by changes 

in the fractional retention for both filter materials. 

However, since the sticking coefficient is a log function of 

the fractional retention, experimental errors are exaggerated 

and the values obtained for the sticking coefficient can be 

associated with a large amount of uncertainty. 
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Altering the pH from 7 to 5 had a minimal effect on the 

sticking coefficient of Pseudomonas fluorescens P17 in the 

GF/C filter. Most of the change resulting from altering the 

pH occurred during the late stationary phase (Fig. 4.41). 

During this portion of the growth cycle the sticking 

coefficients at pH 6.0 and 5.0 were larger than the sticking 

coefficient at pH 7.0. Although, it is not as noticeable, 

lowering the pH below 7.0 also reduced the magnitude of the 

changes in the sticking coefficient between phases in the 

growth cycle. 

In the nylon filter most of the change in the sticking 

coefficient that resulted from altering the pH also occurred 

during the late stationary phase (Fig. 4.42). This was 

indicated by a higher value for the sticking coefficient at pH 

5.0. This also indicates that for P17 growth phase affects 

the sticking coefficient on the nylon filter at pH 5.0 only. 

The sticking coefficient of Pseudomonas sp. JS6 on the 

GF/C filter remained relatively unaffected by lowering the pH 

from 7.0 to 6.0 (Fig. 4.43). However, there was an increase 

in the sticking coefficient as the pH was lowered from 6.0 to 

5.0 during the stationary and late stationary phases. 
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TABLE 4.3a: Average Bacterial Sticking Coefficients Within 

the GF/C Filter 

STICKING COEFFICIENT - GF/C* 

PH 

BACTERIA GROWTH PHASE 7.0 6.0 5.0 

Pseudomonas 
fluorescens 
P17 

LOG 0.23 ± 0.08 
(n=14) 

0.28 ± 0.13 
(n=8) 

0.25 ± 0.05 
(11=8) 

Pseudomonas 
fluorescens 
P17 

STATIONARY 0.27 ± 0.10 
(n=8) 

0.24 ± 0.04 
(n=4) 

0.24 ± 0.03 
(n=4) 

Pseudomonas 
fluorescens 
P17 

LATE 
STATIONARY 

0.16 ± 0.04 
(n=6) 

0.25 ± 0.02 
(n=2) 

0.23 ± 0.02 
(n=2) 

Pseudomonas 
sp. JS6 

LOG 0.13 ± 0.02 
(n=16) 

0.18 ± 0.06 
(n=6) 

0.17 ± 0.03 
(n=6) 

Pseudomonas 
sp. JS6 

STATIONARY 0.11 ± 0.01 
(n=4) 

0.12 ± 0.00 
(n=2) 

0.29 ± 0.11 
(n=2) 

Pseudomonas 
sp. JS6 

LATE 
STATIONARY 

0.06 ± 0.02 
(n=4) 

0.06 ± 0.01 
(n=2) 

0.13 ± 0.01 
(n=2) 

Bacillus 
pumilus 

LOG 0.15 ± 0.06 
(n=l2) 

0.14 ± 0.08 
(n=6) 

0.17 ± 0.06 
(n=6) 

Bacillus 
pumilus 

STATIONARY 0.19 ± 0.07 
(n=4) 

0.14 ± 0.01 
(n=2) 

0.23 ± 0.02 
(n=2) 

Bacillus 
pumilus 

LATE 
STATIONARY 

0.16 ± 0.06 
(n=6) 

0.11 ± 0.01 
(n=2) 

0.14 ± 0.02 
(n=4) 

*± Standard Deviation based on measurements made n times 
during each growth phase 
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Average Bacterial Sticking Coefficients Within 

the Nylon Filter. 

6TICKING COEFFICIENT - NYLON* 

PH 

BACTERIA GROWTH PHASE 7.0 6.0 5.0 

Pseudomonas 
fluorescens 
P17 

LOG 1.93 ± 0.67 
(n=14) 

2.30 ± 1.20 
(n=8) 

1.86 ± 0.54 
(n=8) 

Pseudomonas 
fluorescens 
P17 

STATIONARY 2.23 ± 0.52 
(n=8) 

1.55 ± 0.19 
(n=4) 

2.07 ± 0.50 
(n=4) 

Pseudomonas 
fluorescens 
P17 

LATE 
STATIONARY 

2.09 ± 0.67 
(n=6) 

1.55 ± 0.06 
(n=2) 

