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Abstract:
The occurrence of biofilms in drinking water distribution systems has caused more and more water
quality problems and become a major concern to the industry. It is known that iron pipe materials
support more biofilms than other materials, and the effect is positively related to the corrosion potential
of the materials. It is also known that iron oxide tends to accumulate natural organic carbon on its
surface. The purpose of this thesis is to investigate the hypothesis that the adsorbed humic substances
on iron oxide surface can serve as carbon and energy sources for biofilm cells to grow.

To study the relationship between iron oxide, adsorbed humic substances, and biofilms, an iron oxide
surface was created on glass beads and glass coupons by slow hydrolysis and condensation reactions of
a millimolar solution of iron nitrate in approximately 10-mM nitric acid at 70 °C. The physical,
chemical, and mechanical properties of the surface were analyzed. The Elliot Silt Loam Soil humic
substances were allowed to adsorb on the iron oxide surface in batch reactors. The adsorption
isotherms at pH 6.7 and 7.4 were measured by TOC measurements. A desorption test was conducted to
demonstrate the stability of the adsorbed humic substances. Four parallel plate flow cells with different
coverslip surfaces were used for the biofilm growth studies. These coverslip surfaces included (1)
glass, (2) iron oxide without pre-adsorbed humics, (3) iron oxide with pre-adsorbed humic of low
surface coverage, and (4) iron oxide with pre-adsorbed humic of high surface coverage. A strain of
Pseudomonas aeruginosa (PA01, GFP+) was chemostat cultured and inoculated into the flow cells. It
was allowed to attach and grow on the coverslip surfaces. These cells produced fluorescence and were
counted by real time microscopy. A TOC free medium and a 0.25-ppm C humic substance medium
were allowed to flow through the flow cells in a laminar mode. The biofilm densities and accumulation
rates of the different surface and media conditions were measured and compared.

The results of this study demonstrated that (1) the iron deposit method provided a proper iron oxide
surface for the subsequent humic adsorption and biofilm growth research. (2) The created iron oxide
surface had significant adsorption capacity and affinity to the Elliot Silt Loam Soil humic substances.
The adsorption could be interpreted by the modified Langmuir adsorption isotherm with multiple-layer
adsorption. The adsorption decreased with higher pH. The desorption process of the adsorbed humic
substances was very insignificant and neglectable. (3) Neither the iron oxide nor the adsorbed humic
substances alone could support significant biofilm accumulation on the surface. However, the adsorbed
humic substances could be an additional nutrient to assist higher accumulation rate of the biofilm on
the surface. The adsorbed humic substances also helped to attract and maintain more bacterial cells on
the surface. 



THE SURFACE INTERACTIONS AMONG IRON OXIDES, 

HUMIC SUBSTANCES, AND BIOFILMS

By

Liwei Qi

A thesis submitted in partial fulfillment 
of the requirements for the degree

of

Master of Science 

in

Chemical Engineering

MONTANA STATE UNIVERSITY-BOZEMAN 
Bozeman, Montana

June, 199B



COPYRIGHT©

by

Liwei Qi 

1999

All Rights Reserved



A P P R O V A L

Of a thesis submitted by 

Liwei Qi

This thesis has been read by each member of the thesis committee and 
has been found to be satisfactory regarding content, English usage, format, 
citations, bibliographic style, and consistency, and is ready for submission to the 
College of Graduate Studies.

Dr. Anne K. Camper j  n.
(Signatun (Date)

Approved for the Department of Chemical Engineering

Dr. John T. Sears 
(Dept. Head) (Ddte)

Approved for the College of Graduate Studies

Dr. Bruce R. McLeod 
(Graduate Dean) (Signature) (Date)



iii

STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the requirements for a 

master’s degree at Montana State University-Bozeman1 I agree that the Library 

shall make it available to borrowers under rules of the Library.

If I have indicated my intention to copyright this thesis by including a 

copyright notice page, copying is allowed only for scholarly purposes, consistent 

with “fair use” as prescribed in the U. S. Copyright Law. Requests for permission 

for extended quotation from or reproduction of this thesis in whole or in parts may 

be granted only by the copyright holder.

Signature

,



iv

ACKNOWLEDGEMENTS

It was a great pleasure to study and work in the Center for Biofilm 

Engineering, Montana State University, to develop my knowledge and skills. I 

would like to express my thanks to Anne Camper, who was the project leader 

and gave me extensive advice on the research; Calvin Abernathy, who shared 

his ideas about the relationship between corrosion products, humics and biofilms; 

Phil Butterfield and Chris Wend, who helped me with the TOC measurements; 

Ryan Jordan, who gave me information on the iron oxide coating method; Andy 

Rice, who shared the information of the bacteria and the microscopy method; 

and John Neuman, who helped me to arrange the laboratory work and 

equipment.

I would like to thank Marty Hamilton, who helped with the statistical 

analysis and interpretation; Ernie Visser, who did the MATLAB and bootstrap 

programming; and Fred Holdbreak, who did the statistical analysis of the biofilm 

growth data.

A special thank goes to John Sears and all the professors in the Chemical 

Engineering department who gave me great help on my education.

I wish to thank my parents who encouraged me to study abroad, and my 

wife, Lei, who gave me the happiest life for the last two years with love.



V

TABLE OF CONTENTS

CHAPTER 1. INTRODUCTION! 1

Goals and Objectives 2

Thesis Outline 2

CHAPTER 2. LITERATURE REVIEW 3

Bacterial Regrowth in Drinking Water Distribution Systems 3

Biofilms in Drinking Water Distribution Systems 4

General 4

Advantages to Bacterial Growth in Biofilm 5

Biofilm Formation 6

Factors that Influence Biofilm Growth 7

Pipe Materials and Their Effects on Biofilms in Distribution Systems 7

General 7

Characteristics of Iron Pipe Materials 9

" Corrosion of Iron Pipe Surfaces 10

Characteristics of Corrosion Product Surfaces 10

Natural Organic Matter and Their Effects 12
on Biofilms in Distribution Systems

General 12

Sources of Natural Organic Matter 12

Measurement of Natural Organic Matter 13

Types of Natural Organic Matter 14

Sources of Humic Substances 15

Types of Humic Substances 16

Structures of Humic Substances 18

Bioavailability of Humic Substances 19



Adsorption of Humic Substances on Iron Oxide Surfaces 22

General 22

Mechanisms 22

Mathematical Models 25

Constant qmax 28
Constant K 28

Constant b 29

Desorption 29

Factors Influencing the Adsorption of Humic 30
Substances onto Iron Oxides

Types of Substance 30

Types of Iron Oxide 31

pH 32

Presence of Cations 32

Presence of Inorganic Anions 33

Influence of Adsorption of Hurriic Substances 34
to iron Oxide Surfaces

Impact to Iron Oxide Surface 34

Impact to Humic Substances 35

Summary 36

CHAPTER 3. MATERIALS AND METHODS 37

Introduction 37

Creation of Iron Oxide Surface 37

General 37

Glass Beads 38

Glass Coverslip 39

Coating Solution 39

Iron Oxide Coating Process 39

Characterization of the Iron Oxide Surface 41

vi



vii

Digestion Test -  Mass of the Iron Oxide Film 41

Stability of the Iron Oxide Film 43

X-ray Photoelectron Spectroscopy (XPS) 43
Atomic Force Microscope (AFM) 44
Surface Area Analysis 44

Adsorption and Desorption Experiments 45

Humic Stock Solution 45

Glassware Cleaning Procedure 45

pH Buffering Method 46

Adsorption Procedure 47

Desorption Test 48

Total Organic Carbon (TOC) Measurement 48

Biofilm Growth Experiments . 49

Flow Cell and System Configuration 49

Organism 53

Cleaning and Sterilization 53

Media 54

Chemostat Culture 56

Total Direct Cell Counts (TDC) 57

Adsorption Procedure of Iron Oxide Coated Coverslip 58

Flow Cell Operation 58

Real Time Microscopy 60

Statistical Methods 61

The Adsorption Study 61

The Biofilm Accumulation Study 61

CHAPTER 4. EXPERIMENTAL RESULTS 63

Introduction 63

Characterization of the Created Iron Oxide Surface 64



viii

Digestion Test 64

Stability of the Iron Oxide Film 65

XPS Analysis 65

AFM Analysis 68

Surface Area Analysis 68

Summary 69

Adsorption and Desorption of ESLS Humic Substance 71
On the Created Iron Oxide Surface

Experimental Design 71

Adsorption Isotherm at a Neutral pH 73

pH Dependence of the Adsorption 74

Desorption Potential 77

Summary 78

Biofilm Accumulation on the Created Iron Oxide Surface 80
With the ESLS Humic substances Adsorbed

Experimental Design 80

Chemostat Cell Culture 82

The Biofilm Accumulation with Flow Cell Media I. 84

The Biofilm Accumulation with Flow Cell Media 2. 90

Results with Flow Cell Media I. 91

Results with Flow Cell Media 2. 97

Summary 101

CHAPTER 5. DISCUSSION 103

Properties of the Created Iron Oxide Surface 103

Adsorption and Desorption of Humic Substances 105
on the Iron Oxide Surface

Adsorption at Neutral pH 105

The Qmax and K values 105

The b Value 110



ix

The pH Dependence of the Adsorption 112

The Heterogeneity of the System 113
The Desorption Potential 113

Biofilm Accumulation on the Humic Substance Adsorbed 115
Iron Oxide Surfaces

Planktonic Cell Culture Using Humic Substances 115

Biofiim Accumulation Using the Adsorbed Humics 117
as the Only Carbon Source

Biofilm Accumulation Using the Adsorbed Humics 125
as An Additional Carbon Source

The Bioavailability of the Adsorbed Humic Substances 127

CHAPTER 6. CONCLUSIONS AND APPLICATIONS 131

LITERATURE CITED 134

APPENDICES 140

A. SURFACE ANALYSIS OF THE CREATED IRON OXIDE 141

B. THE ADSORPTION OF ESLS HUMIC SUBSTANCES 146
ON THE CREATED IRON OXIDE SURFACE

C. THE BIOFILM ACCUMULATION ON THE CREATED IRON 158 
OXIDE SURFACE WITH ESLS HUMIC SUBSTANCES 
ADSORBED



X

LIST OF TABLES

Table 1. Some factors affecting biofilm growth in distribution systems 6

Table 2. Chemostat culture media composition. 54

Table 3. Flow cell media 1 composition. 56

Table 4. Characteristics of the iron oxide coated glass beads. 64

Table 5. Atomic concentration of the iron oxide surface 66
on glass beads (by monochromated Al Kct)

Table 6. Model parameters used in equation 13 and 14 to simulate 74
adsorption isotherm data of ESLS humic substances on the 
created iron oxide surface at pH 6.7 and 7.4.

Table 7. The steady state phase accumulation rates of Pseudomonas 86
v aruginosa (PA01, GFP+) biofilm on the coverslip surfaces 

of four flow cells using the flow cell media 1. Calculated by 
linear least square regression of the data for each flow cell 
using MINITAB.

Table 8. Comparison of the steady state phase accumulation rates of 87
Pseudomonas aruginosa (PA01, GFP+) biofilm on the 
coverslip surfaces of four flow cells using the flow cell 
media I. Calculated by t-tests a ta = 0.05 level using MINITAB.

Table 9. The average Pseudomonas aruginosa (PA01, GFP+) biofilm 88
densities on the coverslip surfaces of four flow cells using 
the flow cell media 1 at the steady state phase at the average 
time for all the flow cells (2421 min).

Table 10. Comparison of the average Pseudomonas aruginosa 88
(PA01, GFP+) biofilm densities on the coverslip surfaces 
of four flow cells using the flow cell media 1 at the steady 
state phase at the average time for all the flow cells (2421 min).

Table 11. The decline phase decrease rates of Pseudomonas 89
aruginosa (PA01, GFP+) biofilm densities on the 
coverslip surfaces of four flow cells using the flow cell 
media 1. Calculated by linear least square regression of 
the data for each flow cell using MINITAB.



xi

Table 12. Comparison of the decline phase decease rates 90
of Pseudomonas aruginosa (PA01, GFP+) biofilm 
densities on the coverslip surfaces of four flow cells 
using the flow cell media 1.

Table 13. The steady state phase accumulation rates of Pseudomonas 94
aruginosa (PA01, GFP+) biofilm on the coverslip surfaces 
of four flow cells before switching the media in the replicate 1.

Table 14. The steady state phase accumulation rates of Pseudomonas 94
aruginosa (PA01, GFP+) biofilm on the coverslip surfaces 
of four flow cells before switching the media in the replicate 2.

Table 15. Comparison of the average Pseudomonas aeruginosa 96
(PA01, GFP+) biofilm densities on the coverslip surfaces 
of four flow cells between the two replicates.

Table 16. The average Pseudomonas aeruginosa (PA01, GFP+) 96
biofilm densities on the coverslip surfaces of four flow cells.

Table 17. Comparison of the average Pseudomonas aeruginosa 97
(PA01, GFP+) biofilm densities on the coverslip surfaces 
among all the flow cells at the steady state phase before 
switching the media.

Table 18. The logarithmic phase accumulation rates of Pseudomonas 98
aruginosa (PA01, GFP+) biofilm on the coverslip surfaces 
of four flow cells after switching the media in the replicate 1.

Table 19. The logarithmic phase accumulation rates of Pseudomonas 98
aruginosa (PA01, GFP+) biofilm on the coverslip surfaces 
of four flow cells after switching the media in the replicate 2.

Table 20. Comparison of the logarithmic phase accumulation rates 99
of Pseudomonas aruginosa (PA01, GFP+) biofilm on the 
coverslip surfaces of four flow cells after switching the 
media in the replicate 1.

Table 21. Comparison of the logarithmic phase accumulation rates 99
of Pseudomonas aruginosa (PA01, GFP+) biofilm on the 
coverslip surfaces of four flow cells after switching the 
media in the replicate 2.



Table 22. The average log phase accumulation rates of Pseudomonas 
aruginosa (PA01, GFP+) biofilm on the coverslip surfaces 
of four flow cells after switching the media in the 
replicatel and 2.

Table 23. The adsorption data of ESLS humic substances 
on the created iron oxide surface at pH 6.7.

Table 24. The adsorption and desorption data of ESLS
humic substances on the created iron oxide surface 

„ at pH 7.4.

Table 25. The total direct cell count data of the chemostat 
culture of Pseudomonas aeruginosa (PA01, GFP+) 
in the 100-ppm C ESLS humic substances media

Table 26. The real time microscopy cell count data of
Pseudomonas aeruginosa (PA01, GFP+) biofilm 
in flow cell 1 (with pure glass coverslip) using the 
media 1 (TOC free) with 4.02 M O6 cfu/ml inoculation 
concentration.

Table 27. The real time microscopy cell count data of
Pseudomonas aeruginosa (PA01, GFP+) biofilm 
in flow cell 2 (with iron oxide coated coverslip but 
no pre-adsorbed humics) using the media 1 (TOC free) 
with 4.02 x 106 cfu/ml inoculation concentration.

Table 28. The real time microscopy cell count data of
Pseudomonas aeruginosa (PA01, GFP+) biofilm 
in flow cell 3 (with iron oxide coated coverslip 
pre-conditioned in 12 ppm C humic solution) using 
the media 1 (TOC free) with 4.02 M O 6 cfu/ml 
inoculation concentration.

Table 29. The real time microscopy cell count data of 
Pseudomonas aeruginosa (PA01, GFP+) biofilm 
in flow cell 4 (with iron oxide coated coverslip 
pre-conditioned in 66 ppm C humic solution) using 
the media 1 (TOC free) with 4.02 M O 6 cfu/ml 
inoculation concentration.



xiii

Table 30. The real time microscopy cell count data of 162
Pseudomonas aeruginosa (PA01, GFP+) biofilm 
in flow cell 1 (with pure glass coverslip) using the 
media 1 (TOC free) and the media 2 
(0.25 ppm C humics) with 5.97 x 106 cfu/ml 
inoculation concentration (experiment 1).

Table 31. The real time microscopy cell count data of 163
Pseudomonas aeruginosa (PA01, GFP+) biofilm 
in flow cell 2 (with iron oxide coated coverslip but 
no pre-adsorbed humics) using the media 1 
(TOC free) and the media 2 (0.25 ppm C humics) 
with 5.97 x 106 cfu/ml inoculation concentration 
(experiment 1).

Table 32. The real time microscopy cell count data of 164
Pseudomonas aeruginosa (PA01, GFP+) biofilm 
in flow cell 3 (with iron oxide coated coverslip 
pre-conditioned in 5 ppm C humic solution) using 
the media 1 (TOC free) and the media 2 
(0.25 ppm C humics) with 5.97 x 106 cfu/ml 
inoculation concentration (experiment 1).

Table 33. The real time microscopy cell count data of 165
Pseudomonas aeruginosa (PA01, GFP+) biofilm 
in flow cell 4 (with iron oxide coated coverslip 
pre-conditioned in 50 ppm C humic solution) using 
the media 1 (TOC free) and the media 2 
(0.25 ppm C humics) with 5.97 x 106 cfu/ml 
inoculation concentration (experiment 1).

Table 34. The real time microscopy cell count data of 166
Pseudomonas aeruginosa (PA01, GFP+) biofilm 
in flow cell 1 (with pure glass coverslip) using the 
media I (TOC free) and the media 2 
(0.25 ppm C humics) with 4.77 M O 6 cfu/ml 
inoculation concentration (experiment 2).



JLi I

xiv

Table 35. The real time microscopy cell count data of 166
Pseudomonas aeruginosa (PA01, GFP+) biofilm 
in flow cell 2 (with iron oxide coated coverslip but 
no pre-adsorbed humics) using the media 1 
(TOC free) and the media 2 (0.25 ppm C humics) 
with 4.77 x I O6 cfu/ml inoculation concentration 
(experiment 2).

Table 36. The real time microscopy cell count data of 167
Pseudomonas aeruginosa (PA01, GFP+) bibfilm '
in flow cell 3 (with iron oxide coated coverslip 
pre-conditioned in 5 ppm C humic solution) using 
the media 1 (TOC free) and the media 2 
(0.25 ppm C humics) with 4.77 x 106 cfu/ml 
inoculation concentration (experiment 2).

Table 37. The real time microscopy cell count data of .167
Pseudomonas aeruginosa (PA01, GFP+) biofilm 
in flow cell 4 (with iron oxide coated coverslip 
pre-conditioned in 50 ppm C humic solution) using 
the media 1 (TOC free) and the media 2 
(0.25 ppm C humics) with 4.77 x 106 cfu/ml 
inoculation concentration (experiment 2).



I

XV

LIST OF FIGURES

Figure 1. Type of natural organic matters in surface 17
water. (Kaplan et al., 1994)

Figure 2. Model structures of humic acid and fulvic acid, 21
(Stevenson, 1982)

Figure 3. Schematic of ligand exchange adsorption of 24
humic substances onto iron oxide surfaces

Figure 4. Schematic of iron oxide coating process on 42
micro glass beads.

Figure 5. Schematic of the flow cell, 50

Figure 6. Schematic of the flow cell system 52

Figure 7. Schematic of the chemostat system 55

Figure 8. The binding energy of the Fe 2p electron of the 67
created iron oxide surface measured by X-ray 
Photoelectron Spectroscopy.

Figure 9. The binding energy of the O 1s electron of the 67
created iron oxide surface measured by X-ray 
Photoelectron Spectroscopy.

Figure 10. Images of the surface of the iron oxide coated: 70
glass beads by Atomic Force Microscopy

Figure 11. Adsorption results for ESLS humic substances 72
on the created iron oxide surface at pH 6.7.

Figure 12. Adsorption and desorption results for ESLS humic 76
substances on the created iron oxide surface at pH 7.4.

Figure 13. Relationship between the amount of the desorption 79
of ESLS humic substances from the created iron 
oxide surfaces back into the water phase and the 
amount of the originally adsorbed humics on these 
surfaces.



xvi

Figure 14. Chemostat culture of Pseudomonas aeruginosa 
(PA01, GFP+) in a media with 100 ppm ESLS 
humic substances as the only carbon source.

Figure 15. Pseudomonas aruginosa (PA01, GFP+) biofilm
accumulation on the coverslip surfaces of four flow cells 
using the flow cell media 1.

Figure 16. Pseudomonas aruginosa (PAGI, GFP+) biofilm
accumulation on the coverslip surfaces of four flow cells 
using the flow cell media 1 and media 2 (replicate 1).

Figure 17. The repeat experiment o i Pseudomonas aruginosa
(PA01, GFP+) biofilm accumulation on the coverslip 
surfaces of four flow cells using the flow cell media 1 
and media 2 (replicate 2).

Figure 18. Comparison of the duevage Pseudomonas aruginosa 
(PA01, GFP+) biofilm densities on the coverslip 
surfaces of four flow cells at the steady state phase 
before switching the media. The comparison is made 
between the two replicates as well as among the 
four flow cells.

Figure 19. Electron microscope photo picture (A) .of aqueous 
humic substance molecule and the model of coiled 
macromolecule configuration (B) (Weber, 1997).

Figure 20. Model of the uncoiled humic substance molecule
extending on iron oxide surface after being adsorbed.

Figure 21. XPS analysis of the elements on the created 
iron oxide surface.

Figure 22. References of the binding energies of Fe 2p 
electrons for XPS analysis.

Figure 23. References of the binding energies of O 1s 
electrons for XPS analysis.

Figure 24. Surface area analysis of the cleaned glass beads.

Figure 25. Surface area analysis of the iron oxide 
coated glass beads.

83

85

92

93

95

130

130

142

143

143

144

145



xvii

Figure 26. The MATLAB program of the non-linear least 
squares regression of the adsorption data using 

,the modified Langmuir model.

Figure 27. The bootstrap analysis for the standard errors
of the coefficients of the modified Langmuir isotherm.

151

153



xviii

ABSTRACT

The occurrence of biofilms in drinking water distribution systems has 
caused more and more water quality problems and become a major concern to 
the industry. It is known that iron pipe materials support more biofilms than other 
materials, and the effect is positively related to the corrosion potential of the 
materials. It is also known that iron oxide tends to accumulate natural organic 
carbon on its surface. The purpose of this thesis is to investigate the hypothesis 
that the adsorbed humic substances on iron oxide surface can serve as carbon 
and energy sources for biofilm cells to grow.

To study the relationship between iron oxide, adsorbed humic substances, 
and biofilms, an iron oxide surface was created on glass beads and glass 
coupons by slow hydrolysis and condensation reactions of a millimolar solution of 
iron nitrate in approximately 10-mM nitric acid at 70 °C. The physical, chemical, 
and mechanical properties of the surface were analyzed. The Elliot Silt Loam Soil 
humic substances were allowed to adsorb on the iron oxide surface in batch 
reactors. The adsorption isotherms at pH 6.7 and 7.4 were measured by TOC 
measurements. A desorption test was conducted to demonstrate the stability of 
the adsorbed humic substances. Four parallel plate flow cells with different 
coverslip surfaces were used for the biofilm growth studies. These coverslip 
surfaces included (1) glass, (2) iron oxide without pre-adsorbed humics, (3) iron 
oxide with pre-adsorbed humic of low surface coverage, and (4) iron oxide with 
pre-adsorbed humic of high surface coverage. A strain ot Pseudomonas aeruginosa 
(PA01, GFP+) was chemostat cultured and inoculated into the flow cells. It was 
allowed to attach and grow on the coverslip surfaces. These cells produced 
fluorescence and were counted by real time microscopy. A TOC free medium 
and a 0.25-ppm C humic substance medium were allowed to flow through the 
flow cells in a laminar mode. The biofilm densities and accumulation rates of the 
different surface and media conditions were measured and compared.

The results of this study demonstrated.that (1) the iron deposit method 
provided a proper iron oxide surface for the subsequent humic adsorption and 
biofilm growth research. (2) The created iron oxide surface had significant 
adsorption capacity and affinity to the Elliot Silt Loam Soil humic substances. The 
adsorption could be interpreted by the modified Langmuir adsorption isotherm 
with multiple-layer adsorption. The adsorption decreased with higher pH. The 
desorption process of the adsorbed humic substances was very insignificant and 
neglectable. (3) Neither the iron oxide nor the adsorbed humic substances alone 
could support significant biofilm accumulation on the surface. However, the 
adsorbed humic substances could be an additional nutrient to assist higher 
accumulation rate of the biofilm on the surface. The adsorbed humic substances 
also helped to attract and maintain more bacterial cells on the surface.
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CHAPTER 1. INTRODUCTION

With the increasing stringency in drinking water regulations over the past 

decades, concerns have been raised about biofilm growth in drinking water 

distribution systems and their impact on the health risk associated with tap water. 

A detailed study of biofilm growth is necessary to enable better control of it.

Drinking water is usually well treated and provides an unfavorable 

environment to bacterial growth: there is an extremely low level of nutrients and 

disinfectant is usually present. However, since biofilm cells grow on the water- 

solid interface of the pipe material surface, their physiological and ecological 

behaviors are different from planktonic bacteria. In addition, the chemical 

properties and nutrient conditions on the pipe material surface may be very 

different than that in the bulk water. Thus, to better understand biofilm growth, 

the following questions need to be answered:

♦ What are the chemical properties of the pipe material surface?

♦ Will the pipe material accumulate natural organic carbon at the water- 

solid interface?

♦ Will the chemical properties of the pipe material surface be changed 

after accumulating natural organic carbons?

♦ Is the accumulated natural organic carbon bioavailable?
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Goals and Objectives

The main goal of this study is to provide working knowledge of the 

relationships between pipe materials and their corrosion products, natural 

organic carbon, and biofilm growth. Since ferrous pipes support more biofilm 

growth than other materials, and humic substances are the major organic carbon 

sources in the drinking water, this thesis will focus on the interaction among iron 

oxides, humic substances, and distribution biofilms.

Thesis Outline

The report of this study consists of four sections. Chapter 2 provides a 

comprehensive literature review of the research background and relevance. 

