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Abstract:
A biofilm is a matrix of cells and cellular products attached to a solid substratum. This biological
matrix can increase operational costs and/or decrease product quality in a variety of industries,
including oil and paper production, semiconductor manufacture, and drinking water distribution.
Beneficial biofilms contribute to hazardous waste bioremediation and waste water treatment, and can
offer significant improvements in bioprocessing technology. Understanding the processes which
control the rate and extent of biofilm accumulation is critical to the control of both beneficial and
detrimental biofilms.

One of the least understood processes affecting biofilm accumulation is detachment. Detachment is the
removal of cells and cell products from an established biofilm and subsequent entrainment in the bulk
liquid. The purpose of this research was to determine the effects of shear stress and substrate loading
rate on the rate of biofilm detachment.

Mono-population Pseudomonas aeruginosa and undefined mixed population biofilms were grown on
glucose in a RotoTorque biofilm reactor. Three levels of shear stress and substrate loading rate were
used to determine their effects on the rate of detachment. Suspended cell concentrations were
monitored to determine detachment rates, while other variables were measured to determine their
influence on the detachment rate. Results indicate that detachment rate is directly related to biofilm
growth rate, and that factors which limit growth rate will also limit detachment rate. No significant
influence of shear stress on detachment rate was observed.

A new kinetic expression which incorporates substrate utilization rate, yield, and biofilm thickness was
compared to published detachment expressions and gives a better correlation of data obtained both in
this research and from previous research projects, for both mono- and mixed population biofilms. 
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ABSTRACT

A biofilm is a matrix of cells and cellular products attached to a solid 
substratum. This biological matrix can increase Operational costs and/or decrease 
product quality in a variety of industries, including oil and paper production, 
semiconductor manufacture, and drinking water distribution. Beneficial biofilms 
contribute to hazardous waste bioremediation and waste water treatment, and can 
offer significant improvements in bioprocessing technology. Understanding the 
processes which control the rate and extent of biofilm accumulation is critical to the 
control of both beneficial and detrimental biofilms.

One of the least understood processes affecting biofilm accumulation is 
detachment. Detachment is the removal of cells and cell products from an established 
biofilm and subsequent entrainment in the bulk liquid. The purpose of this research 
was to determine the effects of shear stress and substrate loading rate on the rate of 
biofilm detachment.

Mono-population Pseudomonas aeruginosa and undefined mixed population 
biofilms were grown on glucose in a RotoTorque biofilm reactor. Three levels of shear 
stress and substrate loading rate were used to determine their effects on the rate of 
detachment. Suspended cell concentrations were monitored to determine detachment 
rates, while other variables were measured to determine their influence on the 
detachment rate. Results indicate that detachment rate is directly related to biofilm 
growth rate, and that factors which limit growth rate will also limit detachment rate. 
No significant influence of shear stress on detachment rate was observed.

A new kinetic expression which incorporates substrate utilization rate, yield, 
and biofilm thickness was compared to published detachment expressions and gives 
a better correlation of data obtained both in this research and from previous research 
projects, for both mono- and mixed population biofilms.
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INTRODUCTION

A biofilm is a matrix of cells and cellular products attached to a solid surface 

or substratum. At the substratum, cells grow, reproduce, and produce extracellular 

polymers and other byproducts. Biofilms are found in most natural and industrial 

aquatic systems and account for much of the overall microbial activity in these 

systems. Biofilms reduce heat transfer in heat exchange equipment and reduce flow 

capacity in pipelines leading to increased energy consumption and increased costs. 

Biofilms also contribute significantly to corrosion, oil field reservoir plugging and 

petroleum souring, drinking water deterioration, and computer chip contamination. 

However, biofilms present positive opportunities in bioremediation of hazardous and 

toxic substances in ground and surface water and waste water treatment. Biofilm and 

other immobilized cell reactors offer significant advantages in bioprocessing, such as 

increased process flow rates without washing the organisms from the reactor. 

Engineers and scientists are just beginning to realize the significance of biofilms on 

process industries, natural aquatic systems, and medical technology. Integrated 

knowledge of microbiology, chemistry, and engineering is necessary to fully 

understand the processes affecting biofilm accumulation and activity.

Relevance of Biofilms

Biofilms are found in both natural and manmade aquatic systems. In streams 

and rivers, a large proportion of the microbial activity occurs in attached films.
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Wuhrmann (1971) estimated that 90 to 99.99 percent of the bacterial activity in 

shallow streams is associated with biofilms. Biofilm organisms are responsible for the 

transformation and degradation of natural and manmade organic compounds in. the 

water.

In industrial systems, biofilm research is usually aimed at the reduction of 

biofouling (unwanted biofilms). Many deleterious effects of biofilm formation have 

been reported. Heat transfer efficiency in heat exchangers and condensers is reduced 

by biofilm accumulation (Characklis et al., 1980 and 1984), and oilfield water injection 

systems plug with material detached from biofilm. Hydrogen sulfide "souring" of oil 

reserves may be partially attributable to attached sulfate-reducing bacteria which 

produce hydrogen sulfide in the oil-bearing formation. With secondary oil recovery 

becoming standard practice, souring of oil fields has become a major problem whereby 

the quality of vast oil reserves may be seriously compromised through microbial 

production of hydrogen sulfide. In a study of a gas storage and production facility 

(Dziewulski et al., 1990), indigenous microorganisms were implicated in the souring 

of natural gas when supplied with nutrients by the flow of water in and out of the field 

during injection and production. Biological plugging of oil sand reservoirs has been 

examined (Geesey et al., 1987) to determine the potential of the water source to 

induce biofilm-related plugging of the formation. The highest cell densities and EPS 

concentrations were found in the region where the water entered the sampled core. 

This may be the result of higher nutrient concentration at the core inlet or because of 

filtration of biomass which detached upstream in the process. In the oilfield, plugging 

around an injection well results in decreased injection rates and/or higher injection 

pressure. Despite the plugging phenomenon, some researchers (Crawford, 1966;
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Lappin-Scott et al., 1988) have applied biofilm technology in an attempt to enhance 

oil recovery. By plugging the larger pores with biofilm, oil remaining in the smaller 

pores is presumably exposed to more flow and more oil is recovered.. In the laboratory 

(Torbati et al., 1986), selective plugging of larger pores in sandstone was 

accomplished using a mixed population with a sucrose-mineral salts medium. The 

largest pore sizes were reduced from 59 to 69 microns (10"6m) before plugging to 20 

to 38 microns (10"6m) after microbial plugging.

Detachment

Biofilm detachment is the process of removal and entrainment in the bulk liquid 

of biomass from an existing biofilm and is most likely the process which limits the 

extent of biofilm accumulation on a substratum. Detachment is also one of the least 

understood processes in terms of the variables which affect the process rates. 

Computer simulations indicate that the detachment rate coefficient is the most 

sensitive variable affecting the predicted rate and extent of biomass accumulation, but 

no expressions have yet been proposed which accurately predict the detachment rate 

for a wide range of environmental and operating conditions.

The prediction of detachment rates has been a priority in understanding 

biofouling in drinking water distribution systems, the computer chip industry, paper 

production, and oilfield injection water pipelines. In each of these industries, detached 

biomass reduces final product quality and/or increases operating costs. Biofilms in 

drinking water distribution systems may harbor pathogenic organisms (LeChevaIIier et 

al., 1987). Detachment of these organisms and entrainment in the bulk liquid can 

result in failure to meet drinking water quality standards. The computer chip industry
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requires ultra pure water. Biofilm detachment (White et al., 1990) can lead to 

contamination of delicate components where a single bacterial cell is enough to cause 

a failure in a computer chip. In the paper industry, detachment of macroscopic biofilm 

particles results in defects in the paper that can lower product value and reduce the 

strength of the unfinished paper. This reduction in strength leads to expensive 

downtime when the paper sheets tear on the paper machine. In oilfield injection water 

pipelines, increased biomass detachment speeds fouling of pre-injection filters or 

plugging of the formation itself. This results in more frequent maintenance or 

replacement of the filters, while formation plugging around an injection well results in 

decreased injection rates or higher injection pressure. For all these industries, 

decreasing biofilm detachment rates would reduce operational costs and/or improve 

product quality.

The experimental program described herein was conducted to determine the 

influence of two important variables, shear stress and substrate loading rate, on the 

rate of biofilm detachment and to evaluate mathematical expressions for the prediction 

of detachment rates.

Research Goal and Objectives

The long term goal of this research is to determine the kinetics of biofilm 

detachment.

The objectives established for reaching this goal are as follows:

1) Determine the effects of shear stress and substrate loading fate on biofilm 

accumulation, biofilm density, and, specifically, biofilm detachment.

2) Differentiate between sloughing and erosion as separate detachment processes
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based on detached biofilm particle size distributions.

3) Observe the influence of step changes, such as pH, on the biofilm and the 

detachment phenomenon.
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BACKGROUND 

Biofilm Processes

The progression of biofilm accumulation typically follows a sigmoidal-shaped 

curve in terms of biofilm mass, cell numbers or thickness (Figure I).

Figure I. The characteristic progression of biofilm accumulation with time.

Biofilm accumulation is the net result of various processes which can be identified and 

quantified (Figure 2):

1) Adsorption - the initial colonization of a clean substratum by cells.

2) Desorption - the reentrainment into the bulk fluid of a cell adsorbed to the

substratum.
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Figure 2. Schematic illustration of processes contributing to biofilm accumulation and 
activity, including substrate transport and transformation; cellular adsorption and 
attachment; and detachment of cells and products.

3) Attachment - the acquisition of cells from the bulk liquid by an existing biofilm.

4) Detachment - the entrainment into the bulk fluid of cells from an existing

biofilm.

5) Growth - the increase in the number of biofilm cells as a result of

replication.

6) Death - permanent loss of a cell's reproductive and metabolic activity.

7) Endogenous decay - biofilm cell metabolism of internal cellular materials.

8) Product formation - the production of polymers and metabolic byproducts in

the biofilm.

To mathematically model the accumulation of a biofilm, a material balance is required. 

The general mass balance equation for biomass in a biofilm is:



8

Accumulation = Input -  Output + TIansformation (I)

In the induction period, before a monolayer of biofilm has formed, biomass 

accumulation can be modelled as follows:

Accum. _ Adsorption _ Desorption + Growth j2)
rate rate rate rate

After a monolayer of biofilm has accumulated, the processes of adsorption and. 

desorption become negligible as compared to growth and detachment (Escher and 

Characklis, 1990), so that the following equation applies:

Accum. _ Attachment _ Detachment + Growth 
rate rate ■ rate rate

The processes in Eqs. 2 and 3 are described in the following sections.

Adsorption

Adsorption of the Conditioning Film. Immediately upon immersion of a clean 

surface, organic molecules adsorb to the clean surface. This organic layer is called the 

conditioning film. Conditioning films are mainly composed of polymers such as 

glycoproteins (Baier and Weiss, 1975; Baler, 1980) and are not static, but are subject 

to a high turnover rate (Brash and Samak, 1978). Bryers (1980) measured 1.5x10 2 g 

m'2 of chemical oxygen demand (COD) of organic compounds in a conditioning film on 

glass in a lab system. Little and Zsolnay (1985) have performed similar experiments 

with stainless steel in seawater and after 0.25 hours obtained up to 0.8x10 3 g m 2 of 

adsorbed organic matter. Deposition of proteins has been shown to affect adsorption 

of bacteria. Meadows (1971) found that albumin inhibited adsorption, while casein 

and gelatin enhanced microbial adsorption rates. Fletcher (1976) showed a precoating
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of a mixture of albumin, gelatin, fibrinogen, and pepsin inhibited the adsorption of a 

pseudomonad on polystyrene. Although deposition of a conditioning film has been 

shown to occur before the adsorption of cells to the substratum (Marshall, 1979), it 

has not been shown to be a prerequisite for cell adsorption.

Adsorption of Cells to Surface. The first step in the development of a biofilm 

is the adsorption of a cell to a solid surface. Adsorption is defined as the interphase 

accumulation of cells from the bulk liquid directly on the substratum. Processes 

important to the adsorption phenomenon are shown in Figure 3.

TRANSPORT ADSORPTION

MULTIPLICATION CFU - SEPARATION

DESORPTION EROSION

Figure 3. Diagram of the processes fundamental to the initial microbial colonization of 
a substratum.

CFU-separation, shown in Figure 3, is not important to the adsorption phenomenon 

itself, but in adsorption studies, cells which have separated on the substratum must 

be distinguished from cells adsorbing from the bulk liquid. Adsorption plays a major 

role in biofilm accumulation only in the initial stages of colonization. Subsequently,
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growth of cells is the dominant process responsible for the accumulation of a biofilm. 

Much research has been done on the topic of adsorption; however, only recently have 

factors such as momentum transport been included in these studies. Shear stress has 

been shown to play an important role in the sticking efficiency of cells to a substratum 

(Hermanowicz et al., 1989; Powell and Slater, 1983; Escher and Characklis, 1990). 

The sticking efficiency is defined as

Sticking Efficiency = number o f cells adsorbed to the substratum 
number o f cells transported to the substratum

(4)

The sticking efficiency is the ratio of the rate of cell adsorption to the rate of transport 

of cells to the surface, and is, therefore, affected by the fluid flow regime under which 

the adsorption occurs. In turbulent flow, turbulent bursts from the bulk fluid penetrate 

to the wall (Cleaver and Yates, 1975 and 1976) and these bursts may contribute 

significantly to the transport of cells to the surface in turbulent flow (Escher and 

Characklis, 1990). Other processes which contribute to the transport of cells to the 

surface in both turbulent and laminar flow are cell motility (Jang and Yen, 1985), 

Brownian motion, and gravity.

Adsorption is affected by substratum properties (Mueller, 1990), with different 

materials experiencing varied rates of cellular adsorption under similar flow conditions. 

Roughness is also believed to strongly influence the adsorption properties of cells in 

flowing systems. For quiescent conditions. Van Haecke et al. (1990) concluded 

surface roughness had little effect on the adsorption kinetics of Pseudomonas 

aeruginosa on stainless steel. Under quiescent conditions, the cell surface 

hydrophobicity was the major parameter affecting adsorption, and measurable 

adsorption occurred within 30 seconds (8.33x10"3h). The physiological state of the
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cells can play an important role in the adsorption rate. Cell adsorption per unit area 

was found to be linear with specific growth rate history (Nelson et al., 1985) in a 

turbulent flow system. As the specific growth rate was increased, a linear decrease 

in adsorbed colony forming units was observed. Dawson (1981) has shown that 

starved Vibrio were more hydrophobic than normal cells, and formed polysaccharide- 

rich tubules which were believed to enhance adsorption. Extracellular polymeric 

substances (EPS) may assist in the binding of microbes to a substratum and, thus, 

influence adsorption. Electron microscopy (Fletcher and Floodgate, 1973; Marshall and 

Cruickshank, 1973) has shown the presence of EPS adsorbed to a substratum.

Reversible / Irreversible Adsorption. Most research has focused on irreversibly 

adsorbed cells, where only the cells which have "permanently" adsorbed to the 

substratum are included in the analysis. However, a few studies (Zobell, 1943; 

Marshall et al., 1971; Powell and Slater, 1983; Escher, 1986) show that some cells 

adsorb reversibly. Some cells are adsorbed to the substratum for a finite period of 

time, then desorb and are reentrained in the bulk liquid. Factors influencing irreversible 

adsorption are most likely those which also influence reversible adsorption.