3.10 ± 0.18 
(n=2) 

Pseudomonas 
sp. JS6 

LOG 0.48 ± 0.13 
(n=16) 

1.74 ± 0.73 
(n=6) 

1.96 ± 0.77 
(n=6) 

Pseudomonas 
sp. JS6 

STATIONARY 0.38 ± 0.04 
(n=4) 

0.85 ± 0.04 
(n=2) 

3.00 ± 0.00 
*(n=2) 

Pseudomonas 
sp. JS6 

LATE 
STATIONARY 

0.57 ± 0.14 
(n=4) 

0.63 ± 0.02 
(n=2) 

0.77 ± 0.00 
(n=2) 

Bacillus 
pumilus 

LOG 2.46 ± 0.71 
(n=12) 

2.63 ± 0.79 
(n=6) 

2.40 ± 0.43 
(n=6) 

Bacillus 
pumilus 

STATIONARY 1.69 ± 0.15 
(n=4) 

2.43 ± 0.00 
(n=2) 

2.30 ± 0.42 
(n=2) 

Bacillus 
pumilus 

LATE 
STATIONARY 

3.22 ± 1.47 
(n=6) 

2.67 ± 0.13 
(n=2) 

4.65 ± 2.37 
(n=4) 

*± Standard Deviation based on measurements made n times 
during each growth phase 
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Figure 4.29: Sticking coefficients, fraction retained, 

and diameter for Pseudomonas fluorescens P17 within the 

GF/C filter. Date: 5-9-91 
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Figure 4.30: Sticking coefficients, fraction retained, 

and diameter for Pseudomonas fluorescens P17 within the 

GF/C filter. Date: 5-15-91 
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Figure 4.31: Sticking coefficients, fraction retained, 

and diameter for Pseudomonas fluorescens P17 within the 

nylon filter. Date: 5-9-91 
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Figure 4.32: Sticking coefficients, fraction retained, 

and diameter for Pseudomonas fluorescens P17 within the 

nylon filter. Date: 5-15-91 
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Figure 4.33: Sticking coefficients, fraction retained, 

and diameter for Pseudomonas SP. JS6 within the GF/C 

filter. Date: 3-16-91 
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Figure 4.34: Sticking coefficients, fraction retained, 

and diameter for Pseudomonas SP. JS6 within the GF/C 

filter. Date: 4-9-91 
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Figure 4.35: Sticking coefficients, fraction retained, 

and diameter for Pseudomonas sp. JS6 within the nylon 

filter. Date: 3-16-91 
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Figure 4.36: Sticking coefficients, fraction retained, 

and diameter for Pseudomonas SP. JS6 within the nylon 

filter. Date: 4-9-91 
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Figure 4.41: Average sticking coefficient of 

Pseudomonas fluorescens P17 on the GF/C filter at 

different pH values. 
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Figure 4.42: Average sticking coefficient of 

Pseudomonas fluorescens P17 on the nylon filter at 

different pH values. 
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Figure 4.43: Average sticking coefficient of 

Pseudomonas sp. JS6 on the GF/C filter at different pH 

values. 
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Figure 4.44: Average sticking coefficient of 

Pseudomonas sp. JS6 on the nylon filter at different pH 

values. 
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Figure 4.46: Average sticking coefficient of 

Bacillus pumilus on the nylon filter at different pH 

values. 
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In the nylon filter the sticking coefficient of 

Pseudomonas SP. JS6 increased as the pH decreased during the 

log growth and stationary phase only (Fig. 4.44). During 

the late stationary phase pH had no effect upon the sticking 

coefficient. 

The sticking coefficient of Bacillus pumilus was 

unaffected by pH on both filters (Fig. 4.45 and 4.46). Data 

corresponding to the stationary and late stationary phases 

(nylon filter) would tend to suggest that there are changes 

in the sticking coefficient that are associated with changes 

in pH. However, there is a large standard deviation 

associated with the data during this portion of the growth 

cycle which prevents any conclusions to be made concerning 

the effects of pH. 

4.5.3 Effect of Nitrogen Limitation and Oxygen 

Limitation 

The environmental conditions in which a bacterial 

culture exists can alter the regulatory mechanisms that 

determine the surface characteristics of bacteria (Ellewood 

and Tempest 1972, Allison et al.1990). Thus, the bacterial 

surface chemistry may differ depending on the particular 

environmental conditions that are present during the 
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bacterial growth cycle. As a consequence, the bacterial 

sticking coefficient may change depending on the growth 

environment. 