Chapter 3 describes the materials and methods used in this study to create a 

proper iron oxide surface, measure the adsorption of humic substances on the 

surface, and measure the biofilm growth on the surface. Chapter 4 reports the 

results of the research including the properties of the created iron oxide surface, 

the surface concentration of the adsorbed humic substances, and biofilm 

accumulation rate. These results were statistically compared for the different 

conditions. Chapter 5 presents the significance of the results of this study and 

compares them to the conclusions of other researchers. Chapter 6 presents a 

summary of the results and the primary conclusions drawn from this study.
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CHAPTER 2. LITERATURE REVIEW

Bacterial Regrowth in Drinking Water Distribution Systems 

Bacterial growth in drinking water systems has become a major concern 

due to degradation of water quality for the customers as well: as industry. The 

growth of microorganisms in the distribution system may cause (1) increased 

hygienic safety and public health risks, (2) production of unpleasant taste and 

odor, (3) violation of the federal and state drinking water standards, and (4) high 

corrosion rate of pipe walls and pump casings.

Although drinking water is always fully treated and disinfected before 

leaving a water treatment plant, and the possible “breakthrough” of bacteria 

passing through the treatment and disinfection barrier (Camper, 1994) is 

minimized, the occurrence of coliform bacteria is still a widely spread problem in 

distribution systems (LeChevallier, 1990; LeChevaIIieret al., 1987; Herson,

1991). Experience has shown that maintenance of a chlorine residual can not be 

relied upon to totally prevent the occurrence of bacteria (LeChevallier et al.,

1988). This chronic or periodic appearance of bacteria in the finished water has 

been termed “regrowth”, and is presumed to be associated with the proliferation 

of bacteria within the distribution system (Camper, 1994).

In most drinking water distribution systems, the conditions for planktonic 

cell regrowth are unfavorable, considering the relatively short detention times, the 

low nutrient concentrations, and the presence of a residual disinfectant. In



contrast, conditions within water distribution systems can be favorable for 

attached biological growth. There is vast evidence showing that most pipe 

surfaces in distribution systems are colonized by biofilms. Research by van der 

Wende et al. (1989) and LeChevaIIier et a I. (1990) shows that in a potable water 

distribution system, planktonic cell growth was negligible even in the absence of 

chlorine, and the colifdrm bacteria from distribution system biofilms had the same 

biochemical profile as organisms isolated from water column. It has been 

concluded that the significant increase of bacteria numbers in the drinking water 

distribution system is primarily due to the biofilms growing on the pipe walls, and 

detaching from the surface into the bulk water.

Biofilms in Drinking, Water Distribution Systems

General

A biofilm is a layer of microorganisms in an aquatic environment held 

together in a polymeric matrix attached to a substratum (van der Wende and 

Characklis, 1990). Biofilms in distribution systems generally contain at least four 

components: water, microorganisms, extracellular polymeric substances (EPS), 

and organic or inorganic particles (Characklis and Marshall, 1990). Water 

provides a continuous liquid phase that fills a connected fraction of the biofilm 

volume and contains dissolved and suspended particulate materials. Biofilms 

from natural environments are generally heterogeneous, frequently containing 

more than one distinct microorganism. Both aerobic and anaerobic strata can be



found in the same biofilm. EPS are produced and excreted by microorganisms. 

The chemical structure and quantity of EPS production will vary among different 

types of bacteria and different environmental conditions (Abernathy, 1998). The 

organic and inorganic particles may be clay sediments or salt precipitation from 

bulk fluid, or the corrosion products from the pipe surface. These particles are 

adhered by the EPS.

Advantages to Bacterial Growth in Biofilm

The accumulation and development of biofilms provides a variety of 

ecological advantages to bacterial growth in flowing oligotrophic environment 

such as drinking water. The heterogeneous microenvironments in biofilm 

structure can be inhabited by bacteria of different physiologies (van der Wende 

and Characklis, 1990). The high flow rates of the water may transport 

tremendous amounts of nutrients to the fixed microorganisms. The solid-liquid 

interface (such as the pipe wall) and the EPS tend to adsorb natural organic 

matter from the water column, and may provide food for biofilm cell growth. The 

EPS anchor provides resistance to hydraulic and mechanical forces. The 

substratum surface and the EPS also protect bacteria from lethal levels of 

disinfectants due to possible chemical consumption of biocide and the transport 

limitations within the matrices (LeChevallier, 1990; van der Wende, Characklis 

and Smith, 1989).
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Biofilm Formation

A biofilm is formed with the transport of microorganisms and nutrients to 

the substratum surface, followed by accumulation, growth, EPS formation, and 

detachment. The processes occurring during early colonization at the solid-liquid 

interface can be summarized as: substratum conditioning by organic molecules; 

transport of cells to the surface; initial reversible adhesion of cells to the 

substratum; desorption of reversibly adsorbed cells; transformation of reversibly 

adsorbed cells to irreversibly adsorbed cells; growth of irreversibly adsorbed 

cells; and erosion of cells from adsorbed colonies into bulk water (Mueller et al., 

1992). The accumulation of biofilm cells results from the combination of 

attachment and reattachment, growth, and detachment.

Table 1. Some factors affecting biofilm growth in distribution systems.

Factors Influences
Environmental
Factors

Temperature Higher temperature increases cell growth; 
Higher temperature increases nutrient level 
in raw water.

Precipitation Increases nutrient level in raw water.
Treatment
Factors

Disinfectants The cell killing performance varies with 
disinfectant types and dosages.

pH Physiologically affects cell growth;
Affects the corrosion rate of pipe materials.

Natural
Organic
Matters

The carbon and energy source for most 
heterogeneous bacteria. Can be controlled 
by various filtration methods.

Distribution
Factors

Pipe
Materials

Ferrous materials react with disinfectants, 
lower the residue level;
The corrosion products benefit cell growth by 
providing more surface area, hiding from 
shear stress, and adsorbing nutrients.

Hydraulic
Regime

Influences the shear stress at the surface as 
well as the nutrients and disinfectants levels.
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Factors that Influence Biofilm Growth

There are many factors related to microorganism growth in the distribution 

system (Camper, 1994; Martin et at., 1982). Some of the important factors and 

their influences are listed in Table 1. The actual effect on the presence of biofilms 

in the real world may be the combination of several! or all of these factors. Among 

these factors, the pipe materials and the natural organic matter in the finished 

water are very important and considered in this study.

Pipe Materials and Their Effects on Biofilms in Distribution Systems 

General

The nature of biofilms found in distribution systems is significantly affected 

by the materials of construction (Delanoue et al., 1997). A recent survey 

(LeChevaIIier et al., 1996) indicated that systems with more than 1,000 miles of 

unlined cast iron pipe had three-times-higher coliform levels than systems with 0 

to 200 miles of unlined cast iron pipe. Experimental studies (Olios et al., 1997) 

found that heterotrophic bacterial growth was 0.4 logs higher on ductile iron 

coupons than on polycarbonate substrata. A long-term study (Delanoue et al., 

1997) showed that exposed iron supported more bacterial growth than cement, 

glass and other materials. Indirect evidence of reduction or control of bacterial 

regrowth by application of corrosion inhibitors (LeChevaIIier et al., 1990; Martin et 

al., 1982) also suggested the important relationship between ferrous materials 

and biofilm growth.
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The advantage of iron pipe materials to biofilm growth has been attributed 

to the significant chlorine demand of iron and its corrosion products, which lower 

the disinfectant residual in finished water (LeChevaIIier et at., 1990, 1993; Chen 

et al,, 1993). However, studies of an unchlorined system with 11% cast iron and 

18% PVC (van der Kooij and Oorhuizen, 1997) showed that the biofilm density 

on cast iron pipe was two times higher than that on the PVC surfaces. The 

biofilm formation rate in the system was observed to increase with an increased 

iron accumulation due to the passage of water through cast iron pipes. Block 

(1992) concluded that under conditions of low or undetectable chlorine 

concentrations, there was a progressive decrease in bacterial densities on 

materials from cast iron, tinned iron, cement lined cast iron, to stainless steel. 

Camper et al. (1996) found that in the absence of a disinfectant, mild steel 

surfaces were consistently colonized by nearly 10-fold more heterotrophs and 2- 

to 10-fold more conforms than were polycarbonate surfaces when the reactors 

were operated under the same conditions, and the impact extended to the 

effluent bacterial concentration as well. Studies (Camper, 1997; LeChevaIIier, 

1997) also show that even with adequate corrosion control applied and 

consistent chlorine residues maintained, biofilm developed more quickly on iron 

pipe surfaces than on PVC pipes, and the iron pipe supported a more diverse 

microbial population than did PVC pipes in the studies. Therefore it can be 

concluded that iron materials in distribution systems not only protect biofilms from
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the inactivity by disinfectants, but also enhance bacterial growth on their 

surfaces.

Unlined mild steel and unlined cast iron pipes comprise about 22% of all 

distribution pipes in the United States (LeChevallier, 1997). In many old cities 

where the distribution systems were built prior to 1940’s, these materials may 

comprise of more than 80% of the distribution system (Abernathy, 1998). 

Therefore detailed studies of the physical and chemical properties of the 

materials and their corrosion products are very important to drinking water 

management.

Characteristics of Iron Pipe Materials

Unlined mild steel, followed by unlined cast iron and unlined ductile iron 

surfaces will support significantly higher biofilm density than PVC, cement, glass 

and other non-ferrous materials. This phenomenon can be explained by the high 

corrosion potential of the materials. Mild steel contains 99.12% iron by weight, 

while cast iron and ductile iron contain 93.18% and 92. 66% respectively. The 

exposed ferrous materials present 98.9% of the total area of mild steel and 83% 

and 81.5% for cast iron and ductile iron (Singley and Ahmadi, 1985). Increased 

exposed iron in the material leads to more release from the surface in the form of 

dissolved Fe2+, and greater accumulation of corrosion products on the pipe 

surface. Iron corrosion products provide more surface area for bacteria 

colonization, protect cells from mechanical detachment, neutralize disinfectants,



and accumulate nutrients for biofilm growth (LeChevaIIier et al., 1996; Camper 

1994; Martin et at., 1982; van der Kooij and Oorhuizen, 1997).

Corrosion of Iron Pipe Surfaces

In distribution systems, there are two ways for the corrosion of an iron pipe 

surface to occur. Chemically induced corrosion happens when an 

electrochemical potential difference exists between the pipe surface and the ions 

in the bulk fluid. This potential difference force electron transport from the pipe 

surface, resulting in the release of the more thermodynamically stable form of 

iron (Fe2+). Microbiologically influenced corrosion (MIC) is caused by the 

chemical gradient developed between the pipe surface beneath a microbial 

colony and the bulk fluid. The chemical gradient creates an electrochemical cell 

that causes the pipe to release electrons and Fe2+ ions. Once released, Fe2+ 

reacts with various electron acceptors such as oxygen, free chlorine, and 

carbonate in the water to form corrosion products precipitated on pipe surface 

(Singley and Ahmadi, 1985).

Characteristics of Corrosion Product Surfaces

Goethite (a-FeOOH) and magnetite (FesO4) are the most common types 

of corrosion products found on iron pipe surfaces in distribution systems (Singley 

and Ahmadi, 1985). In aquatic environments, these iron oxide surfaces become 

“hydroxylated” through the sorption of a monolayer of water molecules. The 

hydroxylated sites behave much like diprotic acid, with the three potential species 

commonly represented as =FeOH2+, =FeOH1 and =FeO' (Chang et al., 1997):
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iFeOH2+ * *  =FeOH + H+ pKal (1)

iFeOH * *  =FeO' + H+ pKa2 (2)

At least two types of surface hydroxyl groups have been identified on iron 

oxides (Parfitt et al., 1977). The OH groups that bind to two Fe ions are more 

strongly polarized, more acidic, and relatively less intractable with anions. The 

single-bounded OH groups, on the other hand, are less polarized, and more 

basic in nature. They are possibly exchangeable with other anions in solution, 

such as phosphate and sulfate. They may also be exchanged with the hydroxyl 

or carboxyl groups of natural organic matter (NOM), resulting in the accumulation 

of NOM onto the iron oxide surface.

The adsorption of NOM may be the most important surface property of 

iron oxide in drinking water distribution systems and treatment. Iron oxides may 

be used as a filter medium to remove NOM from the finished water (Benjamin et 

al., 1993; Benjamin and Li, 1997), lower the nutrient level, and subsequently 

lower the bacteria regrowth potential. In distribution systems, iron oxides, as the 

most common corrosion products on pipe surface, are capable of adsorbing 

organics from the bulk water, and may provide a higher concentration of organic 

carbon on the pipe surface than in the bulk fluid (van der Wende and Characklis, 

1990). The adsorption to the iron oxide surface may also increase the 

bioavailability of the carbon substrates for microorganisms. Thus, the higher 

occurrence of biofilms on iron pipe materials may be partially a result of the 

adsorption of NOM on the iron oxide surfaces.



Natural Organic Matters and Their Effects

on Biofilms in Distribution Systems

General

Carbon, nitrogen, and phosphorous are the principle nutrients for the 

growth of heterotrophs and coliform bacteria. Other factors such as trace metals 

and organic cofactors may also be necessary for bacterial growth, but they are 

usually presumed to be non-limiting in a mixed microbial population (Camper, 

1994). Organic carbon is utilized by bacteria to produce new cellular materials 

and provide energy, while nitrogen and phosphorous are required for 

biosynthesis. Because the growth of heterotrophic bacteria generally requires 

carbon, nitrogen, and phosphorous in a ratio of approximately 100:10:1, organic 

carbon is the growth-limiting nutrient (LeChevallier, 1990), and an important 

factor for understanding biofilms in distribution systems.

Sources of Natural Organic Matter

Natural organic matter (NOM) in surface waters come from a variety of 

sources. The biodegradation of plant and animal remains by microorganisms 

produces large amounts of organic materials in soil. These organic materials can 

be washed into the freshwater environment. Biodegradation and leaching of 

organic detritus from soil in the watershed are the major source of NOM in 

natural water environment (Aiken and Cotsaris, 1995). Microbial degradation of 

plants in lake and river systems releases NOM directly into water.



Photosynthesis by phytoplankton also provides a small portion of NOM (Wetzel, 

1992),

The source of NOM significantly impacts its chemical composition. 

Freshwater environments content more high molecular weight (HMW) 

compounds, such as humic substances, than low molecular weight (LMW) 

compounds. In marine systems the LMW compounds, such as amino acids and 

carbohydrates, are dominant (Amon and Benner, 1996). Water sources from 

areas with wetlands and forests may have a high amount of humic substances, 

while water sources from agricultural areas may have more nitrogen-containing 

organics (Aiken and Cotsaris, 1995).

Measurement of Natural Organic Matter

In drinking water distribution systems, the amount of NOM in finished 

water is traditionally measured by total organic carbon (TOC) or dissolved 

organic carbon (DOC). In the USEPA’s National Organic Reconnaissance 

Survey (Symons et a!., 1975), the non-purgable TOC concentration of finished 

water in 80 locations ranged from 0.05 to 12.2 mg/L. The TOC level in drinking 

water is impacted by several factors, such as seasonal temperature and rainfall. 

LeChevaIIier et al. (1991) found that coliform bacteria always occurred in the 

distribution system when TOC levels were greater than 2.9 mg/L, while TOC 

levels below 2.2 mg/L were associated with very low coliform levels. However, 

other researchers (van der Kooij et al., 1982) have indicated that measurement



of TOC was unreliable for predicting microbial growth, because only a small; 

portion of the TOC pool is normally available for biodegradation.

Several techniques have been developed to measure the biodegradable 

portion of TOC or the biological stability of drinking water. These techniques 

include biodegradable organic carbon (BDOC) and assimilable organic carbon 

(AOC). BDOC is the portion of organic carbon in water that can be mineralized 

by heterotrophic microorganisms (Huck, 1990), and can be determined by 

measuring the change in TOC after the water passing through a packed bed 

bioreactor (Lucena et al., 1990). Servais et al. (1991) have estimated that 

biological stability can be achieved when BDOC levels were less than 0.2 mg/L. 

AOC is the portion of biodegradable organic carbon that can be converted to cell 

mass and expressed as a carbon concentration by means of a conversion factor 

or calibration (Huck, 1990). AOC is measured by a batch culture of 

Pseudomonas fluorecens (P17 strain) and Spirollum (NOX strain) (van der Kooij 

et al., 1982). Van der Kooij (1992) found that AOC levels greater than 10 Mg C/IL 

would support heterotrophic plate count growth in distribution system. 

LeChevaIIier et al. (1990) determined a threshold AOC level of 50 Mg C/L for 

heterotrophic growth.

Types of Natural Organic Matter

The type of NOM in distribution system also influences the AOC or BDOC 

level, and the growth of microorganisms. Figure I . illustrates the available NOMi 

for microbial growth in drinking water (Kaplan et al., 1994), The sources of this



NOM can be characterized as humic and non-humic substances. Non-humic 

substances are those materials that can be placed in one of the categories of 

discrete compounds such as carbohydrates, amino acids, fats and so on. Humic 

substances are the other unidentifiable compounds with relatively high molecular 

weight. Humic substances and humic-bound organics comprise the majority of 

NOM in finished water.

Sources of Humic Substances

Humic substances are naturally occurring organic materials that result 

from random condensation of the microbial decomposition products of living 

organisms (mostly plants) and their residues. They largely exist in soil as well as 

the water environment, and play important functions in nature such as increasing 

buffering and exchange capacity of soils. Several pathways exist for the 

formation of humic substances during the decay of plant and animal 

remains (Stevenson, 1982). Each involves different intermediates, such as 

lignins, polyphenols, quinones, simple sugars and amino compounds. The 

chemical structure of humic substances is dependent on its source. Lignin- 

derived substances tend to be more aromatic, having more benzene- and 

phenol-like components, and are low in nitrogen content. Microbially derived 

substances are more aliphatic and high in nitrogen content (Aiken and Cotsaris, 

1995). In practice all the pathways must be considered as likely mechanisms for 

the synthesis of humic substances. Therefore humic substances, rather than



being pure chemicals, are heterogeneous mixtures of complex materials 

containing aromatic and aliphatic fractions.

Types of Humic Substances

In the laboratory, humic substances can be separated from soil by 

application of alkali, gel chromatography, ultrafiltration, and ion-exchange 

methods. Humicsubstances can be divided into three categories: fulvic acid, 

humic acid, and humin. Fulvic acid is the fraction that is soluble in water under all 

pH conditions. It has the lowest degree of polymerization, with a molecular 

weight as low as a few hundreds. Fulvic acids have the lowest carbon content 

but the highest oxygen content and exchange acidity. Humic acid is the fraction 

that is not soluble in water under acidic conditions (pH < 2) but is soluble at 

higher pH values. Its molecular weight is in the several thousands range 

demonstrating a higher degree of polymerization. It has higher carbon content 

than fulvic acid but lower oxygen content and exchange acidity. Humin is the 

fraction that is not soluble in water at any pH value. It has the highest molecular 

weight and carbon content but lowest oxygen content and acidity (Stevenson, 

1982). Humic and fulvic acid are the major humic substances in aquatic 

environments due to their solubility. The typical molecular weights for aquatic 

humic acid and fulvic acid are 3,000 and 500-1,000 respectively (Malcolm, 1985). 

Humic acids are the major extractable component of soil samples, while typically 

90% of dissolved humic substances in natural water are fulvic acids and the 

remaining 10% are humic acids (Beckett, 1990; Benjamin et al., 1993).
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Figure 1. Type of natural organic matter in surface water. 
(Kaplan et al., 1994)
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Structures of Humic Substances

It is apparent that humic substances consist of a heterogeneous mixture of 

compounds for which no single structural formula will suffice. Model formulas of 

humic and fulvic acid in Figure 2 may hypothetically illustrate the structures of the 

acids (Stevenson, 1982). Humic acids are thought to be complex aromatic 

macromolecules with amino acids, amino sugars, peptides, and aliphatic 

compounds involved in linkages between the aromatic groups. The model 

structure contains free and bound phenolic OH groups, quinone structures, 

nitrogen and oxygen as bridge units and COOH groups at various places on 

aromatic rings. The model structure of fulvic acid contains aromatic as well as 

aliphatic structures, both extensively substituted with oxygen-containing 

functional groups.

There is a greater aromatic portion in humic acid than in fulvic acid, which 

accounts for the higher carbon content in humic acid. Fulvic acids contains more 

functional groups of an acidic nature, particularly COOH, resulting in higher 

acidity (900-1400 meq/100g) than humic acid (400-870 meq/1 OOg). Another 

important difference is that while the oxygen in fulvic acid can be accounted for 

largely in: known functional groups (COOH, OH, C=O), a high portion of the 

oxygen in humic acid seems to occur as a structural component of the nucleus 

(Stevenson, 1982).

Although aquatic humic acids and fulvic acids vary in composition, their 

similarities are more pronounced than their differences (Malcolm, 1986). Carbon,
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hydrogen, oxygen, and nitrogen are the major chemical components for all of 

them. Both acids contain carboxyl, phenolic hydroxyl, and alcoholic hydroxyl 

groups as their major functional groups. Under the neutral pH conditions of fresh 

waters, many functional groups are ionized and negatively charged. The anionic 

charge accounts for many properties of humic substances, including their 

aqueous solubility, buffer capacity, and binding capacity for metals. Humic 

substances can form stable complexes with metal ions, especially the transition 

elements (Weber, 1988). The complexation ability may even increase if the 

carboxyl groups are in favorable steric arrangements to chelate with metal ions 

(Chang, 1992). Humic substances also tend to accumulate on metal oxide 

surfaces, which will be discussed in the following section.

Bioavailability of Humic Substances '

In the bulk fluid, humic substances are found in a tightly coiled 

conformation (Chang, 1992). Electron microscope observations also show colloid 

structures of humic acids in the natural environment (Weber, 1997). The coiled 

structures may decrease the bioavailability of humic substances to suspended 

bacteria because the enzymatically active site of the molecule may be hidden 

deeply in the colloid, unreachable by microorganisms. It was found that humic 

substances could form complexes with extracellular enzymes, inhibiting the 

action of those enzymes. Divalent cations, such as Ca2+ and Mg2+, can prevent 

the formation of humic-enzyme complexes; it has been found that bacterial 

productivity on humic substances in hard water was greater than in soft water
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(Welzel, 1992). Billen (1991) also indicated that polymeric substances were 

partially recalcitrant to degradation and their assimilation requires extracellular 

hydrolysis. This evidence implies that microorganisms cannot effectively utilize 

the dissolved humic substances as nutrient sources. In practice, humic 

substances in natural water environments are very stable and resistant to 

microbial degradation (McKnight, 1990). However, Lovley etal. (1996) found that 

some microorganisms in soils and sediments were able to use humic substances 

as electron acceptors for the anaerobic oxidation of organic compounds and 

hydrogen. Other researchers (Sunda and Kieber, 1994; Stone, 1987) reported 

that Mn oxides could degrade humic substances to form low molecular weight 

organic compounds that could be used as substrates for the growth of some Mn- 

oxidizing bacteria. Thus, the biological properties of humic substances are still 

under investigation.
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Figure 2. Model structures of humic acid and fulvic acid. 
(Stevenson, 1982)
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Adsorption of Humic Substances on Iron Oxide Surfaces

General

Aquatic humic substances strongly adsorb to iron oxide surfaces in natural 

environments (Tipping et al„ 1981) as well as under laboratory conditions (Gu et 

a!-, 1994; Tipping, 1980; Parfitt et al., 1977; Varadachari et al., 1997). This 

process can mask the physicochemical properties of the underlying iron oxide 

whose surface behavior may become dominated by the adsorbed organic matter. 

The adsorption may also influence the chemical and biological properties of 

humic substances.

Mechanisms

The mechanisms by which humic substances adsorb onto mineral 

surfaces include anion exchange (electrostatic interaction), ligand exchange- 

surface complexation, hydrophobic interaction, thermodynamic effect, H-binding, 

and cation bridging (Gu et al., 1994). Infrared spectroscopy (Parfitt et al., 1977) 

and adsorption heat measurements (Gu et al., 1994) suggested that ligand 

exchange is the most important mechanism for the adsorption of humic 

substances to iron oxide surfaces. The mechanism is shown in Figure 3. The 

hydroxyIated oxide surface, behaving as a Lewis acid, can exchange OH" ion 

against the anionic group of humic acid and fulvic acid. This process occurs 

when the anionic group penetrates the coordination shell of Fe and displaces the 

OH" by COO". At low surface coverage, humic matter may be adsorbed to the 

surface by multiple binding groups on each molecule, and each binding group

22
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may coordinate with more than one surface site. As more molecules adsorb, it 

becomes less likely that one binding group will associate with more than one 

surface site. As the surface becomes even more crowded, few or only one 

binding group may participate in the coordination, and the rest of molecule may 

extend into the bulk fluid to minimize the repulsive forces between charged; 

groups on individual or adjacent molecules (Tipping, 1981).
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Figure 3. Schematic of ligand exchange adsorption of humic substances 

onto iron oxide surfaces.
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Mathematical Models

Considering the heterogeneity of substratum surfaces as well as humic 

substances, and the possibility that both chemical and physical adsorption may 

occur at the same time, it is very difficult to make a concise description of the 

adsorption of humic substances at a water/solid interface. However, several 

empirical models have been still developed to mathematically describe the 

phenomenon (Tipping, 1981; Gu eta!., 1994; Chang, 1992). The Langmuir 

isotherm was commonly used to interpret reactions between macromolecular 

solutes and solid surface at the interface (Adamson and Cast, 1997). Originally 

developed to describe the adsorption of a gas on solid surfaces, the Langmuir 

model assumes that only a monolayer of adsorbate molecules accumulates on 

substratum surface, and the already adsorbed molecules have no impact on 

further adsorption. However, for the adsorption of humic substances on iron 

oxide surfaces, these assumptions may not be true. Considering the large 

molecular size and the negative charge, humic molecules may interact with each 

other during the adsorption, resulting in changing adsorption energy. The 

adsorbed humic molecules may also catch other molecules to form multiple layer 

adsorption. Tipping (1981) has reported non-Langmuir adsorption and attributed 

it to an approximately doubled adsorption capacity for humic substances.

The Langmuir adsorption model also assumes constant adsorption energy 

throughout the overall process. But in the real world, the adsorption energy may 

be related to the surface coverage because the previously adsorbed humic
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molecules may influence subsequent adsorption by electrostatic or 

thermodynamic effects (Gu et al., 1994). The energy of the multiple layer 

adsorption which occurs between humic molecules is also not same as that for 

the monolayer adsorption which occurs between humics and iron oxides. Thus, a 

modified Langmuir model was developed by Gu et al. (1994) to take the 

adsorption energy change into account. By changing the values of the 

coefficients, this model is capable of fitting a variety of adsorption isotherms 

including L-type, S-type, H-type, and C-type isotherm (Gu et al., 1994).

