
Application of the biofilm coupon to bacterial regrowth potential
by Xiaoming Xu

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science in
Environmental Engineering
Montana State University
© Copyright by Xiaoming Xu (1993)

Abstract:
The growth of biofilm in drinking water distribution systems often contributes to most of the increase
in bacterial numbers from the treatment plant effluent to the customer tap. When coliforms are shed
from distribution system biofilms, their appearance in water samples is taken as indicative of a public
health risk. To seek strategies for controlling regrowth of coliforms in distribution systems, methods
should be developed to determine the bacterial growth potential. The biofilm coupon technique, a
patented device of the Center for Biofilm Engineering, has been improved and used to study the factors
affecting bacterial regrowth in the laboratory and in a pilot scale pipe loop distribution system in the
Bozeman Drinking Water Treatment Plant. This research is a part of the project "Factors Limiting
Microbial Growth in the Distribution System", which has been funded in part by the American Water
Works Association Research Foundation. The experimental results showed that the coupon
performance was affected by organic carbon loading, temperature and chlorine residual. The growth
kinetic parameters (maximum growth rate; Atmax, yield Yx/s, half-saturation constant Ks and
temperature constant 6 ) were estimated from the experimental data for two species of bacteria
(Klebsiella pneumoniae and Pseudomonas fluorescens P17) . The threshold chlorine concentration for
K. pneumoniae growth in ¦ the biofilm coupon also was determined experimentally. Based on the
laboratory results, a mathematical model was used to predict the effect of organic carbon concentration,
temperature and biocide residual on bacterial growth in the biofilm coupons. The experimental results
in the pilot system showed the bacterial growth rate in the biofilm coupon correlated significantly with
the biofilm growth on the pipe walls, and qualitatively validated the laboratory and model results. It
demonstrated that the biofilm coupon can be used to simulate biofilm growth in distribution system and
as an indicator of microbial growth potential. > 
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ABSTRACT

The growth of biofilm in drinking water distribution 
systems often contributes to most of the increase in bacterial 
numbers from the treatment plant effluent to the customer tap. 
When coliforms are shed from distribution system biofilms, 
their appearance in water samples is taken as indicative of a 
public health risk. To seek strategies for controlling 
regrowth of coliforms in distribution systems, methods should 
be developed to determine the bacterial growth potential. The 
biofilm coupon technique, a patented device of the Center for 
Biofilm Engineering, has been improved and used to study the 
factors affecting bacterial regrowth in the laboratory and in 
a pilot scale pipe loop distribution system in the Bozeman 
Drinking Water Treatment Plant. This research is a part of 
the project "Factors Limiting Microbial Growth in the 
Distribution System", which has been funded in part by the 
American Water Works Association Research Foundation. The 
experimental results showed that the coupon performance was 
affected by organic carbon loading, temperature and chlorine 
residual. The growth kinetic parameters (maximum growth rate; 
Atmax, yield Yxzs, half-saturation constant Ks and temperature 
constant 6 ) were estimated from the experimental data for two 
species of bacteria {Klebsiella pneumoniae and Pseuddmonasfluorescens 
P17) . The threshold chlorine concentration for K. pneumoniae 
growth in ■ the biofilm coupon also was determined 
experimentally. Based on the laboratory results, a 
mathematical model was used to predict the effect of organic 
carbon concentration, temperature and biocide residual on 
bacterial growth in the biofilm coupons. The experimental 
results in the pilot system showed the bacterial growth rate 
in the biofilm coupon correlated significantly with the 
biofilm growth on the pipe walls, and qualitatively validated 
the laboratory and model results. It demonstrated that the 
biofilm coupon can be used to simulate biofilm growth in 
distribution system and as an indicator of microbial growth 
potential. >
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INTRODUCTION

- Occurrences of excessive bacterial -populations in drinking 
water distribution systems, especially coliforms, have 
troubled utilities because of their possible implications for 

the hygienic safety of their product. The growth of biofilm in 

drinking water distribution systems contributes to most of the 

increase in bacterial numbers from the treatment plant 

effluent to the customer tap.

To seek strategies for controlling growth of coliforms in 

drinking water distribution systems, the research project 

"Factors Limiting Microbial Growth in the Distribution System" 

is ongoing in the Center for Biofilm Engineering (CBE) at 

Montana State University. The project has been funded by the 

American Water Works Association Research Foundation (AWWARF) 
and the National Science Foundation (NSF).

One of the objectives of the AWWARF project is to monitor 

biofilm development and determine growth potential under 

different . conditions in laboratory scale (microscale) and 

pilot scale (mesoscale) experimental systems. Several 

techniques have been used for.this purpose. However, sampling 

and examination using these existing techniques are exhausting 

and time-consuming. Easier and more rapid methods need to be 

developed.
The biofilm coupon, a microbial growth sensing device, was 

invented and patented by CBE researchers in 1989. It is a
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rapid method to monitor the water quality in situ. The bacterial

growth rate in the biofilm coupon is affected by the nutrition 

and physical-chemical factors in the water environment; thus 

the biofilm coupon may be used to determine the bacterial 
growth potential.

Since the biofilm coupon technique is an innovation, a 

variety of technological problems relating to coupon design, 

preparation and application must be solved. The goal for the 

research is to verify the feasibility of the biofilm coupon as 

applied to the drinking water distribution system. The 

objectives are:

a. Improve the procedure of biofilm coupon preparation to 

obtain uniform cell distribution, low baseline noise and high 

mechanical strength. ~"A

b. Determine the relationships between coupon performance 

and environmental factors, such as temperature, organic 

loading and disinfectant.

c. Experimentally determine the kinetic parameters of K. 

pneumoniae (New Haven isolate) in acetate and glucose media, and 

the diffusion resistance in the gel matrix of the biofilm 

coupon.
d. Apply the biofilm coupon technique in the pilot 

distribution system. Compare the biofilm coupon performance 

with other, techniques to monitor in situ growth potential.
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e. Use the Biomass Accumulation Model (BAM) to simulate the 

biofilm coupon performance.

—A

J
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LITERATURE REVIEW

Biofilm in Drinking Water Distribution Systems

Biofilm refers to microbial cells immobilized at the pipe 

surface or on a. particle. In almost all drinking water 

distribution systems, even in the absence of chlorine, the 
extent of suspended growth is negligible. Thus, biofilms 

contribute significantly to bacteria and especially coliform 

regrowth (Characklis, 1988; Herson, 1991).

Attachment of bacteria to surfaces in flowing oligotrophic 

environments, such as drinking water, has important ecological 

considerations (Fletcher, 1982): (I) macromolecules tend to 
accumulate at solid-liquid interfaces, creating a favorable 

environment in a nutrient deficient situation; (2) low 

nutrient concentration in the water plus high flow rates can 

transport tremendous quantities of nutrients to - fixed 

microorganisms, (3) Extracellular polymers (EPS) anchors 

attached bacteria and may also be a. factor in nutrient 

capture; and (4) bacteria embedded in EPS matrixes are 

protected from disinfectants by a combination of physical and 

transport phenomena.

The formation of biofilm is governed by at least four 

factors which are already well known (Bryers and Characklis, 

1982; Trulear and Characklis,. 1982; Bryers, 1987). These are:

- deposition and adsorption of both living and dead
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L microorganisms from the aqueous phase onto the solid 

phase;

- growth, of attached microorganisms;

- the death of attached microorganisms;

- continual detachment or erosion of the biomass by the 

flow of the water.

Growth and detachment generally are the major processes 

which govern biofilm formation.

Coliforms in Drinking Water

Almost all. the aquatic microorganisms habitually

encountered in river water possibly are isolated from drinking 

water distribution networks if satisfactory sampling and 

testing methods are used (Maul and Vagost .1991) . Some of them 

are potential pathogens (Table I) . Among them, Klebsiella

pneumoniae is an opportunistic pathogen (Orskov, 1981) . Often

it is one of the dominant populations in industrial 

wastewaters (Seidler, 1981) . It also has been monitored widely 

in drinking water distribution systems (Lechevallier et 

al.,1987).

According to the Bergey1 s manual, K. pneumoniae . has been

characterized as straight rod, 0.3-1. O /zm in diameter and 0.6- 

6.0 ^m in length, capsulated, Gram-negative, nonmotile and 

facultatively anaerobic, having both a respiratory and a 

fermentative type of metabolism (Orskov, 1984).
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Table I. Bacteria found in drinking water distribution 
systems and their possible significance (Dott et al., 1986)

Bacterial genus . Potential effects

A c in e to b a c te r Potential rival to other bacterial 
indicators

A cro m o n a s Potential pathogen, opportunistic
A lca ligen es -
A rth ro b a c ter Colored water, possible rival
Bacillus Nitrate reduction, corrosion, rival to 

other bacterial indicators
B eggiatoa Rust-colored water, oxidation of sulphur
Clostridium —

C orynebacterium —

Crenothrix Rust-colored water (iron bacteria)
D esulfovibrio Black water, production of H2S, corrosion
E dwafsieila Potential pathogen, opportunistic
E nterobacter -

Escherichia Indicator of fecal pollution
Flavobacterium Opportunistic pathogen, potential rival 

to other bacterial indicators
Gallionella Rust-colored water, corrosion (iron

bacteria) ...i
Klebsiella Potential pathogen
Legionella Potential pathogen
Leptothrix Rust-colored water (iron bacteria)
M eth anom on as Oxidation of methane
M icrococcu s Nitrate reduction, corrosion, rival to 

other bacterial indicators
M oraxella Opportunistic pathogen
M ycobacteriu m Potential pathogen
N itrobacter Nitrate production
N itrosom as Nitrate production
Nocardia Potential pathogen
P roteu s Possible rival to other indicators
Providencia Opportunistic pathogen
P seu dom on as Opportunistic pathogen, rival to

bacterial indicators
Salm onella Potential pathogen
Serratia Opportunistic pathogen
SphaerotH us Rust-colored water
S ta p h y lo c o ccu s Potential pathogen
S tre p to c o c c u s Indicator of fecal pollution
S tre p to m y c e s Taste and odor
Yersinia Potential pathogen
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The strain o f  Klebsiella pneumoniae i s o l a t e d , from the New Haven,

Connecticut system during coliform growth episodes was shown 
to be capable of significant growth under low nutrient 

concentrations, even in double glass distilled water (0.2 -0.8 
mg/L TOC) (Camper et al., 1991). The suspended growth rate of 

K. pneumoniae (New Haven isolate and clinical isolate) in various
levels of yeast extract in batch culture at 25 0C is listed in 

Table 2.

Table 2. Kinetic parameters for two strains of K. pneumoniae 
grown on yeast extract (Camper et al. 1991) .____________

I s o la te S u b s t r a te  c o 

e f f i c ie n t ,K s 

(m g  l i t e r '1)

M a x im u m  g ro w th  

r a te ,  ^ max

( h - j

C e l l  y ie ld  o n  c a r b o n  

b a s is ,  Y auton 

(m g  m g  j

C e l l  y ie ld  o n  c e l l  

b a s i s ,  Y number 

( c e l ls  m g  o f  C 1)

N e w  H a v e n  is o la te 0 .0 6 0 . 3 2 ± 0 .0 6 4 0 . 0 7 ± 8 . 9 x l f f 4 1 . 7 x l 0 9± 2 . 2 x l 0 7

C l in ic a l  i s o la te 0 .1 2 0 . 1 6 ± 0 .0 3 8
- -4
0 .0 1  ± 3 . 8  X i a 4 2 . 4 x l 0 8± 9 . 6 x l 0 6

The strain of K. pneumoniae (New Haven isolate) was widely

used in previous projects on drinking water research in the 

Center for Biofilm Engineering (Characklis, 1988; Camper, 

1992). It also is being used in the ongoing AWWARF project. 

Thus this K. pneumoniae (New Haven isolate) was used to prepare 

biofilm coupons in order to compare the biofilm coupon results 

with the results from other investigators.

Factors Influencing Biofilm Growth in Distribution Systems

Recent investigations have shown the influence of the
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following factors on bacterial regrowth are important 

(LeChevallier, 1990a): (I) the availability of nutrients, 

especially organic carbon sources,. „ (.2).. environmental -factors 
such as temperature and pH, (3) the ineffectiveness of 
disinfectant residuals, (4) hydraulic effects, and (5) 
corrosion and sediment accumulation.

Nutrients
For coliform. and HPC bacteria, the principal nutrient 

sources required are phosphorous, nitrogen and organic carbon. 

Because bacteria consume these nutrients in a ratio of 

approximately 1:10:100 (P:N:C), organic carbon is often a 

growth-limiting nutrient (LeChevallier, 1990a).

A US EPA survey showed that the nonpurgeable total organic 

carbon (NPTOC) concentration in drinking water in 80 locations 

ranged from 0.05 to 12.2 mg/L, with an average concentration 

of 1.5 mg/L (Symons- et al. , 1975) . Recently, AOC (Assimilable 

Organic Carbon) has been widely used as an indicator for water 

quality (van der Kooij, 1991). With this method, drinking- 

water supplies in North America have been found to contain AOC 

between I and 2000 jug acetate carbon equivalents (ac-C eq)/L 

(Characklis, 1988; LeChevallier et al., 1987).