Pseudomonas fluorescens P17 does not exhibit a 

noticeable change in the sticking coefficient between cells 

that are starved for nitrogen or carbon. The average value 

for the sticking coefficient on the GF/C filter under 

nitrogen limitation for two experiments during the log 

growth phase, stationary phase, and late stationary phase 

were 0.22, 0.22, and 0.18. These values are very close to 

the average on the GF/C filter for the series of experiments 

run under carbon limitation (Table 4.3a). The results for 

the nylon filter are inconclusive due to the large scatter 

between data points. 

Pseudomonas fluorescens P17 was also grown in 

continuous culture to test the effects of low levels of 

oxygen on the sticking coefficient. The results suggest 

that continuous culture, as well as oxygen limitation, may 

affect the sticking coefficient. During the portion of the 

experiment in which growth was limited by the chemostat 

dilution rate and the influent carbon concentration the 

sticking coefficient on the GF/C filter was 0.40, which is 

higher than the average value obtained during log growth for 

the batch experiments. When the oxygen level was reduced 

to "0.5% of the saturation level, the sticking coefficient 
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on the GF/C filter decreased to an average of 0.27. The 

relative change in the sticking coefficient on the nylon 

filter was not as large and changed from 2.8, which is close 

to the average for the batch experiments, to 1.96 during 

oxygen limitation. 

4.5.4 IONIC STRENGTH EFFECTS 

Altering the ionic strength of the suspending fluid has 

a large impact on the sticking coefficient of Pseudomonas 

fluorescens P17 (Fig. 4.47). Varying the ionic strength from 

that of distilled deionized water (I « 10"6) to an ionic 

strength of 0.1 resulted in a six-fold increase in the 

sticking coefficient on the GF/C filter. The results for the 

nylon filter indicate that as the ionic strength increased 

there was a six-fold decrease in the sticking coefficient. 

Above an ionic strength of "0.03 the surfaces were essentially 

destabilized, and there was very little change in the sticking 

coefficient. 

4.6 ANOVA RESULTS FOR GROWTH CYCLE AND pH EFFECTS 

The results of the ANOVA procedure for each bacterium are 

presented in a table of P values for a 1-way ANOVA analyzing 

the various combinations of growth cycle,pH and bacterial 
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size. The table also includes the P values for a 2-way ANOVA 

on the combined effect of pH and growth phase. 

The P values from the 2-way ANOVA for P. fluorescens P17 

indicate that there is high level of confidence that the 

overall combined effect of pH and growth phase will alter both 

the sticking coefficient and retention on the GF/C filter 

(Table 4.4). The confidence level for the nylon filter is 

slightly lower but, still suggests a correlation between the 

combined treatments and the two response variables. 

Examination of the 1-way ANOVA for Pseudomonas 

fluorescens P17 on the GF/C filter indicates that growth phase 

has a dominate effect on the retention at all pH values 

examined. However, growth phase only has a significant effect 

on the sticking coefficient at pH 7.0 (Table 4.4). The 

analysis also suggests that the pH will affect retention and 

the sticking coefficient only during the late stationary 

phase. These results are reflected in Fig. 4.23 and 4.41. 

The ANOVA results for P17 on the nylon filter indicate 

that growth phase only affects retention at pH 7.0 and 6.0 

(Table 4.4). The sticking coefficient shows a significant 

effect due to growth phase only at pH 5.0. Altering the pH 

at each phase of the growth cycle does not affect either the 

retention or the sticking coefficient during the log growth or 

stationary phase. During the late stationary phase the P 

value indicates a confidence level of 92% that the pH will 
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have an effect on the retention as well as the sticking 

coefficient. There is also a strong correlation between 

bacterial size and retention on both filters at each pH. 

TABLE 4.4: Summary of ANOVA results comparing response 

variables for Pseudomonas fluorescens P17a,b. 