The modified Langmuir model considers the adsorption process to be 

reversible as described in equation 3, where C is the solution humic 

concentration, S is the available surface sites on the adsorbent for humic 

adsorption, and q is the surface concentration of the adsorbed humics. S is equal 

to (qmax -  q), where qmax is the maximum quantity of humic substances that can 

be adsorbed.

C+ S o  q (3)

The parameters kf and kb are the forward and backward rate coefficients 

with corresponding to the activation energies of adsorption (Ef) and desorption 

(Eb):

(4)

(5)
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where A and B are the frequency factors, R is the universal gas constant, and T 

is the absolute temperature.

The activation energies Ef and Eb are used to account for the 

heterogeneity of adsorbent surfaces and adsorbates, which ultimately influence 

the adsorption affinity of humic substances. Showed in equation 6 and 7, These 

two parameters are linearly related to the surface coverage, where Ef0 and Eb0 

are the energies of adsorption and desorption at q = 0, and 6 is the surface 

stress coefficient. 1

+Il (6)

(7)

The net rate of adsorption can be expressed as:

(8)

Substitution of equations 4, 5, 6, and 7 into equation 8:

% / a  = (9 )

For equilibrium adsorption, dq/dt = 0. By defining

(10)

b = OjRT
(H)

Equation 9 can be rearranged to equation 12 and 13 as the general form of the

model:
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where

q =
K qCjmsxC

ar,c+i (12)

= are-=** (13)

Constant qmax. Qmax is called the adsorption capacity indicating the 

maximum amount of humic substances that can be adsorbed on the iron oxide 

surface. No more humics are able to accumulate even if the solution 

concentration goes higher. The presence Ofqmax for a given water/solid system 

was widely reported (Tipping, 1981; Gu et al., 1994; Parfitt et al„ 1977; Kummert 

and Stumm, 1980), and is an essential assumption of the model. qmax represents 

the surface property of the substratum, i.e., the adsorption site density. As 

previously mentioned, in aqueous systems iron oxide surfaces are hydroxylated 

in terms Of=FeOH2+, =FeOH, and -FeO" (Chang et al., 1997). The chemical 

adsorption of humic substances on these surfaces involves a ligand exchange 

reaction, in which the carboxyl functional groups of humic molecules bind directly 

with the Fe ions by replacing the reactive surface hydroxyl groups. Thus, each 

exposed Fe ion becomes a center for the adsorption. The more Fe ion on the 

surface, the higher the qmax value.

Constant K. K is called the adsorption affinity, indicating the potential that 

humic molecules will accumulate on the iron oxide surfaces. At very low free
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humic concentration in bulk solution (i.e., C^O and q->0), equation 12 can be 

simplified to equation 14:

9 =  JGZmxC (14)

Thus, both qmax and K contribute to the initial adsorption rate of the system, 

where qmax tells how many sites are available, and K tells how likely the process 

will occur.

Constant b. If the adsorption affinity remains constant throughout the 

whole adsorption process, equation 12 becomes the Langmuir model. This kind 

of adsorption was observed by several researchers (Tipping, 1981; Gu et al., 

1996). However, some non-Langmuir adsorption was also reported (Tipping, 

1981; Gu et al., 1994). As mentioned above, both iron oxide surfaces and humic 

substances present great heterogeneity. Different chemical adsorption 

procedures as well as physical adsorption may occur in the same system. Thus, 

a constant adsorption affinity is certainly dubious in many systems. In the 

modified Langmuir model, the surface excess-dependent affinity Kq was defined 

as a function of q, and the constant b was used to take into account the features 

of changing energies of adsorption with changing surface coverage. When b = 0, 

which represents a constant energy of adsorption, Kq = K, and equation 13 

becomes Langmuir isotherm.

Desorption

As described in equation 3, the ligand exchange reaction is usually 

considered reversible, and mathematical models of transport often predict that



desorption reactions occur in the same way as adsorption. However, researchers 

(Gu et at., 1994) have found that humic substances, once adsorbed, are very 

difficult to desorb at a given pH and ionic composition. Although irreversible 

adsorption is thermodynamically impossible, the kinetics of desorption may be 

unobservablly slow comparing to adsorption, resulting in a hysteresis of the 

adsorption-desorption reaction.

Factors Influencing the Adsorption of Humic Substances onto Iron Oxides

The adsorption capacity of humic substances onto iron oxide surfaces 

depends on a variety of factors, including the type of humic substances, type of 

iron oxides, pH value of the bulk fluid, and presence of cations as well as anions 

(Davis and Gloor, 1981; Gu etal., 1996; Tipping, 1981; Parfitt, 1977; Davis,

1982; Varadachari et al., 1997). The combination of the impacts of these factors 

makes adsorption very complicated, and only a limited understanding of the 

phenomenon exists. Only empirical explanations exist for the phenomenon.

Types of Substance. Aquatic humic and fulvic substances are mixtures 

of organic compounds with different molecular sizes and different compositions. 

Davis and Gloor (1981) have found that the percentage of DOC adsorbed on 

oxides increased with increasing molecular weight (MW) of the humics; 65% for 

the fraction with MW > 4,000, 40% for 500 < MW < 4,000, and 20% for MW <

500. They also indicated that organic compounds with MW greater than 1,000 

formed strong complexes with the oxide surfaces, but low MW compounds were 

weakly adsorbed, unless the compounds contained functional groups that could
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specifically coordinate with the oxide surface. Most of the adsorbed organic 

compounds were in the MW range of 1,000 to 3,000. Data from Varadachari et 

al. (1997) show higher adsorption capacity of humic acids than fulvic acids by 

goethite and hematite at various pH values. Larger humic compounds contain 

more functional groups, and may tend to coordinate with more oxide surface 

sites at the same time than smaller molecules, leading to stronger overali binding 

force (Davis, 1982). Thus the adsorption affinity of large organic molecules is 

higher than that of smaller ones.

Gu et al. (1996) indicated that different organic compounds or fractions of 

humic substances show different adsorption affinities and capacities on iron 

oxide surfaces. Compounds or their subcomponents with higher carboxyl 

functional group density and extended molecular structure presented stronger 

surface complexation with iron oxide, resulting in higher adsorption potential. 

When the surface sites were limited, these compounds or their subcomponents 

competed with each other for adsorption.

Types of Iron Oxide. Different types of iron oxide have different Fe:0 

ratios, different crystal style, and subsequently different surface areas and 

exposed iron content at the oxide surface. Thus their adsorption potentials with 

humic substances are not the same. Tipping (1981) reported that goethite had 

higher humic acid adsorption capacity (the maximum amount of humics that 

could be adsorbed) but lower adsorption affinity (the available amount of 

adsorption sites) than hematite at a pH of about 7. However, other researchers



(Varadachari et ah, 1997) reported higher fixation of humic acid by hematite than 

by goethite at all pH values greater than 7.0. The disagreement between these 

reports may be due to the complexity of the materials, their oxide sources and 

experimental methods. Varadachari et al. (1997) also indicated that the higher 

adsorption capacity of hematite might be attributed to its strong potential for 

cation-bridging adsorption.

pH. The adsorption of humic substances on iron oxide is strongly pH- 

dependent. Tipping (1981) found that the extent of adsorption of humic acids on 

goethite decreased with an increase of pH. Similar trends were also reported by 

other researchers (Gu et al., 1994; Parfitt, 1977; Davis, 1982). This effect is 

attributed to the deprotonation of the hydroxylated oxide surface. Shown in 

Equations (1) and (2), when the pH of the bulk fluid increases, the balances will 

shift to the left, and change FeOH2+ and FeOH to FeO". As 0" ion is a stronger 

Lewis base than OH2+ and OH, it is less exchangable by the carboxyl group on 

humic molecules, resulting in a decrease of available adsorption sites and

subsequently a lower adsorption capacity. The deprotonation of iron oxide
- \

surface sites as well as the carboxyl groups of humic substances may also 

enhance the electrostatic repulsion between them and reduce the adsorption 

affinity, although this effect is not as significant as the surface site reduction (Gu 

et al., 1994; Tipping, 1981).

Presence of Cations. As described in the previous section, carboxyl and 

hydroxyl functional groups of humic and fulvic acids are known to form very



stable complexes with many metal cations or hydroxyIated metal cations. Thus 

the presence of metal cations in the bulk fluid will impact the adsorption of humic 

substances to iron oxides. Varadachari et al. (1997) reported that the existence 

of di- and trivalent ions increased the fixation of humic acids on goethite, while 

monovalent ions decreased the fixation. They explained the effects by a cation

bridging adsorption mechanism of binding the negatively charged humic 

molecule and iron oxide surface through the positively charged cation. Tipping 

(1981) also reported an increase of humics adsorption capacity on goethite with 

the presence of Ca2+ and Mg2+. He explained the effect by the competition of 

cations with the oxide for anionic groups on the humics. The humics could then 

have fewer contacts per molecule with the oxide surface, resulting in the 

adsorption of more humic molecules at a lower affinity. Gu et al. (1994) reported 

that monovalent ions such as Na+ had no effect on humics adsorption. The 

existence of cations also neutralizes the negative charge of anionic groups of 

humics, reducing the electrostatic repulsion that prevents the adsorption (Chang, 

1992).

Presence of Inorganic Anions. Gu et al. (1994) estimated that 

phosphate and sulfate anions substantially reduced humic substance adsorption 

on iron oxide surfaces. The effect of phosphate was greater than sulfate. These 

effects were due to the specific adsorption of these anions on the oxide surface.
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Influences of Adsorption of Humic Substances to Iron Oxide surfaces

Humic substances are some of the most powerful metal-binding agents 

found in natural organic matter. The adsorption process includes a variety of 

physical and chemical interactions between iron oxides and humics. 

Consequently these interactions will influence the physical, chemical, and even 

biological properties of both iron oxide surfaces and humic substances.

Impact to Iron Oxide Surface. The adsorption of humic substances can 

mast the properties of the underlying iron oxide and present a surface with very 

different physicochemical behaviors. Electrophoresis studies have demonstrated 

that iron oxide surfaces become negatively charged after adsorbing natural 

organic materials (Davis and Gloor, 1981; Tipping and Cooke, 1982; Beckett, 

1990). Tipping (1982) indicated that the large molecular size of humics caused 

the plane of electrokinetic shear to be at some distance from oxide surface, 

positioned at or near the outer parts of the humic molecules. The shear potential 

was therefore due to the ionized (anionic) humic functional groups not involved in 

adsorption with the oxide surface. The negative potential increased significantly 

with the increase of adsorption density at low free humic concentrations. At high 

free humic concentrations, however, protonation of the unadsorbed humic groups 

increased as a result of the accumulation of protons in the diffusion double layer 

in response to the negatively charged fixed layer and the lower dielectric strength 

of the fixed layer compared to the bulk solution. The increasing negative charge 

effect by additional adsorption was reduced. The presence of calcium and



magnesium ions will also significantly reduce the negative charge on the 

adsorbed humic substance surfaces. At humic concentrations greater than about 

1 mg/L, differences in Ca2+ concentration can affect the magnitude of the charge 

just as much as differences in humic concentration (Tipping, 1982). Ca2+ and 

Mg2"1" behave analogously to protons, but bring more positive charge to the shear 

plane, making the surface less negative. Ca2+ interacts more strongly with the 

COO" groups of the adsorbed humics than does IVIg2T Results from Tipping 

(1982) also show that Na+, at high concentration (greater than 0.04 M) reduced 

the negative charge, but with a much less impact.

Impact to Humic Substances. In aquatic environments, humic 

substances tend to form coiled structures (Chang, 1992; Weber, 1996), with the 

more hydrophilic carboxyl and hydroxyl groups spreading outside, and the more 

hydrophobic portions, such as peptides, lipids and polysaccharides wrapped 

inside. After the adsorption to iron oxide surfaces, humic substances are likely to 

collapse on the surfaces to allow for maximum points of interaction between their 

O-containing functional groups and iron oxide surfaces through either ligand 

exchange or H-bonding mechanisms (Gu et al., 1994; Davis, 1982). This 

collapse may force the humic molecules to be uncoiled, increasing the 

bioavailability of the previously hidden sites.
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Summary

Aquatic humic substances, including humic acids and fulvie acids, are 

naturally abundant organic matter in freshwater as well as in drinking water 

distribution systems. They have very strong potential to adsorb onto iron oxide 

surfaces, which are the major corrosion products of the widely used iron pipe 

material in distribution systems. In oligotrophic environments, such as distribution 

systems, this adsorption process will fix and concentrate the trace amount of 

humic substances on the pipe surface. The bioavailability of humic materials may 

also increase due to the adsorption. Microorganisms may then utilize these 

adsorbed humics as carbon and energy sources to form biofilms, and degrade 

the quality of finished water by releasing cells into water. Thus, in order to better 

understand of the nature of biofilm regrowth, and to effectively control the 

problem, it is necessary to study the relationship between adsorbed humic 

substances on iron oxide surfaces and the growth of biofilms.



CHAPTER 3. MATERIALS AMD METHODS

Introduction

The purpose of this research was to estimate bacterial growth potential on 

humic acids, which were adsorbed on iron oxide surfaces. To do so, we have (1) 

created a a-FeOOH (goethite) surface on both glass bead and glass coverslips; 

(2) measured the adsorption capacity of this surface to Elliot Silt Loam Soil humic 

acid; and (3) examined the attachment and growth behavior of Pseudomonas 

aeruginosa on the surface with humic acid as the only carbon source.

Creation of Iron Oxide Surface

General

A proper iron oxide surface was needed to achieve our goals of humics 

adsorption and biofilm growth potential measurements. This surface should have 

significant surface area and adsorption capacity to humic substances; it should 

be stable in aqueous solution; it should be transparent allowing the observation 

of bacterial accumulation; it should be uniform and easy to make. A thin goethite 

(a-FeOOH) film on glass supporting materials was the choice because goethite is 

the most common iron oxide in water distribution systems and it has a higher 

adsorption capacity for humic substances than other iron oxide materials 

(Abernathy, 1998). Glass was used as it was available in both micro beads and 

coverslips. Micro glass beads had significant specific surface area for the



adsorption measurement, and the coverslip worked for microscopic observation 

of attached bacterial growth.

Various techniques have been developed to coat iron oxides on solid 

supporting materials. Chang (1992) and Benjamin et a!. (1997) coated sand and 

olivine by wrapping them with an iron oxide sludge made from ferric chloride and 

sodium hydroxide, and heating them to 110 °C. This coating was mainly 

hematite, and unstable in water solution (redissolved). The coating was also 

totally untransparent, limiting its use for microscopic observation needed for this 

study. Rieke et al. (1994, 1996) reported the formation of thin goethite films on a 

silicon substratum by thermal hydrolysis of millimolar aqueous solution of 

Fe(NO3)3 at a pH of approximately 2.0. In our study, a simplified procedure with 

multiple coating was used to create a thicker layer of goethite on the glass 

substratum.

Glass Beads

Micro glass beads (size #130, Rascher & Betzold) were used as the 

supporting material for the adsorption experiments. The beads had a density of 

2.46 to 2.49 g/cm3. Micrometer measurement showed that the diameters of the 

beads were in the 110 to 130 ^m range. The beads were sonicated in chloroform 

(HPLC grade, Fisher Scientific) for 30 minutes, in 0.22-Hfn filtered 0.1 M KOH for 

10 minutes, and in 0.22-Hm filtered 0.1 M HNO3 for 10 minutes to remove any 

adsorbed organic and inorganic matter. The beads were then rinsed in 0.22-Fm
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filtered nanopure water until the pH of the water reached neutrality. Finally the 

beads were dried at 110 °C for 20 hours, and stored in a glass bottle.

Glass Coverslip

The glass coverslip (Eric Scientific) used in the growth experiments had a 

size of 43 mm x 61 mm, and thickness of 40 ±10 Fm. It was sonicated in 

chloroform for 30 minutes, then acid-cleaned in a bath of NoCromix (Cleaning 

solution with concentrated H2SO4, Godax Laboratories) for 12 hours. After being 

rinsed in 0.22-Fm filtered nanopure water, the coverslip was wrapped in foil and 

baked in a 300 °C oven for at least 8 hours. The cleaned coverslip was stored in 

a sealed glass petri dish.

Coating Solution

A freshly made coating solution with 3 mM Fe(NO3)3 and 10 mM HNO3 

was prepared by dissolving 1.212 g hydrated ferric nitrate (Fe(N03)3.9H20, 

recently ordered, Mallinckrodt Baker) into 1 liter of 10 mM HNO3 (diluted from 1 

M HNO3 which was titrated by I M NaOH). The solution was rapidly stirred, 

filtered with a 0.22-Fm membrane filter, and used immediately. The solution had 

a slight yellow color with a pH of about 2.1.

Iron Oxide Coating Process

A schematic of the coating process is shown in Figure 4. A column (14- 

inch long, 7/8-inch inner diameter) was made by Teflon tubing (FEP, McMaster 

Carr) with stainless steel fittings and 100 mesh sieves on both ends. A 

polypropylene isolation material was wrapped outside of the column to maintain



the temperature. About 100 g of cleaned beads were freely packed into the 

column and filled two thirds of the volume. A 250-ml bottle (FEP with ETFE 

closure, Nalgene) holding 200 ml coating solution was connected to the column 

with tubing (PharMed, Cole-Parmer), By using a peristaltic pump (Cole-Parmer), 

the solution was recycled between the bottle and the column at a rate of 160 

ml/min to form a stable bed in the column. The solution bottle was held in a water 

bath, and the temperature was increased slowly from ambient temperature to 85 

°C, allowing the temperature in the column to reach 70 °C. The solution changed 

from light yellow to light brown in color after about three hours running, and was 

then replaced with fresh solution. A total of three bottles of solution were used for 

the entire coating process, and the beads were finally coated with a dark orange 

color iron oxide. After cooling down, the beads were unpacked into a large flask, 

and rinsed with 0.22-Hm filtered nanopure water several times until no significant 

color appeared in the water. The beads were then repacked into the column, and 

dried with nitrogen gas. The nitrogen also protected the coating from further 

oxidation by air. The dry beads were stored in a glass bottle.

A similar coating procedure was used for the glass coverslip, The cleaned 

coverslip was held in a pre-cleaned glass jar with 200 ml coating solution. The jar 

was submerged in a water bath, and the temperature was allowed to increase 

slowly from ambient temperature to 70 °C. The solution changed to a light brown 

color after about two hours, and was then replaced. In total, three bottles of 

solution were used for the entire coating process, and the coverslip was finally



coated with a dark orange, shining, transparent iron oxide film. It was rinsed in 

0.22-Hrn filtered nanopure water and blown dry with nitrogen gas. The coated 

coverslip was stored in a sealed petri dish.

Characteriztion of the Iron Oxide Surface 

Digestion Test - Mass of the Iron Oxide Film

The mass of the iron oxide film was determined by acid digestion of the 

iron oxide. Twenty g of the coated beads were weighed accurately in a 250-ml 

flask that had been acid cleaned and baked at 300 °C for eight hours. 100 ml of a 

10% HNOs solution was then added to the flask and heated on a hot plate to boil. 

One to two hours was required for completed dissolution of the iron oxide film. 

The termination of the digestion was achieved when the beads appeared clean, 

without any yellow or brown color remaining on the surface, and the acid solution 

was clear to slightly yellow, without visible suspended particles. After cooling, 10 

ml of the acid solution was filtered into another flask and diluted to 100 ml. This 

dilution was used to measure the total Fe content in the digested film by a Hach 

DR/2000 spectrophotometer at 562 nm using the FerroZine Method. The 

remaining acid solution was poured off and the beads were thoroughly rinsed by 

nanopure water. The flask with the beads was then baked at 300 °C for three 

hours before weighing again. The mass of the iron oxide film per gram of the 

coated beads was calculated by the difference between the two weighing results.
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Figure 4. Schematic of iron oxide coating process on micro glass beads.



Stability of the Iron Oxide Film

The stability of the goethite film was estimated by the quantity of Fe that 

would redissolve in aqueous solution during the adsorption experiment. It was 

determined by adding 15 g of the coated beads to a 100 ml glass bottle (Pyrex) 

containing 60 ml of nanopure water with pH buffered to 7.4. The bottle was 

shaken for 24 hours. The solution was then filtered through a 0.2-Fm nylon 

syringe filter (Fisher Scientific). A Hach DR/2000 spectrophotometer was used to 

determine the total iron concentration in the water solution at 562nm using the 

FerroZine method.

X-ray Photoelectron Spectroscopy (XPS)

The elemental content of the iron oxide film surface was determined by X- 

ray Photoelectron Spectroscopy (XPS). A Physical Electronics Laboratories PHI- 

5600 ESCA spectrometer was used for the analysis. A monochromatic Al Ka 

source (1486.6 eV) was operated at 350 watts (15 KV1 23.3 mA). The samples 

were analyzed at a 45° take-off angle that equated to a sampling depth of 

approximately 60 A. The entrance aperture at the hemispherical energy analyzer 

Was set at 4. Pass energies for the analyzer were set at 93.90 eV for wide region 

survey scans and 58.70 eV for elemental multiplex scans of C ls1 O ls1 Fe2p and 

Si2p. The operation pressure inside the main chamber was typically 5 x IO"8 torr. 

PHI ACCESS software was employed to collect the data and to calculate the 

atomic concentration from peak area.
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Atomic Force Microscope (AFM)

Images of the iron oxide film surface were obtained with a Dimention 3100 

Scanning Probe Microscope (Digital Instrument), which performs TappingMode 

Atomic Force Microscopy (AFM). The sample was attached to the top of a 

sample disk with double-sided tape. Vacuum chucks were used to hold the 

sample disk on the X-Y stage. TappingMode AFM operates by scanning a silicon 

tip integrated to the end to an oscillating cantilever across the sample surface. 

The cantilever was oscillated at or near its resonance frequency with amplitude 

ranging typically from 20 nm to 100 nm. A feedback loop maintained a constant 

oscillation amplitude and constant tip-sample interaction by maintaining a 

constant root mean square (RMS) of the oscillation signal acquired by a split 

photodiode detector. The vertical position of the scanner that was necessary to 

maintain the constant amplitude at each (x, y) data point was stored and 

analyzed by NanoScope Ilia controller and software Version 4.32r3 to make the 

surface images.

Surface Area Analysis

The specific surface area of the coated beads was determined using a 

Micromeritics Flowsorb Il 2300 surface area analyzer, which employed the 

Brunauer-Emmett-Teller (BET) analysis method. The basic assumption of the 

method is that a monolayer of nitrogen gas molecules completely covers the 

sample surface at low temperature. 1 g of the coated beads was packed into a 

glass sample tube, and allowed to degas at 150 °C for 20 minutes. Then the



sample tube was immersed in a liquid nitrogen bath (about -200 °C), and a flow 

of nitrogen gas mixed with an inert carrier gas (helium) was passed through the 

tube under ambient pressure. By monitoring the nitrogen content in the influent 

and effluent of the sample tube, the surface area of the beads could be 

calculated from the amount of nitrogen adsorbed. A three-point measurement 

was applied.

Adsorption and Desorption Experiments 

Humic Stock Solution

The humic substances sample used in this experiment and in the growth 

experiment were extracted by alkali from Elliot Silt Loam Soil (ESLS) obtained 

from the International Humic Substances Society (IHSS)1 and without further 

treatment. 50 g of the soil sample was added to 1 L of 0.1 N NaOH solution, 

mixed for 24 hours, and then centrifuged at 10,000 rpm at 4 °C for 15 minutes to 

remove solid particles. The concentration of the humic substances in the solution 

was measured as total organic carbon. The solution was stored in the dark at 

4 °C.

Glassware Cleaning Procedure

All glassware used in this experiment, including the TOC auto sampling 

vials, was acid washed for 12 hours, and rinsed 6 times with nanopure water. 

The glassware (except the volumetric flasks and pipettes) was then covered in
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foil and baked at 300 C for at least 8 hours. The glassware was removed from 

the oven and the foil was tightened prior to storage. 

pH Buffering Method

The adsorption of humic acid by iron oxides is significantly pH dependent, 

and the consumption of carboxyl acid groups usually increases the pH of the 

solution during the process (Parfitt et at., 1977). To maintain a constant pH 

during the adsorption experiment, a proper pH buffering method was necessary. 

The usual phosphate buffer solution (PBS) could not be used in our case, since 

the phosphate ion would competitively react with the hydroxyl group on the iron 

oxide surface and prevent the adsorption of humic acid (Gu et al., 1994). A 

CO2ZN2 gas mixture was used to solve the problem. High purity CO2 and N2 (Air 

Liquide America Corp.) were allowed to bubble through sample solution. The pH 

of sample solution was monitored by a pH meter (PerpHecT model 310, ATI 

Orion). Two variable area flowmeters (CoIe-Parmer) and gas regulators were 

used to adjust the flow rates of both gases, and subsequently adjust the solution 

to a desired pH. The gas stream was continuously bubbled through the solution 

with rapid mixing until a stable pH was achieved for 20 minutes. The sample was 

then pipetted to the reaction bottle. The bottle was sealed and was only opened 

to add coated beads. Two pH values of 6.7 and 7.6 were used during the 

adsorption experiments. After the adsorption process, the pH values of these 

solutions were measured again to evaluate the buffering effect.
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Adsorption Procedure

Goethite and hematite have very strong adsorption affinities to humic 

substances. Gu et al. (1994) reported that the adsorption was complete within 

minutes. Tipping (1980) found that the adsorption reached its equilibrium within 

16 hours.

The sample solutions were prepared by diluting the humic stock solution 

to the desired TOC concentration with nanopure water. For the experiments at 

pH of 6.7, a total of 23 sample solutions were prepared with different TOC 

concentrations in the range of O - 50 ppm C. For the experiments at a pH of 7.4, 

a total of 25 solutions were prepared with different TOC concentrations. 200 ml of 

each sample solution was buffered to the desired pH. Then it was pipetted into 

three 100-ml reaction bottles (glass, Pyrex); each held 60 ml of the sample 

solution. About 15 g of goethite coated beads were accurately weighed and 

added to the first two reaction bottles for duplicate measurements. The other 

bottle of the same sample solution was for the control measurement (without 

beads). All the bottles were tightly closed and shaken for 24 hours. After 24 

hours, TOC measurements of the solutions were taken as described in the 

following section. The adsorption of the ESLS humic substances on the created 

iron oxide surfaces was calculated by the difference between the TOC 

concentrations of the reaction solution and the control solution.
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Desorption Test

The adsorption of humic acid on the iron oxide/water interface is a 

thermodynamically reversible reaction. The desorption process is usually coupled 

with the adsorption. The desorption test was performed to estimate the stability of 

the adsorbed humic substances at the iron oxide/ water interface.