The relationships between AOC level and bacterial growth in
\ -

drinking water were studied by different researchers. Some 

research verified that coliform bacterial growth was usually 

observed in waters containing AOC level > 50 jitg/L

N
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(LeChevallier et al. , 1990b). Investigation showed that

heterotrophic plate count (HPC) bacterial growth in

distribution water will not occur a t .an-AOC level of 10 -15 

jug/L. AOC levels of 15 - 50 jug/L produced variable growth 

results (van der Kooij, 1982).

A variety of factors may play a role in making low levels 
of nutrients more available to biofilm bacteria.

Extracellular polymers may play a role in accumulating 
nutrients from bulk water (Geesey 1987). Some research 

showed that substantial coliform growth was stimulated by the 

particles of the corrosion deposits found in distribution 

system tubercles (Herson, 1991), while others found no 

evidence of such an effect (Camper et al., 1992).
— tj.

Hydraulic Effects
Flow velocity may regulate microbial growth on pipe 

surfaces in several ways. Increasing velocities allow for 

greater flux of nutrients to the pipe surface, greater 

transport of disinfectants, and greater shearing of biofilm 

from the pipe surface. The net effect on biofilm formation 

varies from system to system. Some investigators showed that 

increased fluid shear stress resulted in partial detachment of 

biofilm (Characklis, 1988)..

Temperature
Water temperature is one of the most important rate
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controlling parameters in the biofilm growth process. Water 

temperature influences not only the growth rate, but the lag 

phase and -cell yield as well (Fransolet et al., 1985)* The 

temperature of drinking water varies with seasons. Microbial 

activity was observed in water at 15 0C or higher ( Fransolet 

et al., 1985) . However, significant bacterial growth was also 

found in a distribution system where year-round water 

temperatures remain near 0 0C (Emde et al., 1992).

Chlorine residuals
Disinfection of biofilm bacteria is more difficult than 

disinfection of unattached bacteria (LeChevallier et al. 

1984). The major factors influencing disinfection efficiency 

for biofilms include the transport 6f the disinfectant into 
biofilm (LeChevallier, 1988), the composition of pipe material 

(LeChevallier, 1990c), and the accumulation of corrosion 

deposits (Emde et al. , 1992). The concentration of chlorine 

required to inhibit bacterial regrowth varies from system to 

system. Table 3 lists some results reported by different 

investigators.
. Chlorine and monochloramine are the most common 

disinfectants used in the drinking water industry in the^ 

U.S.A. (JMCEI, 1985). Chlorine is much more effective in 

inactivating the free cells than mpnochloramine (van der 

Wende, 1992) . However, monochloramine is more effective for 

disinfection of biofilm (Griebe et al, 1993; LeChevallier,
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19900). The additional advantages of monochloramine include 

reaction specifically with microorganisms and less toxic by-

- products (MattiIa-Sandholm 1992). ...-

Bacterial activity can be restored following recovery from 

injury under suitable conditions (Singh et al. , 1990). The

injured coliforms from .the water treatment plant will 

potentially recover and thus seed the biofilms in distribution 

networks. The knowledge of coliform recovery from biocide 

injury will be helpful to understand the regrowth phenomenon.



Table 3. Biofilm disinfection under various conditions

S y s te m S u b s t r a tu m O r g a n is m s D is in f e c t a n t C o n c e n t r a t i o n  a n d  

e x p o s u r e  ( m g / L )

B io f i lm  g r o w th R e f e r e n c e

M o d e l

d i s t r i b u t io n

s y s te m

P V C M ix e d  c u l tu r e F r e e  c h l o r i n e  o r  

m o n o c h lo r a m in e

c o n t in u o u s ly  e x p o s e d  

to

I  o r  4  m g /L

I m g /1  H O C L  o r  N H 2C L  

in a c t iv a t e d  b a c t e r i a  o n  

g a lv a n iz e d ,  c o p p e r ,  o r  

P V C  p ip e s ;  B a c te r ia  o n  

i r o n  p ip e s  s u r v iv e d  in  

4  m g / L  H O C L  b u t  

e x h ib i te d  a  m o r e  th a n  3 -  

Io g  d i e - o f f  in  4  m g /L  

N H 2C L

L e C h e v a l l i e r

1 9 9 0

G a lv a n i z e d

C o p p e r

I r o n

B a tc h  r e a c t o r G la s s  s l id e K . p n e u m o n ia e F r e e  c h l o r i n e 1 5 0  m g  • m in /L 9 9 . 6  % r e d u c t io n L e C h e v a l l i e r

1 9 8 8
M  o n o c h lo r a m in e 3  m g - m i n / L 9 9 . 9  %  r e d u c t io n

B a tc h  r e a c t o r G r a n u l a r

a c t iv a t e d

c a r b o n

E .  c o l i F r e e  c h l o r i n e 2  m g / L  f o r  I h o u r N o  s ig n i f i c a n t  d e c r e a s e L e C h e v a l l i e r

1 9 8 4

A n n u l a r  r e a c t o r P V C M ix e d  c u l tu r e T o t a l  c h l o r in e 0 . 8  m g / L ,  c o n t in u e d R e d u c e d  s ig n i f i c a n t ly  b u t  

c o n t in u e d  g r o w th

C h a r a c k l i s  1 9 8 8
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Methods to Study Microbial Reqrowth

The methods to study bacterial regrowth in drinking water 

distribution systems can be classified into three categories.

Direct Measurement of Biofilm
Since biofilms contribute to the most important part of 

bacterial regrowth, examination of the composition and 

activity of biofilms on actual pipe walls is a basic way to 

understand the regrowth characteristics.

In traditional coupon techniques, a piece of a special 

material is placed into the distribution system. Biofilm 

accumulation on the coupon surface is easier to sample and 
observe than scraping of actual pi£>e walls. These coupon 

techniques have been widely used to assess in situ biofilm

development associated with pipe surfaces in laboratory scale 

and pilot scale distribution systems (Characklis et al., 1988; 

Lechevallier, 1990c). The materials of coupons which are used 

in the AWWARF project include mild steel coupons in the pipe 

loop system and both mild steel and polycarbonate coupons in 

annular reactors.

Determination of Growth Potential
Instead of directly monitoring biofilm growth in situ, some

methods measure the growth of organisms in water samples under 

laboratory conditions. The increase of the total biomass in



14
a sample indicates the potential for bacterial growth which 
could occur in the source water environment. These methods 
were reviewed by van der Kooij (1990). Among these techniques, 
the assimilable organic carbon (AOC) test proposed by van der 

Kooij has been widely applied in recent years (van der Kooij, 

1991). Briefly, the test involves collection of water in very 

clean, AOC-free glassware. The water sample is heated to kill 

the indigenous bacterial population and inoculated with a 

variety of microorganisms ( such as Pseudomonas fluorescens strain 
P17, Spirillum sp. strain NOX ). The sample is incubated, and

growth of the test organisms is monitored. The stationary- 

phase level (Nmax) of bacteria is proportional to the amount of 

limiting nutrient in the water. Based on an empirically
- -4

derived yield coefficient of the organism for a selected 

growth substrate, the nutrient level in a sample is converted 

into carbon equivalents. Cell yield for different carbon 

compounds may vary, and the limiting nutrient may not be 

carbon. Thus, the AOC test is best thought of as an 

indication of the growth potential of the water and not as a 

direct measurement of biodegradable carbon (van der Kooij, 

1990).
One of the problems that impedes the widespread application 

of the AOC test is the long incubation time, and time 

associated with plate counts of the test organisms. Some 

research attempted to reduce the time needed to perform the 

assay by increasing the incubation temperature, increasing the
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inoculum density, and using the ATP luciferin-luciferase 
method to quickly enumerate the test organisms (LeChevallier, 
1993) .

Examination of Biodegradable Carbon Concentration

Since biodegradable organic carbon is the most important 

growth-limiting nutrient in drinking water in most 

circumstances, measurement of biodegradable organic compounds 

can be used as an indirect indicator of growth potential 

(Huck, 1990).
These methods are classified in the terms of the parameter 

measured in the assay - biomass or DOC. When the organic 

carbon is the limiting nutrient for growth, The AOC test can 

be used as a biomass-based method to indicate the 

biodegradable organic carbon.

The DOC-based methods are based on measuring a difference 

in dissolved organic carbon (DOC) before and after sample 

incubation (ADOC). The sample is filtered and sterilized, 

then inoculated with water from the same environment as the 

sample. The sample is then kept at approximately 20 0C in the 

dark for four weeks. The difference of the DOC at the 

beginning and end of the incubation is taken as the amount of 

BDOC (Servais, 1989).

The three kinds of methods mentioned above are widely used 

in the water industry. The direct measurement of biofilm in
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distribution systems supplies first-hand information on 

bacterial regrowth in situ . However, the biofilm accumulation is

the result, not the cause of the regrowth. It only gives an 

historically average information; it cannot indicate a new 

change in water quality.
The measurement of bacterial growth potential and 

biodegradable organic matter indicates the nutrient level 

which possibly supports the bacterial growth. All these 

methods are conducted under standard conditions in laboratory, 

n o t  in situ. Thus, it only gives an indirect "potential", not

the actual picture of bacterial growth. The second shortfall 

of these methods is almost all of them involve suspended

growth conditions. The lack of a quantitative relationship
— ^

between the test conditions and conditions in distribution 

system biofilms is crucial for their application. In 

addition, most of these methods need extensive time to 

perform. In practice, more rapid methods are needed to supply 

information for water utilities to control water quality.

Biofilm Coupon Technique

The biofilm coupon is an innovative technique which was 

invented by MSU researchers William Characklis and David 

Davies, and patented in 1991 (Characklis et al., 1991). The 

coupon holder contains three 0.5 cm diameter wells which are 

seeded with bacteria. The immobilized bacteria are then 

covered with a gel matrix. Cells observed microscopically



17
after placing the coupon in a process stream are compared to 
the cell numbers before exposure. The effects of nutrients, 

biocides, and growth related factors can be determined from 

the change in cell numbers after incubation.

Compared to other methods mentioned above on regrowth 

research in drinking water distribution systems, the biofilm 

coupon has special advantages. It can be used to simulate 

bacterial growth in situ in drinking water distribution systems.

The coverage of the gel matrix prevents bacterial loss from 

detachment that occurs in other coupon techniques. The 

bacterial growth in the biofilm coupon is in response to the 

overall nutrient level; that is, it shows t h e  in situ "potential" 

for bacteria growth. When organic carbon is the limiting 

factor, the biofilm coupon result is an indication of the 

biodegradable organic carbon. In addition, the coupon is easy 

to sample and observe.

Biomass Accumulation Model

A computer program BAM (Biomass Accumulation Model) has 

been developed by the Center for Biofilm Engineering based on 

the concepts proposed by Wanner and Giujer (1986). BAM 

attempts to describe the growth of a biofilm in contact with 

a perfectly mixed bulk liquid phase (i.e. a continuous flow 

stirred reactor). The governing principle of the BAM model is 

the conservation of mass. Conservation of energy and momentum
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are not considered important at this level.

The BAM model has been widely used by researchers in the 
Center for Biofilm Engineering. However, some of its 
assumptions are not well founded. For example, the BAM model 

assumes the biofilm is uniform. Recent research progress in 

biofilm structure revealed that biofilm geometry is not 

uniform, and the physiological properties of cells in 

different sites are not the same. The uniform assumption of 

the BAM model may be more appropriate to the situation of a 

biofilm coupon with a uniform gel matrix than an actual 

biofilm.

Since some assumptions within BAM do not apply to a biofilm 

coupon, adjustments and improvements were needed to apply BAM 

model to biofilm coupon simulation. A detail will be 

discussed in the following section.
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MATHEMATICAL MODEL 

Model and Assumptions

The Biofilm Accumulation Model (BAM) program was used to 

simulate the biofilm coupon performance. The following 

assumptions were involved to use BAM for a biofilm coupon:

- Gel matrix in the biofilm coupon is considered as the 

equivalent of the liquid boundary layer in the BAM model 
(Figure I);

liquid Layer
BiofilmMonolayer

Biofilm
Coupon Model

Figure I. Comparison of the physical model of the BAM and a 
biofilm coupon.
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- Biomass in a biofilm coupon was treated as a continuum 

film with initial thickness 0.01 /m. The bacterial growth was' 
expressed as the increase of the— !'-biofilm" thickness even 

though the bacteria distribute individually as a disperse 

monolayer in an actual biofilm coupon. The assumption is weak 

since the increase of biofilm thickness in the simulation will 

increase the overall diffusion resistance.

Geometries and Conditions
The following default parameters, boundary and initial 

conditions were used:

Biofilm area: 0.0000212 m2 for each holder with three coupon 
wells;

Equivalent liquid boundary layerrA2500 /Ltm;

Reactor volume: 40 mL;

Liquid phase volume fraction of biofilm: 0.8;

Diffusion ratio of biofilm/water: 0.8;

Substrate diffusivity in water (25 0C) :
0.0000596 m2/day for glucose;

0.000103 m2/day for acetate.