Attachment

Attachment is defined as cells from the bulk liquid sticking to an existing 

biofilm. Attachment of cells could play an important role in the displacement of one 

cell species by another in an existing biofilm. Although methods have been developed 

and tested to determine the rate of attachment of suspended cells (Gunawan, 1991) 

and I micron (1x10"6m) latex beads (Drury, 1992) to an existing biofilm, very little 

published quantitative information is available.
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Detachment

Biofilm detachment is the process of removal and reentrainment of biomass in 

the bulk fluid. According to Bryers (1987) portions of a biofilm can be removed in any 

of the following ways: I) erosion, 2) sloughing , 3) human intervention, 4) predator 

grazing, and 5) abrasion (Figure 4). Most research has been focused on the areas of 

erosion and sloughing. Detachment is one of the least understood processes affecting 

biofilm accumulation, and is probably the most important process limiting both the rate 

and extent of biofilm accumulation.

EROSION

SLOUGHING

HUMAN INTERVENTION

PREDATOR GRAZING

ABRASION

Figure 4. Schematic diagram of the processes contributing to biofilm detachment.

Erosion. Erosion is the removal of small portions of biofilm, thought to be a 

result of shear forces exerted by moving fluid in contact with the biofilm surface. 

Erosion is frequently treated as a continuous process, occurring evenly over the entire 

surface of the biofilm provided environmental conditions are constant. Erosion rate has
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been shown to be proportional to the microbial growth rate in monopopulation 

Pseudomonas aeruginosa biofilms (Bakke et al., 1984).

Turakhia and Characklis (1989) observed decreases in the erosion rate of a 

Pseudomonas aeruginosa biofilm with increased free calcium concentration in the bulk 

liquid. In the initial stages of biofilm development, erosion was not observed with a 

rough substratum, whereas erosion was evident with a smooth substratum (Chang and 

Rittman, 1988). It is believed that the cells accumulated in the roughness crevices and 

were not carried away by bulk liquid flow.

Sloughing. In contrast to erosion, sloughing is the detachment of large portions 

of a biofilm, and is an apparently random, discrete process. Sloughing often occurs 

in older, thicker biofilms, or when environmental conditions change rapidly. Biofilms 

grown in high substrate, low shear stress conditions are particularly susceptible to 

massive detachment as a result of sloughing. Few researchers have focused on 

detachment as a result of sloughing, and most have treated it as an annoying 

phenomena which distorts and complicates biofilm research. Howell and Atkinson 

(1976) were the first to formally attempt to model sloughing events. In their model, 

oxygen depletion in the depth of the biofilm triggers a sloughing event. Sloughing has 

also been theorized to result from substrate depletion deep in a biofilm and subsequent 

decay of the cell and polymer matrix which holds the biofilm to the substratum 

(Heukelekian and Crosby, 1956a and 1956b). Sloughing has also been associated 

with the formation of nitrogen bubbles in denitrifying biofilms (Jansen and Kristensen, 

1980). Spontaneous sloughing of biofilm has been observed after step increases in 

lactose and especially lactate concentrations, while step changes in glucose had no 

significant effect on biofilm sloughing (Bakke, 1983). In a related paper, a model of
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bacterial floes (Lee et al., 1975) predicts that an increase in substrate concentration 

causes a breakup of the floe. This is consistent with observations at activated sludge 

facilities.

Sloughing has been observed after a decrease in substrate concentration. Bott 

and Miller (1983) observed a 50% decrease in biofilm weight in aluminum tubes at a 

liquid velocity of 0.5 m s"1 (1800 m h"1) within four days after stopping the nutrient 

supply of 4 g m"3 glucose. However at a liquid velocity of 2.0 rri s"1 (7200 m h"1), the 

decrease in biofilm weight was insignificant. This data indicate that the fluid 

conditions under which the biofilm was grown may have an effect on its susceptibility 

to sloughing. Sloughing has been induced (Turakhia et al., 1983) by the addition of 

EGTA, a calcium-specific chelant. The divalent calcium ions give tertiary structure to 

the polymer matrix and may play a major role in the determination of biofilm strength. 

Thus, calcium removal results in partial collapse of the biofilm structure.

Human Intervention. Predator Grazing, and Abrasion. Detachment via human 

intervention is the removal of biofilm as a result of chemical or physical means, such 

as the addition of biocides or scraping with brushes or other abrasive materials. Most 

of the research in this area is empirical and related to the control of biofouling and 

corrosion in industrial systems. More fundamental biocide research has been 

accomplished (Marshall et al., 1989) by searching for mechanisms and direct effects 

within the biofilm rather than percent kill for a given biocide.

Predator grazing is the consumption of biofilm mass by larger.organisms, such 

as protozoa. This process of biofilm removal does not fit directly under the definition 

of biofilm detachment, since biomass is not reentrained in the bulk liquid, but the 

removal process is included here for completeness. Active protozoan predation of a
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biofilm community was observed by Fenchel (1986) suggesting predation may benefit 

a waste water treatment biofilm community by maintaining the bacteria in a more 

active physiological state. Higher organisms such as snails, worms, and insects will 

also feed on biofilms (Tchobanoglous, 1979).

The detachment of biomass resulting from collisions of solid particles with the 

biofilm is termed abrasion. In fluidized bed bioreactors, abrasion is the dominant form 

of detachment (Chang, 1991), e.g. removal of biofilm in a sand filter during backwash.

Biofilm Properties

Density

Biofilm density is the amount of biomass existing in a given volume of biofilm 

and is generally reported on a basis of dry mass per unit wet volume (Table I). Biofilm 

density is an important parameter in the mathematical modeling of biofilm processes, 

since biomass concentration is often related to the activity of a biofilm. Typically, 

biofilm density is measured by determining the average thickness of the biofilm and 

then scraping a known area of biofilm into a pre-weighed drying dish. The biofilm is 

dried and the dry weight determined. Density can then be directly calculated. 

Rittman and McCarty (1980 and 1981) calculated a biofilm density assuming biofilm 

dry weight is 50% carbon; however, the results are lower than those typically obtained 

with the more direct method of measurement. The only data available on the variation 

of biofilm density with biofilm depth is by Masuda et al. (1991) given in Table 2. A 

"microslicer" was used to section the biofilm. The density was then determined for

each biofilm section.
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Table I . A comparison of biofilm volumetric mass density and thickness (dry mass per 
unit wet volume).

Biofilm
Typea

Volumetric 
Density 
(103g m"3)

Thickness
(10'6m) Reference

A 6 6 -1 3 0 160 - 210 (Characklis 1980)
A 50b 100 (Rittman and McCarty 1978)

B 2 0 -1 0 5 30 - 1300 (Hoehn and Ray 1973)
B 5° 1 1 9 -1 2 6 (Herbert 1976)
B 5= 0 -1 2 5 (Rittman and McCarty 1980)
B 1 0 -6 5 1 0 -1 2 4 (Trulear and Characklis 1982)

C 4 2 -1 0 9 150 - 580 (Williamson and McCarty 1976)

D 27 0 - 60 (Bakke 1983)

A: steady state, heterotrophic mixed population; B: heterotrophic mixed 
population; C: steady state, nitrifying mixed population; D: steady state. 
Pseudomonas aeruginosa.
Calculated assuming biofilm is 80% volatile solids.
Calculated assuming biofilm is 50% carbon.

Table 2. Volumetric mass density (p) with biofilm depth (IVIasuda et al., 1991).

Film
Morphology

Volumetric
Density
(IO3 dry g m'3)

Depth from Bulk 
Liquid-Biofilm 
Interface 
(10'6m)

Thickness 
of Biofilm 
Section 
(T0-6m)

Surface Film 37 0 - 400 400
Intermediate 98 400 - 600 200
Base Film 102 600 - 730 130

Biofilm density has been correlated with shear stress. Characklis (1980) reports 

biofilm density increased with increasing shear stress at low substrate loading rates. 

This is somewhat in contrast to Kornegay and Andrews (1967) who showed that at
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high substrate loading rates no change in biofilm density occurred with changes in 

shear stress. The relationship between substrate loading rate and shear stress on 

biofilm density must be determined for more accurate computer simulation of biofilm 

system behavior.

Film Morphology

A biofilm may be subdivided into two compartments, I ) surface film and 2) 

base film, and may consist entirely of one compartment or a combination of both.

Surface Film. The surface film is defined as the heterogeneous biofilm region 

near the biofilm-bulk liquid interface (Figure 5).

Figure 5. Schematic diagram of the base and surface film.

In turbulent flow, advective transport dominates the movement of nutrients in the 

surface film. The surface film is characterized by a rough, visco elastic surface, and
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may contribute significantly to fluid friction. The surface film is also believed to 

influence particle capture in biofilms. Susehka (1987) postulated the existence of a 

surface film with a different porosity than that of the base film. A three-fold difference 

in experimentally measured and theoretically calculated residence times in trickling 

filters led him to the conclusion there must be two liquid film layers; one layer of "free" 

liquid flowing over the top of the biofilm and another "captured" layer flowing within 

the biofilm. Detailed study of this rougher surface film has not been addressed except 

to acknowledge its existence.

Base Film. The base film is a relatively continuous accumulation of cells and 

polymer, and is more dense than the surface film. The density and continuity provide 

a structure which may limit the amount of advective transport within the base film. 

Mass transport of nutrients through the base film is, therefore, thought to be 

dominated by molecular diffusion.

Material Balances

Material balance equations are necessary for the description and 

characterization of biofilm process rates. A general material balance equation takes 

the form given in Eq. I . This equation can be applied to any reactor geometry and any 

mass component. In the general case, the reaction rate is represented as one term in 

the equation. However in actual component material balances, the reaction term can 

be comprised of as many terms as there are reactions producing or consuming the 

component. In the following equations, a reaction which produces a component is 

positive and a reaction which consumes a component is negative. Therefore, all rate 

coefficients are positive.
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A ^  ~  A  r JP(C)x M C ) a  JlP(C)
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Detachment Models

The importance of biofilm detachment can be illustrated mathematically by 

considering an ideal biofilm. At steady state, the accumulation term of Eq. 9 is zero 

and can be rearranged to give Eq. 11, which shows that for steady state biofilms, the 

detachment rate equals the sum of the biomass attachment rate and the growth rate.

Rdc = Ro c ^ v X jc . ( ID

For systems with low suspended cell concentrations, typical of a vessel with a short 

residence time, the attachment rate is low (Gunawan, 1991) such that

Rac < < n Xyc (12)

and Eq. 11 reduces to

d̂c ~ F (13)

This is a simplified model of a biofilm because the specific growth rate may not be the 

same throughout the entire biofilm due to possible diffusional resistances. However, 

Eq. 13 indicates that, at steady state, the net rate of growth in the biofilm, IiXjc, must 

equal the net rate of biofilm detachment. The expression is a first order detachment 

rate in total biomass. The first order expression has been frequently used (Rittman, 

1982; Kreikenbohm and Stephan, 1985; Chang and Rittman, 1987) in biofilm 

modelling.

For computer simulation of biofilm accumulation in both laboratory and 

industrial systems, a mathematical expression for each biofilm process is required.
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Numerous expressions have been proposed for calculating the rate of biofilm 

detachment. While each has given reasonable results for the specific experimental 

conditions to which it was'applied, none are general enough to extrapolate to other 

environmental conditions. The abundance of detachment rate equations partially 

reflects the failure of any one expression to model the detachment rate over a wide 

range of conditions. The variables previously incorporated into biofilm detachment 

expressions include the following: areal biomass density, Xf  (M L"2); volumetric

biomass density, pf  (M L"3); biofilm thickness, Lf  (L); shear stress, r  (M L1 t"2); and 

specific growth rate, /t (t"1).

An expression for detachment as a first order function of shear stress and 

biomass concentration is given by Bakke et al. (1990).

Rd = kd x pf  (14)

In a turbulent flow pipeline system, Bakke solved the equation to explicitly include bulk 

fluid velocity, which resulted in Eq. 15.

Rd = kd v1-75 Xf  (15)

Bakke (1986) concluded that changes in shear stress had no lasting effect on the 

detachment rate. A step change in the shear stress did result in a brief increase in 

detachment rate, but after five residence times at the higher shear stress, detachment 

rate returned to the previous steady state rates. At this time, there is no data to 

support the detachment rate expressions proposed in Eqs. 14 and 15.

Other models employ a second order detachment rate with respect to biofilm 

mass (Bryers, 1984; Crawford, 1987; Trulear and Characklis> 1982):
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( 16)

In a multi-species biofilm model, a second order (in biofilm thickness) detachment rate 

expression was used (Wanner and Gujer, 1986):

Eq. 17 incorporates two important biofilm properties (Characklis et al., 1990):

1) Hydrodynamic erosion may be related to biofilm thickness, Lf, and

2) Biofilm strength may be related to biofilm density, pf.

mathematical simulations where the substrate concentration is assumed to be constant 

throughout the biofilm. If a first order detachment expression is used, the model will 

not predict a steady state. The biofilm will either continue growing ad infinitum or 

disappear altogether.

Speitel and DiGiano (1987) propose an expression for the detachment rate 

which includes a first order function in biofilm mass with the addition of a growth- 

related detachment term to give the following detachment rate expression:

Eq. 18 fits the experimental data better than a simple first order detachment 

expression during periods of high biofilm accumulation rates. The growth-related 

detachment was incorporated to account for the high biofilm loss rates observed 

during periods of high substrate degradation rate. The experiments were performed 

in granular activated carbon columns using effluent suspended biomass to determine

(17)

Second and higher order detachment rate expressions permit steady state in simplified

R-d ~ L/ (fi'd + n) (18)
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biofilm detachment rates. The growth-associated erosion coefficient, k”d , appears to 

be substrate specific.

In an experimental apparatus similar to Speitel and DiGiano, Chang and Rittman 

(1988) observed high detachment rates during periods of high growth. During periods 

of rapid biofilm growth, biofilm erosion rate increased, but not as described by a first 

order detachment function. Trulearand Characklis (1982) reported biofilm detachment 

rate as a function of biofilm mass, but the data from two separate experiments were 

graphically combined and interpreted with one function. In light of the data presented 

by Speitel and DiGiano (1987) concerning the relationship between growth rate and 

biofilm detachment, the data reported by Trulear and Characklis indicate growth-related 

detachment (Figure 6).

*  R

Blofllm Mass (g)

Figure 6. Detachment rate versus total biofilm mass in identical reactors at two 
substrate loading rates (Trulear and Characklis 1982). Detachment rate increased with 
increased substrate loading rate.
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Qualitatively, at a higher substrate loading rate, the growth rate is higher and, 

therefore, the detachment rate should be higher for a given amount of biomass. It 

appears that for RL(C) =  0.25 g m'2 h'1 and biofilm mass = 0.4 g, the detachment rate 

remains nearly level at 0.1 g m"2 Ir1, while at RL(C) — 2.23 g m 2 h 1 and biofilm mass 

= 0.4 g, the detachment rate is just beginning to increase rapidly. Rittman (1982) 

also uses the data of Trulear and Characklis to calculate an "erosion loss coefficient". 

However, Rittman also ignores the fact that the data were obtained Under two 

different substrate loading rates.

The research of Chang and Rittman (1988) compares the effects of surface 

irregularities on biofilm shear losses and accumulation in packed columns of granular 

activated carbon (GAC). By using spherical and irregularly shaped GAC, values for a 

first order erosion coefficient were estimated. During the induction period, the 

irregularly Shaped GAC showed greater cellular attachment and no. erosion. However, 

as biofilm accumulated, the erosion coefficient for both types of GAC began to 

increase. Finally, at steady state, the erosion coefficients for both the spherical and 

irregular GAC approached the same values. Thus, surface roughness and shear stress 

may play an important role in initial events, but becomes less important to detachment 

rates after the biofilm completely covers the surface irregularities. It has not been 

shown how the surface roughness affects the rate and amount of sloughing.