The desorption test was performed for the last 23 sample solutions at pH of 7.4 

with two repeat experiments for each solution. The adsorption in the first two 

sample solutions was too low to obtain a measurable desorption. After the 

adsorption experiment, the sample solutions in both reaction and control bottles 

were poured off and the bottles and beads were rinsed three times with 40 ml of 

nanopure water. Then 60 ml of pH-buffered nanopure water was pipetted into 

both bottles. The bottles were tightly closed and shaken for 48 hours. TOC 

measurements were then taken as described in the following section. The 

desorption of the adsorbed ESLS humic substances on the created iron oxide 

surfaces was calculated by the difference between the TOC concentrations of the 

reaction solution and the control solution.

Total Organic Carbon (TOC) Measurement

Samples for TOC were taken from the reaction and control bottles and . 

immediately diluted to less than 2 ppm with nanopure water. 30 ml sterile, 

disposable syringes (Beckton Dickinson) and sterile 0.2-^m nylon syringe filters 

(Fisher Scientific) were used for the process. Both the syringes and the filters 

were prewashed with 30 ml of 0.1N HCI followed by 120 ml nanopure water. The



first 10 ml of the filtered sample solution were wasted. All TOC samples were 

acidified prior to analysis using 0.2 ml of 2N HCI per 40 ml of sample or its 

appropriate dilution. The samples were analyzed for non-purgeable organic 

carbon (NPOC) using a Shimadzu TOC 5000A analyzer with high sensitivity 

catalyst and an auto sampler. Standard curves for the TOC 5000A were
J

developed using 4 concentrations of potassium hydrogen thalate. The resulting 

calibration curve typically had a coefficient of determination (R2) in range of 0.98 

to 1.00. An internal standard (same as the standards used to develop the 

calibration curve) was always run with each group of samples to correct for any 

variations in carrier gas flow rate.

Biofilm Growth Experiments 

Flow Cell and System Configuration

A parallel plate flow cell was used to estimate the biofilm growth behavior 

on the iron oxide surface. The common flow cell design used by the Center for 

Biofilm Engineering was employed and is shown in Figure 5. A flow chamber (1 

inch x 1 inch x 1 mm) was made on the polycarbonate base with 60° entrance 

angle on both the inlet and outlet side. The entrance angle was necessary to 

reduce side effects and turbulence of the flow in the chamber. The influent and 

effluent of the flow were introduced through two aluminum tubes. The goethite 

coated glass coverslip was held on the flow cell base by a silicon rubber gasket 

and an aluminum cover with screws and nuts.
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Silicon Rubber Gasket

Coated Coverslip

Figure 5. Schematic of the flow cell.
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Figure 6 shows a schematic of the entire flow cell system. The system 

consists of the media and waste containers, flow celt, peristaltic pump, air 

catching vessel, inoculation site, and tubing (MASTERFLEX, size 14, Cole- 

Parmer) and connectors. To prevent any air bubbles in the system, the pressure 

in the flow chamber had to be maintained higher than the atmosphere, so the 

flow cell was operated below the solution level in both the media and the waste 

container (the dashed line in Figure 6), and the flow rate in the system was 

carefully set at 2 ml/min.

Any air bubbles accidentally entering or generated in the system could be 

caught by the air catching vessel prior to the flow cell. This was very important to 

the experiment since the air bubbles, once in the flow cell, would stay on the 

coverslip surface and prevent the biofilm cells from contacting the media. This 

vessel also reduced the pulsing effect from the peristaltic pump. The entire 

system was assembled on a cart so that it could be moved to and from the 

microscope.

A chemostat system shown in Figure 7 was used to culture the cells 

needed to inoculate the flow cell system. The system included a 450-ml working 

volume chemostat with media and waste containers. Air was bubbled into and 

out of the chemostat through 0.2-Fm air vent filters.
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Figure 6. Schematic of the flow cell system (The flow cell should always 
be operated under the water level line to prevent the occurrence of air 
bubbles)



Organism

A culture of Pseudomonas aeruginosa (PAOI, GFP+, Department of 

Microbiology, Montana State University) was used for the growth experiment. 

The GFP gene on the pMF36 plasmid within the cell would synthesize green 

fluorescent protein that would produce fluorescence under proper UV light. This 

made it possible to do the real time mircoscopy to monitor the accumulation of 

the cells on the lower surface of the coverslip of the flow cell without staining. A 

frozen culture of the bacteria was streaked for isolation on plates of R2A agar 

(Difco, Inc.) with 150 mg/L carbenicillin (Sigma). The plates were incubated for 

24 hours at 35 °C. One colony from an uncontaminated plate was then streaked 

on another R2A plate and incubated to make a confluent lawn. The cells were 

then collected and stored in a 20% glycerol and 2% peptone solution at -70 °C. 

the frozen stock culture was used as an inoculum for the chemostat culture. 

Cleaning and Sterilization

The chemostat system and the flow cell system (except the flow cell) was 

assembled and rapidly flushed with nanopure water for two hours. The 

assembled components were autoclaved for 20 minutes at 121 °C and 23 psi 

pressure with the tubing ends wrapped by aluminum foil and autoclave tape.

The flow cell parts (except the coated coverslip) were washed thoroughly 

with antibacterial soap, rinsed with nanopure water several times and allowed to 

dry in air. Just before the experiment, the polycarbonate base was soaked in 

70% ethanol for 30 minutes, then was placed under UV light in a hood for 30



minutes and allowed to air dry before assembly. The aluminum cover, rubber 

gasket, screws and nuts were wrapped in aluminum foil and autoclaved for 20 

minutes at 121 C and 23 psi pressure, and placed in the hood under UV light 20 

minutes before assembly.

Media

Different media were used for the chemostat culture and the flow cell 

operation. The composition of the chemostat culture media is listed in Table 2. 

The humic substances were diluted from the humic stock solution, and adjusted 

to neutral pH by adding concentrated HCI. This diluted humic solution was used 

as the only carbon source for the cells in the chemostat. This procedure 

examined the planktonic cell growth potential of Pseudomonas aeruginosa (PA01, 

GFP+) on this carbon source, and ensured that the cells had become 

physiologically adapted to this carbon source. The media was prepared in a 9 L 

carboy and autoclaved at 121 °C and 23 psi pressure for 15 minutes per liter.

Table 2. Chemostat culture media composition.

Component Amount per liter media
K2HPO4 (Fisher Scientific) 0.70 g,
KH2PO4 (Fisher Scientific) 0.30 g

(NH4)2S04 (Fisher Scientific) 0.10 g
Humic Substances 100 mg
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Figure 7. Schematic of the chemostat system



The composition of the flow cell media 1 and the concentrations of the 

nutrients are listed in Table 3. There was less than 100 ppb of organic carbon in 

the media. This composition ensured that the organic carbon was the growth- 

limiting nutrient. The bicarbonate salt was used to buffer the media at a defined 

CO32' concentration and pH. KNO3 and K2HPO4 were first dissolved in nanopure 

water in a 20-L carboy. The pH of the solution was adjusted to 7.2 to 7.4 with 

concentrated HCI. The solution was then autoclaved at 121 °C and 23 psi 

pressure for 15 minutes per liter. After cooling, KHCO3 was dissolved in 10 ml 

nanopure water, adjusted to pH around 7.4, and injected into the carboy through 

a 0.22-1%) syringe filter to make the final media.
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Table 3. Flow Cell Media 1 Composition.

Component Amount per liter Nutrient concentration
KNO3 2.9 mg 0.4 mg/L N

K2HPO4 0.2 mg 0.04 mg/L P
KHCO3 0.2 g 100 mg/L eq, CaCO3

A second flow cell media was also used during the growth experiment. 

This media had the same compositions as the flow cell media 1 except that 0.25 

mg C/L ESLS humic substances was added.

Chemostat Culture

The Pseudomonas areuginosa was cultured in the sterile 450-ml chemostat 

to produce an inoculum for the flow cell system. The chemostat was first filled 

with the chemostat media to its working volume and the flow pump was then



turned off. 0.5 ml frozen stock of the Pseudomonas aeruginosa was warmed to 

room temperature and injected into the chemostat through the septum at the top. 

Air was then allowed to bubble into the media through 0.2-H-m air vent filters. The 

media was mixed continuously using a stir plate. The bacteria were first cultured 

in batch mode. 1 ml of the culture was taken every 2 hours for total direct cell 

counts. After the cell number attained a maximum value and was unchanged for 

15 hours, the flow pump was turned on again at a rate of 1.5 ml/min, which gave 

a 5-hour residence time. The media was allowed to overflow to waste. The 

bacteria were grown in continuous culture for 48 hours before the flow cell 

system was inoculated.

Total Direct Cell Counts (TDC)

The total direct cell counts method was used to monitor the growth of the 

bacteria in the chemostat culture using humic acid as the carbon source. 1 ml of 

the chemostat culture was sampled and added into a sterile test tube containing 

9 ml of sterile water to make a 10"1 dilution. The mixture was vortexed for 1 

minute. Further dilutions were prepared by repeating the same procedure. Cell 

counts were performed immediately after sampling. 1 ml of each dilution was 

filtered onto 0.2-Fm pore size black polycarbonate filter (Millipore). Total cell 

counts were then obtained using a Nikon Eclipse 800 microscope with a B2A UV 

filter (450-490 nm Ex), and an ultra-violet source for epifluorescence of the 

sample. The proper dilution for the count was to have about 20 bacteria per field



(a 10 x 10-grid area on the ocular). 20 random fields per filter were selected. The 

total; cell count per unit volume of the cell culture was calculated by Equation 15.

, . , „ , „ filter area dilution ratetotal cell counts/ ml = average cell count x ——-----  x -------------- (15)
field area I ml

Adsorption Procedure of Iron Oxide Coated Coverslip

Two iron oxide coated coverslips were sealed in a beaker and autoclaved; 

at 121 °C and 23 psi pressure for 15 minutes. Then they were aseptically moved 

into two beakers in the hood. One beaker contained 200 ml autoclaved humic 

acid solution with low TOC concentration (12 ppm C for the first experiment, 5 

ppm C for the other two experiments). The other beaker contained 200 ml 

autoclaved humic acid solution with high TOC concentration (66 ppm C for the 

first experiment, 50 ppm C for the other two experiments). The humic solutions 

were made by proper dilution of the humic stock solution, and adjusted to pH of 

7.4. The beaker was sealed and the covers!ip was equilibrated in the humic 

solution for 24 hours before the flow cell operation.

Flow Cell Operation

The sterilized flow cell parts were assembled under the hood. The 

goethite-coated coverslip was rinsed thoroughly with sterilized nanopure water 

before being placed on the base. The whole flow cell was slightly tightened by 

screws and nuts. Still under the hood, the flow cell was connected to the system 

tubing. The media was allowed to run through the whole system 15 minutes 

before inoculation.
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A total of four flow cells were running simultaneously in each experiment. 

The first flow cell had an autoclaved pure glass coverslip. The second flow cell 

had an autoclaved iron oxide coated glass coverslip, but this coverslip was not 

pre-conditioned by the humic solution. The third flow cell had the iron oxide 

coated glass coverslip that had been equilibrated in the humic solution with low 

TOC concentration (12 ppm C for the first experiment, 5 ppm C for the other two 

experiments). The fourth flow cell had the iron oxide coated glass coverslip that 

had been equilibrated in the humic solution with high TOC concentration (66 ppm 

C for the first experiment, 50 ppm C for the other two experiments).

180 ml of the chemostat culture was taken by a 30-ml sterile, disposable 

syringe (Beckton Dickinson) and put into 6 sterilized 35-ml centrifuge tubes 

(Nalgene). The solution was centrifuged at 6,000 rpm at 4 °C for 20 minutes. By 

aseptic operation, the solution was poured off. 20 ml of autoclaved flow cell 

media was added to each tube and vortexed for 2 minutes. The tubes were then 

centrifuged again at the same condition. The media was poured off. Another 10 

ml of the media was added to each tube and vortexed for 2 minutes. Then the 

contents of all four tubes were mixed together and transferred into four 30-ml 

sterile, disposable syringes, which would be used to inoculate the four flow cells. 

Each syringe held 15 ml of the cell solution. Another 1 ml of the solution was 

diluted for total cell count.

The cell solutions were inoculated into the flow cells through the 

inoculation sites. The process was divided into three steps. In each step, 5 ml of



60

the solution was inoculated and the flow was stopped for 10 minutes to allow 

cells to adhere to the coverslip surface. After the inoculation, the flow was turned 

on and set at 2 ml/min with a Reynolds Number of 2.5 in each flow cell. This 

Reynolds Number assured a laminar flow in the flow cells. The flow cells were 

operated at ambient temperature. The number of cells on each coverslip was 

counted by real time microscopy every three to five hours.

During the last two experiments, after running the flow cell media 1 for 

about 24 hours, the pump was turned off. The carboy of the media was 

disconnected from the system in the hood. A carboy of flow cell media 2 was 

connected to the system. The connector on the carboy and the end of tubing 

were sterilized by 70% ethanol during the switching process. Then the pump was 

turned on again to 2 ml/min flow rate.

Real Time Microscopy

A Nikon Eclipse 800 microscope (1000x) with a B2A UV filter (450-490 nm 

Ex) was used for direct cell counts on each coverslip. The objective had a 

working distance of 0.13 mm, which was sufficient only to locate the bacteria 

attached on the lower surface of the coverslip. This was why a transparent 

coated coverslip was necessary for this experiment.

The first count was taken 1 hour after turning on the flow pump after 

inoculation. Only the permanently attached cells were counted. Cell counts were 

taken every three to five hours. At each time, 10 fields were randomly picked and



the cell number in each field counted. These fields were chosen near the center 

of the coverslip to avoid the possible edge effects.

Statistical Methods

The Adsorption Study

For the adsorption and desorption experiments, adsorption isotherms of 

the two different pH conditions were integrated from the adsorption data of ESLS 

humic substances to the created iron oxide surface by nonlinear least squares 

regression analysis using equation 12. A MATLAB (version 4.2c. 1, The 

Mathworks, Inc.) program was written to calculate the nonlinear regression 

coefficients. The program is provided in Appendix B. The standard error of each 

coefficient of the isotherm was calculated by a bootstrap method (Efron and 

Tibshirani, 1993). The difference of each coefficient between the isotherms of the 

two pH conditions was compared by a two sample t-test.

The relationship between the desorption data and the respective 

adsorption data was analyzed by linear least squares regression using MINITAB 

software (version 12.1, Minitab, Inc.). The standard deviations of coefficients 

were also calculated.

The Biofilm Accumulation Study

The mean of the count on the surface at each time point was calculated 

and converted to Iogi0 form. These data represent the biofilm density in the flow
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cbIIs. The results were plotted to show the differences between the experiments, 

flow cells, and the changes in time.

The biofilm accumulation was estimated by linear least squares 

regressions of the Iog10 form biofilm densities vs. time for each flow cell. The 

slope of each regression was calculated as the biofilm accumulation rate. A t-test 

was conducted for each slope to test the null hypothesis that slope = 0, which 

indicated no significant change of biofilm density and therefore no accumulation.

In the case that there was no significant change of biofilm density, the 

means of the biofilm density were compared among the flow cells using analysis 

of variance. In the case that there was significant change of biofilm density, the 

slopes were compared among the flow cells using the t-test.

The repeatability of the experiments was estimated by comparing the 

variance of the data for each experiment. All of these analyses were done in 

MINITAB and are provided in Appendix C,

' ■!



CHAPTER 4. EXPERIMENTAL RESULTS 

Introduction

This chapter presents the experimental results of this study. The 

characterization of the created iron oxide surface provides the physical, chemical 

and mechanical properties of the surface, which demonstrated the suitability of 

the surface for the subsequent adsorption research. The adsorption of the ESLS 

humic substances to the created iron oxide surface provides the modified 

Langmuir adsorption isotherms of two pH conditions. These isotherms were used 

to calculate the surface humic concentrations in the subsequent biofilm growth 

studies. The parameters of the model were also calculated and compared for 

different pH conditions. The desorption data were plotted vs. the respective 

adsorption data to demonstrate the stability of the adsorption.

The data of the attachment and the growth of Pseudomonas aeruginosa in 

the flow cells were plotted and compared for different experimental conditions, 

including the iron oxide coating, the humic substances pre-conditioning, and the 

media composition. These results were used to estimate the relationship 

between iron oxide surface humic adsorption and biofilm accumulation.



Characterization of the Created Iron Oxide Surface

As mentioned in Chapter 3, a layer of iron oxide was created on the 

surface of glass materials to simulate the iron corrosion products in natural 

environments. This iron oxide surface was used as the substratum for the 

subsequent humic adsorption studies and bacterial growth studies, where the 

knowledge of the physical, chemical, and mechanical properties of the surface is 

necessary.

The iron oxide coated glass beads were used to characterize the surface, 

A summary of some of the results is presented in Table 4.

Table 4. Characteristics of the iron oxide coated glass beads.

Characteristices of 
the coated beads

Specific amount 
per gram of coated beads

Coated material 1.246 ± 0.027 mg
Fe content in the coated material 0.258 -  0.006 mg
Fe redissolved in the stability test 0.00374±0.00019 mg
Surface area 0.1589 ±0.0138 m*

Digestion Test

The amount of coating material per gram of the coated beads as 

measured from the digestion test was 1.246 -  0.027 mg, which was only 0.125% 

of the bead mass. Iron represents 20.7% of the total weight of the coating 

material and 0.0258% of the total weight of the coated beads. These low values 

suggested that a very thin film of coating material was established on the surface 

of the glass beads, and the density of the material may be low.



65

Stability of the Iron Oxide Film

The result of the stability test shows that less than 1.5% of the coated iron 

oxide would redissolve into the bulk solution under the conditions of the 

subsequent adsorption experiment. It was concluded that the adhesion of the 

iron oxide film to the glass beads surface was strong enough for the subsequent 

experiments.

XPS Analysis

Table 5 shows the atomic concentration of the created iron oxide surface 

measured by XPS analysis. Iron represents 19.3% of the surface, which 

concurred with the iron content as discussed previously. However, this value 

represents the atomic concentration of iron, and the digestion test calculated the 

weight concentration. If the higher atomic weight of iron was considered, the iron 

content on the surface, which was directly related to its adsorption capacity to 

humic substances, was higher than that inside the film. Table 5 also shows that 

the ratio of Fe concentration to O concentration on the surface was 0.483, which 

was very close to the Fe:0 ratio (0.5) of goethite (FeOOH), suggesting that 

goethite was present on the surface.

The binding energy of the Fe2p electron of the surface is shown in Figure 

8. The reference data is listed in Appendix A. The position of the Fe2p 3/2 peak 

was in the range of Fe2O3 (710.9 eV) and FeOOH (711.2 to 711.8 eV). It was not 

a single peak but a mixture of several peaks, which suggested that the surface 

contained different kinds of iron oxides, including FeOOH and Fe2O3.
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Table 5. Atomic concentration of the iron oxide surface on glass beads 
(by monochromated Al Kcc)

Element Area
(cts-ev/s)

Sensitivity
Factor

Atomic
Concentration(%)

- Fe2p 133484 148.978 19.29
; 01s 74035 39.890 39.95

Cls 25498 16.518 33.23
Si2p 5510 15.733 7.54

The binding energy of the O ls electron of the surface is shown in Figure 

9. The position of the main peak was in the range of Fe203 (529.6 to 530.2 eV), 

suggesting that most of the oxygen atoms on the surface were combined with 

iron. There were also some small peaks in the range of 531 eV to 533 eV. These 

peaks might represent groups of nitrate (533 eV), carbonate (531 eV) or SiO2 

(533 eV). The data in Table 5 also show the occurrence of carbon and silicon. 

The large amount of carbon on the surface might be explained by the adsorption 

of CO2 from air. The'occurrence of silicon suggested that the glass bead surface 

was not fully coated, leaving some glass surface exposed. Thus, the atomic 

concentration of oxygen listed in Table 5 might exaggerate the actual amount of 

oxygen atoms on the film surface that were combined with iron, and the actural 

Fe:0 ratio might be higher than 0.5.
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Binding Energy (eV)

Figure 8. The binding energy of the Fe 2p electron of the created iron oxide 
surface measured by X-ray Photoelectron Spectroscopy.

530
Binding Energy (eV)

Figure 9. The binding energy of the O 1s electron of the created iron oxide 
surface measured by X-ray Photoelectron Spectroscopy.
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AFM Analysis

AFM images of the iron oxide coated beads are shown in Figure 10.The 

top view shows that the bead was uniformly coated and had a relatively smooth 

surface. No cracks or pores were visible, except for some crystalline salt casts 

sized from 0.2 -  1.0 Fm. These salt casts might be originally occupied by the 

unhydrolyzed ferric nitrate crystals, which were formed during the heating 

process and washed away by the subsequent rinsing. The surface view shows 

that very fine cone-like structures were formed throughout the surface. These 

structures demonstrated the domains of the iron oxide crystal nucleation and 

growth at each point. The sizes of these domains were usually from 40 nm to 100 

nm, few exceeded 200 nm. These data also illustrated that the created iron oxide 

film was thicker than the sampling depth of XPS (60 A), so the presence of 

silicon in Table 5 was not due to the detection of glass under the coating 

material.

Surface Area Analysis

The detailed data of the analysis are listed in Appendix A. The average 

specific surface area of the iron oxide coated beads, measured by the BET 

method, was 0.1589 -  0.0138 m2, only 48.2% higher than the surface area of the 

cleaned uncoated glass beads (0.1072 -  0.000487 m2/g beads). The analysis 

also indicated that the formed iron oxide surface was non-porqus and quite 

smooth. Since the sample used for the BET analysis was degassed at 150 °C, it 

is possible that the goethite in the sample surface might have been transformed



to a more oxidized structure, such as hematite, during the procedure, and it might 

still have retained a layer of adsorbed water molecules during the analysis. Thus, 

the BET analysis might not represent the actual surface area of the coated beads 

under normal water hydrated conditions.

Summary

The following characteristics of the iron oxide film established on glass 

surface by the method used in this study can be summarized. (1) A very thin film 

of iron oxide was formed on the glass surface. (2) This film contained a mixture
• V

of different iron oxides, dominated by goethite, (3) This film was very stable 

under the conditions of the subsequent adsorption experiment. (4) The glass 

beads were uniformly coated and the surface of iron oxide film is non-porous and 

smooth. Although the properties of the iron oxide film were measured from the 

coated beads, it was assumed that they also applied to the film on coated glass, 

coverslip, since the same coating condition was used.



70

Figure 10. Images of the surface of the iron oxide coated glass beads by 
Atomic Force Microscopy.
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Adsorption and Desorption of ESLS Humic Substance 

on the Created Iron Oxide Surface

In order to estimate the relationship between the adsorbed humic 

substances and the growth of bacteria on the created iron oxide surface, it is 

necessary to know how much humic substance was adsorbed. These data were 

obtained by the determining the adsorption isotherm of our system.

Experimental Design

The experiment was performed in batch reactors where the iron oxide- 

coated beads were equilibrated with humic substance solutions. The humic 

solutions were buffered to the same pH value by bubbling CO2ZN2 gas mixture 

through them. After the adsorption process, the pH values of these solutions 

were measured again. The results showed that the pH values of all the solutions 

increased about 0.2 units. This was due to the loss of CO2 from the solutions 

during the operation and the consumption of acidic functional groups of the 

humic substances by the adsorption process. The results also showed that the 

differences of the final pH values among all the humic solutions were less than 

0.05 pH, which indicated adequate capacity of the buffering method.

The adsorption of humic substances was measured for each humic 

solution as the difference of TOC concentrations between a reaction sample and 

a control sample. Both samples contained the same amount of the humic 

solution except that the reaction sample was mixed with the iron oxide-coated 

beads for 24 hours.
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Figure 11. Adsorption results for ESLS humic substances on the created 
iron oxide surface at pH 6.7. The dots represent the experimental 
measurements. The solid line represents the adsorption isotherm of the 
modified Langmuir model simulated by non-linear least squares regression 
using a MATLAB program.
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Adsorption Isotherm at a Neutral pH

The adsorption behavior under neutral pH was important to this study, as 

it is the common condition in natural aqueous environments as well as in water 

distribution systems. It is also a favorable condition for bacterial growth.

The adsorption data at the final pH of 6.7 is plotted in Figure 11. The X- 

axis presents the equilibrated free humic concentration in the bulk solution, 

determined by the final TOC concentration of the reaction sample. The Y-axis 

presents the adsorbed mass of humics per area of the iron oxide surface 

calculated from the adsorption value using the specific surface area of the beads. 

Figure 11 shows that at low free humic concentrations, the adsorption increased 

with an increase of the equilibrium bulk solution humic concentrations. As the 

free humic concentration exceeded 50 ppm of carbon, a plateau appears, 

indicating the existence of maximum adsorption.

Using the modified Langmuir model described in equation 12 and 13, an 

adsorption isotherm of ESLS humic substances on the created iron oxide surface 

at pH 6.7 was simulated from the adsorption data by a non-linear least squares 

regression method, and is also showed in Figure 11. The calculated values of 

parameter qmax, K, and b for the model are listed in Table 6, along with their 

standard errors. These data indicated relatively high standard deviations for all of 

the parameters. Figure 11 also indicates that the measured data were scattered 

around the model isotherm. The estimated uncertainty of the parameters was 

due to the great possibility of experimental errors. As described in Chapter 3, the
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humic sample solutions were filtered by syringe filters, and diluted by water 

before TOC measurements; both operations might introduce measurement 

errors. The accuracy of the Shimadzu TOC machine may also decrease after 

several measurements as the catalyst might accumulate iron or other metal 

elements from the sample solutions.