Solid phase density: 5 x IO4 g/m3;
Detachment formula = 0 ;

Estimation of the Kinetic Parameters
The kinetic parameters were estimated by using the data 

from suspended cultures in the batch reactors (Appendix A).
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Assuming the decay process can be ignored, the system dynamics
can be described as: „

dX_ VnP
dt Ks+S . .

(I)
dS __ Vm3 X 
dt Ks+S Y

with an initial condition t=0, X=X0 and S=S0, where JLtm is the 

maximum growth rate (day1) ; Ks is the half-saturation 

concentration constant (mg/L); Y is the cell yield (cell 

number/mg substrate) ; X is the bacterial number; S is the 

substrate concentration (mg/L); t is the time (day).

An analytic solution of Equation (I) was derived by Dr. 

Warren Jones and Xiaoming Xu as the following:

■In [■
(Sn + ^Lf)

0]

Using the experimental data for S0, X0, X, t, and a

predetermined Y , Equation (2) can be used to estimate the 

parameters jLtm and Ks by means of linear regression. The yield 

Y for K. pneumoniae. New. Haven strain was 7 x IO6 cells per mg

carbon for yeast extract (Camper et al., 1992).

The effect of temperature on diffusivity was estimated by 

the relation D/j/T=constant, where p is the viscosity at T 0K.
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EXPERIMENTAL APPARATUS AND METHODS

V
Media and Solutions

R2A Agar Plates
9.1 grams of the commercial dehydrated R2A agar (Difco 

Laboratories, Detroit, MI) were suspended in 500 mL distilled 

water. The R2A agar was autoclaved for 40 minutes at 20 psi. 

Each agar plate contained about 20 mL agar.

Mineral Salt Solution
The composition of the standard mineral salt stock solution ' 

was identical to the one described by Chapatwala (1990), 

consisting of the following (g/L) :~-A KH2PO4,, 3.4; K2HPO4 4.3; 

(NH4)2SO4, 2.0; MgCl2-H2O, 0.3. The solution was amended with 

0.5 mL/L of the following trace element solutions containing 

(mg/L) : MnCl2- 4H20, 1.0; FeSO4-VH2O, 0.6; CaCl2O, 2.6;

NaMoO4- 2H20, 6.0. The stock solution was diluted 1:10 with

double distilled water for use.
In disinfection tests, 2.57 grams NaNO3 was used instead of 

2.0 grams (NH4)2SO4 in the mineral solution tP avoid the 

formation of combined chlorines.

- ■
Organic Carbon Sources

Three organic carbon sources were used: glucose, acetate

and AOC standard solution. In each case, the carbon stock
J
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solutions were autoclaved and stored in the refrigerator. The 

stock solutions were diluted to the required concentration by 
using the above mineral solution. ---

The standard AOC stock solution consisted of the following 

(IT1): EtOH (100%) , 0.242 mL; sodium acetate, 0.342 g; sodium 

benzoate, 0.172 g; p-hydroxybenzoic acid, 0.164 g; 

propionaldehyde, 0.2 mL. One-tenth mL of stock added to I L 

carbon-free mineral solution yielded a concentration of 5000 

/ig/L AOC solution.

Microorganism

The Klebsiella pneumoniae strain used in this study was

originally isolated from the water distribution system of New 

Haven, CT, and was obtained from Anne Camper, Center for 

Biofilm Engineering, Montana State University, Bozeman, MT. 

The culture of K. pneumoniae was stored on R2A agar at 40C in

the refrigerator. The culture was refreshed on a new R2A agar 

plate one day before it was used. Bacterial suspensions at a 

concentration about I x IO6 cells/mL as determined by direct 

counting were prepared by picking one colony from the R2A 

plate with a sterile inoculating loop, suspending the colony 

in the mineral salt solution and vortexing. The bacteria were 

depleted of endogenous nutrients prior to- coupon preparation 

by holding the bacterial suspension at room temperature (about 

20 - 22 0C) for four hours.
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Procedure for Biofilm Coupon Preparation 

Gel Pad Method
An innovative gel pad method was- developed. All biofilm 

coupons used in this research were prepared with this method 
except those prepared using the conventional drop spread 

method for comparative tests.

Silica Gel Plate; Twenty % aqueous phosphoric acid was 

prepared by adding 11.5 mL phosphoric acid, to 38.5 mL 

distilled water. Ten g of powdered silica acid (reagent grade,

J. T. Baker Chemical Co.) were dissolved in 100 mL of 7 % 

(w/v) aqueous KOH by heating. Phosphate, buffer was prepared 

by dissolving 4.3 g K2HPQ4 and 3.4 g KH2PO4 in one liter water.

In a 100 X 15 mm petri dish, 5 mL phosphate buffer were 

first mixed with 5 mL potassium silrdate solution followed by 

I mL phosphate acid. The plate was slightly shaken to make the 

gel spread evenly. The gel plates were allowed to harden at 

room temperature over 3 0 minutes, and flooded with 10 mL 

phosphate buffer. These plates were stored at 4 0C.

Aaar Gel: Three grams of Noble agar (Difco Laboratories, 

Detroit, MI) were dissolved .in 100 mL water by heating, then 

autoclaved at 114 0C for 15 minutes.

Coupon Pretreatment; Biofilm ' coupon wells were washed, 

autoclaved and dried before use.

Procedure of Coupon Preparation: The water in the silica 

gel plate was removed and 0.005 mL bacterial suspension was 

dropped onto the silica plate. The plate was dried at room
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temperature for about 15 minutes. A piece of silica gel pad 

with bacteria on its surface was cut with a plastic tube (0.3 
cm diameter). The pad was inverted and placed in the coupon 
well so that the bacteria were in contact with the well 

bottom. The silica gel pad was given a light press to make it 

contact tightly with the coupon bottom. The coupon well was 

then filled with the melted Noble agar (50 0C) (Figure 2) . 

Coupons were stored in ultrafiltered water at 4 0C.

Comparison of Procedures for Coupon Preparation

The new biofilm coupon preparation procedure was compared 

to the conventional drop spread method for cell distribution, 

nutrient leakage, . resistance to mechanical stress, and 

contrast under the microscope.

Cell Distribution: The cell distribution in two biofilm 

coupons which were prepared using the new method (the gel pad 

method) and the old method (the drop spread method) was 

observed before and after ten-hour incubation. Five fields 

were randomly chosen in each coupon well and the bacteria were 

counted.

Nutrient Leakage Test: The possibility of trace nutrient 

leakage which would support K. pneumoniae growth was tested for

silica gel and Noble agar. The K, pneumoniae suspension was

dropped onto the gel plates. One drop of the suspension (about 

0.005 mL) formed a diameter 0.7 cm spot on the silica gel or 

0.4 cm on the agar gel. Each plate had 5 replication spots.
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The plates were incubated at 3 5. 0C overnight (about 15 hours). 

Cell growth and distribution in the spots were observed under 

the microscope before and after incubation.

Mechanical Stress Test: A piece of silica or agar gel
(about I cm2 area, 0.2 cm thick) was put in water in a 250-mL 

cup. The cups were then placed into a shaker for half hour, 

and the mechanical damage of the gels was determined.

Contrast under Microscope; The silica gel with 6 % solid 
content was used to prepare coupons. Different solid content 

of agar gels (0.75 %, I %, 2 %, and 3 % of agar solid) were 

used to cover the silica gel pads in coupons. Coupon wells 

were then observed at 3 OOX to determine contrast and bacterial 

detection efficiency.
- - A

Bacterial Enumeration
Suspended Bacteria

The number of suspended bacteria was counted by means of 

standard plate count technique (APHA et a 1. 1989) on R2A agar.

The absorbance of • bacterial suspension at 488 nm was 

measured (DMS 90 UV Visible Spectrophotometer, Varian 

Associates, Inc.) as a rough estimation' of the cell 

concentration. By comparing the results of standard plate 

count and the photometric .. absorbance, the following 

relationship was found for K. pneumoniae Haven strain:

Cell Concentration (CFU/mL) = 2.07 x IO8 x D488 

where D488 is the absorbance of bacterial suspension at 488 nm.



Coupon Preparation

Drop bacterial suspension onto 
silica gel plate

■  Cut gel pad from silica plate

I
Lna I Place gel pad into coupon well

I
ISIS Fill coupon well with agar gel

Figure 2. Procedure for biofilm coupon preparation.
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Bacteria in Biofilm Coupon
Bacteria in the biofilm coupon were counted directly under 

regular bright field microscopy. The magnification needed to 

observe the organisms depends on the cell size and K. pneumoniae

New Haven strain was counted with an overall magnification of 

300X.
Diffusivitv Determination

A shaken bath method, which is a modification of the 

stirred bath method proposed by Chresand (1988), was used to 

measure the diffusivities in silica or agar gels. The 

experimental device is shown in Figure 3.

—  -4-

Shaken Bath Diffusion Chamber

glucose solution

-  gel matrix

Figure 3. Shaken bath method for measurement of diffusion 
coefficients.

The testing device was a 22 mL glass vial containing 14 mL
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gel. Seven mL of 10 mg/L glucose solution was poured on the 
top and the . devices were placed in a 25 0C shaken bath. For 

each test, three chambers were run under identical conditions. 

Samples of the bulk water were taken every two hours. The 

glucose concentration was measured using the colorimetric 

determination technique (Sigma Diagnostics, St. Louis, MO). 

The diffusivities were calculated using the following equation 

(Crank 1977):

where Mt was the total amount of glucose in the gel at time t 

as a fraction of M00, a was the volume ratio of the solution

The partition factor K was estimated by measuring the final

this experiment, the K value was about I - £, where e was the 

solid concentration of the gels. The qns were the non-zero 

positive roots of tan qn = -aqn. M00 was the corresponding 

quantity after infinite time and was estimated through the 

partition coefficient K, the volume ratio a (gel volume 

/solution volume), and the solution volume a.

y-'. 2a (1+oQ e-Dgn2t / i 2 

6  l+a+a2gn2
(3)

and gel void volume (a = V1Z(KAVg) and I was the gel thickness.

amount of glucose absorption by the gels after ten days. In

K  .
(4)
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Placement and Incubation of coupons

Batch and Semi-Continuous Tests
Glass vessels with 40 mL volume were used for batch and 

semi-continuous tests. Each test vessel contained 35 mL 

medium. One coupon holder with three coupon wells was placed 

in one vessel. In the semi-continuous tests, the coupon was 

placed in fresh medium after each count. All incubations were 

performed in sterile solutions to avoid interference by 

suspended bacteria.

From Effluent

coupon

Figure 4. Tubular holder for biofilm coupon placement.

Tests in Laboratory and Pilot Scale Mode Systems
A coupon was held in a tubular holder which was connected
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in the effluent of pipe loops or annual reactors. Since the 

flow rate varied in different reactors, the tubular holder 

was designed to carry a relatively stable flow rate in order 

to avoid the effect of flow rate on the nutrient flux (Figure 

4). A stable stream (about 0.18 L/min) flowed through the 

holder and discharged from the hole (0.01 cm diameter) in the 

bottom. The extra water overflowed from the bigger hole (1.5 

cm2) on the top of holder.

In the pilot system, the tubular holders with biofilm 

coupons were connected on the effluent ends of the annular 

reactors (Figure 5).

Coupon Counting Intervals
The coupon counting interval was determined by the rate of 

bacterial growth and substrate diffusion. As it will be 

discussed.in the next chapter, the lag phase for the biofilm 

coupon was approximately four hours, so in the laboratory 

tests the first counting was conducted after at least four- 

hours incubation. From a statistical point of view, the 

bacterial number should be less than 300 per field (APHA et 

al., 1989). The preliminary results of the pilot scale tests 

showed that the numbers of K. pneumoniae in biofilm coupons were

usually less than 3 00 per field after two-day incubation under 

the experimental conditions. Thus, a two-day incubation 

interval was chosen for all pilot experiments.
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From previous loop 
(or dllullon water)

annual reactorNutrients

Tubular holder

To next pipe 
Ioopordraln Coupon

Figure 5. Biofilm coupons in the pilot pipe loop system.

Chlorination Procedure
A stock chlorine solution was prepared daily by adding 

0.088 mL of commercial chlorine bleach (Clorox) to 1000 mL 

amended mineral solution which contained NaNO3 instead of 

(NH4)2SO4. The monochloramine stock solution was prepared by 

adding 0.088 mL of the bleach to 1000 mL standard mineral 

solution which contained 54 mg/L NH4"1". The high ratio of N:C1 

in the solution ensured the product to monochloramine. The 

chlorine concentration in the stock solutions was measured by 

using visual comparison method (HACH, AMES, Iowa). The stock
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biocide solutions were diluted with the mineral solutions for 
use.

The biofilm coupons were disinfected in 40-mL vessels. Each 
time the biofilm coupon was removed for bacterial 

qualification the disinfectant solution was replaced. After 

the .disinfection period was completed, the biofilm coupons 

were placed into sodium thiosulfate solution (100 mg/L initial 

concentration) for one hour to neutralize remaining 

disinfectant. The coupons were then reincubated in I mg/L 

nutrient medium to test the recovery potential of the 

bacteria.
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RESULTS

Comparison of Biofilm Coupon Preparation Procedure

Cell Distribution Experiments

The bacterial distribution in biofilm coupons using the new 

method (the gel pad method) and the conventional drop spread 
method is shown in Table 4. The initial distribution over the 

whole coupon is qualitatively shown in Figure 6. For the drop 

spread method, most cells appeared in the area along the edge. 