Dependent 
variable 

PH Phase Size pH and 
Growth Phase 

a GF/C L 0.47;2 7 0.00;2 0.04;4 
S 0.79; 2 6 0.85;2 _b 

LS 0.02;2 5 0.90;2 

a Nylon L 0.50;2 7 0.62;2 0.07;4 
S 0.10;2 6 0.74;2 _b 

LS 0.08;2 5 0.03 ;2 

%R GF/C L 0.18;2 7 0.00;2 7 0.00;5 0.02;4 
S 0.32; 2 6 0.00;2 6 0.00;5 
LS 0.03;2 5 0.00; 2 5 0.00;5 

%R Nylon L 0.35;2 7 0.01;2 7 0.00;5 0.09;4 
S 0.23; 2 6 0.00;2 6 0.00;5 
LS 0.08;2 5 0.66;2 5 0.00;5 

aValues presented are the P values obtained for the treatments 
examined ( significance of F for the listed effect) and 
degrees of freedom (DF) presented as (P;DF). The numbers or 
symbols preceding the P value indicate the pH or phase of the 
growth cycle. Log phase, stationary phase and late stationary 
phase are denoted by L, S, and LS. The independent variable 
is significant when P < 0.05 

b Size is included when calculating a and cannot be considered 
a treatment. 
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The 2-way ANOVA for Pseudomonas sp. JS6 indicates that 

there is a strong correlation to the combined effect of pH and 

growth phase on bacterial retention and the sticking 

coefficient on both filter materials. This is indicated by 

high confidence levels between retention and growth phase at 

each pH for both filters. 

For Pseudomonas sp. JS6 there is a good correlation 

between retention and growth phase at each pH on the GF/C 

filter (Table 4.5). The sticking coefficient also shows a 

strong correlation to growth phase at each pH. The results 

also indicate that both the sticking coefficient and retention 

are affected by altering the pH during each phase of the 

growth cycle. 

For the nylon filter there is a strong correlation 

between growth phase and retention at each pH. However, the 

sticking coefficient only shows a strong correlation to growth 

phase at pH 5.0. The large standard deviation in the sticking 

coefficient during the log phase at this pH accounts for the 

difference between the observed trend in Fig. 4.44 and the low 

correlation. There is a strong correlation between changes in 

the retention and sticking coefficient and pH during the log 

growth and stationary phases only. During the late stationary 

phase there is no correlation between pH and retention or pH 

and the sticking coefficient. Bacterial size is strongly 

correlated to changes in the retention for both filters at 
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each pH. 

TABLE 4.5: Summary of ANOVA results comparing response 

variables for Pseudomonas SP. - JS6a 

Dependent 
variable 

pH Phase Size pH and 
Growth Phase 

a GF/C L 0.01;2 7 0.00;2 o
 

• o
 
o
 

S 0.02 ;2 6 0.06;2 _b 

LS 0.02 ; 2 5 0.04;2 

a Nylon L 0.00;2 7 0.11 ;2 

*
*
 o
 
o
 • 

o
 

S 0.00;2 6 0.10;2 _b 

LS 0.22;2 5 0.03; 2 

%R GF/C L 0.00;2 7 0.05; 2 7 0.00; 5 

o
 
o
 • 

o
 

S 0.00;2 6 0.01 ;2 6 0.00;5 9 

LS 0.00;2 5 0.03;2 5 0.00; 5 

%R Nylon L 0.00;2 7 0.00;2 7 0.00;5 

<
• o
 
o
 • 

o
 

S 0.00; 2 6 0.00;2 6 0.00;5 
LS 0.52; 2 5 0.00;2 5 0.00; 5 

aSee Table 4.4 for explanation of table format and footnotes 

The P values from the 2-way ANOVA for Bacillus pumilus 

indicate that the combined effect of pH and growth phase has 

a very low probability of affecting the sticking coefficient 

or the retention in either filter (Table 4.6). The only good 

correlation is between bacterial size and retention. 
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TABLE 4.6: Summary of ANOVA results comparing response 

variables for Bacillus pumilus8 

Dependent 
variable 

pH Phase Size pH and 
Growth Phase 

a GF/C L 0.76;2 7 0.47;2 0.83 ;2 
S 0.49;2 6 0.86;2 _b 

LS 0.49;2 5 0.23; 2 

a Nylon L 0.82;2 7 0.06;2 0.26;2 
S 0.02 ;2 6 0.92 ;2 _b 

LS 0.36;2 5 0.08 ;2 

%R GF/C L 0.82;2 7 0.06;2 7 0.00;5 0.85;2 
S 0.42; 2 6 0.64 ;2 6 0.06;5 
LS 0.07 ; 2 5 0.16;2 5 0.00; 5 

%R Nylon L 0.13;2 7 0.38 ;2 7 0.02; 5 0.69;2 
S 0.02;2 6 0.85;2 6 0.03; 5 
LS 0.67;2 5 0.48; 2 5 0.11; 5 

aSee Table 4.4 for explanation of table format and footnotes 

Although the ANOVA results provide a measure for 

estimating the certainty of the correlation between the 

sticking coefficient and retention between the two response 

variables (pH and growth phase) for the two different filters, 

the magnitude of the changes resulting from the response 

variables is in some instances not very large and may not be 

very meaningful in relation to the physical mechanisms 

(bacterial size) controlling transport through the filters. 