Table 6. Model parameters used in equation 13 and 14 to simulate 
adsorption isotherm data of ESLS humic substances on the created iron 
oxide surface at pH 6.7 and 7.4. Numbers in parentheses are standard 
errors. The p values were calculated by a t-test of each parameter with 43 
degrees of freedom.

pH qmax (m g /m ') K (HTiZg) b (nW m g)

6.7 0.1263 (0.0083) 0.0261 (0.0043) -8.4299 (2.1169)
7.4 0.1242 (0.0391) 0.0255 (0.0040) -4.7165 (2.9554)
P 0.9592 0.9288 0.3128

The significance of the qmax and K values indicated that the modified 

Langmuir model fit well with the adsorption data in this study. However, the 

negative value of b implied that the adsorption energy decreased with the 

increase of the surface coverage, which was not consistent with the model. 

pH Dependence of the Adsorption

As mentioned in Chapter 2, the adsorption of humic substances on the 

iron oxide surface is pH dependent. Thus, a study of the adsorption of the ESLS 

humic substances on the created iron oxide surface at different pH values was 

necessary for a good understanding of the adsorption process in the system as
r

well as the biofilm accumulation behavior in the subsequent research.
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To examine the pH dependence of the adsorption, another adsorption 

experiment was pursued at pH 7.4. The data were plotted in Figure 12 along with 

the adsorption isotherm simulated by the modified Langmuir model using the 

same non-linear least squares regression method. The isotherm had the same 

shape as that observed for pH 6.7, indicating the same adsorption rpechanism in 

both conditions.

The values of three parameters of the modified Langmuir model at pH 7.4 

were also listed in Table 6 along with their standard errors. These values were 

compared with those at pH 6.7 by a two sample t-tests of each parameter. The 

resulting p value for each parameter was also presented. The data show that 

both qmax and K values decreased with increasing pH. However, the differences 

were not statistically significant, since the differences were quite small and the 

standard errors of qmax and K values were relatively large.

The data in Table 6 also show a negative b value at pH 7.4, but the 

absolute value was smaller than that for pH 6.7. This suggests that the energy 

change during adsorption at pH 7.4 was not as significant as that at pH 6.7.
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Figure 12. Adsorption and desorption results for ESLS humic substances 
on the created iron oxide surface at pH 7.4. The dots represent the 
adsorption measurements. The solid line represents the adsorption 
isotherm of the modified Langmuir model simulated by non-linear least 
squares regression using a MATLAB program. The triangles represent the 
desorption measurements corresponding to the free humics 
concentrations of the original adsorption equilibrium.



Desorption Potential

The adsorption of humic substances on .iron oxide surfaces is thought to 

be thermodynamically reversible, although the desorption process has been 

studied to a much lesser extent than adsorption. The modified Langmuir model 

used in this study also considered that the already adsorbed humic substances 

desorb from the iron oxide surface back into the solution. If this desorption 

process occurs very fast at the water/solid interface, biofilm cells may have no 

chance to use the adsorbed humics as a carbon source for growth. Thus a 

desorption potential test for the stability of the adsorbed ESLS humic substances 

on the created iron oxide surface was necessary in this study.

The desorption test was conducted by equilibrating the iron oxide coated 

beads, which had already been allowed to adsorb the ESLS humics in the 

previously described adsorption experiment, with pH buffered TOC free 

nanopure Water for two days. This longer test period was used to examine the 

stability of the adsorbed humics in a time period relevant to the subsequent 

biofilm growth experiments. The amount of desorption of the humics was 

estimated by the change of the TOC concentration of the water after the test.

The desorption potential of our system at pH 7.4 was tested immediately 

after the adsorption measurements at the same pH had been completed. The 

data of this test were also plotted in Figure 12 corresponding to the original 

equilibrated free humic concentrations of the sample solutions. Compared to the 

amount of the adsorbed humic substances on the surface, the desorption portion



was very small. The relationship between the amount of desorbed and adsorbed 

humic substances is shown in Figure 13, where the desorption data were plotted 

against the respective adsorption data.

Figure 13 shows that the amount of humic substances that desorbed from 

the iron oxide surface increased positively with the amount of the humics 

originally adsorbed on the surface. This trend could be well fit by a linear 

relationship (R2 = 0.914). The slope of the line represents the average ratio of the 

desorbed to the adsorbed humic substances. The data indicated that, on 

average, less than 2.1% of the adsorbed humic substances desorbed from the 

solid surface back in to the liquid phase after two days of equilibration with TOC 

free water.

Summary

The results of the experiments discussed in this section showed that the 

ESLS humic substances could be significantly adsorbed on the iron oxide 

surfaces created in this study. The amount of adsorption increased with 

increasing free humics concentration in the equilibrated bulk solution until a 

maximum adsorption was reached when the free humic exceeded 50 ppm.

The adsorption isotherm for our system could be simulated using the 

modified Langmuir model. The calculated qmax and K values were positive while 

the b value was negative. Both the adsorption capacity and the affinity decreased 

with increasing pH of the sample solution, indicating a pH dependence of



adsorption. The desorption potential of the adsorbed humics from the iron oxide 

surface was very small, almost negligible compared to the adsorption capability.
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Figure 13. Relationship between the amount of the desorption of ESLS 
humic substances from the created iron oxide surfaces back into the water 
phase and the amount of the originally adsorbed humics on these surfaces. 
The dots represent the experimental data. The solid line represents linear 
regression by a least squares method in MINITAB.
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BSofilm Accumulation on the Created Bron OxSde Surface 

with the ESLS Humic Substances Adsorbed

As described in Chapter 2, the surfaces of iron pipe lines in drinking water 

distribution systems support more biofilm accumulation than other materials. The 

bacterial colonization increases with the increasing potential of these surfaces to 

form iron corrosion products (mostly iron oxides). This effect is far more 

pronounced than what can be explained only by the disinfectant demand of iron 

and its corrosion products. It was hypothesized in this study that the adsorbed 

humic substances on iron oxide surfaces in drinking water distribution systems 

provide additional carbon and energy sources for biofilm growth. In order to test 

this hypothesis, studies of biofilm accumulation on the created iron oxide surface 

with the adsorbed ESLS humic substances was performed. The results are 

discussed in this section.

Experimental Design

The basic premise of the study was to measure the bacterial; accumulation 

rate on the created iron oxide surface with the adsorbed humic substances as 

the only carbon source, and compare it with the accumulation rate on the 

surfaces without the adsorbed humics.

In order to observe the biofilm accumulation behavior in vivo, a GFP+ 

strain of Pseudomonas aeruginosa (PA01) was used in the experiment. This 

microorganism produced green fluorescent protein, and the cells could be 

tracked under UV light without killing the cell by staining.



Four parallel plate flow cells were used simultaneously during the 

experiment. The first flow cell had a pure glass coverslip without iron oxide 

coating or humic pre-conditioning. It was used as a control to examine the 

significance of the effect of the iron oxide on the biofilm growth. The second flow 

cell had a glass coverslip coated with the iron oxide but without humic pre

conditioning. It was used as a control to examine the significance of the effect of 

the adsorbed humic substances on the biofilm growth. The third and fourth flow 

cells also had glass coverslips coated with the iron oxide, but with different 

amount of ESLS humic substances adsorbed on the surface. One coverslip was 

pre-conditioned in the range of low humic adsorption, another near the maximum 

adsorption, according to the adsorption isotherm presented in Figure 12. The 

biofilm accumulation rates on the coverslips of these two flow cells were 

compared to examine the significance of the effect of surface humic coverage on 

biofilm accumulation.

Two media, both with a pH around 7.4 and sufficient supplies of nitrogen 

and phosphorous, were allowed to run through the flow cells. Flow cell media 1 

contained neither ESLS humic substances nor any other carbon source. It was 

used to demonstrate whether or not the adsorbed humic substances could 

support biofilm accumulation alone. Flow cell media 2 contained 0,25-ppm ESLS 

humic substances as the only carbon source. It was used to demonstrate if a 

continuous supply of adsorbed humics could enhance biofilm accumulation.
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Chemostat Cell Culture

Before being inoculated into the flow cell system, the Pseudomonas 

aeruginosa was cultured in a chemostat system in planktonic phase. The media 

used for the culture contained 100 ppm ESLS humic substance as the only 

carbon source. There were two reasons to use this media. First, it was necessary 

to know if the bacteria could utilize the ESLS humic substances; second, it 

ensured that the bacteria would be physiologically adapted to this carbon source.

The chemostat was first operated in batch culture mode. Total direct cell 

counts were used to track the cell growth over time. The batch mode culture 

demonstrated three growth phases of the strain o f Pseudomonas aeruginosa in the 

chemostat media as shown in Figure 14. The lag phase, in which the number of 

cells kept almost constant, continued for the first 40 hours of culture. Then the 

cell number started to increase logarithmly, indicating the rapid growth and 

proliferation of the bacteria. The cell number attained a maximum of about 5.1 x 

108 cfu/ml at about 80 hour, then the stationary phase was observed.

At 100 hours running time the chemostat was switched to CSTR mode.

The cell number in the reactor decreased rapidly due to flushing. The cell number 

became constant again after another 20 hours, indicating that all of the bacteria 

in the chemostat were forced to growth at the same rate of 0.2 hr'1 (5-hour 

residence time). Then the bacteria were ready to be inoculated into the flow cell 

system.
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Figure 14. Chemostat culture o f  Pseudomonas aeruginosa (PA01, GFP+) in a 
media with 100 ppm ESLS humic substances as the only carbon source. 
The culture was switched from batch mode to CSTR mode at 100 hours by 
turning on the pump to the flow rate corresponding to a 5-hour residence 
time.
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The Biofilm Accumulation with Flow Cell Media 1.

Figure 14 demonstrates that the number of the Pseudomonas aeruginosa 

cells in the chemostat was constant 20 hours after turning the chemostat to 

CSTR mode. To ensure that all of the cells were in the same physiological 

growth phase, the chemostat was allowed to run in CSTR mode for 48 hours.

The same amount of cells were harvested, washed, and inoculated into each of 

the four flow cells. Flow cell media I (no humics) was pumped through the flow 

cell chambers at the same laminar flow rate (2 ml/min). The numbers of the 

bacteria that attached to the lower surfaces of the coverslips were counted by 

real time microscopy.

Figure 15 shows the biofilm density on the coverslips of the four flow cells 

over the 140-hour experiment period. The symbols present the Iogt0 values of the 

average cell counts of 10 random microscope fields. The coverslip in flow cell 1 

was pure glass, while in flow cell 2, it was coated by the created iron oxide film. 

The coverslips in flow cell 3 and 4 were also iron oxide coated, and were pre

conditioned in 12 ppm and 66 ppm ESLS humic substances solutions 

respectively. Accordingto the adsorption isotherm presented in Figure 12, the 

surface concentrations of the humics on these two coverslips were 0.0378 mg/m2 

and 0.1011 mg/m2 respectively.
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Figure 15. Pseudomonas aeruginosa (PA01, GFP+) biofilm accumulation on 
the coverslip surfaces of four flow cells using the flow cell media 1 with 
initial inoculation concentration of 4.02 x106 cfu/ml. The data points 
represent the Iog10 form of the average cell density on the surface. Flow 
cell 1 had a pure glass coverslip. Flow cell 2 had a glass coverslip coated 
with the created iron oxide. Flow cell 3 had an iron oxide coated coverslip 
pre-conditioned in 12 ppm ESLS humic substance solution. Flow cell 4 had 
an iron oxide coated coverslip pre-conditioned in 66 ppm ESLS humic 
substance solution.
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As shown in Figure 15, there were three periods of colonization of the 

biofilm. The first period began at time zero and continued for about 3 hours. In 

this period the cell numbers on the coverslips increased. However, no cell 

division was observed during this time by the real time microscopy, suggesting 

that the cells did not replicate.

The second period continued from 3 to about 95 hours. There were only 

slight changes of the bacterial cell numbers on the coverslips of the four flow 

cells during this period, which indicated that the biofilm densities in the flow cells 

were almost in a steady state phase. To estimate the significance of the biofilm 

accumulation in each flow cell during this period, the biofilm density data of each 

flow cell were integrated vs. time by a linear least squares regression in 

MINITAB. The slopes of the regressions represented the biofilm accumulation 

rates and are listed in Table 7 along with their standard deviations, the R2 values 

of the regressions, and the p values calculated from t-tests to test the null 

hypothesis that the slopes were zero.

Table 7. The steady state phase accumulation rates o f  Pseudomonas 
aeruginosa (PA01, GFP+) biofilm on the coverslip surfaces of four flow cells 
using the flow cell media 1. Calculated by linear least square regression of 
the data for each flow cell using MINITAB.

Flow cell Mean of slope 
(hr’)

Standard
deviation

R2 P

1 0.001357 0.000167 0.8914 0.0001
2 0.000683 0.000059 0.9443 0.0001
3 0.000787 0.000084 0.9165 0.0001
4 0.000849 0.000236 0.6304 0.0061
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The p values in Table 7 indicate that all the slopes are statistically non

zero, which implies that significant biofilm accumulation existed in all the flow 

cells during this period. The R2 values indicated that the accumulation were 

linear over time, except that in flow cell 4. The order of the accumulation rates in 

the flow cells was flow cell 1 > flow cell 4 > flow cell 2 > flow cell 3. Comparisons 

between these accumulation rates were made by two sample t-tests a ta = 0.05 

level using MINITAB. The results are shown in Table 8, which demonstrated that 

the differences between flow cell 1 and all other flow cells were statistically 

significant, while the differences among flow cell 2, 3, and 4 were not significant.

Table 8. Comparison of the steady state phase accumulation rates of 
Pseudomonas aeruginosa (PA01, GFP+) biofilm on the coverslip surfaces of 
four flow cells using the flow cell media 1. Calculated by t-tests at a = 0.05 
level using MINITAB.

Flow cell pair 1 -2 1 -3 1 -4 2 -3 2 -4 3 -4
P 0.0040 0.0132 0.0328 0.6450 0.3880 0.6950

Although the results in Table 7 showed statistically significant biofilm 

accumulation in all the flow cells, the magnitudes of the slopes, or the 

accumulation rates, were very small, especially when compared to the 

accumulation rates in the later experiments (will be discussed later). 

Furthermore, the observation of the biofilm cell division and movement was rare
F'

in all the flow cells during this period. Thus, there was great uncertainty of the 

significance of the biofilm accumulation during this period.
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The average biofilm density in each flow cell during the second period is 

listed in Table 9 along with its standard deviation. Since all the biofilm densities 

changed over time, the average density in each flow cell was calculated as the 

value at the average time of this period, which was 40.4 hours. These average 

biofilm densities were compared to each other by calculating the Bonferrioni 

Pairwise Confidence Intervals for each pair of flow cells a ta = 0.05 level using 

MINITAB. The results are shown in Table 10.

Table 9. The average Pseudomonas aeruginosa (PA01, GFP+) biofilm densities 
on the coverslip surfaces of four flow cells using the flow cell media 1 at 
the steady state phase at the average time for all the flow cells (40.4 hours).

Flow cell 1 2 3 4
Average density 1.3396 1.3940 1.4473 1.4671
Standard deviation 0.0040 0.0040 0.0040 0.0040

Table 10. Comparison of the average Pseudomonas aeruginosa (PAOI, GFP+) 
biofilm densities on the coverslip surfaces of four flow cells using the flow 
cell media 1 at the steady state phase at the average time for all the flow 
cells (40.4 hours). Presented by the Bonferrioni Pairwise Confidence 
Intervals calculated at a  = 0.05 level using MINITAB. The intervals are for 
(column level mean) -  (row level mean)

Interval Flow cell 2 Flow cell 3 Flow cell 4
Flow cell 1 0.07050, 0.12376 0.06930, 0.14355 0.03585, 0.08910
Flow cell 2 — 0.03840, 0.09165 0.03720, 0.11145
Flow cell 3 — — 0.00374, 0.05700

These results indicated that during this period, the order of the biofilm 

densities in the four flow cells was flow cell 1 < flow cell 2 < flow cell 3 < flow cell 

4. The differences were all statistically significant.
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The third period of this experiment began at 95 hours and continued until 

the end of the experiment. The biofilm densities in all flow cells decreased 

continuously. The decrease rate in each flow cell was calculated as the slope of 

a linear least squares regression of the cell count data during this period over 

time. The slopes are presented in Table 11 along with their standard deviations, 

the R2 values of the regressions, and the p values calculated from t-tests to test 

the null hypothesis that the slopes were zero.

I

Table 11. The decline phase decrease rates o f  Pseudomonas aeruginosa  
(PA01, GFP+) biofilm densities on the coverslip surfaces of four flow cells 
using the flow cell media 1. Calculated by linear least square regression off 
the data for each flow cell using MINITAB.

Flow cell Mean off slope 
(hi"')

Standard
deviation

R i P

1 -0.0069 0.0004 : 0.9930 0,0035
2 -0.0067 0.0002 0.9974 0.0013
3 -0.0045 0.0011 0.8853 0.0591
4 -0.0042 0.0009 0.9128 0.0446

The results of the p values indicated that the decrease of the biofilm 

densities in flow cell 1, 2, and 4 were statistically significant, while in flow cell 3, 

the decrease was not significant. All the decreases were linear over time. The 

order of the biofilm density decrease rates in the flow cells was flow cell 1 > flow 

cell 2 > flow cell 3 > flow cell 4. Comparisons between these decreased rates 

were made by two sample t-tests a ta = 0.05 level using MINITAB. The results 

are shown in Table 12, which demonstrates that the differences among all the



flow cells were not statistically significant, except that between flow cell 1 and 

flow cell 4.

Table 12. Comparison of the decline phase decease rates of Pseudomonas 
aeruginosa (PAQ1, GFP+) biofilm densities on the coverslip surfaces of four 
flow cells using the flow cell media 1. Calculated by t-tests at a  = 0.05 level 
using MINITAB.

Flow cell pair 1 -2 1 -3 1 -4 2 -3 2 -4 3 -4
P 0.8230 0.0607 0.0378 0.0870 0.0542 0.7643

Biofilm Accumulation with Flow Cell Media 2.

The data in Figure 15 did not provide clear and confident comparisons of 

the biofilm accumulations in the four flow cells, since the biofilm accumulation 

rates were too small. Supposing that the nutrient level was too low in media 1 to 

support the cell division, another experiment was completed. After running the 

flow cell media 1 through the system for a while, it was switched to the flow cell 

media 2, which contained 0.25 ppm of the ESLS humic substances. In this 

experiment, the coverslips of the first and second flow cells were still the same 

pure glass and the created iron oxide as for the previous experiment. The 

coverslips of the third and fourth flow cells were the created iron oxides pre

conditioned in 5 ppm and 50 ppm ESLS humic substances solutions respectively. 

Calculated from the adsorption isotherm presented in Figure 12, the surface 

concentration of the humics on these two coverslips were 0.0161 mg/m2 and 

0.0939 mg/m2 respectively. Although these surface concentrations were slightly
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different than that used in the previous experiment, they were still in the same 

range where a low coverage and a nearly maximum coverage applied.

Two separate replicates were completed. The biofilm density data vs. time 

were plotted in Figure 16 and Figure 17. Again, these data represented the 

average cell counts of 10 random microscope fields, and were transformed to the 

logarithm form.

Results with Flow Cell Media 1. Figures 16 and 17 show that, before 

switching the media, the biofilm cells in all the flow cells had the same trends of 

behavior as the previous experiment with flow cell media 1 alone. Two periods 

existed before switching the media. Up to three hours after the inoculation, the 

cell numbers on all the coverslips increased, but cell division and proliferation 

was not observed. After three hours, a steady-state phase appeared where the 

biofilm density in the flow cells did not change. As in the previous experiment, the 

biofilm density data from each flow cell were integrated vs. time by a linear least 

squares regression in MINITAB to estimate the significance of the biofilm 

accumulation in each flow cell during this period. Representing the biofilm 

accumulation rates, the slopes of the regression lines are listed in Table 13 and 

Table 14 for the two replicates. Their standard deviations, the R2 values of the 

regressions, and the p values calculated from t-tests are also presented.



2.4  

2.2

2

1.8 

1.6

1.4 

1.2

1
O 10 20  30 40  50 60  70 80  90 100

T im e  (h o u rs )

A Flow cell 1 n Flow cell 2 0 Flow cell 3 x Flow cell 4

Switched to media 2

xx  x x<Xxx )Tx x x  x o o
X o d0  gnogSSSgg □  o  D  

J f i n
. A A A  .

A a  A a  A  A  A a  a  a  A

X x O =

c °

D □

Figure 16. Pseudomonas aeruginosa (PA01, GFP+) biofilm accumulation on 
the coverslip surfaces of four flow cells using the flow cell media 1 and 
media 2 (replicate 1) with initial inoculation concentration of 5.97 x106 
cfu/ml. The data points represent the Iog10 form of the average cell density 
on the surface. Flow cell 1 had a pure glass coverslip. Flow cell 2 had a 
glass coverslip coated with the created iron oxide. Flow cell 3 had an iron 
oxide coated coverslip pre-conditioned in 5 ppm ESLS humic substance 
solution. Flow cell 4 had an iron oxide coated coverslip pre-conditioned in 
50 ppm ESLS humic substance solution.
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Figure 17. The repeat experiment o f Pseudomonas aeruginosa (PA01, GFP+) 
biofilm accumulation on the coverslip surfaces of four flow cells using the 
flow cell media 1 and media 2 (replicate 2) with initial inoculation 
concentration of 4.77 x106 cfu/ml. The data points represent the Iogi0 form 
of the average cell density on the surface. Flow cell 1 had a pure glass 
coverslip. Flow cell 2 had a glass coverslip coated with the created iron 
oxide. Flow cell 3 had an iron oxide coated coverslip pre-conditioned in 5 
ppm ESLS humic substance solution. Flow cell 4 had an iron oxide coated 
coverslip pre-conditioned in 50 ppm ESLS humic substance solution.



T h e  va lues  o f the  s lopes in T ab le  13 and 14 show  th a t the  b io film  

a ccum u la tion  ra tes in all the  flow  ce lls  in both rep lica tes  be fo re  add ing  o f 0 .25 

ppm  C hum ics  w e re  ve ry  sm all, and o f the  sam e m agn itude  as the  resu lts  o f the  

p rev io us  e xp e rim e n t in w h ich  on ly  the  flow  ce ll m ed ia  1 w as used. T he  resu lts  o f 

the  p va lues  ind ica ted  tha t during  the  s teady  s ta te  phase in both o f the  rep lica tes, 

none  o f the  flo w  ce lls  dem onstra ted  s ta tis tica lly  s ign ifican t b io film  accum u la tion . 

T h e  excep tion  is the  flo w  cell 2 in the  firs t rep lica te , in w h ich  th e  b io film  

a ccum u la tion  w as s ig n ifica n t a t the  0 .05 level. T he  R2 va lues  ind ica ted  tha t in 

bo th  rep lica tes  none o f the  b io film  accum u la tion  w as linear.

Table 13. The steady state phase accumulation rates o f  Pseudomonas 
aeruginosa (PA01, GFP+) biofilm on the coverslip surfaces of four flow cells 
before switching the media in the replicate 1. Calculated by linear least 
square regression of the data for each flow cell using MINITAB.

Flow cell Mean of slope 
(hr1)

Standard
deviation

R2 P

1 0.002585 0.001348 0.3800 0.103
2 0.001349 0.000528 0.5210 0.043
3 0.000703 0.000815 0.1100 0.422
4 0.000576 0.000323 0.3450 0.126

Table 14. The steady state phase accumulation rates o f  Pseudomonas 
aeruginosa (PA01, GFP+) biofilm on the coverslip surfaces of four flow cells 
before switching the media in the replicate 2. Calculated by linear least 
square regression of the data for each flow cell using MINITAB.

Flow cell Mean of slope 
(hr1)

Standard
deviation

~ R r ~ P

1 0.001160 0.001016 0.3950 0.372
2 0.000257 0.000756 0.0540 0.767
3 0.000521 0.000400 0.4600 0.322
4 0.000119 0.000961 0.0080 0.912



The average biofilm density in each flow cell for each replicate during the 

steady state phase was calculated and plotted in Figure 18. These data were 

compared between the two replicates as well as among the four flow cells. Figure 

18 illustrated that for all the flow cells, the average biofilm density in the replicate 

1 was greater than that in the replicate 2. The p values, calculated by two sample 

Nests using MINITAB (Table 15), indicated that all the differences were 

statistically significant. These data indicated a large experiment to experiment 

variance, which was due to the less control of the experimental conditions such 

as the treatment of the coverslip surfaces and the pH and temperature of the 

media.

=  -B 1 .4 -

<n . E

o  to

B  1 .1 -

Experim ent 1 
Flow  Cell

Figure 18. Comparison of the average P s e u d o m o n a s  a e ru g in o s a  (PA01, 
GFP+) biofilm densities on the coverslip surfaces of four flow cells at the 
steady state phase before switching the media. The comparison is made 
between the two replicates as well as among the four flow cells.
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Table 15. Comparison of the average Pseudom onas aeruginosa  (PAOI , 
GFP+) biofilm densities on the coverslip surfaces of four flow cells between 
the two replicates. The comparison was made by t-test using RfllNITAB.

Flow Cells 1 2 3 4
P Values < 0.001 < 0.001 < 0.001 < 0.001

The average biofilm densities in each flow cell for the two replicates during 

the steady state phase were calculated and presented in Table 16, along with 

their standard deviations. These results demonstrated that the order of the 

biofilm densities in the four flow cells during the steady state phase was flow cell 

1 < flow cell 2 < flow cell 3 < flow cell 4.

Table 16. The average Pseudomonas aeruginosa (PAOI, GFP+) biofilm 
densities on the coverslip surfaces of four flow cells. The average densities 
were calculated for the overall data of the two replicates at the steady state 
phase before switching the media.

Flow cell 1 2 3 4
Average density of 
the two experiments

1.2049 1.4836 1.5618 1.6238

Standard deviations 0.1567 0.0487 0.0514 0.0508

The comparisons of the biofilm density among the flow cells during the 

steady state phase were made by calculating the Fisher’s Pairwise Confidence 

Intervals for each pair of flow cells a ta = 0.05 level using MINITAB. The results 

are shown in Table 17.

Table 17 indicated that there were statistically significant differences in 

biofilm densities among all the flow cells during the steady state phase. This
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result, as well as. the order of the biofilm densities in the four flow cells, were 

consistent with the results of the steady state phase in previous research, in 

which only the flow cell media 1 was used.