The cells in the remaining areas showed a "patchy" 

distribution model. By contrast, the gel pad method gave 

relatively even distribution. ^

Table 4. Comparison of the cell distribution in biofilm 
coupons.

M e t h o d T i m e M e a n  ( c e l l / f i e l d ) S t a n d a r d  D e v i a t i o n

G e l  P a d  m e t h o d B e g i n n i n g 2 4 . 6 3 . 4

A f t e r  1 0  h o u r s 9 2 . 5 1 8 . 9

D r o p  S p r e a d  

M e t h o d

B e g i n n i n g 3 1 . 8 1 4 . 2

A f t e r  1 0  h o u r s 1 3 2 . 1 2 5 . 2

After a ten-hour incubation, the standard deviation 

increased for both methods. The distribution tended to be 

"patchy" as time increased. However, the gel pad method 

maintained a relatively better distribution.
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fin! Pad Msttiod

Agar gel

Silica gel Incubation

Drop Spread Method

Incubation

Figure 6. Cell distribution in biofilm coupons before and 
after incubation.

Gel Property Experiments

Nutrient Leakage Test: After incubation overnight, there 

was obvious bacterial growth on the agar plate. Initial 

individual cells developed into microcolonies. However, the 

cells on the silica plate were still distributed individually 

even though there was a slight increase in numbers.

Mechanical Stress Test: The silica gel was broken into 

several small pieces after half-hour treatment in a shaker. 

By contrast, the agar gel could bear the shear stress as no 

obvious damage was seen.
Contrast under Microscope: The coupon using 3 % agar had 

the best contrast of all samples.
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Results of Diffusion Experiments

The effective diffusion of glucose through the silica and 

agar gels was tested using the shaken bath method. Figure 7 

shows the change of the bulk glucose concentration with time 
in the agar gel diffusion test. The left y-axis is the 
normalized bulk concentration CJC0. The other y-axis is the 

calculated amount of glucose fraction (MtZM00) diffused into the 

gels. Based on the experimental data, the diffusivities for 

glucose into agar and silica gels were calculated by 

numerically approximating the analytic solution (Equation 3). 

The dif fusivities decreased with the increase of the gel solid
f' . ..

content (Figure 8).

Time (hour)

□ Bulk concentration a  Mt/Mmax

Figure 7. Change of bulk glucose concentration 
and amount of glucose diffused into the agar gel 
in diffusion test (2 % agar).



37

silica gel

Solid weight (%)

Figure 8. Ratio of effective diffusion coefficient and 
diffusion coefficients in water for agar and silica gels.

Results of Bench Experiments for Coupon Performance 

Temperature Effect
Coupon experiments were conducted in 35 mL of I mg/L 

acetate and glucose media in batch cultures to test the effect 

of temperature (Figure 9 and Figure 10) . When the coupons were 

incubated in glucose medium for 14 hours, the growth rate at 

3 5 0C was 7 times higher than at 20 0C and 11 times higher than 

at 10 0C. If the acetate medium was used, the growth at 30 0C 

was 5.6 times higher than at 20 0C and 14 times higher than at 

10 0C.
The overall effect of temperature on the growth of bacteria 

in biofilm coupons incubated with glucose and acetate media 

were predicted following the Phelps' equation (Grady,Jr. 

1980).

9
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Ic1=Ic2Qit^

The temperature effect values of 0 estimated from the 

results in Figure 9 and Figure 10 were I .0357±0.0143 for 

coupons in glucose medium and 1.104910.0341 for coupons in 
acetate medium.

0 2 8 10 12 14 16 18 20 22
Time (hour)

Figure 9. Effect of temperature on biofilm coupon 
performance in batch culture (I mg/L glucose medium).

Organic Carbon Concentration Effect

The effect of organic carbon on biofilm coupon performance 

was tested in 3 5 mL batch reactors at 20 0C with three media 

containing glucose, acetate or AOC standard solution.

The growth rate of K. pneumoniae in biofilm coupons vs. 

glucose concentration is shown in Figure 11. Two coupon 

holders each with three coupon wells were tested under the
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Time (hour)

■ 10 C A 20 C a 30 C

Figure 10. Effect of temperature on biofilm coupon 
performance in batch culture (I mg/L acetate medium).

same conditions. The bacterial growth rate increased with the 

increase of organic carbon concentration, and the two parallel 
tests matched each other well.

Figure 12 shows the result of another experiment which was 

run under conditions similar to those as above. The trend of 

bacterial growth in the first 11 hours was consistent with the 

first experiment. However, the data were noisy when the 
concentration was below 0.5 mg/L.

Growth in acetate medium is shown in Figure 13. The change 

of growth rate was reasonable when the acetate concentration 

was over 0.5 mg/L. The growth rate seemed to approach 

saturation in high concentration. As in the previous 

experiment, considerable noise was evident at low
concentration.
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1.5 2.5 3.5
Glucose concentration (mg/L)

Figure 11. Relative numbers of K. pneumoniae in biofilm 
coupons after 9.5 Hours in glucose medium. (Test I)

1.5 2.5 3.5
Glucose Concentration (mg/L)

A 11 hours D 24 hours

Figure 12. Relative numbers of K. pneumoniae in  biofilm coupons 
in glucose medium. (Test 2)
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1.5 2.5 3.5
Acetate Concentration (mg/L)

▲ 12 hours a  24 hours

Figure 13. Relative numbers of K. pneumoniae in biofilm 
coupons in acetate medium.

The reproducibility of AOC concentration vs. growth rate in 

the biofilm coupons was not good as seen by comparison of the 

results of two experiments run under same conditions (Figure 
14).

Biocide Effect

Biofilm coupon tests were conducted to examine the effect 

of two kinds of disinfectant, chlorine (Figure 15) and 

chloramine (Figure 16) in semi-continuous cultures at 20 0C. 

Comparing the two figures, the results showed a qualitatively

*
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50 100 150 200 250 300 350 400 450 500
AOC concentration (ug/L)

Test 1 Test 2

Figure 14. Relative numbers of K. pneumoniae in biofilm 
coupons in standard AOC medium.

r—
similar tendency for the two kinds of disinfectant. When the 

disinfectant concentration exceeded an inhibition threshold, 

the bacteria could not grow. If the disinfectant 

concentration was below a recovery threshold, the bacteria 
could potentially recover from injury after the disinfectant 

exposure was terminated.

For the K. pneumoniae in the biofilm coupons, the inhibition 

and recovery thresholds were about 0.2 and 0.55 mg/L for 

monochloramine, and about 0.4 and 0.5 mg/L for chlorine.
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Recovery

0 40 £
Time (hour)

Chlorine Concentration (mg/L) 
-S- 0.05 0.1 0.2
-s- 0.4 0.5 0.8

Figure 15. Disinfection of K. pneumoniae cells in biofilm 
coupons using chlorine.

Recovery

50 80 1 0

Time (hours)

Monochloramine Concentration (ma/LI 
- s -  0 0.1 - s -  0.2

0.55 -s- 1.0

Figure 16. Disinfection of K. pneumoniae cells in biofilm 
coupons using monochloramine.
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Results of Pilot Experiments for Coupon Performance

Biofilm coupon performance was tested in the pilot pipe 

loop system in the Bozeman Water Treatment Plant. The 
incubation times were 48 hours for all the tests. The effect 

of residence time was tested in the Period I. The experiments 

for the effect of temperature and organic carbon loading were 
conducted in Period II in sequential five weeks. Results in 

Period II were divided into four figures to show the effect of 

temperature and organic loading respectively (Figure 17,18,19 
and 20).

Temperature Effect
Figure 17 and 18 show the effect of temperature on biofilm 

coupon performance in the pilot system when the amount of AOC 

added to the influent was 0 Atg/L and 500 jug/L, respectively. 

In both cases, the bacteria in the biofilm coupons incubated 

at 20 0C had much higher growth rates than those at 10 0C.

<?
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ZiJ
Z

Week

Flil 10 c I I 20 C

Figure 17. Effect of temperature on biofilm 
performance in the pilot scale pipe loops without 
carbon addition to the influent.

coupon
organic

Week

I I 20 C (Test 1) □ □  20 C (test 2)

Figure 18. Effect of temperature on biofilm coupori 
performance in the pilot scale pipe loops with 500 ug/L 
influent AOC.
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Organic Carbon Concentration Effect

The influence of added AOC on the coupons is shown in 
Figure 19 and 20. In most cases, the higher AOC feed 
corresponded with the higher bacterial growth rate.

Residence Time Effect

The effect of residence time on the biofilm coupons is 

shown in Figure 21. Although on average the bacterial growth 

rate increased with the residence time, the difference was not 
significant due to high standard deviations.

Iz

r~

Week

i l H  0 mg/L I I 0.5 mg/L

Figure 19. Effect of feeding AOC in the pilot loops at 10 
0C on biofilm coupons.
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Week

EHH 0 mg/L I I 0.5 mg/L (Test I) | | 0.5 mg/L (test 2)

Figure 20. Effect of the feeding AOC in pipe loops at 20 0C 
on biofilm coupons performance.

Cumulative Residence Time(hour)

Figure 21. Growth rate of K. pneumoniae in biofilm coupons in 
the pipe loops with various residence time.



48

Batch Experiments for Parameter Estimation

Batch experiments of suspended growth were conducted to 

determine the kinetic parameters. Two substrates (glucose and 

acetate) were tested for two species (K. pneumoniae and P17 

strain) at room temperature (20 0C) . The experimental results 

are presented in Figures 22, 23 and 24. A value of yield Y 

(1.7 x IO6 cells / mg carbon) was obtained from the literature 

for K. pneumoniae (Camper et al. , 1992). An analytic solution

(Equation 2) for the dynamics of a batch reactor was derived 

by Jones and Xu (Appendix I) . The solution was used as the 

basic equation for parameter estimation. Using least square
r-

sum principles, the haIf-saturation constant Ks and maximum 

growth rate Jtim were estimated. The regression results are 

presented in Figure 2 5 (AT. pneumoniae in glucose medium) , Figure 

26 (K. pneumoniae in acetate medium) and Figure 27 (P17 in 

acetate). A summary is presented in Table 5.

Table 5 Parameters estimated from batch experiments

O r g a n i s m S u b s t r a t e Mm (day.,) K s ( m g / L ) C o r r e l a t i o n

c o e f f i c i e n t

K. pneumoniae Glucose 2.84032 0.26877 0.841817

K. pneumoniae Acetate 0.868129 1.083545 0.589187

P17 Acetate 2.593442 0.148214 0.722659
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lE+OSq

B  1E+07:

1E+06

Glucose concentration (mg/L)

initial - 3 -  9.5 hrs 22 hrs

Figure 22. Batch suspended culture of K. pneumoniae in glucose 
medium (20 0C) .

1E+05

A-'*"'

1E + 04

Acetate concentration (mg/L)

▲ Initial ■ 4 hrs *  8 hrs 
x  24 hrs b  44 hrs

Figure 23. Batch suspended culture of K. pneumoniae in acriate 
medium (20 0C) .

*
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15+07;

15+061

15+04=

15+03 1.5 2 2.5 3 3.5
Acetate concentration (mg/L)

-A. 25 hrs ■ 36 hrs *  48 hrs Q 84 hrs

Figure 24. Batch suspended culture of P17 in acetate medium (2O0C) .

’.4 -2.2
ln(X0/X)/t

----- Regressed ■ Experimental

Figure 25. Estimation of kinetic parameters for K. pneumoniae 
in glucose medium.

f
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-0.4
ln(X0/X)/t

Figure 26. E s t i m a t i o n  of k i n e t i c  p a r a m e t e r s  f o r  K. pneumoniae 
in a c e t a t e  m e d i u m .

-2.3
In(XOZX)A

Figure 27. E s t i m a t i o n  of k i n e t i c  p a r a m e t e r s  for P17 in 
a c e t a t e  m e d i u m .



Results of Biofilm Coupon Modeling

Laboratory experiments were conducted to test the effect of 
environmental factors, such as temperature, organic 

carbon loading and disinfectants on biofilm coupon 

performance. However, the effect of other factors, such as 

the diffusion coefficients, thickness of gel matrix, the time 

lag, are much easier to demonstrate by modeling. In addition, 

comparisons of the relative importance for different factors, 

such as temperature and organic carbon concentration, is 
difficult to conduct experimentally.

xTo compare the results of the BAM model to actual biofilm
f—

coupon performance results, simulation work was first done to 

predict the effect of organic carbon .concentration and 

temperature. The BAM program was then used to simulate 

biofilm coupon performance under other conditions. Kinetic 

parameters estimated from the experimental data were used in 

the simulations.

Effect of Substrate Concentration

Figure 28 shows the simulated effect of organic carbon 

concentration in bulk water on the bacterial growth in the 

biofilm coupons. The highest growth rate corresponded to the 

highest bulk substrate concentration.