In addition the ANOVA procedure ideally requires an equal 
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number of observations for each treatment or combination of 

treatments. The procedure is much more complex when this 

condition is not met and becomes less reliable when large 

differences exist between the number of observations in each 

cell. For this reason only responses with a >95% confidence 

level should be considered as showing a reliable degree of 

significance for the treatment in question. 
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5.0 DISCUSSION 

5.1 GROWTH PHASE 

The retention of bacteria in porous systems, as 

represented by the filters used in the FORM procedure, was 

dependent on the culture growth phase. In general, this was 

indicated by a decrease in the average fractional retention 

of Pseudomonas fluorescens P17 and Pseudomonas sp. JS6 on 

both filter materials as the culture age increased. For 

Bacillus pumilus the changes in retention associated with 

growth phase were minor and indicating that the growth phase 

did not influence the attachment capabilities of this 

bacteria. 

In all three cases the fractional retention was 

strongly correlated to the diameter of the cell which was a 

function of the growth phase(Table 4.1,and 4.4-4.6). The 

reduction in cell diameters that occurred for both 

Pseudomonas SP. during nutrient limitation may be a general 

bacterial response to starvation. Kjelleberg et al. (1984) 

termed the response of three marine bacterium to starvation 

as the dwarfing phase. They found that the induction of 

this response was very rapid (15 min.) and could be 

described as a two-phase process consisting of an initial 

reduction due to continued cell division without growth 
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(fragmentation) and continuous size reduction during 

prolonged starvation. 

For Bacillus pumilus the cell size increased slightly 

during the onset of nutrient limitation before decreasing 

somewhat during prolonged starvation. Urban (1979) found 

that the cell size of Rhizobium SP. increased in response to 

specific nutrient conditions one of which was the presence 

of yeast extract. Since this was a component of the growth 

media for Bacillus pumilus. it is possible that the presence 

of yeast extract may have influenced the size 

characteristics of the bacterium during the stationary 

phases. 

5.1.2 Growth Phase and Filter Type 

Model predictions using a constant a suggest bacterial 

retention in the GF/C filter should be greater than in the 

nylon filter (Fig. 4.7) which is consistent with 

experimental results and the manufacturers rated pore sizes. 

However, the retention in nylon filters of comparable 

(nominal) pore size were greater for all three bacteria 

indicating that the affinity of the bacteria 

for the nylon surface was much greater than for the glass 

surface. Analysis of the retention in each filter using the 

model of Yao et al. indicates that the sticking coefficients 

are 3 to 20 times greater for nylon than for borosilicate 
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glass. Both glass and bacterial cell surfaces are 

negatively charged in the neutral pH range, whereas nylon is 

positively charged. Consequently, bacteria should be more 

strongly attracted to the nylon surface based on charge 

characteristics alone (Harden and Harris 1952,Bayer and 

Sloyer 1990, Shields et al. 1986). However, the increased 

bacterial affinity to nylon has also been attributed to the 

greater hydrophobicity of nylon compared to glass (Pringle 

and Fletcher 1983). Thus, the large sticking coefficients 

of the bacteria on nylon may be the result of both 

electrostatic attraction and hydrophobic interactions. 

Although the retention of bacteria in the filters was 

highly correlated to the size of the bacteria, differences 

in the average sticking coefficients associated with each 

growth phase indicates that size alone was insufficient to 

account for all of the observed changes in bacterial 

retention (Tables 4.2-4.6). This is illustrated by 

examining both the retention and the sticking coefficient of 

Pseudomonas fluorescens P17 throughout the growth cycle on 

the GF/C filter. Although the retention continuously 

decreased during each successive growth phase, the sticking 

coefficient increased during the stationary phase. 

The ANOVA procedure indicates that the differences in 

the retention of both Pseudomonas SP. in each filter, as 

well as the sticking coefficient on the GF/C filter, is 
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correlated to growth phase. The correlation between the 

sticking coefficient and growth phase for the nylon filter 

was not as good as for the GF/C filter and below the 95% 

confidence level. This is probably due to the very strong 

affinity of the bacteria for the nylon surface which could 

mask small changes in the electrostatic charge or 

hydrophobicity of the cell surface and the large standard 

deviation associated with the sticking coefficients on the 

nylon filter. 