Table 17. Comparison of the average Pseudomonas aeruginosa (PAOI, GFP+) 
biofilm densities on the coverslip surfaces among all the flow cells at the 
steady state phase before switching the media. Presented by the Fisher’s 
Pairwise Confidence Intervals calculated at a -  0.05 level using, MINITAB. 
The intervals are for (column level mean) -  (row level mean)

Intervals Flow cell 2 Flow cell 3 Flow cell 4
Flow cell 1 0.2049, 0.3525 0.2831, 0.4306 0.3415, 0.4890
Flow cell 2 I 0,0364, 0.1200 0.0947, 0.1784
Flow cell 3 0.0165, 0.1002

Results with Flow Cell Media 2. Both Figure 16 and 17 show that after 

switching the media, there was significant biofilm accumulation in all the flow 

cells. This increase contained two continuous phases. At the beginning, there 

was only a slight increase of biofilm cell numbers in each flow cell, indicating a 

lag phase. The duration of the lag phase in the second replicate was longer than 

the first one. This difference was attributed to experiment-to-experiment variation. 

By the end of the lag phase, a logarithmic growth phase, represented by the last 

five data points of each flow cell, was observed. The biofilm cell numbers in all of 

the flow cells increased rapidly during this phase. Cell division was frequently 

observed, and the cells appeared much brighter (more GFP produced) than

before.
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The biofilm accumulation rate in each flow cell was calculated by linear 

least squares regressions of the last five data points of each flow cell over time. 

The accumulation rates were estimated by the slopes of the regression lines, and 

are listed in Table 18 and 19 for the two experiments. Their standard deviations, 

the R2 values of the regressions, and the p values calculated from t-tests are also 

presented.

Table 18. The logarithmic phase accumulation rates of Pseudomonas 
aeruginosa (PA01, GFP+) biofilm on the coverslip surfaces of four flow cells 
after switching the media in the replicate 1; calculated by linear least 
squares regression of the last five data points for each flow cell using 
MINITAB.

Flow cell Slope (h r1) Standard
deviation

R2 P

1 0.007904 0.000441 0.9910 0.000
2 0.010378 0.000582 0.9910 0.000
3 0.015881 0.001126 0.9850 0.001
4 0.023697 0.001794 0.9830 0.001

Table 19. The logarithmic phase accumulation rates of Pseudomonas 
aeruginosa (PA01, GFP+) biofilm on the coverslip surfaces of four flow cells 
after switching the media in the replicate ; calculated by linear least 
squares regression of the last five data points for each flow cell using
MINITAB.

Flow cell Slope (h r1) Standard
deviation

R2 P

1 0.033354 0.003435 0.9690 0.002
2 0.034447 0.001940 0.9910 0.000
3 0.039691 0.000901 0.9980 0.000
4 0.040651 0.001290 0.9970 0.000

The magnitudes of these slopes were much greater than those in the 

steady state phase, confidently indicating biofilm accumulation. The p values
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indicated that there was statistically significant accumulation in all the flow cells in 

both replicates. The R2 values indicated that all the accumulation was linear.

The biofilm accumulation rates for all the flow cells were compared to 

each other by two sample t-tests using MINITAB. The results for the two 

replicates are presented in Table 20 and 21.

Table 20. Comparison of the logarithmic phase accumulation rates of 
Pseudomonas aeruginosa (PA01, GFP+) biofilm on the coverslip surfaces of 
four flow cells after switching the media in the replicate I ;  calculated by t- 
tests at a = 0.05 level using MINITAB.

Flow cell pair 1 -2 1 -3 1 -4 2 -3 2 -4 3 -4
t 3.392 6.597 8.551 4.340 7.062 3.691
P 0.015 0.001 0.000 0.005 0.000 0.010

Table 21. Comparison of the logarithmic phase accumulation rates of 
Pseudomonas aeruginosa (PA01, GFP+) biofilm on the coverslip surfaces of 
four flow cells after switching the media in the replicate 2; calculated by t- 
tests at a = 0.05 level using MINITAB.

Flow cell pair I -2 1 -3 1 -4 2 -3 2 -4 3 -4
t 0.277 1.784 1.988 2.452 2.663 0.610
P 0.791 0.125 0.094 0.050 0.037 0.564

The data in Table 18 indicate that in replicate 1, the order of the biofilm 

accumulation rates in the four flow cells was flow cell 1 < flow cell 2 < flow cell 3 

< flow cell 4. The p values in Table 20 indicate that all of the differences of the 

slopes among the flow cells in the experiment 1 were statistically significant.

The data in Table 19 indicated the same order of the biofilm accumulation

rates in the four flow cells in replicate 2. The p values in Table 21, however,
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indicated that the differences of the slopes among the flow cells in replicate 2 

were not statistically significant, except that between flow cell 2 and 4.

The results in Tables 18 and 19 show that the biofilm accumulation rates 

in replicate 2 were greater than that in replicate 1 for all the flow cells. The overall 

repeatability (standard deviation) of the biofilm accumulation rates for all the flow 

cells between the two experiments was 0.016098, which was calculated by a 

mixed model analysis of variance using MINITAB. This value was very large 

compared to the value of the slopes in Tables 18 and 19, which indicated a poor 

repeatability of the experiments. However, both replicates demonstrated the 

same trend for biofilm growth. The experiment-to-experiment variation was due 

to the possible variability in surfaces between the replicates. As described in 

Chapter 3, both the coverslips and the organism were subjected to several 

processes before the inoculation of the cells into the flow cell system. Any small 

difference of the control of these treatments might change the chemical 

properties of the coverslip surfaces and the activity of the bacteria. The slight 

change of the environmental conditions, such as the media pH and ambient 

temperature, which could not be well controlled in this study, might also be 

attribute to the experiment-to-experiment variations.

The average biofilm accumulation rates in the four flow cells during the 

logarithmic phase for the two replicates were calculated and presented in Table 

22. Because of the large experiment-to-experiment variation, these average 

accumualtion rates were not statistically significantly different from each other.
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Table 22. The average log phase accumulation rates of Pseudomonas 
aeruginosa  (PA01, GFP+) biofilm on the coverslip surfaces of four flow cells 
after switching the media in the replicatel and 2.

Flow cell 1 2 3 4
Average slope (h r1) 0.020628 0.022416 0.027786 0.032172

Summary

The results discussed in this section showed the following trends of the 

Pseudomonas aeruginosa (PA01, GFP+) biofilm growth in this study:

(1) By using the flow cell media 1, there was an increase of the biofilm 

density in the first three hours in all flow cells. After three hours, the increase of 

the biofilm density in all flow cells was very small, indicating a nearly steady-state 

phase of the biofilm accumulation. Cell division and propagation was not 

observed. The biofilm density on the created iron oxide surface was significantly 

greater than that on the glass surface. The biofilm density on the ESLS humic 

substance pre-adsorbed iron oxide surface was significantly greater than that on 

the pure iron oxide surface. The biofilm density increased positively with the 

surface coverage of the humic substances. This steady-state phase continued for 

about 90 hours. Then the biofilm density in all flow cells decreased at significant 

rates. The order of the rates of decrease was glass > pure iron oxide > iron oxide 

with low coverage of the pre-adsorbed humics > iron oxide with high coverage of 

the pre-adsorbed humics, while all the differences were not significant.

(2) By using flow cell media 2, a lag phase of the biofilm accumulation was 

first observed in all flow cells. Then the biofilm densities in all flow cells increased;
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logarithmically with the rates much greater than that in the steady-state phase 

using media 1. Cell division and propagation was frequently observed and the 

cells looked much brighter than before (produced more GFP). The accumulation 

rate on the iron oxide surface was greater than that on the glass surface. The 

accumulation rate on the ESLS humic substance pre-adsorbed iron oxide surface 

was greater than that on the pure iron oxide surface. The biofilm accumulation 

rate increased positively with the surface coverage of the humic substances.
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CHAPTER 5. DISCUSSION

Properties of the Created Iron Oxide Surface 

The results in Table 4 indicated that the iron content of the coated glass 

beads in this study was 0.0258%, which was much lower than the result from 

another coating method (2.5%, Chang, 1992). It implied that a very thin film of 

the iron oxides was formed on the glass surface. This very thin film was 

necessary to ensure that it was transparent and therefore allowed observations 

of individual cells for direct cell count under the microscope. AFM analysis 

showed that the surface of the film was non-porous and uniform, again enabling 

direct, interference free observation of the attached. The iron oxide film was very 

stable under the conditions of this study, as less than 1.5% of the material would 

redissolve. Thus, the iron oxide film created in this study was suitable for the 

subsequent humic adsorption and biofilm growth experiments.

The surface area of this film was equivalent to about 127 m2 per gram of 

the iron oxide, and was in the range reported for goethite (60-200 m2/g) and 

hematite (50-120 m2/g) (Chang, 1992). This thin film of iron oxide was deposited 

on the glass surface by slow hydrolysis and condensation reactions of millimolar 

solution of iron nitrate in approximately 10 mM nitric acid at 70 °C. Under these 

conditions, homogeneous nucleation frequently occurred before or during the film 

deposition, resulting in a non-columnar, non-oriented microstructure of goethite 

with large sized domains (Rieke et al., 1996). These domains were observed in
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the AFM analysis in this study. Rieke also indicated that the formed film was 

relatively loose. In this study, the film might contain a significant amount of 

crystallized water as it was dried only by nitrogen at room temperature. This 

might explain why only 20.7% of the coated material was iron.

Although the microstructures of goethite were observed in the created film, 

the XPS analysis showed that the iron oxide created by our method was not pure 

goethite, but a combination of different iron oxides, including hematite (Fe2O3) 

and siderite (FeCO3). This observation was consistent with the report by other 

researchers (Chang, 1992; Singly and Ahmadi, 1985; Abernathy, 1998) and 

could be expained by the activity of iron. With the presence of an electron 

acceptor, such as oxygen or chlorine, iron can lose two 4s electrons and one 3d 

electron to form Fe2+ or Fe3+ ions, both are at a stable oxidation states under 

normal conditions. The empty 3d orbital can also accept electron pairs from 

oxygen by coordination reactions. As a result, iron and oxygen will form a variety 

of oxidation products under normal conditions, including ferrihydrite (Fe(OH)3), 

hematite (Fe2O3), goethite (FeOOH)1 and magnetite (Fe3O4). The formation of a 

mixture of different iron oxides in this study increased the heterogeneity of the 

substratum surface, and would influence the results of the following adsorption

research.
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Adsorption and Desorption of Humic Substances on the Iron Oxide Surface 

Adsorption at Neutral pH

Figure 11 and 12 showed significant adsorption of ESLS humic 

substances on the created iron oxide surface under neutral pH conditions, and 

the adsorption could be very well interpreted by the modified Langmuir isotherm. 

These results were also reported by other researchers (Gu et al., 1994; Tipping, 

1981; Parfittetal,, 1977).

The C||max and K values. The adsorption capacity measured in this study 

at pH 6.7 was 0.126 mg/m2. This value, however, was lower than the adsorption 

measurements of Georgetown wetland pond NOM and Suwannee River fulvic 

acid standard on commercial hematite at pH 6.5 by Gu et al. (1994), which were 

0.176 mg/m2 and 0.199 mg/m2 respectively. It was also lower than the result 

reported by Tipping (1981) for his Esthwaite Water humic substances/hematite 

system at pH 6.9 and the humic substances/goethite system at pH 6.5, which 

was 0.2 mg/m2 and 2.4 mg/m2 respectively. The adsorption affinity measured in 

this study at pH 6.7 was 0.0261 m3/g. This value was much lower than the 

results from other researchers (Gu et al., 1994; Tipping, 1981), which were in the 

range of 0.6 to1.5 nf/g. The lower K value in this study indicated a less active 

type of interaction between the humic substances and iron oxide surfaces in our 

system.

There are many factors that will influence the value of adsorption capacity. 

The most important factor is the adsorption site density on iron oxide surfaces.
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As described in Chapter 2, the chemical adsorption of humic substances on 

these surfaces involves a ligand; exchange reaction, in which the carboxyl 

functional groups of humic molecules bind directly with the Fe ions by replacing 

the reactive surface hydroxyl groups. Thus, each exposed Fe ion becomes a 

center for the adsorption. The more Fe ion on the surface, the higher the qmax 

value. The adsorption site densities of different iron oxide materials has been 

reported. Breeuwsma and Lyklema (1973) indicated that ferrihydrite had a higher 

site density (0.87-0.91 mol sites/mol Fe) than hematite (0.05-0.1 mol sites/mol 

Fe) or goethite (0.02 mol sites/mol Fe). Varadachari et al. (1997) also reported 

higher humic acid fixation on hematite than on goethite. However, Tipping (1981) 

found a higher Qmax value on goethite than on hematite for the same humic 

substances and pH. The argument of these reports was due to the complexity of 

the iron oxides. As discussed in the previous section, the iron oxides used by 

these researchers were not pure materials, but mixtures of different oxidation 

products with different compositions, and the adsorption capacity on the surface 

of these materials were different.

The type of the adsorbed humic substances also influences the value of 

qmax- As each humic molecule contains many carboxyl functional groups that can 

have ligand exchange reactions with the iron oxide surface, it can occupy more 

than one surface site (Gu et al., 1994, Tipping, 1981, Davis and Gloor, 1981). 

Thus the larger molecules, such as humic acids, which contain more carboxyl 

groups, will occupy more surface sites than smaller molecules, like fulvic acids,
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and fewer molecules will be adsorbed. However, if we consider that qmax is 

calculated on the basis of mass of adsorbed carbon, and humic acids have much 

higher molecular weight and carbon content than fulvic acids, qmax will increase 

with the adsorption of humic acids. As a comprehensive result, the adsorption 

capacity to humic acids is higher than fulvic acids (Davis and Gloor, 1981; 

Tipping, 1981; Varadachari et al,, 1997), although the effect is less pronounced 

than the property of substratum (Gu et al., 1994).

Inorganic ions also impact the value of qmax. The existence of di- and tri

valence cations, especially Ca2+ and Mg2+, will.significantly increase the 

adsorption capacity of the system. Varadachari et al (1997) explained the effect 

by a cation-bridge mechanism, in which Fe-O -M2+ complexes were established 

on the iron oxide surface. These complexes provided additional surface 

adsorption sites for humic substances, where the ligand-exchange reaction 

occurred between the humic carboxyl groups and the coordination shell of M2+. 

Tipping (1981) indicated that these cations might compete with the oxide for 

anionic groups on humics, resulting in fewer contacts per humic molecule with 

the oxide surface that would then be able to adsorb more humic molecules. The 

existence of these bi-valence cations, along with mono-valence cations, such as 

Na+ and K+, will also neutralize the negative charge of the un-adsorbed anionic 

groups of humic substances and decrease the electrostatic repulse between 

humic molecules. Thus, the already adsorbed humics may be able to catch more
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humic molecules from solution by hydrophobic interaction, H-binding, or 

thermodynamic effect, resulting in multiple-layer adsorption.

The existence of organic anions, such as phosphate, sulfate and silicate, 

has a negative effect on the value O f q max (Gu et al., 1994; Tipping, 1981). These 

naturally abundant anions will compete with humic substances for adsorption 

sites on iron oxides, and lower the adsorption capacity. Phosphate has a much 

more pronounced effect than other anions. Tipping (1981) reported that trace 

amounts of phosphate (2.4 x 10"6 M) in a freshwater sample decreased the 

adsorption of humics on goethite by about 80%. This is why phosphate pH buffer 

could not be used in our adsorption experiment.

Compared to Qmax, the value of K is much more dependent on the type of 

humic substances and the solution conditions. Researchers (Gu et al., 1995; 

Tipping, 1981; McKnight et al., 1992) had reported that humic substances with 

larger molecular size and more hydrophobic fractions had higher adsorption 

affinities than smaller, more hydrophilic ones. This effect can also be explained 

by the ligand-exchange mechanism of the adsorption. Larger humic molecules 

contain more carboxyl functional groups than smaller molecules, and have more 

chances to react with iron oxide surface sites. The more hydrophobic portion of 

humic substances has higher affinity because the nearby aromatic carboxyl or 

hydroxyl functional groups may both react with the surface site to form a 

sterically stable structure. It can also be explained that the hydrophilic portion 

may contain more hydroxyl groups on a C basis than the more hydrophobic
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potion. These hydroxyl groups, which have lower ligand-exchange ability than the 

carboxyl groups, may competed with the carboxyl for the surface site, and 

decrease the overall adsorption affinity.

The solution ionic condition also influences the K value. Tipping (1981) 

indicated that the existence of Ca2+ and Mg2+ in the humic solution, although 

increased the adsorption capacity, but decreased the adsorption affinity of the 

system. It was because these cations competed with the oxide for anionic groups 

on the humics, resulting in the humics making fewer contacts per molecule with 

the iron oxide surface. Other reasons may be that as described above, with the 

presence of these cations, multiple-layer adsorption interactions are pronounced. 

These interactions, such as van der Waals' force, hydrophobic interaction, and 

H-binding, have lower affinities than the ligand-exchange interaction for the 

monolayer adsorption.

The differences between the qmax and K values measured in this study 

and those reported by other researchers could be explained by the above 

mentioned factors. First, the iron oxide surface created on glass in this study was 

not a pure product, but a mixture of several oxides, although goethite was 

dominant. Furthermore, the glass beads were not completely coated, with about 

7.5% of the surface as silicon (SiOa), which has a much lower humic adsorption 

capacity and affinity than iron oxide (Beckett, 1990). The overall surface property 

was a combination of alt of these materials, and might have less surface 

adsorption sites as welt as less activity than other systems. Second, the humic



no

substance used in this study was the 0.1 M NaOH extract of the Elliot Silt Loam 

Soil sample. No further purification methods, such as gel chromatography and 

ion exchange that were used by other researchers during their humic sample 

preparation (Tipping, 1981; Gu et at., 1994), were applied. Thus, this sample 

might contain a great variety of organic matters with a wider molecular weight 

distribution than in other systems. There could be relatively more low molecular 

weight and hydrophilic fractions, such as fulvic acids, and less humic acids, 

resulting in the Iower qmax and K values. Third, the ion content in our humic 

samples was not controlled. Although a detailed element content list of the ESLS 

sample was not available, a variety of minerals are well known to exist in natural 

soil environments at significant concentrations. These minerals, when dissolved, 

might produce Na+, K+, Ca2+, Mg2+, Fe3+, Al3+, PO43", SO42", SiO32", and other 

inorganic ions that all could influence the qmax and K values of our system. The 

treatment used in this study (0.1 M NaOH extracting and CO2ZN2 buffering) might 

also change the ionic strength of the system, influencing the possible multiple- 

layer adsorption contribution to the adsorption capacity and affinity.

The b Value. The values of the constant b measured in this study were 

-8.43 m2/mgi and -4.72 m2/mg for pH 6.7 and 7.4, respectively. The negative 

values indicate that the active energy of the adsorption decreased, and the 

adsorption affinity increased with increasing surface coverage. In other words, 

the early adsorption was very likely to take place, and the later adsorption was 

further enhanced. This result was completely opposite to the conclusion by Gu et
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al, (1994), who reported a positive value of b and demonstrated that high-affinity 

type interactions occurred first between the most active humic substances 

fractions and adsorption sites on iron oxide surfaces, and the adsorption 

progressed with decreasing affinity.

As the modified Langmuir model used in this study as well as in other 

research was still based on the assumption that only a monolayer of humic 

molecules adsorbed, the observation of decreasing affinity during the adsorption 

process in Gu’s study (1994) was consistent. However, multiple-layer adsorption 

might occur in our system. The already adsorbed humic molecules might capture 

other molecules from the solution. Multiple-layer adsorption was also suggested 

by the results from other researchers (Tipping, 1981; Varadachari et al., 1997), 

especially when bi-valent cations were present. The higher adsorption capacity 

on goethite reported by Tipping (1981) might be due to the multiple-layer 

adsorption. In our study, the great heterogeneity of the system, especially the 

existence of many inorganic cations, might favor multiple-layer adsorption 

processes. The inorganic cations may neutralize the electrical charge of the 

molecules, which would decrease the electrostatic repulsion. These cations 

provide coordination centers for cation-bridging interactions between the humic 

molecules, in which Fe-humic-M2+-humic complexes might be established 

(Varadachari et al., 1997; Tipping, 1981). The large molecule size has great 

capability of van der Waals’ force, H-binding, hydrophobic interaction and; 

thermodynamic effects. These might significantly lower the activation energy, and



increase the affinity of multiple-layer adsorption. On the other hand, the affinity of 

the monolayer adsorption was decreased as already discussed in the previous 

section. Thus, lower active energy adsorption might occur during the later 

process in the system in this study, leading to a negative b value. The lower K 

value in this study might also imply the presence of multiple-layer adsorption.

This observation demonstrated the limitation of using the modified Langmuir 

model in this study.

Finally, although the chemical and physical significance of qmax, K and b 

values could be explained in some degree, they must be regarded more as 

empirical constants (Gu et al., 1994). These values could only be used for an 

approximate understanding of the adsorption of ESLS humic substances on the 

created iron oxide surface in our system.

The pH Dependence of the Adsorption

Table 6 shows that both the adsorption capacity and affinity decreased 

with the increase of pH. This trend is consistent with that reported by other 

researchers (Tipping, 1981; Gu et al., 1994, 1995, 1996; Varadachari et al.,

1997; Davis, 1982), but the differences were smaller and not significant. As 

described in Chapter 2, at higher pH, both the hydroxyIated iron oxide surface 

and the humic molecules are more ionized. The chemical equilibrium forces more 

=FeOH2+ and =FeOH on the surface to become the less active form of =FeO', 

decreasing both the adsorption site density and the affinity. The increased 

negative charge on the surface as well as on the humic substances also
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increases the electrostatic repulsion between the surface and the humics as well 

as among the organic molecules, lowering the adsorption affinity.

The insignificant differences of the qmax and K values at the two pH 

conditions in this study might be due to the heterogeneity of our system and the 

multiple-layer adsorption possibility. The multiple-layer adsorption may take place 

between the humic molecules by van der Waals’ force, H-binding, hydrophobic 

interaction or thermodynamic effect, which are less pH-dependent. The existence 

of mono-valence and bi-valence cations might decrease the electrostatic 

repulsion between the iron oxide surface and the humics as well as among the 

humic molecules, helping to maintain a higher adsorption affinity.

The Heterogeneity of the System

The results of this study indicated a great heterogeneity in our system in 

both the iron oxide surface and the humic sample. Although this heterogeneity 

influenced the study of the adsorption behavior, it provided a more natural basis 

for the adsorption data, which were relevant to the subsequent biofilm 

accumulation study.

The Desorption Potential

Figure 12 shows that there is limited desorption of the adsorbed humic 

substances after two days of equilibration with TOC-free water. Figure 13 

indicated that, on average, less than 2.1% of the adsorbed humic substances 

would desorb from the iron oxide surface back into the bulk water. Thus, 

although desorption really existed in our system, it was negligible. This result was
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consistent with the observation by Gu et al. (1994), who reported that even after 

63 days of extended desorption time, little humics would be released from iron 

oxide surfaces, indicating a strong hysterestic adsorption-desorption 

phenomenon in their system.

Although thermodynamically irreversible adsorption does not exist, the 

kinetics of the desorption of ESLS humic substances from the water/iron oxide 

interface in our system might be too slow to have any significant influence on the 

adsorption results. The multiple binding sites between humic substances and iron 

oxide surfaces might also hinder the desorption process, which requires the 

detachment of all the binding sites simultaneously. As mentioned in Chapter 2, 

the adsorbed humic molecules might lay flat on the iron oxide surface to allow for 

maximum points of interaction by either ligand exchange or H-binding 

mechanisms. Both chemical and physical forces acting between humics and iron 

oxide might render the desorption very difficult at a given pH and ionic 

composition (Gu et a I., 1994). Thus, the adsorption of ESLS humic substances 

on the created iron oxide surface in this study was stable enough for the 

subsequent growth study where biofilm using the fixed organics as a carbon 

source was investigated.



Biofilm Accumulation on the Humic Substances

Adsorbed Iron Oxide Surfaces

Planktonic Cell Culture Using Humic Substances

Figure 14 shows the results of the chemostat culture of Pseudomonas 

aeruginosa (PA01, GFP+) in the media with the ESLS humic substances as the 

only carbon source. A three-phase bacterial growth phenomenon was observed 

in the batch culture. This phenomenon might be the result of physiological 

processes in the bacterial cells. There are similar observations in the batch cell 

cultures using other carbon sources such as glucose, yeast extract or peptone in 

the Center for Biofilm Engineering (Rice and Xu), except that a relatively longer 

lag phase and lower maximum cell number was observed in this study with the 

humic substances as the carbon source.

Humic substances have often been regarded as inert to bacterial 

degradation (McKnight, 1990; Moran and Hodson, 1990). However, when other 

nutrients such as carbohydrates and amino acids are limited, natural bacterial 

populations may be capable of utilizing the humic fraction of DOC as a carbon 

and energy source. Rozak and Colwell (1987) illustrated that organisms could 

avoid blocks from nutrient limitation by rerouting metabolic pathways, and 

stabilize balanced growth by better coordination of biosynthesis systems. Harder 

and Dijkhuizen (1983) reviewed the structual and functional changes in 

planktonic bacteria under nutrient-limited growth conditions. They indicated that 

bacteria responded to the conditions by increasing synthesis of catabolic
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enzymes or synthesizing a new enzyme to efficiently use the available substrate. 

Thus, when humic substances become the only available nutrient in the 

environment, bacteria may rearrange the chemical composition of cellular 

structures or synthesize new high-affinity systems to more efficiently respond to 

humic materials. In this study, the main purpose of using the ESLS humic 

substances media in chemostat culture of the bacteria was to force the bacteria 

to establish this kind of metabolic system for efficiently utilizing the humic 

substances as carbon source, and to ensure bacterial growth during the 

subsequent flow cell experiment where the ESLS humics were also the only 

available nutrients.

Researchers have reported that humic substances could support a 

significant amount of the total bacterial growth on the available DOC (Moran and 

Hodson, 1990; Amon and Benner, 1996; Butterfield, 1998; Abernathy, 1998). 

Amon and Benner (1996) found that high molecular weight (HMW) compounds 

supported more bacterial growth than low molecular weight compound's in both 

freshwater and marine environments. They concluded that HMW organic matter 

was diagenetically younger and more biodegradable than smaller sized organic 

matter.