However, the bulk concentration does not influence the time 

lag (Figure 29) . For a coupon with a 2500-^m gel matrix

52
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thickness, the time lag is about 4 - 5  hours no matter how 

high the bulk concentration is.

Effect of Mass Transfer
Since both the substrate diffusivity in gel and the gel 

thickness influence the overall mass transfer, the simulation 

focused on the two factors.

Diffusivity: The effect of substrate diffusivity in gel on 

bacterial growth in coupons is presented in Figure 30. Higher 

diffusivity resulted in faster growth.

Figure 31 shows the influence of diffusivity on the time 

lag. The average effective diffusion coefficient of glucose 

diffusing through the gel matrix in a coupon is 0.000048

24 hours

9.6 hours

Glucose Concentration (mg/L)

Figure 28. BAM simulation: Effect of glucose concentration 
on growth of K. pneumoniae in biofilm coupon (20 0C).

4
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2.5
Time (hour)

5.0 mg/I1.0 m g/I----- 2.0 mg/I0.5 mg/I

Figure 29. BAM simulation: Effect of glucose concentration 
on time lag of a biofilm coupon.

r—

m2/day (80 % of that for water); it corresponds to a time lag 

of about 4 hours (C JC b = 0.95). However, Deff=O.00024 m2/day is 

within the order of magnitude for low molecular organic 

compounds such as acetate and lactate. If these low molecular 

compounds dominant in the bulk water, the time lag will be 

about two hours. The diffusivity 0.000024 m2/day is in the 

range of some large molecules, and the time lag is much longer 

in this case.

Gel Thickness; The effect of gel thickness on bacterial 

growth and local substrate concentration is shown in Figure 

32. A thinner gel matrix will result in a higher substrate 

concentration and a shorter lag phase, thus faster bacterial 

growth.
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Time (hour)

Effective diffusion coefficient ( X  I O i  m ! / d a y )  

----- 0 .4 1 6 -------4 . 1 6 -------7.2

Figure 30. BAM simulation: Effect of effective diffusion 
coefficients on biotilm coupon performance (2O0C, I mg/L 
glucose medium).

D „ = 2 . 4  x  I O ' 5 Hi1 Z d a y

DwasO .  4 8  X 1 0 ' 5 Hi1 Z d a y

U 0.5-

D w- 0 . 2 4  x  1 0 ' 5 Hi1 Z d a y

2.5
Time (hour)

v

Figure 31. BAM simulation: Effect of effective diffusion
coefficients on time lag of a biofilm coupon.
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1 mm

1.5 mm

3 mm

Time (hour)
Figure 32. BAM simulation: The effect of gel thickness on
biofilm coupon performance (20 0C, I mg/L glucose medium).

Effect of Temperature

Temperature affects both diffusivity through the gel matrix 

and the kinetic parameters for cell growth. As shown above, 

the maximum growth rate (/im) of K. pneumoniae at temperature T 

(0C) in the glucose medium can be calculated by:

Atm = Alm(ZO0C) 1.035661^°)
The effect of temperature on diffusivity was calculated by:

V  298 P2J^25 (6)

Where p 25 and Pr are the viscosities at 25 0C and T 0C; T (0K) 

is the absolute temperature; D25 is the dif fusivity at 25 0C. 

Figure 33 shows the relationship between diffusivity D and
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-10 « °
(Glucose) Dw (Acetate)

— 2.5-

Haa (Acetate)

Dw (Glucose)

Temperature (°c )

Figure 33. Prediction of the temperature effect on glucose 
diffusivity in water and /imax of K. pneumoniae in glucose 
medium. ...

35“ C

Time (hour)

Figure 34. BAM simulation: Effect of temperature on
biofilm coupon performance (I mg/L glucose medium).

*
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maximum, growth rate Hm of K. pneumoniae in glucose medium with 

temperature.

The simulation results of temperature on biofilm coupon are 
shown in Figure 34. The growth rate increases significantly 
with the increase of temperature.
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DISCUSSION

In this section, the results from the previous chapters 

will be analyzed and discussed as they relate to their 
importance in the application of the biofilm coupon. 
Comparisons will be made with the literature.

Preparation and Use of Biofilm Coupon

> .
From the experimental results shown in the previous 

chapter, the important improvements are suggested for coupon 

preparation. They are the procedure of coupon preparation, gel 

type and solid content, and the effect of hydraulic regime and 
coupon placement in a process stream.

Application of Bacterial Suspension

Since the coupon material (polycarbonate) has high surface 

tension, the bacterial suspension cannot form an even thin 

film on the polycarbonate surface. Thus the drop spread method 

results in an uneven, patchy distribution of bacteria in 

coupon, especially in the areas along the coupon edge. From 

a practical and statistical point of view, cell distribution 
of this kind is difficult to count and interpret.

Much more even initial distribution can be obtained from 

the gel pad technique. The cells are isolated and uniformly
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spread on the silica gel surface. Since the physiological 

differences between individual cells can result in different 

growth rates, the cell growth tends to be slightly patchy 
after a period of incubation. However, the total cell number 

per field under 3OOX microscope is still relatively uniform in 

different fields.

The gel pad method is easy to do by hand with good 

reproducibility. However, the method is not applicable for 

automation. The Gas brush method may be a potential method to 
spread the bacterial suspension onto the coupon surface. 

Further work is regarded to evaluate its use.

Gel Type and Solid Content
Experiments showed that the agar gel has better mechanical 

strength and is easier to prepare than the silica gel. 

However, trace nutrients leaking from the agar gel can support 

growth of some species of bacteria, such a s  K. pneumoniae. This

drawback perhaps may be negligible when the biofilm coupon 

technique is applied in the situations where factors other 

than nutrients are dominant in limiting bacterial growth, such 

as with disinfection. However, if the biofilm coupon is used 

to detect the growth potential in oligotrophic environments, 

even trace nutrient leaking from gels will result in a high 

background noise in growth.

Based on the above analysis, silica gel and agar gel were 

combined in coupon preparation. The silica gel is used to
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support bacterial cells and to isolate bacteria from the agar 
gel. Agar gel is used to fix the silica gel pad within the 

coupon and to make the coupon gel matrix more resistant to 
shear stress.

Technologically, the available gel concentrations vary from 

0.5 % to 5 % for the agar gel and from 2.75 % to 15 % for the 
silica gel. It is difficult to prepare gel concentrations 

beyond these ranges. Gels with different solid contents have 

different diffusivities, mechanical strength, and contrast 

under the microscope. If these factors are considered in the 

coupon preparation, the recommended solid contents of agar, gel 

and silica gel are 3 % and 6 %, respectively. However, the 

gel concentration may be adjusted to change the diffusion 

resistance. This will be discussed in a later chapter.

When the biofilm coupon is applied in water with very high 

salt concentration, an equivalent NaCl should be added during 

gel preparation in order to avoid gel shrinkage.

Effect of Hydraulic Regime and Biofilm Coupon Placement
All the transport and transfer processes in an actual 

biofilm, such as biofilm detachment/attachment and substrate 

transfer are strongly affected by the bulk hydraulic regime 

(Characklis et al., 1990). However, this is not exactly the 

case in a biofilm coupon where the bacterial layer is covered 

by a 2.5-mm gel matrix so no attachment and detachment can 

occur. Even though the bulk hydraulic regime will affect the
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thickness of the liquid boundary layer at the coupon-water 
interface, the mass transfer resistance incurred by the liquid 

boundary layer is much less than, the diffusion resistance 

through the 2.5-mm gel matrix. Thus the effect of the bulk 

hydraulic regime on the mass transfer is negligible. This 

point is important in designing a laboratory test.

However, the bulk hydraulic regime will affect the coupon 

performance in some cases. When in situ coupon tests are

conducted in water with high turbidity, a medial strength 

shear stress will reduce the accumulation of the debris on the 
coupon surface. On the other hand, severe shear stress will 

possibly break the gel matrix or cause a gap between the gel 

matrix and the coupdn walls. In this case, the substrate would 

penetrate in and the bacteria would exit out directly through 

the gaps.

Based on the above analysis, even though mass transfer is 

not important in designing a coupon test, the coupon placement 

should be considered in order to avoid any mechanical damage 

or debris accumulation.

Factors Influencing Biofilm Coupon Performance

The bacteria in a biofilm coupon may be physiologically 

similar to their counterparts in an actual biofilm. The 

literature suggests that the major factors influencing the 

biofilm growth, in drinking water distribution systems are

9
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temperature, organic carbon loading, biocide residuals and 

hydraulic residence time (LeChevallier 1991). These factors 

should also affect the bacterial growth in a biofilm coupon. 
Besides these factors, the resistance of the substrate 

diffusion in the gel matrix is another important factor 

influencing bacterial growth rate in a biofilm coupon.

Temperature

Water temperature in distribution systems depends on water 

sources and weather. Most regrowth episodes occur in summer 

when temperatures are high. Temperature influences the coupon 

performance by affecting the bacterial growth rate and by
F‘*~

changing the substrate, diffusivity through the gel matrix. 

From the results of coupon experiments, the temperature effect 

factor 6 in the Phelps' model was estimated at '1.0357 ± 

0.0143 in glucose medium and 1.1049 ± 0.0341 in acetate 

medium. These factors are larger than unity, which indicates 

that temperature has a positive effect on growth rate.

The 6 value for acetate (1.1049 ) is much larger than that 

for glucose (1.0357). therefore, the bacteria in a biofilm 

coupon incubated in acetate medium is more sensitive to the 

temperature change than in glucose medium. The phenomenon can 

be partly explained by the different diffusion characteristics 

for the two compounds. Table 6 lists the molecular weights 

and diffusivities in water for acetate and glucose at various 

temperatures.
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Table 6. Effect of temperature on the diffusivities

Substrate
Molecular
weight

Dw # ,(XlO5 if/day)
10 0C 2 0 0C U O O

Glucose 180 3.9 5.2 6.7
Acetate 60 6.7 9.0 11.7

# Dw (T0K) = (AI25Z ^ t ) *(T/298)*D25

Organic Carbon Concentration

Generally speaking, organic carbon is the limiting nutrient 

for bacterial growth in drinking water. The previous chapter 

showed the relationships between experimental biofilm coupon 

performance and organic carbon (acetate, glucose and standard 

AOC solution). When the bulk organic carbon concentration was 

over I mg/L, the growth rate o f  K. pneumoniae \ n  biofilm coupons 

was proportional to organic carbon concentration in all cases. 

The maximal growth rate of K. pneumoniae in the glucose medium 

(Atm =2.84 day"1 ) was about 3 times higher than that in the 

acetate medium (Atm=O. 87 day"1) . It means t h a t  K. pneumoniae grows

more rapidly in glucose than acetate. When the carbon 

concentration is below I mg/L, the relationship between the 

coupon performance and the carbon concentration was not 

stable. The literature indicates that K. pneumoniae is very

sensitive- to trace carbon - sources, and even grew well in 

double distilled water. (Camper et al. , 1991) . All the 

materials used in the preparation of the biofilm coupon 

(water, agar gel, polycarbonate) are not actually carbon free.
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These trace carbon compounds were potentially capable of 

supporting the growth of K. pneumoniae, resulting in high

background noise in the experimental results when the added 
organic carbon concentration was low.

Dissolved oxygen was.the other possible limiting factor in 

the laboratory test. The water source of the Bozeman Drinking 

Water Treatment comes from a mountain creek, so the dissolved 

oxygen in the pilot pipe system is near the saturation 

concentration. However the media for laboratory experiments 

were autoclaved before use and the oxygen concentration 

perhaps was far below the saturation point. An experiment was 

conducted to study the effect of oxygen on suspended, culture 

of K. pneumoniae in acetate medium. The growth rate under an

anaerobic condition was only 50.2% of that under aerobic 
condition.

Biocide Residuals
Inhibition Threshold; The most common disinfectants used 

in the United States are chlorine and monochloramine (JMCEI 

1985) . In the above mentioned coupon tests, K. pneumoniae could
I

not reproduce in media with total chlorine concentrations over 

0.4 mg/L or with a monochloramine concentration over 0.2 mg/L. 

It seems that the monochloramine has higher disinfection 

efficiency than the free chlorine on biofilm coupons. 

Investigators have reported that chlorine is more effective in
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inactivating suspended bacteria cells, but less effective in 

inhibiting biofilms (LeChevallier 1984). Potential mechanisms

are the different diffusion resistances for different biocides
) '

and the reaction of. free chlorine with biofilm extracellular 

polymers and the substratum (LeChevallier 1990a).

The biofilm coupon has inert substratum (polycarbonate), 
which does not react with chlorine and monochloramine. Even 

though no detailed reports on biocide diffusivities have been 

found, both biocides have similar molecular weights (chlorine 

52 and monochloramine 51.5); the diffusivities should be 
close. The only reason explaining the different disinfection 

efficiency is that free chlorine can react with the agar gel. 

Thus, the local chlorine concentration at the bacterial layer 
is much lower.