Although the differences in the average sticking 

coefficient for Bacillus pumilus and Pseudomonas SP. JS6 on 

the nylon filter during each growth phase did not meet the 

confidence level criteria, the confidence level was still 

great enough to suggest that growth phase did affect 

attachment to the nylon surface. Both bacteria exhibited a 

reversal in the trend of the sticking coefficient that was 

dependent on the filter material. For Bacillus pumilus this 

was indicated by a decrease in the sticking coefficient 

during the stationary phase on the nylon filter and an 

increase on the GF/C filter. For Pseudomonas SP. JS6 this 

was indicated by an increase on the nylon filter during the 

late stationary phase and a decrease on the GF/C filter. 

The most likely explanation for the reversal in the 

trend of the sticking coefficient between the nylon filter 

and glass-fiber filter is due to alterations in the 
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hydrophobicity of the cell surface. The ionic strength of 

the media utilized in the experimental procedure was 0.03 

which is very near the ionic concentration at which the 

thickness of the electrical double layer no longer changes 

with increases in ionic strength (Abbot et al 1983) (Fig. 

4.47). Theoretically, the effect of electrostatic repulsion 

or attraction is minimized at this point and the influence 

of short range forces such as hydrophobicity and London-Van 

der Waals forces dominant particle-surface interactions. 

5.1.3 Growth Phase and pH 

Changes in the sticking coefficient in response to 

differences in pH were dependent on both the growth phase and 

filter type. In general, the greatest response to changes in 

pH for all three bacterial species occurred during nutrient 

limitation. In all cases decreases in the media pH were 

associated with increases in the sticking coefficient. 

The pHZPC (pH at zero point of charge) is a pivotal point 

in the charge characteristics of bacteria and filter surfaces. 

Above the pHZPC the surface charge is negative and below the 

pHZPC the surface is positively charged. For similarly charged 

surfaces such as the GF/C filter (pHZPC " 2.0) and bacteria 

(pHZPC "2.0-4.0) a decrease in the media pH will cause a 

decrease in the surface charge of both particles that results 

from protonation of anionic surface functional groups (Stumm 
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and Morgan 1981, Harden and Harris 1953). The rate of drop as 

a function of pH will depend on the pKas of the functional 

groups and the amount of groups per unit surface area. The 

net result will be a reduced electrostatic resistance to 

particle attachment or an increase in the particle sticking 

coefficient. The results for P. fluorescens P17 during the 

late stationary phase and Pseudomonas SP. JS6 throughout the 

growth cycle on the GF/C filter are consistent with 

theoretical predictions based on the pHzpc. 

Since the nylon filter is positively charged a decrease 

in the solution pH will cause an increase in the overall 

positive charge of the surface with a corresponding increase 

in the surface potential. However, the surface potential of 

bacteria decreases as the pH approaches the pHZPC. The 

electrostatic potential of interacting double layers between 

a particle and a much larger grain is given by: 

e d_ i 
Pdi = —^ptlnd+e^) (5.i) 

where c is the dielectric constant of the fluid, i|fp is the 

surface potential of the particle, i|im is the surface potential 

of the media grain, e the charge of an electron, K is the 

thickness of the double layer, and h is the separation 

distance between the surface of the particle and the surface 

of the media (McDowell-Boyer et al 1986). Equation 5.1 
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indicates that the electrostatic interaction between a 

bacterium and a grain of the media will decrease if both 

surfaces exhibited an identical rate of change in the surface 

potential with decreasing pH. Since this was not reflected in 

the sticking coefficients on the nylon filter as the pH was 

lowered, this may indicate that London-Van der Waals or 

hydrophobic forces were controlling bacterial attachment. 

Another possibility is that the rate of increase in the 

surface charge of the nylon filter was much greater than the 

decrease in surface charge of the bacteria. It is more 

probable that the increase in cell sticking coefficients 

observed as the pH was lowered was due to increased 

hydrophobic interaction. Doyle and Rosenberg (1990) suggested 

that hydrophobicity should increase as the surface charge is 

reduced. However, they also report that there are conflicting 

results for investigations of the relationship between cell 

surface charge and hydrophobicity. McEldowney and Fletcher 

(1986) suggested that increases in cellular attachment may 

result from conformational changes in extracellular cell 

surface adhesives that may be pH dependent. 