Compared to other nutrients, the bioavailability of free humic substances 

to planktonic bacterial growth is very low. The work by Moran and Hodson (1990) 

showed that humic substances supported four times less cell production than the 

corresponding non-humic fraction from the same environment. Butterfield (1998)
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and humic substances as the nutrients, and found out that the batch culture in 

humic substances media had the lowest substrate uptake rate and bacterial 

growth rate.

Humic substances are found in tightly coiled conformation in the natural 

environment (Chang, 1992; Weber, 1997). The coiled structures may decrease 

the bioavailability of humic substances to suspended bacteria because the 

enzymatically active sites of the molecule may be hidden deeply in the colloid 

and can not be reached by microorganisms. Billen (1991) indicated that 

polymeric substances were partially recalcitrant to biodegradation and their 

assimilation requires extracellular hydrolysis. The production of extracellular 

enzymes may retard the humics uptake rate as well as the growth rate of 

bacteria, resulting in the long lag phase presented in Figure 14.

The Biofilm Accumulation Using the Adsorbed Humics as the Only Carbon 

Source

The data of the biofilm densities on glass, pure iron oxide, and humic 

substances pre-adsorbed iron oxide surfaces in the TOC-free media were shown 

in Figure 15 as well as in Figure 16 and 17 (before switching the media). These 

data demonstrated that during the first three hours, the biofilm density on all the 

surfaces increased. However, cell division and propagation was not observed 

during this period, indicating that the increases of the biofilm densities were not 

likely due to biofilm growth, but due to cell attachment. There were cells
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remained in the tubings and the inoculation sites prior to the flow cells during the 

inoculation process, and were flushed into the flow cells by the media. After three 

hours, a nearly steady-state phase of the biofilm cell numbers was observed on 

all the surfaces. Although the calculated p values in Table 7 indicated statistically 

significant increases of the biofilm densities on all the surfaces in Figure 15, the 

slopes of these increases were very small. Compared to the biofilm accumulation 

rates listed in Table 18 and 19, the accumulation rates in Table 7 were one order 

of magnitude lower. Meanwhile, the calculated p values in Table 13 and 14 

indicated that the biofilm accumulation on all the surfaces in Figure 16 and 17 

during this period were not significant, although the same experimental 

conditions were applied as in Figure 15 and the accumulation rates were in the 

same order as in Table 7. Thus, the small biofilm accumulation in Figure 15 

during this period was not repeated by the other experiments, and might come 

from the experimental errors. Furthermore, cell division and propagation was not 

observed during this period, suggesting that no biofilm growth took place. Figure 

15 also shows that the biofilm densities on all the surfaces declined by the end of 

the steady state phase.

The data plotted in Figure 15,16 and 17 represent the net accumulation of 

the bacteria cells on the different surfaces. The net accumulation of biofilm cells 

can be described as:

Accumulation = Attachment + Growth - Detachment (16)



The process of cell attachment includes the transport of cells from the bulk 

solution to the solid-liquid interface, the reversible adsorption of cells on the 

substratum, the transformation of reversibly adsorbed cells to irreversibly 

adsorbed cells, and the desorption of the reversibly adsorbed cells from the 

surface back into the bulk water (Mueller et a!., 1992). Cell growth is the increase 

of cell .numbers on the substratum surface due to the physiological propagation 

and division of the attached cells. The cell detachment is the result of the 

attached cells or their offspring returning into the bulk solution due to cell 

movement, death, or hydraulic erosion. All of these factors will impact net 

bacterial accumulation.

During the first three hours in Figure 15, 16 and 17, since there was no 

bacterial growth observed, the increases of biofilm densities on the surfaces 

were due to the continuous cell attachment from the bulk fluid. The cells that 

originally dwelled in the tubing or the inoculation site were flushed into the flow 

cell chamber and irreversibly adsorbed to the coverslip surface.

During the steady-state phase, the accumulations on all the surface was 

still minimal. All the permanently attached cells by the end of the previous period 

were maintained on the surfaces without proliferation. On the surfaces of pure 

glass and pure iron oxide with no ESLS humic substances pre-adsorbed, there 

were no carbon and energy sources from either the bulk media solution or the 

surfaces to which the bacteria were attached. The bacteria were in survival mode 

and remained on the surfaces by using the maintenance energy stored within the
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cells. Iron oxide alone could not support growth of the biofilm. On the surfaces of 

the iron oxide which were pre-conditioned in 12 ppm and 66 ppm ESLS humic 

substances solutions, the surface concentrations of the humics were 0.0378 

mg/m2 and 0.1011 mg/m2 respectively, calculated from the adsorption isotherm 

presented in Figure 12. However, neither of the surfaces supported the growth of 

the biofilm. Since there were no other nutrients in the bulk solution, these results 

illustrated that the adsorbed ESLS humic substances at these surface 

concentrations alone could not provide sufficient carbon and energy for the 

growth of the Pseudomonas aeruginosa biofilm in this study. However, as 

discussed below, the adsorbed humic substances might favor the attachment 

and maintenance of the cells on the surfaces. '

In nutrient-deficient oligotrophic natural or man-made environments such 

as drinking water distribution systems, energy supply is limited or only available 

for a short period of time. Morita (1988) indicated that when microorganisms 

were not growing as the result of a lack of energy, the cells would physiologically 

convert to starvation survival mode. The starvation conditions lead to constant 

cell numbers in the system, and very small cells called “ultramicrobacteria” being 

formed (Morita, 1988). The smaller sized cell has a higher surface area to 

volume ratio that allows the cell to contact more substrates. In this study using 

the TOC-free media, the biofilm cells on all the surfaces were probably in a state 

of starvation survival. The cell numbers were constant in all the cases. The 

measurement of the cell size was not included in this study. However, the



brightness of the fluorescence produced by the cells was less than that from the 

actively growing cells (such as the cells in the logarithmic growth phase using 

0.25 ppm C humic media), indicating less metabolic activity of the cells under 

these conditions. The bacteria might use the maintenance energy stored in the 

cell to stay attached on the surface. This survival strategy was also suggested by 

the research of Morita (1.988), who reported a decrease in cell lipid content and 

changes in cell protein under starvation conditions.

Tables 9 and 16 show that although none of the surfaces supported 

substantial growth of the biofilm, the number of cells on each surface was 

different. There were more bacterial cells permanently attached and maintained 

on the iron oxide surface than on the glass surface. There were more bacterial 

cells permanently attached and maintained on the ESLS humic substances pre

adsorbed surfaces than on the pure iron oxide surface, and the cell number 

increased with the humic coverage of the surfaces. Tables 10 and 17 indicated 

that all the differences were significant.

A general review by Scheuerman (1996) demonstrated a variety of 

physico-chemical and non-physico-chemical factors that would influence 

bacterial cell attachment onto substratum surface. The physico-chemical factors 

included attractive Lifshitz-Van der Waals forces, attractive or repulsive 

electrostatic forces, surface free energy, and surface hydrophobicity. Non- 

physico-chemical factors included cell structure effects, surface roughness, 

conditioning film, and hydrodynamics. In this study, the higher biofilm density on



the iron oxide surface than on the glass surface could be explained by the 

different electrostatic forces. Glass as well as other silicate materials, are 

negatively charged under neutral pH (Beckett, 1990). Iron oxide surfaces, as 

described in Chapter 2, are positively charged by hydroxylation under the same 

condition. Because bacteria are generally negatively charged in their natural 

medium, there was repulsion between the free cells and the glass surface in flow *
i

cell 1, and the bacteria had to overcome the electrostatic potential to reach the 

surface. In flow cell 2, however, attraction occurred between the free cells and 

the iron oxide surface, enhancing the possibility of the reversible cell adsorption 

onto the surface, and more cells might convert to become irreversibly attached. 

The relatively higher surface roughness of the iron oxide surface might also aid 

the cell attachment and maintenance by providing more surface area.

The higher biofilm densities on the humic substance pre-adsorbed iron 

oxide surfaces, however, were contradictory to the electrostatic theory. The 

adsorption of humic substances will mask the physico-chemical property of the 

iron oxide surface, and cause it to become negatively charged (Tipping and 

Cooke, 1982; Davis and Gloor, 1981; Beckett, 1990). The electrostatic repulsion 

between the free cells and the surface should lower the possibility of reversible 

cell adsorption onto the surface. But instead of a decrease in biofilm density, 

there were more cells attached and maintained on these surfaces than on pure 

iron oxide, and the biofilm density had a positive relationship with the humic 

substance coverage on the surfaces. This result could possibly be explained by
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the following reasons. First, the electrostatic theory is only useful in describing 

the approach of a cell in reversible adhesion, and is not sufficient for explaining 

deposition phenomena because negatively charged particles do deposit on 

negatively charged substrata (Busscher et al., 1992). Electrostatic repulsion is 

active when the distance between the cell and substratum is 10 to 20 nm. When 

some cells cross this boundary and reach a distance less than 1.5 nm to the 

surface, specific interactions can occur, provided the organism is capable of 

sending out adhesion probes and hydrophobic groups are available to dehydrate 

the surface, allowing direct contact and irreversible adhesion (Busscher et al., 

.1992). Second, as described in Chapter 2, iron oxide tends to adsorb larger size 

humic molecules to a greater extent than smaller ones (Davis and Gloor, 1981; 

Varadachari et al., 1997; McKnight et al., 1992). The larger molecular size humic 

substances have more aromatic content than the smaller ones. Thus the 

adsorption of ESLS humic substances might increase the hydrophobicity of the 

substratum surface and decrease the surface free energy to remove the 

interfacial water, resulting in higher bacterial attachment. Mueller (1992) had 

reported a higher cell attachment rate on a hydrophobic surface than on a 

hydrophilic surface. Third, it might be a result of bacterial activity. The adsorbed 

ESLS humic substances were potential nutrients for the cells. When the cells 

reach the surface and sense the existence of these nutrients, the bacteria might 

produce adhesion proteins or probes to anchor themselves on the surface for 

better usage of the humics, resulting in higher possibility of irreversible adhesion.
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The possibility of cell motility might increase the effective diffusivity of the cells to 

the selective surfaces (Scheuerman, 1996). The bacteria might also change their 

surface charge for more effective attachment on the substratum. It is well known 

that bacteria can change their surface composition in response to the 

environment (Scheuerman, 1996). Thus, the adsorbed humic substances might 

improve the initial attachment of the biofilm cells.

During the decline phase, the cell detachment was pronounced. It might 

be also possible that some of these GFP cells, although still maintained on the 

surfaces, did not produce fluorescence any more, and could not be counted by 

the real time microscopy method. Regardless, these results indicated that the 

attached bacteria on the surfaces had used up the maintenance energy stored 

within the cells so that they could not produce any more adhesion proteins or 

GFP proteins. They may have been flushed off by the fluid.

Table 11 shows that the order of the biofilm density decline rates on the 

surfaces was glass > pure iron oxide > humic pre-adsorbed iron oxide with low 

surface concentration > humic pre-adsorbed iron oxide with high surface 

concentration. Although the differences of these rates were not significant, this 

order suggested that the adsorbed humic substances might help to maintain the 

biofilm cells on the iron oxide surface. The lower decline rate on the pure iron 

oxide surface than on the glass surface might also be explained by the 

adsorption of a small amount of organics from the media on the iron oxide 

surface, since an absolutely TOC-free solution was impossible to make. Thus,



although the adsorbed humic substances could not support significant biofilm 

growth, they could be an additional nutrient on the surface for the biofilm cells to 

maintain minimum physiological activities.

The Biofilm Accumulation Using the Adsorbed Humics as An Additional Carbon 

Source

The data of the biofilm densities on glass, pure iron oxide, and humic 

substances pre-adsorbed iron oxide surfaces in the 0.25 ppm C ESLS humic 

substance media were showed in Figures 16 and 17. These data indicated a two 

phase accumulation phenomenon of the biofilm on all the surfaces: a lag phase 

and a logarithmic phase.

The observation of the lag phase might be the result of the physiological 

activity of the bacteria. When the media was changed and more nutrients were 

provided, the biofilm cells had to first transform from the starvation status to the 

normal status. They then had to take some time to produce the genetic materials 

and synthesize proteins for propagation, resulting in the lag phase.

Another reason for the lag phase might be the continuous adsorption of 

the ESLS humic substances to the coverslip surfaces from the media. Although 

the adsorption study showed an equilibrated adsorption of the humics with the 

batch mode bulk solution, the coverslip surfaces in these flow cells might have 

continuously adsorb the humics from the media since the flow cells were run in a 

flow through mode and there was continuous supply of the humics from the 

media. This further adsorption might increase the surface concentration of the
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humic substances to an appropriate value, which was enough to support the 

biofilm accumulation in the logarithmic phase. As described in the adsorption 

study, this further accumulation of the humics from the media might be governed 

by multiple-layer adsorption mechanisms, such as van der Waals’ force, H- 

binding, hydrophobic interaction, or thermodynamic effects. All of these 

interactions might not be as fast as the ligand-exchange monolayer adsorption, 

and might take additional time to attain the appropriate surface concentration, 

resulting in the lag phase.

The logarithmic phase started when all of these preparations were 

complete and the cells increased their numbers exponentially. Table 18 and 19 

show that there was significant biofilm accumulation on all the surfaces when the 

humics were added. Although experiment-to-experiment variations existed within 

this study, the results of the two replicates demonstrated the same trends of the 

relationship between Pseudomonas aruginosa (PA01, GFP+) biofilm accumulation 

and the iron oxide surface as well as the existence of the adsorbed ESLS humic 

substances. The iron oxide surface supported greater accumulation rate of the 

biofilm than the glass surface. The accumulation rate was even greater when 

there were ESLS humic substances pre-adsorbed on the iron oxide surface. The 

biofilm accumulation rate on the 0.0939 mg/m2 humics pre-adsorbed iron oxide 

surface was greater than that on the 0.0161 mg/m2 humics pre-adsorbed iron 

oxide surface. The more humic substances adsorbed, the greater the biofilm 

accumulation rate. These trends indicate that the pre-adsorbed humic



substances played an important role in biofilm accumulation. As previously 

described, an appropriate surface concentration of the humics might be 

necessary for the biofilm accumulation. Additional adsorption from the media was 

needed since the pre-adsorbed humics were not sufficient. However, with the 

pre-adsorbed humics, less additional adsorption from the media was needed to 

attain the appropriate surface concentration, and the process was faster, 

resulting in the higher biofilm accumulation rate. The more the pre-adsorbed 

humics on the surface, the better the effect. The higher accumulation rate on the 

iron oxide surface than on the glass surface can also be explained by the 

additional adsorption of the ESLS humic substances from the media. Since the 

iron oxide surface had a higher adsorption than the glass surface, the 

accumulation of the humics on the iron oxide surface was faster. Thus, the 

adsorbed humic substances could be an additional carbon source to assist the

biofilm accumulation on the iron oxide surfaces.
<

The Bioavailability of the Adsorbed Humic Substances

The results of this study demonstrated that although the adsorbed humic 

substances could not support significant biofilm accumulation alone, they could 

be an additional nutrient to assist biofilm accumulation on iron oxide surface. The 

adsorbed humic substances could also help attract more bacteria to attach and 

be maintained on the surface. This effect may be more pronounced in an 

oligotrophic environment, such as drinking water distribution systems, where the 

nutrient is so limited that bacteria have to rely on any available substrate.



128

The improved accumulation of the biofilm cells on the humic-substances 

adsorbed surface may also indicate the higher bioavailability of the adsorbed 

humic substances than free humic materials. As discussed in previous sections, 

the bioavailability of humic substances in the water phase is relatively low. Weber 

(1997) used an electron microscope method to study the macromolecular 

configuration of aqueous humic substances and reported a tightly coiled structure 

of the humic molecules. The results are shown in Figure 19. The coiled 

structures may decrease the bioavailability of humic substances to suspended 

bacteria because the enzymatically active site of the molecule, such as the 

hanging peptides or hydrocarbons, may be hidden deeply in the colloid and can 

not.be reached by microorganisms (Albernathy, 1998). Another possible reason 

for the low bioavailability of free humic substances was illustrated by Welzel 

(1992) who found that humic substances could form complexes with extracellular 

enzymes, inhibiting the activities of those enzymes which may be critical to the 

biodegradation of polymeric substances (Billen, 1991). Furthermore, in an 

oligotrophic environment where the concentration of humic substances is very 

low, it may be relatively hard for planktonic cells to interact with humic molecules.

The adsorption on iron oxide surfaces may increase the bioavailability of 

humic substances in the following way. First, the adsorption forces the humic 

molecules to collapse on the iron oxide surfaces to allow for maximum points of 

interaction between their oxygen-containing functional groups and iron oxide 

surface sites through either ligand exchange or H-binding mechanisms (Gu et al.,



129

1994; Davis, 1982). This collapse may uncoil and expand the humic molecules, 

exposing the previously hidden components to microorganisms. Figure 20 shows 

the model of an expanded humic substance molecule on an iron oxide surface. 

Second, the adsorption on the iron oxide surface may fix the conformation of the 

humic molecule, making them less flexible to form complexes with extracellular 

enzymes. Finally, it may be easier for biofilm cells to locate the adsorbed humic 

molecules as both of them are fixed on the iron oxide surface. The possible 

multiple-layer adsorption may further increase the surface concentration of humic 

substances. With greater bioavailability, adsorbed humic substances may 

provide better carbon and energy sources for biofilm accumulation.
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Figure 19. Electron microscope photo picture (A) of aqueous humic 
substance molecule and the model of coiled macromolecule configuration 
(B) (Weber, 1997).

•  carbohydrate A peptide M carboxylate

Figure 20. Model o f the uncoiled humic substance molecule extending on 
iron oxide surface after being adsorbed.
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CHAPTER 6. CONCLUSIONS AND APPLICATIONS

The experiments described in the previous chapters demonstrate the 

following conclusions for this study.

An iron oxide film can be deposited on the surface of glass beads and 

glass coupons by slow hydrolysis and condensation reactions of a millimolar 

solution of iron nitrate. This film is transparent and stable. It contains a mixture of 

different iron oxides with goethite predominant. The surface of this film is 

relatively smooth and non-porous, and is appropriate for the humic substances 

adsorption and biofilm growth studies.

The created iron oxide surface has significant adsorption capacity and 

affinity for the Elliot Silt Loam Soil humic substances. The adsorption can be 

interpreted by the modified Langmuir adsorption isotherm. Great heterogeneity 

exists within the adsorption system that influences the adsorption mechanisms 

and results. Multiple-layer adsorption may be prominent in the system. The pH 

dependent of the adsorption is insignificant. The desorption process of the 

adsorbed humic substances is very insignificant and negligible, indicating that the 

adsorbed humic substances are very stable on the iron oxide surface.

More cells attach and are maintained on iron oxide surfaces than on the 

glass surface. The pre-adsorbed humic substances can be a carbon and energy 

source to attract and maintain even more cells on the surface. The effect 

increases positively with the surface coverage of the humic substances. Both the



iron oxide and the adsorbed humic substances alone can not support significant 

biofilm accumulation on the surface. However, the adsorbed humic substances 

can be an additional nutrient to assist a higher biofilm accumulation rate on the 

surface.

Although this thesis tried to explain the biofilm growth phenomena in 

drinking water distribution systems, there are great differences between the 

experimental design in this study and the real distribution systems. These 

differences include: (1) the maximum TOC concentration of the media used in 

this study was only 0.25 ppm C, while the TOC concentration in tap water can be 

as high as 12.2 ppm C (Symons et al., 1975), providing more available humics to 

adsorb on pipe surface; (2) the iron oxide film used in this study was very thin 

and relatively smooth and uniform, while the corrosion products on distribution 

pipe lines are usually very thick, rough, and more heterogeneous (LeChevaIIier et 

al., 1990; Singley and Ahmadi, 1985; Abernathy, 1998), providing more surface 

area and higher adsorption capacity and affinity to humic substances; (3) instead 

of only several day of flow cell running in this study, the distribution systems 

usually operate for years or decades, allowing unlimited accumulation of humic 

substances. Thus the adsorption of humic substances on the corroded iron pipe 

surface in a distribution system may be much more significant than that in this 

study, and may support significant biofilm growth. The adsorbed natural organic 

matter will also attract microorganisms from the bulk fluid to attach on the pipe 

surface and help maintain them on the surface. The accumulation increases the



bioavailability of humic substances, which will cause biostability problems in 

distribution systems. Thus, further studies of how to minimize the adsorption of 

humic substances on distribution pipe lines are necessary for better control of 

bacterial regrowth in drinking water distribution systems.
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APPENDIX A

SURFACE ANALYSIS OF THE CREATED IRON OXIDE



N
(E

)Z
E

ESCfl Survey 14 Apr 97 Area: I  Angle: 45 degrees Acquisition Tine: G.25 min 

F ile : ja04147nl iron oxide on glass b a lls , Jordan, as received

Scale Factor: 3.376 kc/s O ffset: 0.053 kc/s Pass Energy: 93.900 eV Aperture: 4 4 300 H

600
Binding Energy (eV)

Figure 21. XPS analysis of the elements on the created iron oxide surface.
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Figure 22. References of the binding energies of Fe 2p electrons for XPS 
analysis.
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Figure 23. References of the binding energies of O 1s electrons for XPS 
analysis.
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Figure 24. Surface area analysis of the cleaned glass beads
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Figure 25. Surface area analysis of the iron oxide coated glass beads.
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APPENDIX B

THE ADSORPTION OF ESLS HUMIC SUBSTANCES 
ON THE CREATED IRON OXIDE SURFACE.
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Table 23. The adsorption data of ESLS humic substances on the created
iron oxide surface at pH 6.7.

Samples Beads (g] Controls 
(ppm C)

C - Free Humics 
(ppm C)

q - Adsorbed Humics 
(mg C/m2)

1 15.0786 0.3477 0.2435 0.0035
2 14.6931 0.3477 0.2755 0.0025
3 15.0231 1.1026 0.9845 0.0040
4 15.0044 1.1026 0.9665 0.0046
5 15.0477 2.4186 2.2848 0.0045
6 15.0832 2.4186 2.0334 0.0129
7 14.9891 3.5914 3.4118 0.0060
8 15.0172 3.5914 3.3502 0.0081
9 15.2771 4.8338 4.3590 0.0156
10 15.0190 4.8338 4.1110 0.0242
11 15.0406 5.8323 5.1772 0.0219
12 14.9898 5.8323 4.5072 0.0445
13 15.0709 6.6643 6.0952 0.0190
14 15.0390 6.6643 6.0632 0.0201
15 7.8944 7.5740 7.1250 0.0147
16 7.5458 7.5740 6.6420 0.0311
17 7.5078 9.7440 8.4740 0.0436
18 7.5472 9.7440 8.2310 0.0505
19 7.5625 10.1850 9.6910 0.0164
20 7.5324 10.1850 9.1110 0.0359
21 7.4604 13.1895 12.0715 0.0377
22 7.5118 13.1895 11.7235 0.0491
23 7.5566 15.3205 12.9525 0.0769
24 7.5251 15.3205 12.8665 0.0821
25 7.5066 16.6875 15.0335 0.0555
26 7.3980 16.6875 14.5135 0.0740
27 7.5856 19.2018 16.9446 0.0768
28 7.4900 19.2018 16.6546 0.0856
29 7.5799 19.7458 16.8986 0.0969
30 7.4441 19.7458 16.3396 0.1152
31 7.5074 20.2538 18.1376 0.0710
32 7.5123 20.2538 18.9546 0.0435
33 7.5183 24.2058 21.9166 0.0766
34 7.5560 24.2058 21.1476 0.1019
35 7.5050 27.3138 24.7566 0.0858
36 7.3687 27.3138 24.5016 0.0961
37 7.3595 31.0034 27.7802 0.1102
38 7.6946 31.0034 28.1782 0.0924
39 7.2773 34.7434 31.4062 0.1154
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Table 23. The adsorption data of ESLS humic substances on the created
iron oxide surface at pH 6.7. (continued)

Samples Beads (g) Controls 
(PPm C)

C - Free Humics 
(PPm C)

q - Adsorbed Humics 
(mg C/m2)

40 7.4902 34.7434 31.4602 0.1103
41 7.3216 37.4594 34.0102 0.1186
42 7.5088 37.4594 34.2962 0.1060
43 7.8450 41.3354 38.2022 0.1005
44 7.5897 41.3354 38.0012 0.1106
45 7.6270 48.2994 44.9122 0.1118
46 7.3930 48.2994 45.0882 0.1093
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Table 24. The adsorption and desorption data of ESLS humic substances
on the created iron oxide surface at pH 7.4.