A summary of proposed detachment models is given in Table 3.



25

Table 3. Summary of proposed detachment rate expressions.

Eq. #
Reported Detachment 
Rate Expression 
^  [ = ] M L2Ir1

Reference(s)

(16) W (Trulear and Characklis, 1982) 
(Bryers, 1984)
(Crawford, 1987)

(19) IcdPf Lf T0-58 (Rittman, 1982)

(17) kd PfLf (Wanner and Gujer, 1986)

(18) L /k ’d +  k ”d p.) (Speitel and DiGiano, 1987)

(20) kd PfLf  =  kd Xf (Chang and Rittman, 1987) 
(Rittman, 1989)
(Kreikenbohm and Stephan, 1985)

(14) KPfT (Bakke et al., 1990)

Derivation of Proposed Detachment Rate Expression

An expression for calculating the detachment rate was derived from an 

empirical modification of the suspended cell material balance on a biofilm reactor. The 

general material balance on cells in a biofilm reactor yields the following equation:

/XjC(C)
dt QiXiC(C) ^fC(C)) +  PXIC(C)V + Rjc(c/  ^ a C (c / (21 )

Appropriate to this thesis, Eq. 21 can be simplified by thq following assumptions: I) 

a sterile influent (X1C(C) <  <  XlC(C)); 2) the attachment rate of cells is much lower than 

the detachment rate (RaC(C) <  <  Rdc(c /  3) the short reactor cell residence time, 0.25
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hours, renders growth in suspension negligible {nXlC(C)V <  < RdC(C)A); and 4) the reactor 

is at pseudo-steady state with regard to the effluent cell concentration (VdXlC(C)/dt <  <  

RdC(C)A)- Thus, Eq. 21 reduces to Eq. 22, which indicates that the detachment rate is 

proportional to the effluent suspended cell concentration.

The dependence of detachment rate on substrate utilization rate can be established by 

using the definition of the cellular yield, at steady state in a biofilm reactor (Eq. 23).

For a sterile influent, combining Eq. 23 and Eq. 22 gives Eq. 24 which indicates steady 

state detachment rate is proportional to substrate utilization rate with the 

proportionality coefficient equal to the cellular yield.

Eq. 24 is also the biomass production rate and determines the upper bound on the 

detachment rate for a given set of environmental conditions. However, Eq. 24 does 

not describe the detachment rate at unsteady state.

For the description of detachment rates at both steady and unsteady state, an 

empirical modification to Eq. 24 is proposed. Detachment rate has been expressed as 

a first order function of biofilm thickness by others (Table 3). Film thickness is a 

fundamental variable, is easy to monitor on a routine basis, and has been used in a

(22)

(^IC(C) ~-^iC(C))sr ~  @i(C) $(C))ss (23)

(24)
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proposed mechanistic detachment model (Stewart, 1992). It is proposed that the 

detachment rate expression should be proportional to the product of the substrate 

utilization rate, cellular yield, and biofilm thickness:

rVC(C) k d T^i(C) W V (25)
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EXPERIMENTAL APPROACH

The overall experimental approach was to allow a biofilm to accumulate under 

well defined environmental conditions. Shear stress and substrate loading rates were 

varied from one experiment to another in a manner which simplified statistical analysis 

of the results. The primary objective of this investigation was to determine the 

influence of shear stress and substrate loading rate on biofilm detachment rate.

Microbial Species

A pure culture of Pseudomonas aeruginosa was used in this experimental 

program. The species is a Gram negative, motile, facultative aerobe capable of 

denitrification. Separate vials of the stock culture were maintained in glycerol at -40°C 

to insure a reproducible inoculum. The Ps. aeruginosa strain is a known biofilm former 

(Bakke et al., 1984) for which growth kinetic and stoichiometric coefficients have been 

determined previously (Robinson et al., 1984).

Two undefined mixed population experiments were inoculated with effluent 

water from the Center's reverse osmosis system. The mixed population and 

monopopulation Ps. aeruginosa experiments were identical in all other respects.

Nutrient Medium

The nutrient medium utilized in this research is identical to that used by Siebel 

(1987), with the exception of the calcium concentration, which was lower in order to
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prevent calcium phosphate precipitation. Bacteria were grown on a minimal salts 

medium with glucose as the sole carbon and energy source. The composition of the 

various media, as delivered to the reactor, are given in Table 4.

Table 4. Media composition entering RotoTorque reactor. All units in g m"3.

Inlet glucose concentration = 2 10 18

Glucose carbon 0.8 4.0 7.2
NH4CI 0.72 3.6 6.5
MgSO4 • 7H20 0.2 1.0 1.8
(NH4)6Mo7O24 • 4H20 0.0001 0.0005 0.0009
ZnSO4 • 7H20 0.01 0.05 0.09
MnSO4 ■ H2O 0.0008 0.004 0.0072
CuSO4 ■SH2O 0.0002 0.001 0.0018
Na2B4O7 ■ 10H2O 0.0001 0.0005 0.0009
FeSO4 • 7H20 0.0112 0.056 0.1008
(HOCOCH2)3N 0.04 0.2 0.36
CaCI2 0.003 0.015 0.027
Na2HPO4 95.5 95.5 95.5
KH2PO4 102.0 102.0 102.0

Concentrated micronutrient solutions were prepared in 11 liter (1.1x10"2m3) Nalgene 

bottles and autoclaved for 4 hours at 1219C. After autoclaving, 20 ml (2x10"5m3) of 

sterile concentrated glucose solution was added to each micronutrient bottle to give 

a final glucose concentration of 500 g m"3. Concentrated phosphate buffer solution 

was prepared in 3.5 liter (3.5x10"3m3) glass containers and autoclaved for I hour. 

Dilution water consisted of distilled water filtered through two 0.2 micron (2x10"7m) 

Gelman cartridge filters. Concentrated micronutrient solution and concentrated buffer 

solution were mixed with dilution water immediately prior to entering the biofilm 

reactor. Micronutrient flow rates were adjusted to give the desired influent 

concentration of either 0.8, 4.0 or 7.2 g glucose carbon m 3. This resulted in substrate
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loading rates of 0.0102, 0.0512, and 0.0922 g glucose carbon m"2 h'1, respectively. 

The pH was buffered at 6.7 ± 0.02 throughout the experimental series.

Rotating Annular Reactor (RotoToraue)

The RotoTorque reactor design (Figure 7) has proved to be very versatile for 

biofilm research and has Several characteristics which make it superior to other biofilm 

reactors. The first of these characteristics is independent control of shear stress. The 

inner cylinder can be rotated at any speed and the torque can be measured (Characklis 

and Roe, 1984) to determine average shear stress on the biofilm. This permits 

quantitative monitoring and control of shear stress independent of the flow rate 

through the reactor. The RotoTorque also has a large surface area to volume ratio, 

which means a large amount of biomass can be produced with relatively low 

volumetric flow rates, while still maintaining a short residence time to minimize growth 

of suspended organisms. Twelve removable coupons allow direct sampling of biofilm 

without taking the reactor off line. Draft tubes inside the inner cylinder completely mix 

the reactor contents, giving it the mixing characteristics of a CFSTR (Trulear, 1983). 

A more detailed description of the RotoTorque is given in Appendix A.

Cleaning and Preparation

The RotoTorque reactor was disassembled and cleaned before each experiment. 

The cleaning procedure consisted of scrubbing the reactor and removable coupons with 

a brush and hot water containing "Micro" lab soap. Harshchemicals were not utilized 

because of possible residual effects. After the reactor had been thoroughly cleaned, 

it was reassembled and autoclaved empty for 0.5 hours at 1210C.
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Figure 7. Experimental apparatus including the RotoTorque.
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Start-up Protocol

The RotoTorque and tubing were autoclaved for 0.5 hours at 1210C and 

allowed to cool. After attaching the glucose/micronutrient, phosphate buffer, and 

dilution water tubes, the reactor was filled by pumping in a 1:1:10 mixture of the three 

solutions, respectively. Once the reactor was full, the flow was stopped and 0.5 ml 

(5.0x10"7m3) of the Ps. aeruginosa stock culture (I O19CeIIs m 3) was introduced into the 

reactor. The RotoTorque was operated in batch mode at 200 rpm for 24 hours, at 

which point liquid flow was initiated and the rpm was set to the desired value. This 

time was defined as experimental time zero. The phosphate buffer volumetric flow 

rate was constant at 24 ml h'1 (2.4x1 O^m3 h"1) throughout all experiments. The 

glucose/micronutrient solution volumetric flow rate was adjusted to give the desired 

influent glucose concentration. The flow rate of the dilution water was adjusted to 

give a total volumetric flow rate of 2382 ml h"1 (2.382x10"3m3 h'1). This resulted in 

the value of QA1 = 1.281x10 3m h'1.

Operating Conditions

The temperature, pH, rotational speed, and torque were monitored with a 

laboratory interface (SCI Technologies, Bozeman, MT). Readings were continuously 

logged by computer. The reactor temperature was maintained at 20 ± 0.10C with a 

water bath (Neslab, Portsmouth, NH). Rotational speed was maintained at 200 ± 0.3, 

302 ± 0.5, or 400 ± 0.6 rpm. A torque transducer mounted on the drive shaft 

between the reactor and the motor was continuously monitored to record changes in 

frictional resistance. The reactor was operated with a residence time of 0.25 hours 

(D = 4 h'1), minimizing the effects of cellular growth in suspension.
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Analytical Methods

Glucose Analysis

Glucose was analyzed utilizing the Sigma Diagnostics® enzymatic glucose 

determination kit (Sigma procedure 510). Reactor effluent samples were filtered with 

a 0.2 micron (2x10'7m) syringe cellulose nitrate filter into 20 ml (2x10"5m3) 

polyethylene scintillation vials. All glucose samples were frozen immediately after 

sampling, and were analyzed after the experiment was completed. The Sigma 

procedure is designed to measure up to 3000 g m"3 and had to be modified to reflect 

the lower concentrations used in this work. By not diluting the sample 1:20, 

concentrations up to 150 g m"3 can be measured. The following reagent volumes were 

used for two glucose concentration ranges:

D O - I O g  m"3 glucose: 2.5 ml (2.5x10"6m3) sample and 5 ml (5.0x10"6m3)

combined color reagent.

2) 10 - 150 g m"3 glucose: 0.5 ml (5.0x10"7m3) sample and 5 ml (5.0x10"6m3)

combined color reagent.

Total Organic Carbon

Liquid effluent samples (20 ml [2.0x10"5m3]) were placed in glass scintillation 

vials which had been cleaned in a 450° C furnace for a minimum of 3 hours. Samples 

were immediately frozen for later organic carbon analysis.

Thawed samples were acidified to pH 2 with concentrated phosphoric acid and 

then externally purged with oxygen to remove inorganic carbon as CO2. Organic 

carbon determination was made with an ultraviolet-promoted persulfate oxidation 

followed by infrared detection (Dohrmann DC^SO total organic carbon analyzer).
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Soluble Organic Carbon

Two liquid effluent samples (40 ml [4.0x10"5m3]) were placed in stainless steel 

centrifuge tubes and centrifuged at 20,000 rpm, 4°C for 0.25 hours. The top 5 ml 

(5x10"6m3) of liquid from each centrifuge tube was then carefully decanted into glass 

scintillation vials which had been ignited at 450°C for a minimum of 3 hours. The 

decanted 10 ml (1.0x10"5m3) samples were frozen until organic.carbon analysis (see 

TOC above). This method was developed in an effort to reduce experimental error in 

SOC measurements.

Biofilm Thickness

Biofilm thickness was measured with an optical microscope using the method 

of Bakke and Olsson (1986). The optical thickness is not the same as the actual 

mechanical thickness because of differences in the refractive index of air and water. 

Therefore, a correction factor must be applied, according to Bakke and Olsson:

MechanicalBiofilmThickness OpticalBiofilmThickness x  — ( 26 )

Eight thickness measurements were taken for each biofilm coupon removed. 

The standard deviation of the thickness is an indirect measure of biofilm roughness 

(Figure 8). In this thesis the terms "film thickness" and "biofilm thickness" refer to the 

average mechanical thickness.

Biofilm Areal and Volumetric Density

Biofilm was scraped from a known area of the RotoTorque coupon into a 

preweighed aluminum dish, which had been dried at 104°C overnight. The dish
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containing biofilm was permitted to dry overnight and was weighed again to determine 

dry mass. The biofilm areal density was calculated as follows:

Biofilm Areal Density -  Scraped Biofilm Weight (2 7 ,
Scraped Biofilm Area

The volumetric density was calculated by dividing the areal density by the average 

biofilm thickness.

Figure 8. Schematic of biofilm thickness measurement indicating biofilm roughness 
and average thickness.

Water Content

For experiments RO and Rl the biofilm water content was measured. A 

removed coupon was allowed to drain in a vertical position for 2 minutes (0.0333 h). 

Biofilm was scraped into a preweighed pan and weighed immediately. It was then 

permitted to dry overnight and weighed again to determine the dry mass. Percent 

water was determined by subtracting the dry weight to wet weight ratio from one. 

Water content results for experiments RO and Rl are given in Appendix C.
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Effluent Particle Size Distribution

RotoTorque effluent (10 ml [1x10"5m3]) was placed in a plastic scintillation vial 

which contained 10 ml (1x10"5m3) of phosphate buffered formalin. This was 

refrigerated, but not frozen, until analysis. A volume of I ml (1.0x10"6m3) of Hoechst 

stain (#33342 at 56 g m 3 or 100//M) was added to I ml (1.0x10"6m3) of the sample. 

The sample was vortex mixed, covered, and allowed to sit for 0.75 hours. After 0.75 

hours, I to 4 ml (1.0x10 6 to 4.0x10"6 m3) of cell-free water was added to the vial and 

mixed. Of this mixture, between I and 5 ml (1.0x10 6 and 5.0x10'6 m3) were then 

filtered through a 25 mm, 0.2 micron (0.025 m, 2.0x10"7m) pore size Ergalan black 

stained filter. The filter was then examined with an image analyzer (American 

Innovisions, San Diego, CA) to determine the size and number of the effluent particles. 

Thirty frames were analyzed to increase the accuracy, compared to 10 frames used 

for a standard cell count. Particle sizes were divided into 10 logarithmic size divisions 

which range from 0.122 to 122 square microns (1.22x1013m2 to 1.22x1010m2) for 

histogram generation.

Cell Concentration

Effluent suspended cell concentrations were determined in the same manner as 

effluent particle size distributions were determined with two exceptions: I ) samples 

were homogenized with a tissue homogenizer and 2) ten frames were counted.

To convert cell numbers to cell carbon, the factor 1 .462x1013 cells [g cell 

Carbon]:1 was used. This factor is the product of average cell volume (5.81x10"19m3 

cell"1) (this research), wet cell specific gravity (1.07x10"6g wet cell m"3) (Doetsch and 

Cook, 1973), dry cell mass to wet cell mass ratio (0.22 g dry cell [g. wet cell]"1) (Luria,
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1960), and cellular carbon content (0.5 g cell Carbon [g dry cell]"1) (Doetsch and Cook, 

1973; Luria, 1960).