A chlorine demand experiment showed that a biofilm coupon 

holder with three empty coupon wells only consumed 0.0067 mg 

chlorine. However, it consumed ,0.042 mg chlorine if the 

coupon wells were filled with agar gel. In contrast, there 

was no experimental evidence to show that monochloramine 
reacted with the agar gel.

In a biofilm coupon, then, monochloramine will diffuse 

freely through the "inert" matrix to disinfect the bacteria. 

However, free chlorine will be consumed in the matrix. As a 

consequence the effective biocide concentration at the 

bacterial layer is much different in the two situations.
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Recovery: From the above mentioned

shown that the injured bacteria in the 

recover after the biocide was removed.

experiments, it was 
biofilm coupon would 

For K. pneumoniae in
Wofilm coupons under the experimental conditions, the biocide 

concentration at which bacteria would recover was below 0.5 
mg/L for both chlorine and monochloramine. If the biofilm 
coupons were treated with I mg/L monochloramine or 0.8 mg/L 
total chlorine, K. pneumoniae c o u ld not recover.

It was reported by other investigators that bacteria could 

recover from physical or chemical injury (Singh 1990). The 

miured bacteria in the effluent of water treatment plant may 

potentially "seed'; the biofilm in the distribution system 
where the biocide residuals decrease with increased residence 

time. These recovered bacteria may contribute at least in 
bacterial regrowth.

in the biofilm coupon tests, the growth rate of the injured

bacteria during the recovery period was lower than that of

uninjured bacteria. The different rates can be explained by

physiological damage due to the disinfectant action and the

disinfectant residuals which were not removed completely from

he gel matrix by the neutralization treatment, in addition

live and dead cells cannot be distinguished directly under the

regular microscope, which leads .to an underestimate of the 
growth rate.
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Diffusion Resistance

Diffusion resistance in gels or polymers is a function of 

gel solid content. Westrin (1991) deduced an equation to 

predict the effective diffusivity (Deff) as a function of the 

volume or weight fraction ($p) of gels. The equation is based 

on an assumption that the void volume in gels is much bigger 

than the volume of substrate molecules, so the equation should 

be valid for all kinds of gels and substrates.

It can be seen from Figure 36 that the agar gel follows the 

Westrin equation well, but the silica gel does not. It was 
shown experimentally that the organic agar gel has higher 

diffusional resistance than the inorganic silica gel when the 

two gels had the same weight fraction. Not all gels and 

substrates follow the Westrin equation using the gel weight 

fraction. The Westrin equation underestimates the effective 

diffusivity in low silica solid content, but overestimates it 

in high silica solid content. Because the relationship

D eff _  ( 7 )
Dw (l+4>„):

between the volume and weight fraction for the agar and silica 

gels is unknown, it is uncertain whether volume fraction can 

be used to improve the fit of the equation.

In biofilm coupon preparation, 6 % silica gel and 3 % agar 

gel were used. From the experimental results shown above, the 

overall ratio of Deff/Dw is 0.8 for the combined gel matrix.
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Theoretical prediction

Solid weight (%)

a  Silica gel a  Agar gel

Figure 35. Theoretical and experimental diffusional 
resistance in siIida and agar gels.

The ratio of the reaction characteristic time tr and the 

diffusion characteristic time td can be used as a Thiele 

modulus to distinguish the relatively most important 

processes. Using the growth kinetic parameters o f  K. pneumoniae

estimated in the previous chapter, the ratio § 1s are 
calculated.

It is shown in the Table 7 that the characteristic times of 

both the diffusion and reaction processes are in the same 

order of magnitude. Which means both processes are very 

important in biofilm coupon performance.

1
2 (8)
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Table 7. Characteristic time analysis for biofilm coupon
Substrate Atm (daY"1) Deff* (m2/day) $
Glucose '2.84 4.16x10-5 0.65
' Acetate 0.87 7.2x10-5 • 0.44

* 0Cff- 0'8 Dwater

The diffusional resistance through the gel matrix can be 

adjusted by changing gel thickness and/or gel solid content. 

From a practical point of view, the commercially manufactured 

coupons have the fixed depth. Thus, changing the gel solid 

content is much more convenient, and provides a way to control 

the bacterial growth rate in the biofilm coupon. This means 

that it is easier tq,_obtain a countable cell number per field 
under the microscope.

Another aspect of diffusion effect on the coupon - 

application is the time lag. When the biofilm coupon is placed 

into a process stream, the initial nutrient concentration in 

the biofilm coupon is near zero. The bacteria do not respond 

instantaneously to the outside environment because the 

substrate needs time to diffuse through the gel matrix to the 

bacterial layer.

As derived ,by Vieth (1991), the time lag for anisotropic 

enzyme membrane sensors is a function of the diffusivity.Deff, 

the gel matrix thickness -L, the first order reaction constant 

K (~ Atm/Ks when the substrate concentration is low) , but is 

independent of the bulk substrate concentration. The BAM 

simulation reached the same conclusion (Figure 29, and 31).
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As mentioned in the. previous chapter, both experimental and 

simulation results showed that the biofilm coupon has a time 
lag of approximately 4 - 5  hours . In order to avoid the 
experimental error incurred by the time lag, the incubation 

time in situ should be much longer than the lag time. Another 

way to reduce the effect of time lag is to saturate the 

coupons prior to incubation in situ. Coupons could be placed in

water samples taken from the system location where the coupon 

test will be conducted. Incubation for 4 hours at 4 0C will 

permit diffusion to proceed without significant bacterial 
growth.

Reported values for diffusional resistance in actual 

biofilms vary over  ̂a wide range. For oxygen diffusion in 

biofilms, for example, the ratio of Deff/Dw was reported as high 

as 0.95 (Bungay 1969) and as low as 0.7 (Tomlinson 1966) . All 

values were based on the assumption of a uniform biofilm. 

However, recent research progress in the Center for Biofilm 

Engineering has shown that the biofilm is not structurally 

uniform. Because of the variable topography, the physical 

meaning of the diffusion process in a biofilm coupon differs 

from the mass transfer in actual biofilms. The latter is a 

combination of diffusion and convection processes. The biofilm 

coupon can be regarded qualitatively as a simplified model of 

the actual biofilm in relation to growth potential as the 

bacteria are immobilized in both the coupon and actual 
biofilms.
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Comparison of Suspended and Fixed Growth

Bacteria in a biofilm coupon are fixed by the gel matrix. 
Thus cell movement is limited to two dimensions. It is 

important to know if cell physiological characteristics, such 
as growth rate, are influenced by the immobilization as they 

relate to the coupon application and modeling simulation.

As mentioned in the previous chapter, experiments were 

conducted to compare the growth of K. pneumoniae in the biofilm 

coupon and in suspended cultures in batch reactors. The 

cultural conditions including temperature and initial bulk 

nutrient concentration were the same for the two systems. 

Superficially the overall growth rate in the biofilm coupons 

was higher than in the suspended cultures. The phenomenon can 

be explained mainly by differences in initial biomass. In a 

batch reactor, the total available nutrient amount decreased 

with time. Theoretically, the higher the initial biomass, the 

faster the nutrients are depleted, so the slower the cells 

grow in a batch reactor. In the above mentioned batch 

experiments, the total initial biomass in a suspended culture 

was about 100 times than that in a biofilm coupon.

The assumption was verified by mathematical simulation. 

Figure 36 shows the effect of initial biomass concentration on 

the growth rate of bacteria in suspended cultures in a batch 

reactor. Higher initial biomass led to lower growth rate. If 

the cell decay is ignored, total biomass production over a
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.10 1 £ 
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Figure 36. Simulation of the initial biomass effect on the 
bacterial growth in suspended batch cultures.

Figure 37. Comparison of suspended and fixed growth 
(experimental and simulation results).
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long cultural period should be the same for both situations.

Bacterial growth in a suspended culture and a biofilm 
coupon was simulated with BAM by using the same set of growth 

kinetic parameters estimated from the suspended culture of K.

pneumoniae. Figure 37 shows that both the coupon curve and the

suspended curve fit well with the experimental data. It 
demonstrates that the intrinsic growth characteristics of the 

bacteria in the biofilm coupon are similar to their 
counterparts in suspension.

However, there are some physiological differences between 

the suspended and fixed growth o f  K. pneumoniae. Figure 38 shows

the cell length during incubation. The bacterial size in the 

biofilm coupons changed with time and varied under different

C2o
&
£O)
m '
=5O

Glucose Concentration (mg/L)

Figure 38. Change of the size of K. pneumoniae cells in 
biofilm coupons with incubation time.
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organic carbon concentration. By contrast, the size of the 
suspended cells did not change during the incubation period.

Application of Biofilm Coupon in Pilot Distribution System

The biofilm coupon technique was used to test the in situ 

growth potential of K. pneumoniae in pilot pipe loops in the

Bozeman Water Treatment Plant. The experiments were run under 
two conditions.

In the first experiment, the effect of hydraulic residence 

time in loops on bacterial growth rate was tested. The loops 

were operated in series. The major operating conditions and 

the results are listed in Table 8. The results of biofilm 

coupon experiments are also shown in Figure 21.

Table 8. Average results in the pipe loops (Period I)

L o o p I  &  2 3 4 5

R e s i d e n c e  t i m e  ( h o u r ) 2 2 4 8

C u m u l a t i v e  r e s i d e n c e  

t i m e  

( h o u r )

2 4 8 1 6

T e m p e r a t u r e  (0C ) 2 0 2 0 2 0 2 0

B i o f i l m  H P C  

( I O 6C F U Z c m 2)

1 . 2 6 ± 0 . 5 7 1 . 4 1  ± 0 . 7 1 1 . 2 4 ± 0 . 4 2 1 . 4 3  ± 0 . 5 9

B i o f i l m  c o l i f o r m  

( C F U / c m 2)

2 . 2 7  ± 0 . 9 9 0 . 7 4 ± 0 . 5 6 0 . 6 4 ± 0 . 6 4 0 . 2 6  ± 0 . 1 3

G r o w t h  r a t e  o f  

b i o f i l m  c o u p o n  

( I / h o u r )

0 . 0 4 5 9  ±  

0 . 0 0 2 3

0 . 0 4 6 8  ±  

0 . 0 0 0 5

0 . 0 4 6 6  ±  

0 . 0 0 7 4

0 . 0 4 9 5  ±  

0 . 0 0 0 9
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It can been seen from Table 8 that the K. pneumoniae growth

rate in the biofilm coupons increased slightly with the 

residence time. However, the difference is not statistically 

significant because of the high standard deviation.

The biofilm coupon performance was compared with the HPC 
and coliform densities in actual biofilms on the metal 

coupons. It was found that the coliform density on the metal 

coupons decreased with the residence time. No correlation 

existed between the HPC bacteria and the hydraulic residence 

time. The biofilm coupon results were more consistent with 

those for HPC bacteria.
t

K. pneumoniae in the biofilm coupons grew well in pipe loops

in which no organic carbon was added into the influent. It is 

possible that water from the biological filter used in the 

pilot scale systems contains trace organic carbon which could 

support the growth of K. pneumoniae. Similar results were

obtained from the laboratory tests mentioned in the previous 

chapter. The results are consistent with the results by other 

researchers (Camper et al., 1991).

In the. second experimental period, the effects of 

temperature and influent organic carbon concentration were 

tested using the loops operated in parallel. Table 9 lists the 

conditions and the average results over the first five weeks. 

The results of biofilm coupon experiments are also shown in 

Figure 39.
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Figure 39. Average results of biofilm coupon experiments in 
pipe loop systems under various temperatures and organic 
carbon loading.

f*"
Table 9. Average results in the pipe loops (Period II).

L o o p I 2 3  &  5 4

T e m p e r a t u r e ( 0C ) 1 0  -  1 3 .5 1 7 . 5 - 2 0 1 7 . 5 - 2 0 1 0 - 1 3 . 5

A d d e d  i n f l u e n t  A O C  ( / t g / L ) 0 0 5 0 0 5 0 0

B i o f l I m  c o l i f o r m  

( C F U / c m 2)

1 1 4 . 2 ±  

2 4 6

5 0 . 9 ±  

8 9 . 6

2 2 1 . 6 ±  

3 4 4

7 3 . 6 ±  

1 4 2 . 9

B i o f i l m  H P C  

( I O 7C F U Z c m 2)

0 . 8 7  ± 0 . 2 6 2 . 3 3 ±  1 . 9 0 2 . 2 6 ±  1 . 2 1 . 2 5  ± 0 . 5

G r o w t h  r a t e  in  

b i o f i l m  c o u p o n  

( h o u r 1)

0 . 0 1 7 1 ±  

0 . 0 0 2 9

0 . 0 2 5 4  ±  

0 . 0 0 5 1

0 . 0 3 3 3  ±  

0 . 0 0 3 7

0 . 0 2 2 6  ±  

0 . 0 0 7 7

The results demonstrated that temperature and organic 

carbon concentration influence the bacterial growth in biofilm 

coupons. The loops with higher temperature or organic carbon 

had faster growth rate of coupon bacteria than their 

counterparts with lower temperature or lower organic carbon
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concentration.