The results for the response of bacteria to changes in 

the growth phase are consistent with previous studies which 

indicate that environmental conditions (i.e. nutrient status, 

temp., etc.) influence the macromolecular composition and cell 

surface structure. Changes in the cell surface will affect 
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the surface chemistry of the cell (Nystrom et al. 1992, 

Persson et al. 1990, Pringle et al. 1983, Delaquis et al. 

1989). Thus, the change in the sticking coefficient from one 

growth phase to another is most likely the result of changes 

in the physico-chemical properties of the cell surface that 

occur as the cell adjusts to changes in the surrounding 

environment. The results are also in agreement with previous 

investigations which suggest there is a high degree of 

variability in the response of bacteria to changes in specific 

environmental conditions and that the response is often 

species dependent (McEldowney and Fletcher 1986). 

5.2 Sticking Coefficient and Bacterial Species 

Examination of the sticking coefficients of Pseudomonas 

fluorescens (P17), Pseudomonas SP. (JS6), and Bacillus pumilus 

(Bpum) during various phases in the growth cycle indicate that 

for this group of bacteria there is no significant difference 

between "gram-negative" and "gram-positive" bacteria (Tables 

4.3a and 4.3b). Differences existed between individual 

species with respect to growth phase but these can not be 

correlated to cell wall composition. Pseudomonas P17 tended 

to have the highest sticking coefficient during all growth 

phases on the GF/C filter. Pseudomonas JS6 and Bacillus 

pumilus had sticking coefficients that were similar in value 
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for all of the growth phases and filter materials. 

The effect that the pH of the suspending media had on the 

sticking coefficients also showed no correlation with cell 

wall composition. It is possible that differences in the cell 

wall composition could be reflected in the physico-chemical 

characteristics of the cells resulting in differences in 

electrophoretic mobilities, or hydrophobicity. However, this 

was not reflected in the sticking coefficients for this group 

of bacteria, which is consistent with other published results 

(Gannon et al 91, McEldowney and Fletcher 86). 

5.3 Specific Nutrient Limitation and Continuous Culture 

Cultures of Pseudomonas fluorescens P17 grown under 

nitrogen limitation did not reveal any significant differences 

in the sticking coefficient from cultures grown under carbon 

limitation. This is in agreement with previous studies that 

suggest that although carbon, phosphorous, and nitrogen 

limitation affect bacterial attachment, there is no specific 

effect related to the particular limiting nutrient (Delaquis 

et al.1989, Yu et al. 1987). 

When Pseudomonas fluorescens P17 was grown under 

continuous culture with carbon as the limiting nutrient and a 

dilution rate of 0.163 hr"1 the bacterial sticking coefficient 

on both filters was greater than the average values obtained 

during the log phase of batch culture. Since the specific 
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growth rate is at a maximum during batch culture and ~ 1.6 

times greater than the dilution rate, the results indicate 

that the change in bacterial cell surface properties is the 

result of changes in the specific growth rate. Allison et al. 

(1990) found that the hydrophobicity of E. coli was dependent 

on the growth rate and that the hydrophobicity decreased with 

increasing growth rate. This suggests that the larger 

sticking coefficients obtained during continuous culture may 

be due to increased cell hydrophobicity. 

During the same experiment the sticking coefficient was 

reduced by approximately 50% during oxygen-limitation. 

Applegate and Bryers (1991) found that oxygen limited biofilms 

grown in continuous culture had a higher amount of 

extracellular polymer and calcium than carbon-limited cultures 

and were more resistant to removal by surface shear. This is 

in contrast to the present study which suggests that oxygen-

starved cells are less likely to attach to a glass surface. 

However, the experimental results of this study are somewhat 

inconclusive since oxygen starved cells were exposed to 

nonlimiting amounts of oxygen for "45 minutes before the FORM 

procedure was performed. 

5.4 Ionic Strength 

The variation in the sticking coefficient resulting from 

changes in the ionic strength of the suspending media was 
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consistent with DLVO theory. The sticking coefficient on the 

glass surface decreased with ionic strength, as expected, 

since expansion of the electrical double layer should increase 

electrostatic repulsion. The sticking coefficient on the 

positively charged nylon surface increased with a reduction in 

ionic strength, reinforcing the importance of double-layer 

considerations and electrostatic effects on sorption. 