Carbohydrate Analysis

At the end of experiments S4, T4, and R8, intact biofilm samples (-0 .01  g) 

were scraped into microcentrifuge vials, lyophilized, and sent to Dr. Russell Carlson 

(University of Georgia Complex Carbohydrate Research Center, 220 Riverbend Road, 

Athens, GA, 30602). The samples were analyzed for glycosyl composition by the 

TMS methylglycosides and alditol acetate derivatives methods described by York et 

al. (1985).

Electron Microscopy

Polycarbonate filters were cut into I cm X I cm (1.0x10"2m X 1.0x10 ^m) 

squares and then taped to the RotoTorque coupons with waterproof tape. The filter 

was then removed and preserved according to the method given in Appendix B until 

transmission or scanning electron microscopy could be done.

Torque

The torque was monitored continuously and recorded every eight hours 

throughout the experiment. The monitoring apparatus consisted of two aluminum 

disks in the RotoTorque drive train. These disks would have been free to rotate 

independently except for a calibrated spring which connected the two. The disks were 

designed so that a change in torque resulted in a change in the opening created by a 

gap in each disk (Characklis and Roe, 1984). The gap distance was monitored 

optically (SCI. Laboratory Interface). Detailed information on the measurement and 

calculation of torque are given in Appendix F.
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Statistical Methods

A 32 factorial experimental design (Petersen, 1985) was used to determine the 

effects on biofilm cellular detachment rate of substrate loading rate and shear stress, 

each at three levels. The three rotational speeds were 200,300, or 400 rpm, resulting 

in shear stresses of 1.44, 2.20 and 2.97 N m"2, respectively. The influent glucose 

carbon concentration was adjusted to either 0.8, 4.0, or 7.2 g glucose carbon m"3, 

giving substrate loading rates, RL(C), of 1.02x10'2, 5.12x10'2, and 9.22x10 2 g glucose 

carbon m"2 h"\ respectively. Table 5 gives the number of experiment replications at 

each condition.

Table 5. Statistical experiment design.

In flu en t G lu c o s e  C o n e .

0.8 g rrf3 4 .0  g rrf3 7.2 g rrf3

Ro
tati

ona
l S

pee
d 

'

I i - 1 1 1

I l 1 3 1

I i I 2 1

Each replication is a separate, independent experiment, with twelve monopopulation 

Ps. aeruginosa experiments performed altogether. An advantage of this design is the 

ability to distinguish the main effects of each factor (shear stress or substrate loading 

rate) and any possible interactive effects between the two. Data was analyzed with 

the statistical software package "MSUSTAT", which was used for the analysis of
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variance and multiple regression (IVISUSTAT, 1986). Significance was determined at 

the 95% level (p = 0.05).

Throughout the thesis, data are reported as the mean ± standard error. In 

some cases, which are clearly noted, the standard deviation of the biofilm thickness 

is used. This is because the biofilm roughness is defined as the standard deviation of 

the biofilm thickness, whereas the standard error does not directly reflect the film

roughness.
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RESULTS

Biofilm experiments were conducted at three different rotational speeds and 

three substrate loading rates. During these experiments the following variables were 

measured:

1) Biofilm - Thickness (Ly)

- Roughness (std. dev. Of L)

- Areal and volumetric mass density CX̂ and p)

- Areal and volumetric cell density (Xjc and Pjc)

- Areal and volumetric TOC density (Xf(C) and pf(C))

2) Bulk liquid - Glucose concentration (Gl(C))

- Suspended cell concentration (Zzc)

- Total organic carbon concentration (TOC)

- Soluble organic carbon concentration (SOC)

Monopopulation Data

A comprehensive listing of the raw experimental data is given in Appendix C, 

D, and E for rotational speeds 200, 300, and 400 rpm, respectively. A summary of 

experimental conditions and steady state results is given in Table 6, with steady state 

process rates given in Table 7. A statistical analysis of variance (ANOVA) was 

performed on the steady state values of many of the variables measured. A summary 

of the results of this analysis are given in Table 8, with the full ANOVA results given
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Table 6. Summary of experimental conditions and steady state results.

Exp.
Code rpm T ^i(C) S(C) Xe Lf Xf' Pf

RO 200 1.44 7.2 0.55 19.70 31.9 0.64 18.4
Rl 200 1.44 4.0 0.61 11.43 15.8 0.79 48.9
R2 200 1.44 0.8 0.45 01.68 06.2 0.39 61.6
R3 300 2.20 7.2 0.43 18.85 31.0 1.21 45.2
R4 300 2.20 4.0 0.36 08.90 19.5 1.00 48.8
S4 300 2.20 4.0 0.56 07.46 18.6 0.84 42.7
T4 300 2.20 4.0 0.56 06.69 17.3 0.64 42.3
R5 300 2.20 0.8 0.32 00.77 07.4 0.74 97.2
R6 400 2.97 7.2 1.47 17.43 31.6 1.60 54.5
R7 400 2.97 4.0 0.72 06.04 20.6 1.04 50.7
S I 400 2.97 4.0 0.56 07.29 19.2 0.92 44.1
R8 400 2.97 0.8 0.25 02.30 04.1 0.20 37.2

Units: Lf  [ = ] 10 6 m
S i ( o >  S (c ) [ = ] g GC rrf3 [ = ] dry g wet m 2
X i c [ = ] IO 12 cells m 3 P f [ = ] IO3 dry g wet m 3
T [ = ] N ITV2

Table 7. Steady state values for the substrate carbon 
carbon detachment rate.

utilization rate and the cell

Exp.
Code T Rl(C) Ru(C)SS — S E (Ru(C)ss) R d C (C )S S — SE (R ,iC (C )ss )

RO 1.44 92.2 84.80 ±0.86 I 7.25 ± -
Rl 1.44 51.2 43.84 + 0.28 06.97 ±0.70
R2 1.44 10.2 04.19 + 0.23 01 .6 4 ± 0 .1 8
R3 2.20 92.2 86.72 - I 6.99 ±0.46
R4 2.20 51.2 46.68 ±1.00 07.81 ±0.48
S4 2.20 51.2 43.86 ±0.27 06.54±0.65
T4 2.20 51.2 44.24±0.1 5 05.86 ±0.46
R5 2.20 10.2 06.64± 1.02 00.68 ±0.07
R6 2.97 92.2 73.43 ±1.06 15.27 ±0.78
R7 2.97 51.2 41.67 ±0.42 05.29 ±1.51
S7 2.97 51.2 44.31 ±0.44 06.38 ±0.58
R8 2.97 10.2 07.64±0.70 02 .02± 0.24

Units: Rl(C)' R
R d C (C )S S

U(C)SS [ = ] IO 3 g G C m 2 hr1 
[ = ] I O3 g CC nrv2 h'1

T I = ] N m 2
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Table 8. Summary of results from ANOVA of measured dependent variables at steady 
state against independent variables of shear stress and substrate loading rate.

Variable p-value*
L̂(C) T

Biofilm Characteristics

Biofilm Thickness <0.0001 0.7945
Biofilm Roughness <0.0001 0.0690
Biofilm Areal Mass Density <0.0001 0.0132
Biofilm Volumetric Mass Density 0.1268 0.1293
Biofilm Areal Cell Density <0.0001 0.1798
Biofilm Volumetric Cell Density 0.0260 0.1797
Biofilm Areal TOC . 0.1491 0.0072

Bulk Liquid Characteristics

Glucose Concentration <0.0001 <0.0001
Suspended Cell Concentration <0.0001 0.5202

Biofilm Process Rates

Glucose Utilization Rate <0.0001 <0.0001
Cellular Detachment Rate <0.0001 0.5202

* The p-value is the probability that the true value of the dependent variable
is the same at all three values of the independent variable.

in Appendix G. Throughout this thesis, substrate concentrations and fluxes are 

reported as carbon equivalents. Cell concentrations are reported as cell numbers, with 

the conversion from cell numbers to cell carbon given in the Experimental Approach 

section under "Cell Concentration".

Biofilm Characterization

The biofilm physical properties were characterized by measuring thickness and 

areal density. The standard deviation of eight optical thickness measurements was
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used to quantify the biofilm roughness. Areal density was measured as cell number, 

total biomass, and total organic carbon (TOC) per unit biofilm area. Volumetric 

densities of each component were calculated by dividing the areal density by the 

average biofilm thickness. At the end of experiments S4, T4, and R8, intact, 

Iyophilized biofilm samples were analyzed to determine carbohydrate composition.

Biofilm Thickness. A typical time progression of the average biofilm thickness 

is given in Figure 9 for the three levels of substrate loading rate.

Error bars represent standard deviation of 8 measurements

150 20C
Time (hours)

Substrate Loading R ate (IO-3 Q QC m-2 h-1 ) 

•  - 5 1 . 2 - 9 2 .2▲  -  10.2

Figure 9. Typical progression of biofilm thickness with time for the three substrate 
loading rates used.

The biofilm thickness increased rapidly in the log phase of accumulation and then 

leveled off at the steady state value. The steady state biofilm thicknesses with 

substrate loading rate and shear stress are given in Figure 10. It can be seen that 

thickness increased linearly with increases in substrate loading rate and no consistent

trend with shear stress was observed.
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GRS - 1.44 (N m-2) 

■ ■  - 2.20 (N m-2) 

Iilimi - 2.97 (N m-2)

10.2 51.2 92.2

S u b s t r a t e  L o a d in g  R a te  (10"3 g  G C  m"2 h"1 )

Figure 10. Steady state biofilm thickness increased with substrate loading rate. Shear 
stress had no significant effect. Error bars are standard deviation of 8 to 40 
measurements and are indicative of the roughness of the biofilm.

Biofilm Roughness. Defined as the standard deviation of 8 optical thickness 

measurements, the biofilm roughness increased with increasing biofilm thickness 

(Figure 11). The slope of 0.22 (unitless) indicates that the standard deviation of the 

biofilm thickness was approximately 1/5 of the measured average value. Statistical 

analysis indicates that substrate loading rate significantly influenced biofilm roughness. 

No significant or consistent dependence on shear stress was observed.

Biofilm Areal Mass Density. The areal mass density was found to increase with 

substrate loading rate (Figure 12) and increasing biofilm thickness (Figure 13).
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Slope -  0.22 +/- 0.02 
I n t -1 .91 +/-1.80 
r2-  0.58

Average Biofilm Thickness (IO^m)

Figure 11. Biofilm roughness, the standard deviation of eight optical thickness 
measurements, was approximately one-fifth of the measured average biofilm thickness.

- 1 .44 (N m-2)
- 2.20 (N m-2)

H7X7Xl - 2 .97  (N m-2)

1.0

0.5  -

51.210.2
Substrate Loading Rate (10"3g GC m"2 h"1)

Figure 12. Steady state areal mass density increased with increasing substrate loading 
rate, but showed no consistent pattern with varied shear stress.
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First Order 
O ne-half Order

Biofilm Thickness (10'° m)

Figure 13. Biofilm areal mass density increased with increasing biofilm thickness. First 
order and one-half order regression lines are plotted. These regressions give squared 
correlation coefficients of 0.17 and 0.29, respectively.

Regression of this data with a first order model (Eq. 28) and a one-half order model 

(Eq. 29) in biofilm thickness gave squared correlation coefficients of 0.17 and 0.29, 

respectively.

Xf  = kf lLf  (28)

* /  = (29)

The coefficients determined were 39.5 ± 3 .1 1 (103g m 3) for the first order model (Eq. 

28), and 0.199 ±0.041 (103g m"5/2) for the one-half order model (Eq. 29). Areal mass 

density was found to increase with increasing substrate loading rate, but no consistent

trend was found with changes in shear stress.
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Biofilm Volumetric Density. Defined as the dry mass per unit wet biofilm 

volume, the volumetric mass density decreased with increasing biofilm thickness 

(Figure 14). The lines on Figure 14 are calculated from the regressions of the areal 

mass density (Eqs. 28 and 29) and thickness. The volumetric mass density decreased 

with increasing substrate loading rate. However, the decrease was statistically 

insignificant at the 95% level. No consistent or statistically significant influence of 

shear stress was observed.

Z ero Order160
N eg . O n e-half 

Order
120

O 10 20 30 40
Blofilm Thickness (10"6m)

Figure 14. Volumetric mass density decreased with increasing biofilm thickness. Lines 
are calculated from Eqs. 28 and 29, giving zero and negative one-half order 
expressions in biofilm thickness.

Biofilm Areal Cell Density. Biofilm areal cell density was found to increase with 

increasing substrate loading rate (Figure I 5) and with biofilm thickness. In Figure 16, 

a linear regression with biofilm thickness gave a squared correlation coefficient of 

0.76. Areal cell density was not significantly affected by shear stress.
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O

■ 1.44 (N m-2) 

CZZl - 2.20 (N m-2) 

: ; - 2.97 <n m-2)

10.2 51.2 92.2
g GCSubstrate Loading Rate

Figure 15. Areal cell density increased with increasing substrate loading rate, but was 
not significantly affected by shear stress.

Slope -  0.0304 ♦/- 0.0016 
In t- 0 + /- 0 .1 5  
I4 -  0.76

10 20  30
Average Biofllm Thickness (10"6m)

Figure 16. The areal cell density increased linearly with biofilm thickness.
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Biofilm Volumetric Cell Density. The volumetric cell density is calculated by 

dividing the areal cell density by the average biofilm thickness. The slope of the line 

obtained by linear regression of the areal cell density against the average biofilm 

thickness, 3.04*1016 ± 0 .16x1016 cells m"3, is the average biofilm volumetric cell 

density. The ANOVA results showed that the substrate loading rate had some 

significant influence on the volumetric cell density in the biofilm. However, there was 

no consistent trend. Shear stress had no significant effect.

Carbohydrate Analysis. Glycosyl residue compositions were determined for 

biofilms at the end of experiments S4, T4, and R8, with the results given in Table 9. 

Sample T4 was determined with a Gram stain to be contaminated with Gram positive 

rods. The concentration of rhamnose, glucose, and galactose in this sample differs 

significantly from the other two samples.

Table 9. Glycosyl residue compositions (g residue [g biofilm]"1) f or . 
biofilms in experiments S4, T4, and R8.

Glycosyl
Residue

Exd S 4 Exd R8 Exd T4
(contaminated)

rham nose 0 .0 1 4 0 .0 1 6 0 .0 0 7 9

ribose 0 .0 1 7 0.021 0 .0 2 3

m annose 0 .0 0 9 3 0 .0 0 6 6 0 .0 0 6 0

glucose 0 .0 2 4 0.021 0 .071

galactose O 0 0 .0 0 5 4

glucosam ine 0 .0 0 0 7 0 .0 0 1 6 0 .0 0 0 8
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Bulk Liquid Characterization

In addition to data on the biofilm itself, important characteristics of the bulk 

liquid must be known. The bulk liquid was described by the following measurements: 

glucose concentration, suspended cell concentration, and the organic carbon fractions. 

Organic carbon was measured as total and soluble organic carbon (TOC and SOC).

Glucose Concentration. The steady state effluent glucose concentration 

increased slightly with increasing substrate loading rate, but showed no consistent 

trend with varying shear stress (Figure 17). ANOVA results indicate that both 

independent variables had a significant effect on the effluent glucose concentration, 

although no consistent trend was observed with shear stress.

- 1 .44  (N m-2)

I I - 2 .2 0  (N m-2)

RTxl - 2 .9 7  (N m-2)

1 0 .2  5 1 .1  9 2 .2

Substrate Loading Rate (10"3g GC m"2h"1)

Figure 17. The steady state glucose concentration increased with increasing substrate 
loading rate.

Suspended Cell Concentration. The steady state suspended cell concentration

increased significantly with increasing substrate loading rates, but was not significantly
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affected by shear stress (Figure 18).