Relationships between biofilm coupon performance and other 
process variables were further demonstrated using correlation 
analysis (Eugene et al., 1991). The correlations between the 

K. pneumoniae growth rate in biofilm coupons with other

variables in the pilot pipe loops in Period II are shown in 
Table 10. '

The growth rate of K. pneumoniae correlated with several

parameters, with a descending order of correlation 
coefficients:

Temperature > HPC on metal coupons > Influent AOC >

> Coliforms on metal couponsr-
It is shown in Table 10 that the biofilm coupon performance 

correlated well with'temperature and the influent AOC better 

than coliform biomass accumulation on the metal coupons. The 

lack of correlation is a result of fundamental differences 

between the two measures. The biofilm coupon responds to 

parameters relevant to bacterial growth, while the cell 

accumulation on the metal coupons was influenced by detachment 

and attachment processes as well as growth. Thus, biofilm 

coupon is a better tool to monitor in situ growth potential. On

the other hand, the metal coupon reflects the comprehensive 

effect of- all processes on biofilm accumulation on the pipe-

«■

surfaces.



Table 10 Correlations between bacterial growth and other water parameters

G r o w t h  r a t e  

i n  b i o f i l m  

c o u p o n  

( h o u r 1)

H P C  o n  

m e t a l  c o u p o n  

( C F U / c m 1)

C o l i f o r m s  o n  

m e t a l  c o u p o n  

( C F U / c m 1)

H P C  in  

b u l k  w a t e r  

( C F U / m l )

C o l i f o r m s  in  

b u l k  w a t e r  

( C F U / m l )

I n f l u e n t  

A O C  ( / r g / L )

T e m p e r a t u r e

(0C )

G r o w t h  r a t e  in  

b i o f i l m  c o u p o n

I

H P C  o n  m e t a l  

c o u p o n

0 . 3 6 4 7 I

C o l i f o r m s  o n  

m e t a l  c o u p o n

0 . 1 7 4 6 0 . 0 3 9 2 I

H P C  i n  b u l k  

w a t e r

0 . 1 3 7 2 0 . 0 6 1 6 0 . 6 5 0 2 I

C o l i f o r m s  i n  

b u l k  w a t e r

0 . 0 9 7 1 0 . 0 0 0 1 0 . 6 5 5 8 0 . 7 2 6 9 I

I n f l u e n t  A O C 0 . 3 0 2 3 0 . 1 2 1 9 0 . 0 3 5 6 0 . 0 9 1 4 0 . 0 4 2 4 I

T e m p e r a t u r e 0 . 4 9 5 6 0 . 3 4 5 8 0 . 0 5 4 9 0 . 0 9 1 1 0 . 0 1 1 1 - I
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The results of the correlation analysis showed that 

temperature was more important than the influent AOC on 
biofilm coupon performance. A similar conclusion was obtained 
using BAM simulation. As shown in Figure 40, bacterial 

growth is more sensitive to organic carbon concentration at 

higher temperature. When the temperature is high, even low 

organic carbon concentration can support rapid bacterial 

growth. On the contrary, bacterial growth rate is low in low 
temperature even though the nutrient level is high. The 

results are consistent with the conclusion summed up from 

industrial experience (LeChevallier 1991): most regrowth

episodes occurred in summer. Even though high AOC
*t* *

concentration could be found in cold seasons, few regrowth 
episodes were reported (Smith 1993).

.5 2 2.5 3 3.
Glucose Concentration (mg/L)

Figure 40. BAM simulation: Comparison of the effect of 
temperature and organic carbon concentration on biofilm 
coupon performance.
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, Evaluating the Use of BAM Simulation

In this research, the BAM model was used to simulate the 
coupon performance. As discussed above, * the growth 

characteristics of K. pneumoniae were similar in a suspended

culture and in a biofilm coupon, so the kinetic parameters 

estimated from a suspended culture were used in coupon 

simulation. Figure 37, 41, 42, 43 and 44 show comparisons of 

the simulation and the actual data-points for coupon
x

experiments under various conditions. These results 

demonstrated good correlations between the BAM simulation and 
the biofilm coupon performance.

t . T--. A special advantage of modeling is that it can be used to 

predict the coupon performance and evaluate the effect of some 

parameters when such experiments are difficult to conduct.

Since the actual geometry of a biofilm coupon is not the 

same as the conceptual model upon which BAM is based, a few 

assumptions were involved in the simulation.

The first acceptable assumption was that the gel matrix in 

a biofilm coupon is physically equivalent to the liquid 

boundary layer in an actual biofilm. Since the diffusional 

resistance in the matrix is much higher than that in the 

liquid boundary layer, neglecting the effect of liquid 

boundary layer did not contribute to significant error.
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Simulation

1.5 2 2.5 3 3.5
Glucose Concentration (mg/L)

Figure 41. Comparison of the BAM simulation and the actual 
experimental results of biofilm coupons (20 0C, 9.6 hour 
incubation).

Simulation

1.5 2 2.5 3 3.5
Glucose Concentration (mg/L)

Figure 42. Comparison of the BAM simulation and the actual 
experimental results of biofilm coupons (20 0C, 24 hour 
incubation).
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Simulation

Time (hour)

Figure 43. Comparison of the BAM simulation and the actual 
experimental results of biofilm coupons (IO0C, I mg/L glucose 
medium). f

^Simulation

Time (hour)

Figure 44. Comparison of the BAM simulation and the actual 
experimental results of biofilm coupons (35 0C, I mg/L 
glucose medium).
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The BAM program also is based on a physically uniform 

biofilm. The result of bacterial growth is shown as the 
development of the biofilm thickness. In an actual biofilm 

coupon, however, the bacteria were distributed individually in 
a monolayer, and the bacterial growth was not accompanied by 

any thickness increase. Thus in the BAM simulation, the 

initial number of individual cells had to be converted into an 

initial "thickness" of a uniform biofilm. In this research, a

0.01 jLtm initial thickness of "biofilm" was assumed. After 

incubation, the ratio of the final biofilm thickness over the 

initial biofilm thickness (Lf/Li) was used as the growth 

indicator instead of the number ratio NfZNi which was observed 

in actual coupon experiments. Besides the error in estimation 

of the initial "thickness", when the simulation is proceeded, 

the mass transfer in a "thick" biofilm is totally different 

from that in a actual biofilm - coupon where the cells were 

spread individually in a monolayer. For example, under the 

conditions of Figure 44, the final biofilm thickness was 61 

times thicker than the initial biofilm. The effect of the 

additional diffusional resistance would underestimate the 

growth rate.

£
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CONCLUSIONS

1. Attempts were made to improve the preparation of a biofilm 
coupon. The drop pad method results in an even bacterial 

distribution. The combination of silica gel and agar gel makes 

a gel matrix with high mechanical strength, ■ low trace 

nutrients and good contrast under the microscope.

2. Experiments showed that the biofilm coupon performance was

affected by organic carbon ■ loading, temperature and
disinfectant residuals. The growth kinetic parameters 

(maximal growth rate /Zmax, concentration constant Ks and 

temperature constant 6) were estimated from the experimental 

data for two species of bacteria {Klebsiella pneumoniae and

Pseudomonas fluorescens) , which are found in distribution system 

biofilms.

3. The threshold chlorine and monochloramine concentration for 

K. pneumoniae growth in the biofilm coupon were determined 

experimentally. Monochloramine was more effective in 

inhibiting the bacteria in the biofilm coupon than chlorine. 

The injured bacteria could partly recover after the 

disinfectant was removed.

4. The Biomass Accumulation Model (BAM) was adapted to 

simulate the biofilm coupon performance. A .BAM simulation 

validated the 4-5 hour experimental lag time. Another 

simulation result indicated that temperature is the most
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important factor influencing bacterial growth in the biofilm 
coupon.

5. The experimental results in the pilot system' showed the 

bacterial growth rate in the biofilm coupon correlated with 
HPC biofilm accumulation on the pipe walls, and qualitatively 

validated the laboratory and model results. It demonstrated 

that the biofilm coupon can be used to simulate biofilm growth 

in distribution system and act as an indicator of microbial 
growth potential.

5
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SUSPENDED

APPENDIX A
CULTURAL DATA AMD KINETIC PARAMETER ESTIMATION
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Table 11. Suspended batch culture of K. pneumoniae in acetate 
medium at 2 0 0C.

Time _____________ Acetate concentration (mg/L)
(Hour) 0 0.2 0.5 1.0 2.0 5.0

0 31667 27000 31000 26000 25333 27000

4 29667 26667 24333 29333 29333 25333

8 26000 28333 27333 31000 33667 26667

18 33000 35000 20000 27000 26000 45000

24 27000 32000 26667 30333 36000 39000

44 36000 35667 56000 42667 77667 92333

Table 12. Suspended batch culture of P17 in acetate medium 
at 20 0C.

Time _____________ Acetate concentration (mg/L)
(Hour) 0 0.2 0.5 1.0 2.0 5.0

25 2667 5667 12000 13000 10333 21667

36 47667 17333 82667 105667 172000 133000

48 98333 576667 563333 860000 1383333 770000

84 1180000 1993000 2030000 3010000 2683000 12400000
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Table 13. S u sp e n d e d  b a t c h  c u l t u r e  o f  K. pneumoniae i n  g l u c o s e
m edium  a t 20  0C.

Time G lucose concentration (mg/L)
(Hour) 0 0.5 1.0 2.0 5.0

0 1252526 1229942 1238103 1245251 1255563

9.2 1335570 2458179 3620770 5241624 8720261

22 2438756 6140225 9197878 11501571 17274034

Assuming the decay process can be ignored, the system 

dynamics in a batch reactor can be described as:

dt Ks+SX

d S  Pm3 X
dt Ks+S Y

(1)

(2)

Where p m is the maximum growth rate (day-1) ; K, is the half

saturation concentration constant (mg/L); Y is the cell yield 

(cell/mg substrate); X is the bacterial number; S is the 

substrate concentration (mg/L); t is the time (day).

Divided (I) by (2)

d%=_y
dS

(3)

Solve Equation (3) with the initial conditions: X=X0 and

S=S0 at t=0,
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X=X0^Y(S0-S) 
X-Xn3=3o- y

(4-1)

(4-2)

Substitute (4-2) into (2) and rearrange

-LV^= (!.+-KsZB . KsZB,s ■ + — ) d S (5)
B-S S .

where B = S0+X0/Y. The solution of Equation (5) is

Hmt = ^ l n ^  + (l + ̂ ) l n ^ ^ ^ f  (6)

Substitute (4-1) into (6) and rearrange it as

•In [• S0K

fc.tS'o+'y)f xO (gO+ °y )
(7)

Using the experimental data in Table 1,2, and 3 and a 

predetermined Y, Equation (2) can be used to estimate the 

parameters /xm and Ks by means of linear, regression. The yield 

Y for K. pneumoniae New Haven strain was 7 x IO6 cells per mg 

carbon for yeast extract (Camper et al., 1992).

'i
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DATA OF BIOFILM COUPONS IN LABORATORY SCALE EXPERIMENTS
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Table 14, Effect of temperature on growth of 
K. pneumoniae in biofilm coupons in I mg/L 
glucose medium.

Temperature
(C)

Time
(hour)

Bacteria in coupons 
(No/field)

Coupon I Coupon 2 Coupon 3

10 0 13.4 16.5 17.3
5 24.1 56.1 32.8
14 30.8 79.2 50.6
20 53.6 113.8 121.5

20 0 18.5 14.2 10.4
5 46.3 62.5 27.2
14 70.3 115 36.4

35 0 16.3 11 7.4
5 78.4 38.5 19.6
14 620.5 420.5 233.1

Table 15. Effect of temperature on 
K. pneumoniae in biofilm coupons in I 
acetate medium.

growth c 
mg/L

Temperature Time
Bacteria in coupons 
(No/field)

(C) (hour) Coupon I Coupon 2 Coupon 3

10 0 14.7 12 18
13 14.4 7.3 17.6
24 10.3 13.8 9.3
50 .12.3 17.3 23.5
77 16.9 20.9 34.1

20 0 14 12.7 19.7
13 39 45.3 37.8
24 73.7 74.9 61.1
50 106 148.6 57.1
77 152.6 178.4 91.6

30 0 15.2 13.7 13
13 237.9 182.2 171.9
24 229.2 152.1 TNTC

Note: TNTC = Too numerous to count.
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Table 16. Growth of K. pneum oniae in biofilm coupons under
various glucose concentrations in batch culture at 20 C.
(Test I)

Time
(hour)

Coupon Glucose concentration (mg/L)
0 0.5 1.0 2.0 5.0

Coupon Holder A

0 Coupon I 17.5 31.1 33.6 28 19.7

Coupon 2 24 26.4 18.9 17.2 14.8

Coupon 3 16.5 31.1 32.5 26.8 28.5

Avg. size 0.2 0.2 0.2 0.2 0.2

9.7 Coupon 1 55 114.5 75 208.1 87.5

Coupon 2 61.1 76 142 85.6 142.6

Coupon 3 . 30.3 120.5 73.3 76.1 221.4

Avg. size 0.2 0.33 0.33 0.22 0.5

Coupon Holder B

0 Coupon 1 14.2 24.3 22.4 27.4 47.2

Coupon 2 29.1 14.5 19.2 14.2 32.5

Coupon 3 12.2 15.2 12.7 10.4 37.3

Avg. size 0.2 0.2 0.2 0.2 0.2

9.7 Coupon 1 62.4 48.2 98.3 142.4 310.5

Coupon 2 47.3 72.4 151.4 102.5 205.4

Coupon 3 29.1 50.4 82.6 66.1 174.1

Avg. size 0.2 0.2 0.22 0.2 0.5

Note: Relative cell size = cell length/grid length under the 
300X microscopy.