Samples Beads(g) Controls 
(ppm C)

C - Free Humics 
(PPm C)

q - Adsorbed Humics 
(mg C/m2)

Desorption 
(mg C/m2)

I 15.0718 0.3310 0.2194 0.0028
2 15.1756 0.3310 0.2484 0.0021
3 15.0076 1.4920 1.2144 0.0070
4 15.0823 1.4920 1.3564 0.0034
5 15.0711 2.1480 1.9344 0.0054 0.0002
6 15.4107 2.1480 1.9064 0.0059 0.0002
7 15.1060 3.2141 2.5194 0.0174 0.0004
8 14.9503 3.2141 3.1134 0.0025 0.0002
9 15.0760 4.9690 4.4824 0.0122 0.0005
10 15.0803 4.9690 4.6764 0.0073 0.0004
11 15.0624 5.9501 5.1710 0.0195 0.0006
12 15.1350 5.9501 4.9660 0.0246 0.0004
13 15.1933 7.0600 5.9470 0.0277 0.0006
14 15.0368 7.0600 6.2960 0.0192 0.0005
15 15.0210 7.9144 7.4100 0.0127 0.0004
16 14.9286 7.9144 7.2540 0.0167 0.0006
17 15.2516 8.6928 8.2010 0.0122 0.0004
18 15.0795 8.6928 7.8450 0.0212 0.0005
19 15.0474 9.4244 8.7950 0.0158 0.0005
20 15.2342 9.4244 7.9720 0.0360 0.0007
21 15.1178 11.2655 10.3100 0.0239 0.0007
22 15.3117 11.2655 9.9250 0.0331 0.0007
23 7.4021 12.6215 10.9895 0.0555 0.0012
24 7.5712 12.6215 11.6675 0.0317 0.0010
25 7.4622 13.3895 12.4305 0.0324 0.0013
26 7.5574 13.3895 11.4755 0.0638 0.0014
27 7.5480 14.7115 13.4525 0.0420 0.0011
28 7.5275 14.7115 13.6325 0.0361 0.0012
29 7.4972 15.8005 14.2715 0.0513 0.0013
30 7.5121 15.8005 14.0995 0.0570 0.0013
31 7.4926 18.0624 16.5042 0.0524 0.0014
32 7.5175 18.0624 16.9132 0.0385 0.0013
33 7.5899 19.7354 18.4892 0.0413 0.0014
34 7.6321 19.7354 18.1992 0.0507 0.0013
35 7.4847 22.4494 21.0032 0.0486 0.0014
36 7.5915 22.4494 20.3512 0.0696 0.0015
37 7.5068 24.3684 21.8402 0.0848 0.0017
38 7.5104 24.3684 22.6022 0.0592 0.0016
39 7.5115 26.0234 23.7852 0.0750 0.0016
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Table 24. The adsorption and desorption data of ESLS humic substances
on the created iron oxide surface at pH 7.4. (continued)

40 7.5275 26.0234 24.6562 0.0457 0.0016
41 7.3602 29.4326 27.1538 0.0779 0.0016
42 7.4880 29.4326 27.5658 0.0628 0.0015
43 7.2810 33.8056 31.0008 0.0970 0.0021
44 7.6013 33.8056 31.6148 0.0726 0.0018
45 7.3598 37.8306 35.7288 0.0719 0.0018
46 7.5244 37.8306 35.4278 0.0804 0.0018
47 7.8374 42.4476 39.7278 0.0874 0.0019
48 7.5529 42.4476 39.6068 0.0947 0.0020
49 7.5123 48.8566 46.1028 0.0923 0.0023
50 7.4349 48.8566 46.2338 0.0888 0.0022
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% fimins_driver_scaled_2

% This MATLAB m-file is the driver for the fmins solution for obtaining the parameters: K, b, a_m 
% for the expression
%
% K * exp(-2*b*a) * C

% K * exp(-2*b*a) * C + 1
%
% where C  is a measured concentration, a is measured adsortion concentration (depends on C ),  
% and K, b, a_m are model parameters.

% This model equation is fit to the data using the Ieastsq MATLAB routine from the Optimization 
% Toolbox.

% Clear workspace, 
clear

% Input data from file.
% Form: C a where C is measured (independent) and a is measured dependent variable.
% denoted as c_data and a_data respectively in mat file.

load adsorption_data

% Initial parameter guess. 
parmsO = [1.13; -9; 1.25]';

options=foptions;

% Increase allowable function evaluation. 
options(14)=1000;

% Call Ieastsquares routine to find best fit parameters.
[parms, options] = fmins(,fl_lewei_fmins_scaled_2',parmsO,[],[],c_data,a_data);

% Output results.

d isp f');
dispf.... Least squares results..........');
d isp f');

t1=[' K = ,,num2str(0.01*parms(1)*parms(1),6)]; 
t2=[' b = ,,num2str(parms(2),6)]; 
t3=[' a_m = ,,num2str(0.1*parms(3),6)];

disp(t1);
disp(t2);
disp(t3);

Figure 26. The MATLAB program of the non-linear least squares regression 
of the adsorption data using the modified Langmuir model.
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% fl_lewei_fmins_scaled_2

function f = fljewei_fmins_scaled_2(pamns,c_data,a_data)

a_model=zeros(size(a_data));

for i=1:1:max(size(a_data))
a_model(i) = fzero(,f_lewei_scaled_2,,0,[],[],c_data(i),parms); 

end

f = a_model - a_data; 

f=f*f;

residual = a_model - a_data; 

save residual c_data a_data residual 

save best_fit c_data a_data a_model

% f_lewei_scaled_2

function fl = fJewei_scaled_2(x,C,parms)

% This is a scaled version of fl lewei.m 
%
% The attempt is to have all the parameters roughly the same order, 

fl = x - lewei_scaled_2(x,C,parms);

% lewei_scaled_2

function fl = lewei_scaled_2(x,C,parms)

% Scale parameters to order of unity and require that K >= 0

K=parms( 1 )*parms( 1)*0.01;
b=parms(2);
a_m=parms(3)*0.1;

fl = K.*exp(-2.*b.*x).*C.*a_m./...
(K.*exp(-2.*b.*x).*C + ones(size(C)));

Figure 26. The MATLAB program of the non-linear least squares regression 
of the adsorption data using the modified Langmuir model (continued).
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% boot_lewei_fmins_scaled_2

% This MATLAB m-file is the driver for the bootstrapping solution for obtaining the parameters:
% K, b, a_m for the expression 
%
% K * exp(-2*b*a) * C
% a = ----------------------------------* a_m
% K * exp(-2*b*a) * C + 1
%
% where C is a measured concentration, a is measured adsortion concentration (depends on C), 
% and K1 b, a m are model parameters.

% This model equation is fit to the data using the Ieastsq MATLAB routine from the Optimization 
% Toolbox.

% Clear the workspace.
dispfWarning:... Clearing workspace..... ')
clear

% Input data from file.
% Form: C a where C is measured (independent) and a is measured dependent variable.
% denoted as c_data and a_data respectively in mat file.

load adsorption_data

% Initial parameter guess. 
parmsO = [1.13; -9; 1.25]; 
parms=parmsO;

options=foptions;

% Use Levenberg-Marquardt method. 
options(5)=0;

% Change to tighter tolerance.
options(2)=1.e-5;
options(3)=1.e-5;

% Set up maximum function evaluations allowed. 
options(14) = 1000;

% Call fmins routine to find best fit parameters.
[parms,options] = fmins('fl_lewei_fmins_scaled_2', parmsO,options,[],c_data,a_data);

% Store initial Ieastsquares parameter values.
K_0 = parms(1)*parms(1)*0.01; 
b_0 = parms(2); 
a_m_0 = parms(3)*0.1;

Figure 27. The bootstrap analysis for the standard errors of the coefficients
of the modified Langmuir isotherm.
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% Compute the a_model, i.e., best fit values. This is done in another routine for the least squares 
% routine and is repeated here to get the fitted data points for use in the bootstrapping portion.

%options=foptions;

% Use Levenberg-Marquardt method. 
options(5)=1;

a_model=zeros(size(a_data)); 

for i=1:1 :max(size(a_data))
a_model(i) = fzero('fjewei_scaled_2',0,[],[],c_data(i),parms); 

end

% Plot results. 
disp('');
disp('.... Plotting results. Hit any key to continue......');
plot(c_data,a_data,'o',c_data,a_model,'-');
xlabel('Concentration.');ylabel('Adsorption');
title('Plot of least squares of model equation to data.');
drawnow;
pause

% Output results. 

disp('');
disp('.... Least squares results..........');
dispC');

t1=[' K = ',num2str(0.01*parms(1)*parms(1),6)]; 
t2=[' b = ,,num2str(parms(2),6)]; 
t3=[' a_m = ',num2str(0.1*parms(3),6)];

disp(t1);
disp(t2);
disp(t3);

% Now look at bootstrapping procedure.

% Load residual values from least squares solution. Residual values stored in residual.mat file in 
% form c_data, a_data, and residual while the file best_fit contains c_data, a_data, and a_model.

load residual

% Get size (length) of data vector. 

size_data = max(size(residual));

Figure 27. The bootstrap analysis for the standard errors of the coefficients
of the modified Langmuir isotherm (continued).
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% Now get the smoothed value of standard error of residual in the neighborhood of a residual 
% point. Interior points use a 9 point stencil +/- 4 points and point while end points use a smaller 
% stencil.

std_residual=zeros(size(residual));

std_residual(1)=sqrt( sum( residualfl :2).*residual(1:2) )./2 ); 
std_residual(2)=sqrt( sum( residual(1:3).*residual(1:3) )./3 ); 
std_residual(3)=sqrt( sum( residual(1:5).*residual(1:5) )./5 ); 
std_residual(4)=sqrt( sum( residual(1:7).*residual(1:7) )./7 );

for i=5:1:size_data-4
std_residual(i) = sqrt( sum( residual(i-4:i+4).*residual(i-4:i+4) )./9 ); 

end

std_residual(size_data-3)=sqrt( sum( residual(size_data-6:size_data).*residual(size_data- 
6:size_data) ) . /7 );
std_residual(size_data-2)=sqrt( sum( residual(size_data-4:size_data).*residual(size_data- 

4:size_data) ) . /5 );
std_residual(size_data-1 )=sqrt( sum( residual(size_data-2:size_data).*residual(size_data- 

2:size_data) ) . /3 );
std_residual(size_data)=sqrt( sum( residual(size_data-1 :size_data).*residual(size_data- 
1:size_data) )./2 );

% Above code assumes that size_residual => 9.
% This code could be cleaned up to make more general.
% A task for someother time.

% Now do a polynomial (3rd order) fit to these residual values.
[p,s]=polyfit(c_data,std_residual,3);

% Get interpolation location values.
xx=[min(c_data):(max(c_data)-min(c_data))/200:max(c_data)];

% Now, get interpolated values at the sample concentration. 
std_fit = polyval(p,c_data);

% Now save std_residual plus polynomial fit data, 
save poly_fit c_data std_residual std_fit xx p s

% Plot values to see what they look like.

disp('');
disp('.... Plotting local square root of mean squared error......');
disp('.... Hit any key to continue..... ');
plot(c_data,std_residual,,o,,xx,PoIyvaI(P1XX)1'-');
drawnow;
pause

Figure 27. The bootstrap analysis for the standard errors of the coefficients
of the modified Langmuir isotherm (continued).



156

% Now that local variance can be approximated, need to treat the model solution (a_model) as 
% the "true" solution and add some error of a "similar" nature as currently observed in the 
% residual.
% To do this, will sample from a normal distribution and scale the variance by the local smoothed 
% value.

% Begin bootstrapping algorithm, 
d is p f');
dispf....  Beginning bootstrapping procedure.......');

% Prompt for number of boot strap iteration, 
d is p f');
B = inputfHow many iterations to use for bootstrapping? ');

B_K=[];
B_b=[];
B_a_m=[];

function_evaluations=zeros(B, 1);

% Store original model solution. 
a_modelO = a_model;

% Now perform loop for bootstrap iterations.

% Set up matrix for a_data storage.
A_data=[];

for i=1:1:B

% Intialize to different state each time, 

randnf state',sumfl OCTcIock));

% Add psuedo error to a model (original least squares fit).

a_data = a_modelO + std_fit.*randn(size(std_fit));

% Now store data.
A_data=[A_data a_data];

% Now obtain new least squares fit for modified data. 
options(5)=0;
[parms,options] = fmins(,fl_lewei_fmins_scaled_2',parms0,options,[],c_data,a_data);

% Store number of function evaluations. 
function_evaluations(i)= options(10);

Figure 27. The bootstrap analysis for the standard errors of the coefficients
of the modified Langmuir isotherm (continued).
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% Plot solution. Debugging option. 
options(5)=1;

a_model=zeros(size(a_data)); 

for k=1:1: max(size(a_data))
a_model(k) = fzero('f_lewei_scaled_2',0,[],[],c_data(k),parms); 

end

% plot(c_data,a_data,'o',c_data,a_model,'-');

% drawnow;

% Store these new parameter values.
B_K=[B_K; 0.01 *parms(1 )*parms(1)];
B_b=[B_b; parms(2)];
B_a_m=[B_a_m; 0.1*parms(3)];

% Display values for debugging phase.
disp([' iteration = ',int2str(i),' K = ',num2str(0.01 *parms(1 )*parms(1 ),6), ....

' b = ',num2str(parms(2),6)1' a_m = ',num2str(0.1*parms(3),6) ]); 
end

% Now compute standard deviations of the bootstrap iterates.

std_error_K = std(B_K); 
std_error_b = std(B_b); 
std_error_a_m = std(B_a_m);

disp('');
disp('.... Bootstrap standard error values........');
dispC');
disp([' Standard error for K = ,,num2str(std_error_K,6)]);
disp([' Standard error for b = ,,num2str(std_error_b,6)]);
disp([' Standard error for a_m = ,,num2str(std_error_a_m,6)]); 
disp('');
disp('.... Finished with bootstrapping......... ');

% Now store the bootstrap results.
save boot_parms K O b_0 a_m_0 B B K B_b B_a_m function_evaluations a_model0 A_data

Figure 27. The bootstrap analysis for the standard errors of the coefficients 
of the modified Langmuir isotherm (continued).
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APPENDIX C

THE BIOFILM GROWTH ON THE CREATED IRON OXIDE SURFACE 
WITH THE ESLS HUMIC SUBSTANCES ADSORBED.
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Table 25. The total direct cell count data of the chemostat culture of 
Pseudomonas aeruginosa (PAOI, GFP+) in the 100-ppm C ESLS humic 
substances media

Time
(hours)

Average Cell Counts 
Per 20 fields

Average Cell Counts 
Per fields

Dilution Rate cfu/ml

0.58 945.67 47.28 1.00E-01 1.07E+07
1.58 963.33 48.17 1.00E-01 1.09E+07
2.08 297.00 14.85 1.00E-02 3.37E+07
2.58 235.67 11.78 1.00E-02 2.68E+07
3.75 354.33 17.72 1.00E-02 4.03E+07
4.25 221.33 11.07 1.00E-02 2.51 E+07
5.42 462.67 23.13 1.00E-02 5.26E+07
6.42 335.33 16.77 1.00E-02 3.81 E+07
7.42 408.00 20.40 1.00E-02 4.64E+07
8.42 336.67 16.83 1.00E-02 3.83E+07
13.08 465.00 23.25 1.00E-02 5.28E+07
17.50 734.00 36.70 1.00E-02 8.34E+07
21.67 918.67 45.93 1.00E-02 1.04E+08
26.50 906.67 45.33 1.00E-02 1.03E+08
33.50 918.67 45.93 1.00E-02 1.04E+08
39.50 956.33 47.82 1.00E-02 1.09E+08
49.50 1315.00 65.75 1.00E-02 1.49E+08
59.50 1581.33 79.07 1.00E-02 1.80E+08
70.67 2050.33 102.52 1.00E-02 2.33E+08
73.50 389.33 19.47 1.00E-03 4.42E+08
79.83 443.33 22.17 1.00E-03 5.04E+08
87.83 444.67 22.23 1.00E-03 5.05E+08
95.33 446.67 22.33 1.00E-03 5.08E+08
100.83 444.00 22.20 1.00E-03 5.05E+08
103.83 278.67 13.93 1.00E-03 3.17E+08
106.33 870.33 43.52 1.00E-02 9.89E+07
110.33 414.67 20.73 1.00E-02 4.71 E+07
120.42 217.00 10.85 1.00E-02 2.47E+07
124.58 214.67 10.73 1.00E-02 2.44E+07
129.25 176.33 8.82 1.00E-02 2.00E+07
141.17 216.67 10.83 1.00E-02 2.46E+07
150.00 209.67 10.48 1.00E-02 2.38E+07
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Table 26. The real time microscopy cell count data of Pseudom onas aerug inosa
(PAOI, GFP+) biofilm in flow cell 1 (with pure glass coverslip) using the
media 1 (TOC free) with 4.02 x 106 cfu/ml inoculation concentration.

Time (hours) Average Cell Counts per field logio(Cell Count)
1.3 14.0 1.1461
4.3 18.5 1.2672
15.0 20.1 1.3032
18.0 21.4 1.3304
22.5 21.1 1.3243
26.5 20.5 1.3118
39.8 21.8 1.3385
48.3 22.9 1.3598
63.1 23.9 1.3784
73.0 24.3 1.3856
87.8 24.5 1.3892
98.3 23.5 1.3711
112.3 18.0 1.2553
120.8 15.9 1.2014
137.3 12.6 1.1004

Table 27. The real time microscopy cell count data of Pseudomonas aeruginosa 
(PA01, GFP+) biofilm in flow cell 2 (with iron oxide coated coverslip but no 
pre-adsorbed humics) using the media 1 (TOC free) with 4.02 x 106 cfu/ml 
inoculation concentration.

Time (hours) Average Cell Counts per field logio(Cell Count)

1.5 22.3 1.3483
4.5 23.3 1.3674
15.3 23.6 1.3729
18.3 24.0 1.3802
22.8 24.1 1.3820
26.8 24.4 1.3874
40.3 25.1 1.3997
48.5 24.9 1.3962
63.5 25.6 1.4082
73.5 26.6 1.4249
88.3 26.3 1.4200
98.5 25.7 1.4099
112.8 20.5 1.3118
121.3 17.7 1.2480
137.5 14.2 1.1523
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Table 28. The real time microscopy cell count data of Pseudom onas aerug inosa
(PAOI, GFP+) biofilm in flow cell 3 (with iron oxide coated coverslip pre
conditioned in 12 ppm C humic solution) using the media 1 (TOC free) with
4.02 x 106 cfu/ml inoculation concentration.

Time (hours) Average Cell Counts per field log10(Cell Count)
1.8 24.1 1.3820
4.9 26.5 1.4232
15.5 26.9 1.4298
18.6 26.2 1.4183
23.3 27.4 1.4378
27.1 27.6 1.4409
40.5 27.8 1.4440
48.8 28.3 1.4518
63.8 29.0 1.4624
74.0 30.6 1.4857
88.8 30.2 1.4800
98.8 29.3 1.4669
113.0 22.1 1.3444
121.5 21.4 1.3304
137.8 19.2 1.2833

Table 29. The real time microscopy cell count data of Pseudomonas aeruginosa 
(PAOI, GFP+) biofilm in flow cell 4 (with iron oxide coated coverslip pre
conditioned in 66 ppm C humic solution) using the media 1 (TOC free) with 
4.02 x 106 cfu/ml inoculation concentration.

Time (hours) Average Cell Counts per field log10(Cell Count)

2.0 24.1 1.3820
5.3 28.0 1.4472
15.8 29.4 1.4683
19.0 29.4 1.4683
23.8 30.0 1.4771
27.4 28.7 1.4579
40.9 30.0 1.4771
49.1 31.0 1.4914
64.3 31.2 1.4942
74.5 31.5 1.4983
89.3 31.1 1.4928
99.3 30.5 1.4843
113.3 25.3 1.4031
121.8 22.5 1.3522
138.0 19.9 1.2989
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Table 30. The real time microscopy cell count data o i  Pseudom onas aerug inosa
(PA01, GFP+) biofilm in flow cell 1 (with pure glass coverslip) using the
media 1 (TOC free) and the media 2 (0.25 ppm C humics) with 5.97 x 106
cfu/ml inoculation concentration (experiment 1).

Tim e (hours) Average Cell Counts per field log10(Cell Count)

1.0 17.6 1.2455
4.0 18.9 1.2765
7.0 20.0 1.3010

11.7 22.4 1.3502
15.0 22.6 1.3541
18.0 22.2 1.3464
21.0 19.4 1.2878
24.0 18.9 1.2765
28.0 18.7 1.2718
32.0 19.3 1.2856
37.0 20.1 1.3032
40.0 18.5 1.2672
45.0 18.8 1.2742
50.0 19.1 1.2810
55.0 20.3 1.3075
61.3 20.5 1.3118
66.8 22.1 1.3444
72.3 25.3 1.4031
76.3 27.0 1.4314
80.3 28.6 1.4564
83.3 30.7 1.4871
86.3 32.7 1.5145
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TablG 31. ThG real tim e m icro sco p y  cell c o u n t data  o f Pseudom onas aerug inosa
(PA01, GFP+) b io film  in flo w  cell 2 (w ith  iron ox id e  co ated  co vers lip  b u t no
p re -a d s o rb e d  h u m ics ) using  the  m ed ia  1 (TOC free) and th e  m ed ia  2 (0 .25
ppm  C h u m ics ) w ith  5 .97  x 106 c fu /m l in o cu la tio n  co n cen tra tio n  (e x p e rim e n t
1).

Tim e (hours) Average Cell Counts per field log10(Cell Count)

1.3 26.9 1.4298
4.3 28.7 1.4579
7.3 31.1 1.4928
12.0 31.2 1.4942
15.7 32.8 1.5159
18.7 34.1 1.5328
21.7 32.1 1.5065
24.7 33.9 1.5302
28.7 33.7 1.5276
32.7 33.3 1.5224
37.3 33.2 1.5211
40.7 33.8 1.5289
45.7 33.1 1.5198
50.7 36.1 1.5575
55.7 37.2 1.5705
62.0 40.5 1.6075
67.2 41.2 1.6149
72.8 45.0 1.6532
76.8 48.2 1.6830
80.8 53.5 1.7284
83.8 57.2 1.7574
86.8 62.9 1.7987
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Table 32. The real time microscopy cell count data oi Pseudomonas aeruginosa
(PAOI, GFP+) biofilm in flow cell 3 (with iron oxide coated coverslip pre
conditioned in 5 ppm C humic solution) using the media 1 (TOC free) and
the media 2 (0.25 ppm C humics) with 5.97 x 106 cfu/ml inoculation
concentration (experiment 1).

Time (hours) Average Cell Counts per field logio(Cell Count)
1.7 28.1 1.4487
4.7 33 8 1.5289
7.7 38.0 1.5798
12.3 36.8 1.5658
16.0 40.4 1.6064
19.0 42.4 1.6274
22.0 39.3 1.5944
25.0 39.5 1.5966
29.0 39.3 1.5944
33.0 39.5 1.5966
37.7 38.9 1.5899
41.0 37.1 1.5694
46.0 39.6 1.5977
51.0 44.0 1.6435
56.0 46.7 1.6693
62.3 53.8 1.7308
67.3 56.5 1.7520
73.2 60.5 1.7818
77.2 67.8 1.8312
81.2 78.7 1.8960
84.2 86.2 1.9355
87.2 102.2 2.0095
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Table 33. The real time microscopy cell count data of Pseudom onas aerug inosa
(PAOI, GFP+) biofilm in flow cell 4 (with iron oxide coated coverslip pre
conditioned in 50 ppm C humic solution) using the media 1 (TOC free) and
the media 2 (0.25 ppm C humics) with 5.97 x 106 cfu/ml inoculation
concentration (experiment 1).

Tim e (hours) Average Cell Counts per field log1o(Cell Count)

2.0 35.6 1.5514
5.0 44.7 1.6503
8.0 45.5 1.6580
12.7 46.4 1.6665
16.3 45.3 1.6561
19.3 45.9 1.6618
22.3 44.1 1.6444
25.3 44.0 1.6435
29.3 44.4 1.6474
33.3 45.1 1.6542
38.0 44.7 1.6503
41.3 46.8 1.6702
46.3 46.1 1.6637
51.3 52.9 1.7235
56.3 59.1 1.7716
62.7 65.2 1.8142
67.7 68.8 1.8376
73.5 77.0 1.8865
77.5 90.0 1.9542
81.5 109.8 2.0406
84.5 132.5 2.1222
87.5 166.4 2.2212
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Table 34. The real time microscopy cell count data of Pseudomonas aerug inosa
(PA01, GFP+) biofilm in flow cell 1 (with pure glass coverslip) using the
media 1 (TOC free) and the media 2 (0.25 ppm C humics) with 4.77 x 106
cfu/ml inoculation concentration (experiment 2).

Time (hours) Average Cell Counts per field log10(Cell Count)
1.0 9.4 0.9731
4.0 9.8 0.9912
15.0 9.6 0.9823
20.0 9.8 0.9912
25.7 10.5 1.0212
33.7 9.9 0.9956
41.7 9.8 0.9912
49.2 9.6 0.9823
56.7 9.7 0.9868
61.0 11.0 1.0414
65.0 13.3 1.1239
67.5 16.0 1.2041
70.0 20.3 1.3075
72.5 26.6 1.4249

Table 35. The real time microscopy cell count data of Pseudomonas aeruginosa 
(PAO I, GFP+) biofilm in flow cell 2 (with iron oxide coated coverslip but no 
pre-adsorbed humics) using the media 1 (TOC free) and the media 2 (0.25 
ppm C humics) with 4.77 x 106 cfu/ml inoculation concentration (experiment 
2).

Time (hours) Average Cell Counts per field log10(Cell Count)

1.3 23.8 1.3766
4.3 25.8 1.4116
15.3 27.2 1.4346
20.3 26.0 1.4150
26.0 26.3 1.4200
34.0 25.5 1.4065
42.0 26.4 1.4216
49.5 27.4 1.4378
57.0 28.7 1.4579
61.3 33.9 1.5302
65.3 43.6 1.6395
67.8 52.8 1.7226
70.3 66.4 1.8222
72.8 84.3 1.9258
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Table 36- The real time microscopy cell count data of Pscudotttonds ucru^inosu
(PA01, GFP+) biofilm in flow cell 3 (with iron oxide coated coverslip pre
conditioned in 5 ppm C humic solution) using the media 1 (TOC free) and
the media 2 (0.25 ppm C humics) with 4.77 x 106 cfu/ml inoculation
concentration (experiment 2).

Time (hours) Average Cell Counts per field Iog10(CeI) Count)

1.7 26.2 1.4183
4.7 32.0 1.5051
15.7 30.8 1.4886
20.7 31.1 1.4928
26.3 31.2 1.4942
34.3 34.7 1.5403
42.3 35.3 1.5478
49.8 35.0 1.5441
57.3 36.7 1.5647
61.7 47.5 1.6767
65.7 70.5 1.8482
68.2 88.7 1.9479
70.7 110.7 2.0441
73.2 135.6 2.1323

Table 37. The real time microscopy cell count data of Pseudomonas aeruginosa  
(PA01, GFP+) biofilm in flow cell 4 (with iron oxide coated coverslip pre
conditioned in 50 ppm C humic solution) using the media 1 (TOC free) and 
the media 2 (0.25 ppm C humics) with 4.77 x 106 cfu/ml inoculation 
concentration (experiment 2).

Time (hours) Average Cell Counts per field log10(Cell Count)

2.0 30.3 1.4814
5.0 35.2 1.5465
16.0 36.4 1.5611
21.0 36.7 1.5647
26.7 34.5 1.5378
34.7 39.5 1.5966
42.7 37.0 1.5682
50.2 39.3 1.5944
57.7 44.2 1.6454
62.0 61.8 1.7910
66.0 92.1 1.9643
68.5 119.9 2.0788
71.0 146.1 2.1647
73.5 180.9 2.2574