S S 3  - 1 .4 4  (N  m -2 ) 
CZI -  2 .2 0  (N  m -2 ) 

EZZ -  2 .9 7  (N  m -2 )E 15

10.2
Substrate Loading Rate (I O'3 g GC m"2 h'1)

51.2

Figure 18. Suspended cell concentration increased with increasing substrate loading 
rates, but was not significantly influenced by shear stress.

Total and Soluble Organic Carbon. The steady state TOC and SOC 

concentrations increased with increasing substrate loading rate, but were not 

significantly affected by shear stress.

Biofilm Process Characterization

Biofilm process rates determine the net accumulation rate of a biofilm. With the 

variables given in the previous sections on biofilm and bulk liquid characterization, the 

glucose utilization rate, the cellular detachment rate, the cellular production rate, and 

the observed yield can be calculated.

Glucose Utilization Rate. The glucose utilization rate is calculated by Eq. 30, 

and gives the average substrate flux into the biofilm.
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ANOVA results indicate that the glucose utilization rate was significantly influenced 

by both glucose loading rate and shear stress, although no consistent trend was 

observed as a function of shear stress. Because of the relative constancy of the 

effluent glucose concentration, the glucose utilization rate was highly dependent on 

the influent glucose concentration.

Observed Yield Coefficient. Measurements of the steady state glucose 

utilization rate and the steady state cellular detachment rates allow the calculation of 

an observed yield coefficient from Eq. 24. The observed yield, from Figure 19, is 

0.182 with a standard error of 0.020, in units of g cell carbon [g glucose carbon]'1.

S lo p e  — 0 .1 8 2 * 0 .0 2 0
Int -  -0 .1 9 ± 2 .9
r2 -  0 .7 3

Glucose Utilization Rate (10T3 g GC m"2 h'1)

Figure 19. The slope of steady state detachment rate versus steady state substrate 
utilization rate is observed cellular yield (0.182 g CC [g GC]"1) of Ps. aeruginosa biofilm.
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Cellular Production Rate. From the observed yield and the glucose utilization 

rate, the cellular production rate can be calculated (Eq. 24). Steady state cell 

production rate determines the maximum level of continuous sustainable detachment.

Cellular Detachment Rate. The cellular detachment rate is calculated by Eq. 22, 

and gives the average cellular flux away from the biofilm. The steady state 

detachment rate increased with increasing substrate loading rate, but was not 

significantly affected by shear stress (Figure 20).

20 -I

7.2 mg QC/I

10

4  m g QC/I

0 .8  m g  QC/I

2.97 10.2 51 .2 92.21.44 2.20

Error bars indicate 95% Cl

Figure 20. Steady state detachment rate increased with increasing substrate loading 
rate, but was not significantly affected by shear stress.

Particle Size Distribution. Particle size distributions from experiments PO, S4, 

and T4 show that the average detached particle size was 0.886±0.072, 

1.16 0 ± 0 .1 63, and 0 .838±0.152 IO 12 m2, respectively, indicating that the majority 

of detached particles were single cells (Figure 21). Particles up to 40x10 12 m2 were 

observed (Appendix I). Based on estimated particle volumes, however, the overall
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detachment of biomass is nearly evenly distributed from single cells up to large 

particles (Figure 21). Assuming a cubic shape, the average particle volume was 

I 6.6x10"18 m3 , which corresponds to an observed area of 6.5x10"12 m2. This indicates 

that biofilm detachment is the result of a wide distribution of particle volumes.

Areal 
Average 
Particle Size

Volumetric 
Average 
Particle Size

Detached Particle Area (ICF m )

■ By Number — By Volume

Figure 21 . Particle size distribution as a percent of the total observed number and total 
calculated volume of detached particles from a Ps. aeruginosa biofilm, experiment S4.

Photomicrographs. The photomicrographs given in Photos I and 2 show a 

"rippled" biofilm surface. Biofilm ripples similar to these were observed with phase 

microscopy. Photo 3 is an SEM photomicrograph showing extracellular polymer 

formation in the biofilm. A TEM photomicrograph (Photo 4) displays a uniform

distribution of cells in a biofilm cross-section.
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Photo I. SEM photomicrograph (500 X) shows a rippled biofilm surface perpendicular 
to the direction of bulk liquid flow.
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Photo 2. Close-up (3,000 X) of Photo I .
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Photo 3. SEM photomicrograph (20,000 X) showing extent of polymer formation in 
Ps. aeruginosa biofilm.
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Photo 4. TEM photomicrograph (5,000 X) showing cross-section of biofilm on 
polycarbonate substratum.

Steo-Chanoe Effects

At the end of experiments Rl and R6 a step change in the influent liquid stream 

was made. A pH change from 6.8 to 5.8 was made in experiment R l, while in 

experiment R6 the influent glucose concentration was turned off.
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Experiment R l. A pH step-change from 6.8 to 5.8 was effected at 313 hours 

into the experiment (Figure 22). This resulted in a possible, though insignificant, 

increase in the film thickness followed by a possible decline in thickness. The 

suspended cell concentration was elevated for 2.5 hours but returned to just below 

normal after 7 hours. A small but significant sloughing event occurred just prior to the 

pH step change. This resulted in distorted suspended cell data. The effluent glucose 

concentration increased very slightly from 0.61 g GC m:3 to I g GC m"3 and remained 

stable. While the change in effluent substrate concentration is notable, it only 

represents in a 6% change in the substrate utilization rate over the reactor.

Experiment R6. The influent glucose concentration was set to zero at 190 

hours. This resulted in an immediate decrease in biofilm thickness and increase in 

detachment rate (Figure 23). Biofilm thickness decreased to 26% of the original level 

in 2.5 hours. Calculations indicate that detachment rate had increased rapidly and was 

already decreasing before any measurements were taken. Glucose concentrations at 

r = 190.5 h and t = 191 h were slightly higher than expected. This indicates that the 

glucose concentrations reported are probably higher than the actual glucose 

concentration in the RotoTorque. This may be due to analytical errors during glucose 

analysis.
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Figure 22. A step change in buffered pH from 6.8 to 5.8 resulted in slight changes in 
thickness, detachment rate, and effluent glucose concentration, although the substrate 
utilization rate only decreased by 6%.
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Lf (K Tm )

Time (hours)
Figure 23. Turning off the influent glucose resulted in an immediate decrease in film 
thickness as a result of detachment.
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Mixed Population Data

Two mixed culture experiments (Ml & M2) were conducted at 200 rpm. 

Experiments Ml and M2 were run at influent glucose concentrations of 7.2 and 0.8 

g GC nr3, respectively, and were identical to the monopopulation Ps. aeruginosa 

experiments with the exception of the initial inoculum. Detachment rate was 

monitored by total suspended solids in the effluent. Figure 24 shows the biomass 

detachment rate for both mixed population experiments with the proposed detachment 

rate expression (Eq. 25).

0.08

0.06

0.04

0.02

Q /A  (S,(C)-  S (c)) X  Lf (10  g  rrf1 IV1)

Figure 24. Biomass detachment rate for both Ml and M2 with the proposed 
detachment rate expression (Eq. 25).

Figures 25 and 26 show the distribution of biofilm thickness on the RotoTorque 

coupons (0.017 m wide X 0.22 m long). Each bar represents the thickness of an area 

of 0.0057 m wide X 0.0138 m long. "Upstream" or "downstream" indicates the
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direction of bulk liquid flow across the coupon. Measurements were taken at 288 

hours in each of the two experiments. Thickness distributions for experiment Ml 

(Figure 25) show distinct changes in thickness as a function of location. Biofilm 

thickness at upstream locations were nearly an order of magnitude higher than 

corresponding downstream locations which were only 0 .011 m away. At the lower 

substrate loading rate of experiment M2 biofilm thickness was thinner and much more 

evenly distributed on the coupon (Figure 26).

Coupon Length (m)

Figure 25. Distribution of biofilm thicknesses for experiment Ml after 288 hours.
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Upstream 1/3 
Middle 1/3 

Downstream 1/3
0.11

Coupon Length (m)

Figure 26. Distribution of biofilm thicknesses for experiment M2 after 288 hours.
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DISCUSSION 

Biofilm Characteristics

Biofilm Thickness

Steady state biofilm thickness is dependent on the substrate loading rate. 

Average steady state values for the thicknesses were 31.85, 17.61 and 6.20 microns 

(10"6m) for substrate loading rates of 0.0102, 0.0512 and 0.0922 g GC m"2 h'1, 

respectively. Data on Ps. aeruginosa biofilm thickness at such low substrate loading 

rates (0.0102 g GC m'2 h'1) were not available prior to this research. Previous research 

(Trulear, 1983; Siebel, 1987) with Ps. aeruginosa in RotoTorques indicated that the 

average steady state biofilm thickness was always approximately 30 microns (10'6m), 

although the lowest reported substrate loading rate was 0.0653 g GC m"2 h'1 (Trulear, 

1983). This research indicates that the film thickness is dependent upon substrate 

loading rate between 0.0102 and 0.0922 g GC m"2 Ir1. Figure 27 shows that the 

steady state film thickness increases with substrate loading rate up to approximately 

0.120 g GC m"2 h"1 and then asymptotically approaches 33 microns (10"6m). At this 

point, it is unclear why the plateau thickness for Ps. aeruginosa is 33 microns (10'6m), 

but it may be related to the thickness of the laminar sublayer and the strength of EPS 

bonds between cells. Mixed population film thicknesses for identical substrate loading 

rates and rotational speeds are typically an order of magnitude higher (Figures 25 and 

26 and Appendix H) indicating that strength and structure of the biofilm may be the 

key variable which determines biofilm thickness at higher substrate loading rates.
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Figure 27. The dependence of steady state biofilm thickness for Ps. aeruginosa in a 
rototorque on the glucose utilization rate (--- 95% confidence interval).

Biofilm Roughness

Data on biofilm roughness may provide insight for microscale computer 

modelling efforts. The results obtained indicate that the standard deviation of the Ps. 

aeruginosa biofilm thickness is approximately one-fifth (0.22) of the average (Figure 

11). Typical values of film thickness would fall within 2 standard deviations on either 

side of the mean. As an example, for a 30 micron (10"6m) average film thickness, 

individual thickness measurements may range from 18 to 42 microns (10 6m). At this 

time, no models account for film roughness and the differences in fluid dynamics and 

mass transfer that may result. Rougher films would most likely have higher mass 

transfer coefficients than smoother films, which would result in a higher growth rate 

for a given bulk liquid substrate concentration.

Mixed population biofilm roughness was sometimes higher than the average
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measured value. This indicates that not only are mixed culture biofilms thicker, but 

that the morphology is more heterogeneous.

Areal and Volumetric Mass Density

For modelling purposes, it would be useful to obtain correlations which account 

for the changes in biofilm structure as the biofilm ages and matures. The areal mass 

density was fit with both a one-half order (Eq. 29) and first order (Eq. 28) expression 

in average biofilm thickness (Figure 13). The regression analysis gave squared 

correlation coefficients (r2) of 0.29 and 0 .17, respectively, indicating that, although the 

data is very noisy, the one-half order expression better describes the data. From these 

regressions, the volumetric mass density can be calculated by dividing by the thickness 

and can be plotted against the observed values. Fitting the areal mass density with 

a first order regression in film thickness (Figure 14) results in a zero order, or constant 

volumetric mass density (Eq. 31).

P/ = p̂1 (3D

P/ (32)

Also, fitting the areal mass density with a one-half order expression in biofilm 

thickness gives a negative one-half order expression in film thickness for the volumetric 

mass density (Eq. 32).

Most biofilm models assume constant biofilm volumetric mass density (Howell . 

and Atkinson, 1976; Rittman and McCarty, 19 7 8 ,1980, and 1981; Wanner and Gujer, 

1986; Chang and Rittman, 1987 and 1988; Namkung and Rittman, 1987; Suidan et
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al., 1987; Skowlund and Kirmse, 1989) (Eq. 31). Although not conclusive, the data 

obtained from this research suggests that volumetric mass density may be better 

modelled with a negative one-half order expression in biofilm thickness. This 

expression predicts high volumetric density values for very thin films. As calculated 

from Eq. 32, the predicted volumetric mass density for a one micron (1x10"6m) biofilm 

is 199x1 Ô g m"3. Eq. 32 predicts that thinner films are more dense and thicker films 

are less dense.

A speculative extension of this regression analysis can be made in order to 

calculate the local volumetric mass density with biofilm depth. This is based on two 

critical, untested assumptions: I) biofilm density at a given depth remains constant 

over time, and 2) the density of a monolayer of cells (Zy= 5x10 ^m) can be accurately 

predicted by Eq. 32. The measured mass density values are the observed average 

density over the entire biofilm thickness. Using the calculus definition of an average:

Ar
/p/,*o (33)

o

Integrating the denominator, and separating the numerator gives:

StiO"7 Ar

PA = /  p//z + /  p/A (34)
o SxJO"7

Using assumption 2 that the density of a monolayer is constant and known, and using 

a series approximation to the integral gives the final form which can be solved 

stepwise to determine the local density profile with depth in the biofilm.
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Stepwise solution of Eq. 35 gives the results shown in Figure 28. This density model 

predicts that the influence of deeper biofilm layers on average density is significant. 

For example, if, by Eq. 32, a 10 micron (1.0x10‘5m) biofilm has an average density of 

62.9x103 dry g m 3 and a 20 micron (2.0x10"5m) biofilm has an average density of 

44.5x103 dry g m 3, then, assuming the density of the lower 10 micron (1.0x10"5m) 

film remains constant, the upper 10 microns (1.0x10"5m) of biofilm must have a 

density of 26.1x103 dry g m 3 to give the observed average of 44.5x103 dry g m 3.

Average
Local

100

Distance from Substratum (I O m)

Figure 28 . Fitted average and calculated local volumetric mass density with distance 
from the substratum.

This analysis is intended to be a conceptual approach to modelling biofilm

volumetric density and is based on very noisy measurements of volumetric mass
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density. Analytical errors are more likely to occur when measuring the density of 

thinner films. A small error in the average biofilm thickness may result in a larger error 

in the calculated volumetric density, which in turn will scatter the data more for thinner 

films. Further volumetric mass density data is required to verify this approach, which 

may put too much emphasis on density of a monolayer biofilm. Even so, this model 

is qualitatively consistent with the measurements of biofilm density with depth by 

Masuda et al. (1991) (Table 2). The data of Masuda et al. indicated that the average 

density of the total biofilm was 65.3x103dry g wet m"3.

Carbohydrate Analysis

There were no significant differences in the results of the glycosyl composition 

between the samples from experiments S4 and R8 indicating that substrate loading 

rate and shear stress had little effect on the overall carbohydrate composition of the 

Ps. aeruginosa biofilm. However, it is interesting to note that the methods used for 

carbohydrate determination would have detected the presence of acidic sugars such 

as manuronic and glucuronic acid, which are the two monomers that form alginate. 

It is clear that no alginate was detected in any of the three samples. The composition 

of the contaminated biofilm (Gram positive rods) from experiment T4 differed 

significantly in the rhamnose, glucose, and galactose concentrations. The composition 

reported for the uncontaminated samples is typical of the Iipopolysaccharide layer, 

commonly known as the outer wall, of Gram negative organisms. Brock and Madigan 

(1988) report that the Iipopolysaccharide of another Gram negative organism. 