100

Table 17. Growth of K. pneum oniae in biofilm coupons under
various glucose concentrations in batch culture at 20 0C .
(Test 2)

Time Coupon Glucose concentration (mg/L)
(hour) 0 0.06 0.43 1.92 5.0

0 Coupon 1 14.2 ' 9.5 17.2 21 13.8
Coupon 2 16.1 18.3 15.3 14.6 15.7
Coupon 3 14.7 17.6 12.1 9.4 15.5

5.5 Coupon 1 30.7 9.4 41.1 54.6 36.7
Coupon 2 66.7 19 49.1 27.8 32.7
Coupon 3 19.8 13.5 55.7 41.3

11 Coupon 1 27.3 39.7 87.7 95.6
Coupon 2 12.5 79.6 134.3 202.6
Coupon 3 31.4 126.7

"

24 Coupon 1 277.1 542.3 280.9 ~900 ~1000
Coupon 2 384.5 366.5 308.7 2 I I I O

Coupon 3 281.3 487.7 415.4 — —

Table 18. Effect of acetate concentration on growth of K. 
pneumoniae in biofilm coupons (2O0C) .

Time Coupon Acetate Concentration (ppm)
(hour) 0 0.2 0.5 1.0 2.0 5.0
0

Coupon 1 20.3 24.0 34.3 29.2 27.2 26.5
Coupon 2 24.7 30.8 27.3 20.2 30.6 22.7
Coupon 3 28.3 29.2 24.1 28.9 24.0 29.2

24
Coupon 1 37.2 125.1 116.5 210.4 203.8 135.2
Coupon 2 79.5 185.2 82.1 133.6 178.4 197.5
Coupon 3 81.6 94.8 NC 159.2 185.3 245.3

48
Coupon 1 58.9 108.1 154.4 343.1 351.1 482.3
Coupon 2 101.3 223.8 87.4 230.3 471.2 395.0
Coupon 3 200.9 239.4 NC 497.1 297.6 439.1
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Table 19. Growth o f  K . pneum oniae in biofilm coupons in various
AOC concentrations in batch at 20 0C.

Time
(Hour)

Coupon Standard AOC concentration (mg/L)
0 0.05 0.1 0.25 0.5

TESTI

0 Coupon 1 37.4 27 58 29.8 32.4
Coupon 2 42.5 37.6 35.4 41.6 33.5

12 Coupon 1 18.6 33.2 50.9 57.3 36.5
Coupon 2 21.1 34 43.8 78.1 27.6

TEST Il

0 Coupon 1 18.5 32.4 19.9 27.5
Coupon 2 21.3 18.6 29.6 31.4
Coupon 3- 27.4 25.4 21.4 17.8

12 Coupon 1 24.1 68.1 37.2 41.3
Coupon 2 14.9 27.9 32.6 62.8
Coupon 3 20.2 5.7 10.2 3.5
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Table 20. Disinfection of K. pneum oniae in biofilm coupons in
free chlorine at 20 0C.

Time Chlorine concentraton (mg/L)
Chouh 0.05 0.1 0.2 0.4 0.5 0.8

Disinfection Period

0 Coupon 1 
Coupon 2 
COupon 3

35.1 
41.8
43.2

32.4
45.1
39.9

34.1
46.1 
40.3

29.1 
48.3
43.2

32.3
45.1
28.1

29.1 
47.9
43.1

12 Coupon 1 
Coupon 2 
COupon 3

38.7
74.1
63.9

41.5
94.5
58.6

68.2
55.3
44.4

32.1
91.7
38.9

33.8
76.7
31.2

22
52.6
33.1

18 Coupon 1 
Coupon 2 
COupon 3

87.5
189.1
135.1

48.5
185.1
127.8

119.3
124.3 
294.1

20.3
52.8
25.8

22.4
54.1
23.6

5.8
7.2
7.5

24 Coupon 1 
Coupon 2 
COupon 3

129.5
344.4
176.8

58.1
234.5
146.1

139.5
198.1
325.2

5.8
19.2
17.2

16.2
9.1
9.2

4.4
7.2
9.6

Recovery Period

48 Coupon 1 
Coupon 2 
Coupon 3

TNTC
TNTC
TNTC

TNTC
TNTC
TNTC

TNTC
TNTC
TNTC

7.3
38.4
58.1

25.6
9.1

37.3

0
9.6
7.5

72 Coupon 1 
Coupon 2 
Coupon 3

23.2
36.1
68.8

24
18.1
76.1

5.8
0

14.1

Notes: TNTC = Too numerous to count.
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Table 21. Disinfection of K. pneumoniae in biofilm coupons in 
monochloramine at 2 0 0C .

Time Monochloramine concentration (mg/L)__________
(hour)_________________0_________ OJ________ 0 2 ________0 5 5 _______TO

Disinfection Period

0 Coupon 1 16.2 25.1 18.9 24.8 27.8
Coupon 2 22.8 13.8 24 18.2 17.1
Coupon 3 18 17.1 20.1 14 14.1

13 Coupon 1 54.4 37.5 12.4 26.3 21
Coupon 2 57.5 43.4 19.2 10.8 20.4
Coupon 3 58.6 18.4 28.3 8.1 6.3

22 Coupon 1 118.4 47.5 15.6 24.5 21.8
Coupon 2 105.8 43.4 21.6 11.7 —
Coupon 3 106.7 20.3 25.7 2.3 7.7

49 Coupon 1 227.2 40 14.3 2.5 5.6
Coupon 2 128.8 14.9 14.4 12.6 —
Coupon 3 135 18.8 21.6 8.4 • 7.4

73 Coupon I TNTC 302.5 7.6 2.5 0
Coupon 2 TNTC 81.2 13.2 9 —
Coupon 3 TNTC 183.3 26 9.7 4.2

Recovery Period

121 Coupon 1 TNTC 18.1 0
Coupon 2 TNTC 31.2 —
Coupon 3 TNTC 66 4.6

145 Coupon I 22.8 22.5 0
Coupon 2 34.8 23.4 —
Coupon 3 58 46 2.8

Note: TNTC = Too numerous to count.
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APPENDIX C

BIOFILM COUPON DATA IN PILOT SCALE EXPERIMENTS



Table 22. Experimental results of biofilm coupons in the pipe 
loop system (Period I: effect of cumulative residence time; 
two-day incubation).

Cumulative Coupon I___________ « Coupon 2____________ Coupon 3
Loop . Residence Time 

(hour)
Initial Final Initial Final Initial Final

Test I

1 2 8.1 47.3 18.3 77.1 6.3 39.5

2 2 13 - - 10.6 81.4 12 103.6

3 4 11.2 135 11.4 42.5 13.2 112.5

4 8 9.2 122.5 12.5 — 7.3 99.8

5 16 11.1 107 8.2 99.8 11 9.1

Test 2

I 2 11.2 147.1 25.5 342.3 23.5 270.6

2 2 15.5 147.7 22.4 257 18.5 173.2

3 4 20.3 174.6 17.5 189 14.8 122.7

4 8 18 — 18.2 150 26.1 112
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Table 23. Experimental results of biofilm coupons in the pipe 
loop system under two temperatures and organic carbon loadings 
(Period II: two-day incubation)
Loop Week Temperature AOC 

(0C) Org/L)
Coupon I Coupon 2 Coupon 3

Initial Final Initial Final Initial Final

I I 10 0 14.1 21.4 21.0 . 46.2 16.5 33.0
2 10 » 0 25.0 72.5 30.2 99.6 19.2 29.4
3 10 0 7.0 15.2 12.8 NC 9.5 29.5
4 10 0 18.3 26.1 21.3 35.9 15.3 46.6
5 10 0 31.2 73.4 28.8 86.7 28.5 39.8

2 I 20 0 17.1 89.0 13.2 53.0 18.3 85.8
2 20 0 28.3 NC 23.5 NC 21.4 NC
3 20 0 8.1 20.3 14.1 40.9 9.5 31.6
4 20 0 16.2 40.1 23.2 69.8 19.2 48.3
5 20 0 33.4 113.2 31.5 111.5 27.6 110.4

3 I 20 500 13.2 93.2 25.1 140.6 27.1 159.7
2 20 500 18.5 120.2 25.0 105.0 31.5 210.5
3 20 500 8.2 33.6 11.8 47.6 15.4 29.7
4 20 500 16.5 115.5 25.4 106.7 16.9 82.7
5 20 500 32.4 95.4 21.1 148.7 26.0 158.6

4 I 10 500 18.1 61.5 22.5 117.1 15.7 83.8
2 10 500 18.0 75.6 28.1 96.4 19.2 53.8
3 10 500 8.5 12.7 14.0 44.8 9.2 32.3
4 10 500 23.1 40.8 16.5 19.8 24.0 50.4
5 10 500 34.2 148.7 28.2 53.4 26.1 73.1

5 I 20 500 22.1 83.1 9.5 35.8 18.1 92.3
2 20 500 31.5 139.8 28.1 134.9 20.0 110.1
3 20 500 8.2 45.2 13.5 48.5 6.3 23.3
4 20 500 17.0 73.1 25.1 121.1 19.1 112.7
5 20 500 27.2 193.1 31.5 132.2 22.6 151.1
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Table 24. Bacteria and AOC concentration in bulk water and on
metal coupons in Period II. (Data from Anne Camper and JasonHayes)

Loop Week
Biofilm Bulk Solution

HPC Coliforms
(CFU/cm2) (CFU/cm2)

AOC
(ug/L)

HPC
(CFU/mL)

Coliforms
(CFU/mL)

1 1 6.01 E+06 6.07E+02 36.06 4.70E+05 2.33
2 7.87E+06 1.11E+01 10.73 3.63E+05 0.00
3 1.29E+07 1.11E + 00 39.38 3.33E + 05 0.00
4 9.09E+06 2.22E+00 13.32 3.13E+05 0.00
5 8.04E+06 5.54E+02 22.96 1.93E+05 0.00

2 I 1.23E+07 7.69E+02 40.75 3.30E+05 1.67
2 7.50E+06 2.89E+01 12.2 2.80E+05 0.00
3 1.32E+07 7.78E+00 12.61 3.23E+05 0.00
4 9.60E+06 6.67E+00 24.71 2.37E+05 0.33
5 3.55E+07 2.10E+02 10.78 4.27E+05 0.33

3 1 2.74E + 07 1.45E+03 64.09 4.83E+06 9.67
2 .r- 3.89E+07 1.80E+02 20.08 5.83E+05 0.00
3 1.66E+07 3.33E+01 16.13 4.97E+05 0.00
4 2.00E+07 2.67E+01 . 46.37 5.20E+05 0.00
5 4.80E+07 8.20E+02 22.3 9.37E+05 0.00

4 1 4.73E+06 7.06E+02 25.53 3.67E+05 6.33
2 1.23E+07 2.11E+01 11.93 4.10E+05 0.33
3 9.78E+06 8.89E+00 16.16 4.07E+05 0.00
4 8.53E+06 7.78E+00 21.18 4.47E+05 0.00
5 2.16E+07 3.29E+02 14.89 4.07E+05 0.00

5 1 1.97E+07 1.78E+03 23.25 4.43E+06 8.33
2 2.60E+07 1.11E+02 10.95 3.33E+05 0.00
3 2.40E+07 4.33E+01 20.87 4.20E+05 0.00
4 1.52E+07 2.22E+01 13.88 5.10E+05 0.33
5 1.53E+07 9.12E+02 32.14 8.53E+05 0.00



APPENDIX D

DATA FROM DIFFUSIVITY DETERMINATIONS
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Table 25. Change of glucose concentration with 
time in a shaken bath experiment (2 % agar gel, 
20 0C) .

Incubation Time 
(Hour)

Bulk glucose concentration (mg/L)
Test 1 Test 2 Test 3

0 10.094 10.095 10.096
2 9.231 9.042 9.315
4 8.953 8.811 8.344

7.33 8.053 7.032 6.751
17 6.134 7.102 7.081
22 6.453 5.994 6.635
30 5.683 5.324 5.796

Table 26. Glucose concentration in shaken bath 
experiments for determination of diffusivities in 
agar and silica gels after 24 hours at 25 0C 
(initial glucose concentration 10 mg/L).

Solid Content Bulk glucose concentration (mg/L)
(%) Test 1 Test 2 Test3

Silica Gel

3.64286 5.935 6.119 6.141
4.233 6.124 6.348 6.153
7.87 7.189 7.617 7.471
14.92 7.722 7.186 7.592

Agar Gel

I 6.172 6.107 5.918
3 6.365 6.501 6.569
5 6.956 6.424 6.537