5.5 Overview of the FORM Procedure 

The FORM procedure is able to measure changes in the 

retention of bacteria within the filters utilized in this 

study and also provides a measure of the physico-chemical 

properties of the cell surface. However, the magnitude of the 

sticking coefficient established from the filtration 

experiments was semi-empirically derived and may not represent 

the true sticking coefficient. That is, all of the physical 

properties of the filter except fiber diameter and absolute 

pore size were known. The fiber diameter was determined from 

electron photomicrographs and refined by comparing sticking 

coefficients obtained in column experiments, for which the 

physical geometry was well defined, to FORM experiments that 

were run concurrently. To investigate the effect that fiber 

diameter had upon the sticking coefficient the overall trend 

in the sticking coefficient during a growth cycle was compared 

using various fiber diameters. The results indicate that 
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although the assumed fiber diameter alters the magnitude of 

the calculated sticking coefficient, the relative change in 

sticking coefficients throughout the growth cycle are similar. 

Although the results of this study indicate that the FORM 

procedure provides a useful and rapid method for determining 

changes in cell surface chemistry there are several 

limitations in the method. 

First, straining of bacteria appears to occur in the 

filters. Straining has been hypothesized by others to become 

important when the collector (fiber) diameter is less than 

five times the particle diameter (Tien and Payatakes 1976). 

Since this criterion was not always met, in my experiments 

straining may have contributed to particle removal. The 

presence of straining is further suggested by the results from 

the ionic strength experiments. At very low ionic strength, 

bacterial attachment to glass surfaces should be minimal. 

Martin et al. (1991) found that the sticking coefficient of P̂ . 

aeruginosa was "10"3 at an ionic strength of 10'6 and at an 

ionic strength of 10"2-10*1 was "0.4. The result at the higher 

ionic strengths are comparable to the present study in which 

the average sticking coefficient was found to be 0.28 at an 

ionic strength of 0.03. However, the present study also 

found the sticking coefficient of P. fluorescens in milli-Q 

water to be "0.06. This suggests there is a lower limit to 

the sensitivity of the FORM method below which straining is 
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predominant. 

Another limitation is that the surface chemistry of the 

filters is different than that of soil-forming minerals. Most 

minerals found in soil carry a net negative charge. However, 

information on bacterial sticking coefficients to the glass-

fiber filter should provide a reasonable estimate of what 

might be expected in certain types of soil environments such 

as sandy soils with a low organic matter content. The surface 

of the filters could also be modified by treatment with 

silanes or humic acids to provide a coating that might be more 

representative of organic rich soils. 

It was also found that attached cells in the filter 

matrix had an increased uptake rate of the tritiated leucine 

during the experimental procedure. This resulted in 

fractional retention values that exceeded unity. Logan and 

Kirchman (1991) report that fluid shear can increase the 

uptake rate of dissolved organics. Thus, it is probable that 

the fluid shear conditions were greater for attached bacteria 

in the depth filters than for the bacteria retained on the 

Poretics 0.2 um filters. Washing the cells via repeated 

centrifugation and rinse cycles or inactivation of uptake 

during filtration by adding inhibitors would minimize this 

effect. However, both techniques could alter bacterial 

surface structures and or otherwise alter the surface chemical 

composition of the bacteria. In this study counts above unity 
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were normalized to unity using the highest recorded fractional 

retention. 

5.5 Summary 

In summary, the FORM procedure is able to provide a rapid 

method for determining the effect of chemical and biological 

parameters on bacterial retention in porous media. Although 

there is a lower limit to the sensitivity of the method due to 

particle straining, this does not seem to invalidate results 

above this limit. Bacterial growth phase, growth rate, and 

fluid chemistry will affect bacterial transport in a porous 

medium. Although the effect of ionic strength upon bacterial 

attachment follows predictions based on DLVO theory, the 

response of bacteria to changes in their environment are 

highly variable and species dependent and no generalized 

conclusions can be drawn regarding the effect of nutrient 

limitation or solution pH upon bacterial transport. 

The variability of bacterial response to a specific set 

of environmental conditions indicates that in order to predict 

the transport of bacteria in a porous media it is necessary to 

screen individual bacteria for their transport capabilities 

under conditions that are representative of those under 

investigation. Although the FORM procedure suffers from some 

limitations, it provides a rapid method for screening 

transport capabilities of bacteria under a broad set of 

conditions. The unpredictability of bacterial response 
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suggests that a rapid and convenient method of screening 

method for attachment such as the FORM procedure may be of 

great utility. 
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