Salmonella, has been studied extensively and has been found to contain rhamnose, 

mannose, glucose, galactose, and N-acetylglucosamine. With the exception of 

galactose, these components were found in the uncontaminated Ps. aeruginosa



71

samples, while galactose was present in the contaminated sample, T4. The 

contaminated sample also had a much higher concentration of glucose present than 

the other two samples.

The carbohydrate analysis indicates that different organisms in biofilm influence 

the EPS composition. It may be possible to use this analysis to determine the presence 

of contamination, even when the contaminating organism is difficult to culture on 

auger plates.

Bulk Liquid Characteristics

Glucose Concentration

Steady state glucose concentrations showed significant increases with 

increasing substrate loading rate. Although the differences were statistically 

significant, no consistent trend was observed with varying rotational speeds. Influent 

glucose concentrations varied by a factor of nine, ranging from 7.2 to 0.8 g GC m"3, 

but average effluent concentrations only varied by a factor of two, ranging from 0.8 

to 0.32 g GC m"3. It appears that effluent substrate concentration is relatively 

independent of input substrate concentration. It is interesting to note that the 

computer simulation "BIOSIM" qualitatively predicts this result.

Biofilm Process Characteristics

Detachment Rate

Published detachment expressions were compared by ranking the squared 

correlation coefficient (r2) between each detachment expression and the data found in 

this investigation, the combined data set, and the mixed population data set. In Table
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10, it can be seen that the proposed equation (Eq. 25) gives the best correlation in all 

three detachment data sets. The observed data, as a function of the proposed 

detachment expression for the combined data set and the mixed population data set, 

are shown graphically in Figures 29 and 30, respectively.

Table 10. Squared correlation coefficients (r2) of reported detachment expressions. 
Equations are ranked from top to bottom by average r2 for the three columns.

Data from 
this
Investigation 
Combined with Mixed

Data from Trulear (1983), Population
Detachment Rate this Turakhia (1986), Data from
Expression Investigation Siebel (1987) Trulear (1980)

Eq. # ^  [ = ] M L-2T1 r2 r2 r2

(25) kdQ/A (Si(C)-S(C)) Yx,JLf 0.56 0.59 0.73

(18) L/ (k d +  k d n) 0.37 0.20 0.42

(17) kd PfLf 0.43 0.42 0.13

(16) 0.22 0.26 0.27

(20) kj PfLf 0.25 0.24 0.24

(19) K pfLf T0-58 0.025 0.23 0.060

(14) KPfT 0.028 0.026 0.021

The data indicate that shear stress had no significant influence on the 

detachment rate over a wide range of environmental conditions. In addition, the 

product of substrate utilization rate, yield, and biofilm thickness gave the best 

description of detachment rate.
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Figure 29 . Monopopulation Ps. aeruginosa detachment rates from this research 
combined with other experimental investigations are linearly related to the proposed 
detachment rate expression (r2 = 0.59).
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Figure 30 . Mixed population detachment rates from this research and Trulear (1980) 
yield squared correlation coefficients of 0.58 and 0.73, respectively, for the proposed 
detachment rate expression (Eq. 25).
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Shear Stress

To further define the role of shear stress, Eqs. 14 and 19 were rewritten in the 

more general form given in Eqs. 36 and 37, and were linearized to determine the value 

of n required to best fit the data.

Rd = kd 9f  t" (36)

Rd = kd 9 f Lf x* (37)

Exponent values from the data of this thesis alone and in combination with several 

other investigations with Ps. aeruginosa biofilms (Trulear, 1983; Siebel, 1987; 

Turakhia, 1986) were analyzed (Table 11). The mixed population data of Trulear, 

previously evaluated by Rittman (1982) to determine Eq. 19 (Table 3), was analyzed 

in an identical manner. From the data obtained in this research, the exponent on shear 

stress was negative and statistically indistinguishable from zero. However, the values 

were not significantly different, at the 95% level, from n = 0.58 (Eq. 19) or n = 1.0 

(Eq. 14) proposed by other authors. Only the value of n = 0.55 from Eq. 37 for the 

combined data set was similar to the proposed value of /z = 0.58 (Eq. 19).

Trulear's (1980) original mixed culture detachment data with shear stress are 

replotted in Figure 31. A squared correlation coefficient (r2) of 0.00038 between

detachment rate and shear stress indicates no correlation.
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Table 11. Dependence of detachment rate on shear stress. The influence of shear 
stress was determined as an exponent on shear stress from Eqs. 36 and 37.

n
(Eq. 37)

SE(zi) 
(Eq. 37)

n
(Eq. 36)

SE(zz) 
(Eq. 3

Proposed Value 
(Reference)

0.58
(Rittman 1982)

1.0
(Bakke et al. 1990)

Ps. aeruginosa 
(This Thesis)

-0.27 0.64 -0.43 0.89

Ps. aeruginosa 0.55 0.12 -0.18 0.20
(This Thesis with Trulear 1983, Turakhia 1986, and Siebel 1987)

Mixed Population -0.64 0.11 0.52 0.13
(Trulear and Characklis 1982)

0.3

0.2

Shear Stress (N m"2)

Figure 31. Trulear's (1980) mixed population detachment rates do not correlate with 
measured shear stress.
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The results indicate that over the range of 0.5 to 3.4 N nr2 there was no 

significant influence of shear stress on the cellular detachment rate, for either mono- 

or mixed populations (Figure 20 and Table 8, and Figure 31). This conclusion is limited 

to systems under constant or gradually changing shear stress. Bakke (1986) has 

shown that rapid increases in shear stress can cause transient increases in detachment 

rates. That research revealed, however, that detachment rate returned to its original 

level within five reactor residence times, even at the higher shear stress. Rapid 

decreases in shear stress did not affect the detachment rate. In light of these 

observations, a detachment rate expression that incorporates the rate of change of the 

shear stress, rather than the shear stress itself, may be more appropriate:

~ d̂e + RdA*

Where Rdliz =

(38)

Eq. 38 incorporates the continuous detachment rate as a result of erosion and the 

transient detachment rates which result from increases in the shear stress. Eq. 38 

could easily be implemented in computer models and would better reflect the effects 

of shear stress on biofilm detachment.

Some influence of the bulk liquid velocity on detachment rate may be 

hypothesized. As the liquid velocity at biofilm-bulk fluid interface increases, the shear 

forces exerted on the biofilm increase while, at the same time, mass transfer 

resistance decreases. If detachment rate is independent of shear stress, but is 

dependent on mass transfer of substrate to the biofilm, then there will be a flow 

velocity region (at the lower end of the turbulent flow range) where detachment
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increases with increasing flow velocity. However, such an increase in detachment rate 

with increasing fluid velocity is the result of increased mass transfer of substrate to 

the biofilm and not a direct result of increased shear stress at the biofilm interface^ 

If shear stress does have some effect on the detachment rate, the influence is 

insignificant when compared to that of the substrate utilization rate.

Substrate Utilization Rate

The accumulation of a biofilm is the net result of processes that produce 

biomass and processes that remove it. The accumulation continues until the biofilm 

reaches steady state, at which point the biomass production is balanced primarily by 

biomass detachment. Thus, material balance considerations alone establish the 

biomass production rate (Eq. 24), as the upper limit for a sustainable detachment rate. 

Eq. 25 incorporates this inherent substrate dependence of the biofilm detachment rate 

into an expression that describes both steady and unsteady state detachment rates for 

both monopopulation and mixed population biofilms.

Eq. 25 predicts high detachment rates during periods of high growth rates, i.e., 

high substrate utilization rates. This association has been observed previously (Chang 

and Rittman, 1988; Speitel and DiGiano, 1987). Eq. 18 was proposed by Speitel and 

DiGiano (1987) to reflect high detachment rates observed during periods of high 

growth rate. It is interesting to note that Speitel and DiGiano report some dependence 

of the growth-associated detachment rate coefficient, k”d (M L'3), on the type of 

substrate used. Eq. 25 is also dependent on the type of substrate, since the yield 

coefficient will be influenced by substrate properties (eg. free energy of oxidation). A 

substrate which is more difficult to metabolize or provides less energy for producing 

biomass will result in lower detachment rates for the same substrate conversion rate.
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The relationship between the more fundamental variables, n and Xjc, and the 

substrate utilization rate can be shown by a cell balance on the biofilm (Eq. 39):

A ^ -  = VXfiA  + R acA - R dcA (39)

At steady state with a negligible attachment rate, the cell balance reduces to the 

following:

Rdĉ  = IiXyc (40)

Equating Eqs. 40 and 24 yields the following:

» x jc = % ( o  - (41)"  s

Eq. 41 indicates that measurement of the influent and effluent substrate 

concentrations in the bulk liquid, and an estimate of the observed yield, can be 

substituted for values of the more difficult to measure /t and Xfc in the characterization 

of steady state detachment rates.

By substituting Eq. 41 into the proposed detachment expression (Eq. 25) it can 

be shown that Eq. 25 is equivalent to the following:

r JC  = k d  P  Pj c  L y  (42)

Eq. 42 has been derived as a special case of a proposed mechanistic detachment 

model (Stewart, 1992).

There is a small discrepancy between two methods of determining the product 

IiXjc. This product can either be calculated directly from measurement of the biofilm
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cell number and substrate concentration, or by using Eq. 43 and either the detachment 

rate or the substrate utilization rate and the yield.

»Xfc = = r K  <43>

There is approximately a factor of 2 difference between the directly measured values 

of IlXjc and the calculated value of QzHi (Sm -S^)YxJs. This could be the result of either 

consistently low substrate concentration measurements, or consistently low biofilm 

cell counts, although it may be a combination of both. For glucose concentrations 

measured herein, a small underestimation in the glucose concentrations would result 

in a relatively large underestimation of the specific growth rate (Figure 32). Biofilm 

areal cell counts are subject to more possible experimental error, with errors tending 

to occur which might lower the estimated number of cells per unit area. Incomplete 

removal of cells from the coupon surface and incomplete homogenization of the 

scraped biofilm material prior to cell counting would each result in a decrease in the 

observed cell numbers, and could easily compound the error into giving values of Xjc 

which were a factor of 2 low. The less direct, but perhaps more accurate, method to 

estimate IX jc at steady state is with either the substrate utilization rate and observed 

yield, or the detachment rate. While the product IX jc is sensitive to errors in the 

measurement of both the areal cell density and the average specific growth rate, 

calculation of IX jc by Eq. 43 is not.

A possibly more accurate estimate of IX jc may be calculated by either of two 

approaches (Eq. 43). The first method uses the substrate utilization rate and observed 

yield. The substrate utilization rate is usually measurable for biological systems. The
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observed yield can be calculated in a chemostat system (Eq. 44) (Bailey and Ollis, 

1986).

Y'x D
Yx = ------------- (44)

s D + m Y'x 
s

Eq. 44 has not been applied to biofilm systems. For a steady state chemostat, Eq. 45 

is true.

n = £> (45)

Combining Eqs. 44 and 45 gives Eq. 46, which may be applied to biofilm systems.

Y'x n
Yx = ------?------- (46)

s n + m Y'x 
s

Using an intrinsic or growth yield of 0.34 g CC [g GC]"1 and an observed yield of 0.286 

g CC [g GC]"1 at D = 0.4 h"1 (Robinson et al., 1984), a maintenance coefficient of 

0.22 g GC [g CC]"1 h"1 for Ps. aeruginosa was calculated from Eq. 44.

Using m =  0.22, Y1xfs =  0.34, an average specific growth rate over all steady 

state experiments of 0.104 h"\ and Eq. 46, a value of observed yield was calculated 

to be 0.198 g CC [g GC]1. The measured value of observed yield was 0.182 ± 0.02. 

This is very close to the observed yield of 0.20 ± 0.02 measured by Siebel (1987).

The second approach to calculate the product JLtXzc is by the detachment rate. 

This method is easier and more accurate than individual measurement of jit and Xfc 

since there is less experimental error associated with measurement of suspended cells 

as opposed to sessile cells.
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I

Figure 32. Specific growth rate as calculated by the Monod equation. Inset shows 
the sensitivity of the specific growth rate to small changes in the substrate 
concentration.

Particle Size Distribution

The detached particle size distributions show that the average detached particle 

size was 0.886 ±0.072, 1.160±0.163, and 0.838 ±0.152 IO"12 m2, for experiments 

RO, S4, and T4, respectively. This is only slightly larger than the size of an average 

cell (0.75x10'12m2), indicating that erosion of single cells is the dominant form of 

detachment occurring from a Ps. aeruginosa biofilm in a RotoTorque.

Size distribution information is important for the determination of a mechanistic 

model of biofilm detachment. Just as detachment of single cells indicates erosion of 

cells at the biofilm-bulk liquid interface, observation of larger particles is indicative of 

detachment occurring in the deeper layers of the biofilm. Calculated substrate profiles 

indicate that there is little difference in the "local" growth rate across a thin Ps. 

aeruginosa biofilm. This indicates that although the detachment rate is dependent on
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the average specific growth rate across the growing region, it may not be dependent 

on "local" specific growth rate. A detachment rate expression which is dependent on 

the local specific growth rate would predict a nearly uniform distribution of particle 

sizes from single cells up to particles containing the full biofilm depth. It appears that 

detachment is an interfacial phenomenon. From material balance considerations the 

detachment rate is related to the average specific growth rate across the growing 

region (Eq. 40).

Further research on particle size distributions is necessary for the mechanistic 

modelling of the detachment phenomena. Although the detachment rates are 

described well by Eq. 25 for both pure and mixed cultures, detachment mechanisms 

may be different for motile as compared to non-motile cells, or for filamentous 

organisms as opposed to non-filamentous organisms. Because particle size distribution 

data is so labor-intensive (up to one hour per sample), it is proposed that continuous 

on-line particle counters be applied and modified, if necessary, to the measurement of 

the detachment rate and characterization of particle sizes. Data of this type would 

promote insight into more mechanistic detachment models.

Hypothesized Detachment Mechanism

The mechanism proposed below was developed to account for seemingly 

contradictory information about I ) substrate profiles, 2) detached particle sizes, 3) 

inert bead tracer studies, and 4) photomicrographs showing a "rippled" biofilm surface.

Detached Particle Size Distribution

Particle size distribution data indicate that the majority of the particles which 

detach from a biofilm comprise one or two cells, and that only a small fraction contain
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more than two cells. This information indicates that more individual particles are 

detaching from the biofilm surface than from the deeper regions of the film.

Substrate Profiles

The substrate and specific growth rate profile calculated from BAM (Center's 

biofilm accumulation model) for a bulk glucose carbon concentration of 0.5 g GC m"3 

with a biofilm thickness of 18 microns (10"6m) are represented schematically in Figure 

33. It can be seen that there is relatively little difference in either the glucose 

concentration or the specific growth rate with biofilm depth. Since the profiles are 

flat, growth must be occurring throughout the biofilm at a nearly constant rate. This 

analysis, applicable to thin films only, indicates that although cells are detaching 

mostly from the biofilm-liquid interface, th/s is not a result of higher growth rates near 

the bulk liquid interface.

Biofilm Bulk Liquid

Glucose Concentration Profile

Specific Growth Rate Profile

Figure 33. For zero-order kinetics, there is relatively little difference in either the 
glucose concentration or the specific growth rate with biofilm depth.
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Inert Bead Tracer Studies

The research of Drury (1992) indicates that the biofilm does not behave in a 

plug flow manner with regard to the displacement of inert beads attached to and 

imbedded in the biofilm. The computer simulations "BIOSIM" and "BAM" both assume 

a plug flow displacement of biofilm components as a result of growth in the biofilm's 

deeper layers. This plug flow assumption results in the prediction of bead 

concentrations up to an order of magnitude lower than measured values. Instead of 

remaining on the surface, beads are found deep in the biofilm indicating that 

patchiness or physical mixing, alone or in combination, occurs in the biofilm 

significantly affecting the residence time of the inert bead in the biofilm.

Photomicrographs

The photomicrographs given in Photos I and 2 show a "rippled" biofilm surface. 

This rippling may have been accentuated, but was not caused by, the harsh treatments 

required to dry the biofilm samples before SEM analysis. Biofilm ripples similar to 

those shown in Photos I and 2 were observed with phase microscopy. The ripples 

were, on average, perpendicular to the flow of the bulk liquid, and resembled sand 

dunes.

Detachment Mechanism

At the microscale, a Ps. aeruginosa biofilm in a RotoTorque may resemble sand 

dunes which develop in the desert under a constant wind. Cells may be lifted off the 

upstream face of a "dune" and either reattach on the back side in the eddy that 

results, or be entrained in the bulk liquid and washed from the reactor (Figure 34).
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Flow Direction

Detachment

Figure 34. Cells may be lifted off the upstream face of a "dune" and either reattach 
on the back side or be entrained in the bulk liquid.

Biofilm ripples would, therefore, be dynamic and would travel in much the same way 

sand dunes move through the desert, burying and uncovering objects in their paths. 

Inert beads could, therefore, be covered with biofilm even though the bead had 

attached to the biofilm surface at one time. In the same manner, as the dune passed 

by, the bead would become exposed on the upstream face and may be lifted off the 

biofilm surface either to reattach in the eddy behind the dune's crest or to be washed 

from the reactor. A time series diagram is given in Figure 35.

In summary, particle size distributions given in Appendix I indicate that particles 

detach primarily from the biofilm-bulk liquid interface, although substrate profiles show 

very little difference between the specific growth rate at the film surface and at the 

substratum. Therefore, detachment from the surface, in thin films, is not the result 

of relatively high growth rates near the bulk liquid interface. Inert bead residence times
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are much longer than plug flow displacement theories predict, indicating some type of 

mixing occurs in the biofilm. This hypothesis states that detachment does occur from 

the surface of the biofilm as the size distributions indicate, yet still allows for mixing 

of biofilm components required to match the observed residence time of the inert 

beads. This hypothesis incorporates seemingly contradictory data and observations 

into a unified mechanism for biofilm detachment.

Flow Direction

b.

Figure 35. A small arrow marks the crest of a travelling dune (a). An attached inert 
particle becomes covered with biofilm as the dune passes by (b). The particle is 
exposed on the upstream slope and detaches.

Industrial Relevance

These results have significance to a wide variety of industries. In drinking 

water distribution systems it is believed that detachment from biofilms result in the 

high heterotrophic plate counts (HPC) and high coliform counts even in systems with 

a significant chlorine residual (van der Wende et al., 1989). It has also been found that
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lowering the assimilable organic carbon (AOC) will give lower coliform and HPC counts 

(LeChevaIIier et a I., 1991). These observations are consistent with the data presented 

here. A lower AOC concentration is equivalent to a lower substrate loading rate, and 

subsequently a lower substrate utilization rate. This would result in lower detachment 

of coliforms and HPC from the biofilm found in the distribution systems. The practice 

is common in the semi-conductor industry where synthetic scavengers are used to 

lower the organic carbon levels, thus reducing the substrate available for attached 

microbial growth and subsequent detachment (Collentro, 1986).

In oilfield injection systems, the biomass which detaches from the prerinjection 

pipelines is either removed by filtration, or is injected into the formation. In either 

case, increased detachment leads to increased operation and maintenance costs. If 

the AOC or electron acceptor concentration in these systems were significantly 

lowered by biological or chemical pre-treatment, filter life may be extended, and 

biocide treatments may be reduced. In the absence of pre-injection filters less biomass 

would be injected downhole, which would result in less acid cleaning of injection wells.
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CONCLUSIONS

The results from this investigation, within the range of variables tested, have 

led to the following conclusions:

1) The cellular detachment rate is dependent on the cellular production rate.

2) An expression which incorporates substrate utilization rate, observed yield 

coefficient, and biofilm thickness gives better correlation than any previously 

proposed models for detachment rate.

3) Shear stress had no significant influence on the detachment rate.

4) Steady state biofilm thickness is dependent on the substrate loading rate and 

is not significantly affected by shear stress.

5) The observed yield can be calculated from the specific growth rate, the intrinsic 

yield, and the maintenance coefficient.
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RECOMMENDATIONS FOR FURTHER RESEARCH

The results of this investigation could be strengthened and expanded by further 

experimental research on the kinetics of biofilm detachment. Recommendations 

toward future research are outlined in the following paragraphs.

1) The data indicate that detachment is the result of removal of a wide range 

of particle sizes. Image analysis measurements of size distributions are very time 

consuming. Therefore, an on-line particle counter would be of obvious benefit, since 

both sizes and numbers of detached particles could be enumerated on semi-continuous 

basis. A proposal written by Dr. Phil Stewart and myself has been funded to purchase 

and test commercially available equipment for detachment monitoring. If continuous 

size and number data were available, detachment theory could be rapidly advanced.

2) In this research, shear stress was not found to have a significant effect on 

detachment rate. Therefore, the range of shear stress studied should be extended. 

It may be necessary to perform these experiments in a pipeline system or improve the 

RotoTorque to handle higher rotational speeds. In any case, further research should 

clearly delineate the effects of shear stress and the effects of transport limitations.

3) Substrate loading rate is the product of influent glucose concentration and 

volumetric flow rate divided by reactor area. In this investigation only the influent 

glucose concentration was changed. Further research could determine the effect of 

changes in volumetric flow rate on detachment. Such changes would affect residence 

time in the reactor, which may affect substrate utilization and, thus, detachment.
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Ai Vertical surface area of RotoTorque inner cylinder (L2) 

g0 Gravitational acceleration constant (L t"2)

Gi(C) Glucose carbon concentration in the influent (MG(C) L"3)

Gf(C) Glucose carbon concentration in the biofilm (Mgici L'3)

Gl(C) Glucose carbon concentration in the liquid phase (MG(C) L 3)

Jjg(C) Flux of glucose carbon into the biofilm (MG|C) L 21'1)

Jip(C) Flux of product carbon into the liquid phase (MP,C) L 21'1)

kd Detachment coefficient (units expression dependent) 

k ’d Non-growth associated detachment coefficient (M L1 t"1) 

k”d Growth associated detachment coefficient (M L"1) 

kp] First order volumetric density coefficient (M L"3)

kpl/2 One-half order volumetric density coefficient (M L"5/2)

Lf  Biofilm thickness (L)

m Maintenance coefficient (MG|C) Mcic,'1 t '1)

Mj Torque (M L21"2)

n Exponent on shear stress (unitless)

Pf(C) Product carbon concentration in the biofilm (MP(C) L2)

Pm  Product carbon concentration in the influent (MP(C) L"3)

Pko Product carbon concentration in the liquid phase (MP(C) L'3)

Q Volumetric flow rate (L3 f 1) 

r, Radius of RotoTorque inner cylinder (L)

Ra Attachment rate (M L 21'1)

RaC Cellular attachment rate (Mc L 2 T1)

A  Area (L2)
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Rac(c) Cellular carbon attachment rate (MC(C) L21'1)

Rd Detachment rate (M L2 f 1)

Rdc Cellular detachment rate (Mc L 21"1)

RdC(C) Cellular carbon detachment rate (MC|C) L21"1)

Rde Detachment rate due to erosion (M L 21'1)

Rdia. Detachment rate due to change in shear stress (M L21'1)

RjC(C) Biomass cell carbon production rate in the biofilm (MC(C) L 21'1)

Rjp(C) Specific product carbon production rate in the biofilm (MP(C, Mcic)"1 t"1) 

r W(C) Specific product carbon production rate (MP(C) MC(C|"1 t"1)

Rl(c) Substrate carbon loading rate (M,C) L 21"1)

Ru(C) Substrate carbon utilization rate (M,c| L 21'1)

S(C) Substrate carbon concentration (M,C) L"3)

Skq Substrate carbon concentration in the influent (M{C) L"3) 

t Time (t)

V Volume (L3)

Xf  Areal biomass density (M L"2)

XjC(C) Areal cell carbon density in the biofilm (MC|C) L"2)

X^o  Cell carbon concentration in the influent (MC|C) L'3)

Xw(C) Cell carbon concentration in the liquid phase (MciciL"3)

Xjc Areal cell density in the biofilm (#c L"2)

Xic Cell number concentration in the influent (#c L"3)

Xlc Cell number concentration in the liquid phase (#c L"3)

YP/S Product yield (MP|C) Mgici"1)

Yxjs Observed biomass yield (MC(C) MG(C)"1)
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Y’ms Intrinsic biomass yield (MC(C) Mgic,"1) 

z Distance from substratum (L)

H Specific growth rate (t"1)

/i Average specific growth rate (t"1)

v Average fluid velocity (L t"1)

P f  Biofilm volumetric density (M L"3)

P f  Average biofilm volumetric density (M L"3)

P f c  Biofilm volumetric cell density (Mc L"3)

P fm  Estimated volumetric density of a monolayer (M L"3)

Pf  Local volumetric density (M L"3)

T Shear stress at biofilm surface (M L1 t"2)

Average shear stress on RotoTorque inner cylinder (M L1 t"2)T
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Inner cylinder

- height
- diameter
- wetted surface area (total)

Outer cylinder

- height
- diameter
- wetted surface area (total)

Slides

- number
- length
- width
- wetted surface area (one slide)

Reactor

- wetted surface area
- slide surface area
- liquid volume (at 200 rpm)
- width of annular gap

0.177 m 
0.102 m 
0.073 m2

0.220 m 
0.113 m 
0.023 m2

12
0.220 m 
0.017 m 
3.74x10-3m2

0.186 m2 
0.045 m2 
0.596x10-3m3 
5.5x1 Q-3Pn

For a more detailed list of RotoTorque characteristics see Siebel (1987).
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A. Phosphate Buffered Formalin (4%) for cell count preservation.

1. Dissolve 34g KH2PO4 in 500 ml distilled water.

2. Adjust pH to 7.5 +/- 0.5

3. Add 108 ml of 37% formaldehyde.

4. Fill to I liter.

5. Filter sterilize in cell free glassware.

B. TEM/SEM Sample Preservation Method*

1. To make phosphate buffered (0.1 M) glutaraldehyde (5%)

a. Dissolve 13.6g KH2PO4 in 500 ml distilled water.

b. Add 102 ml of 49% active glutaraldehyde.

c. Fill to 950 ml.

d. Adjust to pH 7.2 +/-0.1

e. Fill to I liter.

2. Remove polycarbonate filter from RotoTorque slide and place in Petri dish.

3. Slowly pipette glutaraldehyde solution and allow to fix for 2 hours.

4. Place fixed film into scintillation vial filled with 0.1 M KH2PO4.

5. Refrigerate until permanent fixation.

* - Adapted from J. Bacteriology, August 1987, vol 169,#8, p.3470-3472
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APPENDIX C

Raw Data 200 rpm
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Experiment code: R-O Influent Glucose Concentration: 7 .2  g GC m"3

Table 12. Bulk liquid measurements.

Time ID 
(hours) #

TOC 
(g C m"3)

SOC 
(g C m'3)

Glucose 
(g GC m"3)

Suspended
cells
(IO12 m"3)

50.0 I _ 0.33 9.78
72.0 2 - - 0.65 12.5
96.0 3 - - 0.68 9.75
120.0 4 - - 0.68 12.6
170.0 5 - - 0.55 19.7
241.0 6 - - - -

Table 13. Biofilm measurements.

Time ID 
(hours) #

Thickness
(10"6m)

Roughness*
(10"8m)

Areal 
density 
(dry g m"2)

Biofilm
cells
(IO12 m"2)

TOC 
(g C m 2)

50.0 I 14.50 4.91
72.0 2 22.17 7.64 0.7899 - -

96.0 3 30.67 6.53 0.4252 - -

120.0 4 31.00 6.94 0.6209 - -

170.0 5 34.17 8.00 0.7294 - -

241.0 6 31.83 7.00 - - T

* - Roughness is defined as the standard deviation of the biofilm thickness as measured
optically at 8 locations.



118

Experiment code: R-I Influent Glucose Concentration: 4  g GC m"3

Table 14. Bulk liquid measurements.

Time ID 
(hours) #

TOC 
(g C m"3)

SOC 
(g C m"3)

Glucose 
(g GC m 3)

Suspended
cells
(IO12 m"3)

24.0 I 4.38 1.35
48.0 2 1.91 2.17 0.48 8.21
90.0 3 1.62 0.91 0.54 9.77
113.0 4 1.68 2.58 0.52 9.41
143.0 5 2.39 1.62 0.61 7.56
166.0 6 4.49 2.30 0.68 9.51
284.5 7 1.63 1.78 0.58 6.81
311.0 8 4.29 2.29 0.61 21.8
311.1 8d 1.85 1.33 0.57 -

***** Begin step change to pH 5.8 buffer at time = 313 hours
314.5 9 1.38 1.40 0.68 9.33
317.0 10 4.55 1.53 0.79 15.2
322.0 11 3.13 2.11 1.01 4.61
333.3 12 2.19 - 1.03 4.94
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Experiment code: R-I Influent Glucose Concentration: 4  g GC m'3

Table 15. Biofilm measurements.

Time ID 
(hours) #

Thickness
(IO-Sm)

Roughness*
(IQSm)

Areal 
density 
(dry g m"2)

Biofilm
cells
(IO12 m"2)

TOC 
(g C m

24.0 I
48.0 2 - - - - -

90.0 3 8.33 2.92 0.8459 0.7317 0.314
113.0 4 12.00 1.89 0.5941 - -

143.0 5 13.67 3.55 0.8353 - 0.182
166.0 6 13.33 2.67 0.1412 0.4977 0.222
284.5 7 15.00 6.52 1.118 0.3386 -

311.0 8 22.00 6.98 0.9647 0.6323 0.332
311.1 8d 18.83 6.96 1.018 0.0578 0.428***** Begin step change to pH 5.8 buffer at time = 313 hours *****
314.5 9 24.83 5.70 0.2941 0.6347 0.493
317.0 10 20.67 4.89 0.2118 0.5587 0.335
322.0 11 24.83 4.33 0.2882 0.1399 0.391
333.0 12 17.83 7.71 0.4294 0.3821 0.202

* - Roughness is defined as the standard deviation of the biofilm thickness as measured 
optically at 8 locations.
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Experiment code: R-2 Influent Glucose Concentration: 0 .8  g GC m"3

Table 16. Bulk liquid measurements.

Suspended
Time ID 
(hours) #

TOC 
(g C m'3)

SOC 
(g C nr3}

Glucose 
(g GC nr3)

cells
(IO12 m"3)

72.0 I 1.12 3.30 0.46 0.829
120.0 2 4.30 0.78 0.51 1.04
120.2 2d - - - -

236.5 3 2.81 1.06 0.49 1.68
290.0 4 1.14 0.74 0.43 2.05

Noticeable contamination on coupon at time = 290 hours 
About 15% of coupon is thick and cloudy

Table 17. Biofilm measurements.

Time ID 
(hours) #

Thickness
(10'6m)

Roughness*
(IOAn)

Areal 
density 
(dry g nr2)

Biofilm
cells
(1012m-2)

TOC 
(g C m

72.0 I 3.17 1.88 0.0471 0.0406 0.270
120.0 2 4.83 1.58 0.2412 0.3443 0.087
120.2 2d 5.17 1.32 - - -

236.5 3 5.17 1.81 0.4235 0.1909 -

290.0 4 9.67 3.00 0.5118 0.1864 0.098
*****
*****

Noticeable contamination on coupon at time 
About 15% of coupon is thick and cloudy

= 290 hours *****
*****

* - Roughness is defined as the standard deviation of the biofilm thickness as measured
optically at 8 locations.
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Table 18. Optical thickness data 200 rpm.

Exp't
Code Time 
# (hours)

Optical 
Thickness 
Measurements 
( I  O W

Average
Optical Standard
Thickness Deviation(I OW now

50.00 14, 15, 10, 5, 11, 7, 15, 10 10.88 3.68
72.00 17, 21, 24, 13, 10, 23, 16, 9 16.63 5.73
96.00 16, 24, 25, 18,19, 24, 29, 29 23.00 4.90
120.0 30, 23, 24, 23, 26, 14, 28, 18 23.25 5.20
170.0 19, 22, 21, 34, 29, 30, 31,19 25.63 6.00
241.0 26, 28, 22, 18, 23, 34, 20, 20 23.88 5.25

24.00 _

48.00 - - -

90.00 7, 4, 4, 10, 8, 7, 4, 6 6.25 2.19
113.0 6, 9, 10, 9, 10,10, 8, 10 9.00 1.41
143.0 11, 9, 9, 9, 16, 11, 10, 7 10.25 2.66
166.0 11, 10, 10, 10, 9, 6, 13, 11 10.00 2.00
284.5 16, 9, 6, 17, 9, 18, 8, 7 11.25 4.89
311.0 21, 11, 18, 15, 23, 8, 15, 21 16.50 5.24
311.1 9, 9, 14,18, 22, 20,11,10 14.13 5.22
314.5 13, 25, 22, 20, 13, 20> 16, 20 18.63 4.27
317.0 15, 18, 10, 21, 17, 12, 13, 18 15.50 3.66
322.0 19, 24, 18, 13, 16, 19, 21, 19 18.63 3.25
333.0 12, 6, 10, 15, 26, 12, 14, 12 13.38 5.78

72.00 3, I, 4, 0, 2, 3, 2, 4 2.38 1.41
120.0 5, 4, 3, 5, 2, 4, 4, 2 3.63 1.19
120.2 3, 5, 3, 4, 5, 3, 3, 5 3.88 0.99
236.5 7, 3, 4, 3, 3, 4, 4, 3 3.88 1.36
290.0 10, 5, 5, 10, 5, 8, 9, 6 7.25 2.25
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Table 19. Percent water data 200 rpm.

Expt Percent
Code Time Water
# (hours) (%)

R-O

R-I

50.00 -

72.00 88.55
96.00 96.03
120.0 96.67
170.0 94.21
241.0 -

24.00 _

48.00 -

90.00 92.44
113.0 -

143.0 95.20
166.0 99.19
284.5 94.71
311.0 94.27
311.1 95.61
314.5 97.56
317.0 98.69
322.0 98.65
333.0 96.17
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Raw Data 300 rpm

V
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Experiment code: R-3 Influent Glucose Concentration: 7 .2  g GC m"3

Table 20. Bulk liquid measurements.

Time ID 
(hours) #

TOC 
(g C m"3)

SOC 
(g C m"3)

Glucose 
(g GC m 3)

Suspended
cells
HO12 m'3)

24.15 I 2.76 0.80 5.81
91.25 2 7.05 5.16 4.69 15.2
115.8 3 2.74 5.71 5.20 19.9
145.8 4 - - 0.43 18.9

Table 21. Biofilm measurements.

Time ID Thickness Roughness*
(hours) # (10"6m) (10"6m)

Areal 
density 
(dry g m'2)

Biofilm
cells
(I O12 m2)

TOC 
(g C m"2)

24.15 I 2.33 1.98 0.1176 0.2534 0.533
91.25 2 15.00 5.32 -0.0588 1.042 0.108
115.8 3 21.67 4.38 0.5294 0.9179 0.188
145.8 4 31.00 8.69 1.882 0.9953 -

* - Roughness is defined as the standard deviation of the biofilm thickness as measured 
optically at 8 locations.
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Experiment code: R-4 Influent Glucose Concentration: 4  g GC m"3

Table 22. Bulk liquid measurements.

Time ID 
(hours) #

TOC 
(g C m"3)

SOC 
(g C m"3)

Glucose 
(g GC m"3)

Suspended
cells
(IO12 m 3)

47.00 I 0.96 3.65 0.23 3.12
113.7 2 2.70 1.34 0.56 7.37
140.7 3 3.82 1.46 0.51 9.63
161.7 4 2.35 0.96 0.15 9.23
185.7 5 1.55 1.27 0.32 7.84

Table 23. Biofilm measurements.

Time ID 
(hours) #

Thickness
(10-6m)

Roughness*
(10'6m)

Areal 
density 
(dry g m"2)

Biofilm
cells
(IO12 m 2)

TOC 
(g C m

47.00 I 5.00 2.54 0.1235 0.038
113.7 2 14.83 5.54 1.206 0.5530 0.166
140.7 3 19.67 8.72 0.7941 0.7171 0.224
161.7 4 16.50 5.09 - 0.7929 0.223
185.7 5 22.33 7.67 - 0.4076 0.100

* - Roughness is defined as the standard deviation of the biofilm thickness as measured
optically at 8 locations.
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Experiment code: S-4 Influent Glucose Concentration: 4  g GC m"3

Table 24. Bulk liquid measurements.

Suspended
Time ID TOC SOC Glucose cells
(hours)# (g C m"3) (g C m"3) (g GC m"3) (1012m3)

48.00 I 1.54 1.14 0.83 2.01
122.0 2 1.97 1.35 0.61 5.22
146.0 3 1.80 - 0.56 7.52
146.1 3d - - - 8.61
170.0 4 1.81 1.30 0.51 5.35
236.5 5 1.59 2.24 0.56 8.37

Table 25. Biofilm measurements.

Time ID Thickness
(hours) # (10"6m)

Areal
Roughness* density
(10"6m) (dry g m"2)

Biofilm
cells TOC
(I O12 m"2) (g C m"2)

48.00 I 7.00 2.74 0.2059 0.2097 0.108
122.0 2 17.83 4.99 0.5588 0.3490 0.231
146.0 3 23.50 3.83 1.000 0.7340 0.241
146.1 3d - - - - -

170.0 4 17.00 4.66 0.7529 1.336 0.312
236.5 5 16.00 4.83 1.053 0.6911 0.288

* - Roughness is defined as the standard deviation of the biofilm thickness as measured
optically at 8 locations.
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Experiment code: T-4 Influent Glucose Concentration: 4  g GC m"3

Table 26. Bulk liquid measurements.

Time ID 
(hours) #

TOC 
(g C m"3)

SOC 
(g C m"3)

Glucose 
(g GC m 3)

Suspended
cells
(I O12 m"3)

48.00 I 1.71 1.38 0.54 6.06
122.0 2 1.61 1.53 0.57 2.87
146.0 3 2.21 1.33 0.52 4.13***** Major sloughing occurred before time = 170 hours *****
170.0 4 2.07 1.51 0.59 7.21
236.5 5 1.43 - 0.50 6.16

Table 27. Biofilm measurements.

Time ID Thickness Roughness*
(hours) # (10"6m) (10"8m)

Areal 
density 
(dry g m"2)

Biofilm
cells
(I O12 m"2)

TOC 
(g C m"2)

48.00 I 5.50 3.66 0.3353 0.7639 0.156
122.0 2 17.33 5.83 0.5824 0.4506 0.215
146.0 3 17.67 6.64 0.7647 0.8373 0.155
***** Major sloughing occurred before time = 170 hours *****
170.0 4 13.67 9.56 0.5706 1.490 0.240
236.5 5 20.33 3.32 0.6471 1.529 0.199

* - Roughness is defined as the standard deviation of the biofilm thickness as measured
optically at 8 locations.
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Experiment code: R-5 Influent Glucose Concentration: 0 .8  g GC m"3

Table 28. Bulk liquid measurements.

Time ID 
(hours) #

TOC 
(g C m'3)

SOC 
(g C m"3)

Glucose 
(g GC m"3)

Suspended
cells
HO12 m3)

47.25 I 2.12 1.60 0.82 0.806
113.7 2 0.72 0.80 0.15 0.670
140.7 3 1.18 1.11 0.38 0.711
161.7 4 1.77 1.20 0.45 0.674
186.7 5 0.75 0.81 0.14 0.921
186.8 6 - - - -

186.9 7 - - - -

Table 29. Biofilm measurements.

Time ID 
(hours) #

Thickness
(10'6m)

Roughness*
(10'6m)

Areal 
density 
(dry g m"2)

Biofilm
cells
(I O12 m 2)

TOC 
(g C m

47.25 I 1.17 1.11 0.1118
113.7 2 4.17 3.45 0.1235 0.0643 0.091
140.7 3 4.83 4.62 0.8176 0.0993 0.254
161.7 4 7.17 5.38 0.4294 0.0985 0.096
186.7 5 7.50 4.78 0.5235 0.2025 0.114
186.8 6 7.33 6.25 1.235 0.0979 0.131
186.9 7 7.67 5.69 0.6706 0.1730 0.396

* - Roughness is defined as the standard deviation of the biofilm thickness as measured
optically at 8 locations.
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Table 30. Optical thickness data 300 rpm.

Exp't
Code
#

Time
(hours)

Optical
Thickness
Measurements
(10em)

Average
Optical
Thickness
(IOW

Standard 
Deviation 
(I OW

R-3 24.15 4, 3, 0, 2, 3, 1, 0, I 1.75 1.49
91.25 10, 10, 20, 8, 10, 14, 8, 10 11.25 3.99
115.8 15,17,20, 15, 20, 15,10,18 16.25 3.28
145.8 33, 25, 29, 16,19,21,15, 28 23.25 8.69

R-4 47.00 5, 2, 6, I, 2, 4, 6, 4 3.75 1.91
113.7 18, 10, 17, 10, 8, 7, 11, 8 11.13 4.16
140.7 30, 13, 15, 8, 12, 13, 15, 12 14.75 6.54
161.7 1 3 ,1 2 ,2 0 ,1 5 ,9 ,8 ,1 0 ,1 2 12.38 3.81
185.7 22, 9, 27, 16, 14, 15, 12, 19 16.75 5.75

S-4 48.00 9, 5, 2, 6, 4, 4, 6, 6 5.25 2.05
122.0 12, 12, 11, 14, 9, 19, 19, 11 13.38 3.74
146.0 17,19,20, 12, 20, 18, 20, 15 17.63 2.88
146.1 - - -

170.0 12, 11, 14, 10, 15, 10, 20, 10 12.75 3.49
236.5 8, 12, 11, 17, 8, 15, 16, 9 12.00 3.63

T-4 48.00 7, 0, 7, 2, 5, 2, 7, 3 4.13 2.75
122.0 6, 10, 16, 12, 9, 17, 18, 16 13.00 4.38
146.0 20, 17, 9, 8, 8, 10, 16, 18 13.25 4.98
170.0 8, 17, 10, 0 ,1 ,15 , 20, Tl 10.25 7.17
236.5 17, 13, 14, 13, 14, 14, 17, 20 15.25 2.49

R-5 47.25 0, I, 0, 2, I, 2, 0, I 0.88 0.83
113.7 7, 0, 5 ,3 ,1 , 0, 5, 4 3.13 2.59
140.7 6, 0, 0, 8, 2, 7, 6, 0 3.63 3.46
161.7 8, 7, 0, I, 9, 10, I, 7 5.38 4.03
186.7 10, 4, 7, 0, 5, 7, 10, 2 5.63 3.58
186.8 3, 10, 7, I, 8, 0, 13, 2 5.50 4.69
186.9 2, 12, 7, 10, 2, 3, 9, I 5.75 4.27
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APPENDIX E

Raw Data 400 rpm



131

Experiment code: R-6 Influent Glucose Concentration: 7 .2  g GC m'3

Table 31. Bulk liquid measurements.

Time ID 
(hours) #

TOC 
(g C m'3)

SOC 
(g C m'3)

Glucose 
(g GC m"3)

Suspended
cells
HO12 m3)

48.0 I 6.61 6.88 5.66 5.63
121.8 2 3.63 3.14 2.03 16.2
144.5 3 4.78 4.78 1.63 18.3
168.5 4 5.75 3.54 1.36 19.5
188.5 5 3.82 3.20 1.41 16.2
188.6 5d 
***** Glucose stopped at time = 190 hours

15.7

190.5 6 5.68 - 0.14 23.2
191.0 7 7.80 - 0.07 29.3
192.0 8 4.71 - 1.97 17.6
193.0 9 5.36 - - 6.00
193.1 9d - - - 10.0



132

Experiment code: R-6 Influent Glucose Concentration: 7 .2  g GC m'3

Table 32. Biofilm measurements.

Time ID 
(hours) #

Thickness
(10'6m)

Roughness*
(T0'6m)

Areal 
density 
(dry g m"2)

Biofilm
cells
(I O12 m‘2)

TOC 
(g C m

48.0 I 12.33 3.32 1.647 0.4042 1.953
121.8 2 31.83 12.66 - 1.260 0.350
144.5 3 22.67 9.77 1.941 0.6944 0.407
168.5 4 33.83 11.99 1.177 0.7484 0.596
188.5 5 38.17 13.12 1.647 0.9217 0.844
188.6
*****

5d
Glucose stopped at time = 190 hours

-

*****
190.5 6 23.67 9.39 - - -

191.0 7 15.50 9.82 - - -

192.0 8 9.50 7.18 - - -

193.0 9 10.33 6.60 - - -

193.1 9d - - - - -

* - Roughness is defined as the standard deviation of the biofilm thickness as measured 
optically at 8 locations.
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Experiment code: R-7 Influent Glucose Concentration: 4  g GC m"3

Table 33. Bulk liquid measurements.

Time ID 
(hours) #

TOC 
(g C m"3)

SOC 
(g C m"3)

Glucose 
(g GC nrv3)

Suspended
cells
MO12 m'3)

49.00 I 3.08 3.23 0.76 9.81
49.01 Id - 1.56 10.6
138.0 2 2.21 - 3.96 3.58
171.0 3 2.61 4.23 0.78 6.04
189.0 4 2.22 3.15 0.67 1.67

Table 34. Biofilm measurements.

Time ID 
(hours) #

Thickness
(10‘6m)

Roughness*
(10'6m)

Areal 
density 
(dry g m"2)

Biofilm
cells
(IO12 m'2)

TOC 
(g C m'2:

49.00 I 8.67 5.29 1.059 0.0715 0.168
49.01 Id - - - - -

138.0 2 19.17 10.69 0.9412 0.5644 0.201
171.0 3 22.17 8.37 1.000 0.8059 -

189.0 4 20.33 7.67 1.178 0.6716 1.700

* - Roughness is defined as the standard deviation of the biofilm thickness as measured
optically at 8 locations.
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Experiment code: S-7 Influent Glucose Concentration: 4  g GC m'3

Table 35. Bulk liquid measurements.

Time ID 
(hours) #

TOC 
(g C m"3)

SOC 
(g C m'3)

Glucose 
(g GC m‘3)

Suspended
cells
MO12 m3)

114.0 I 2.18 1.24 0.58 10.4
143.0 2 2.32 1.44 0.57 7.95
210.0 3 1.61 1.28 0.47 6.62

Table 36. Biofilm measurements.

Areal Biofilm
Time ID 
(hours) #

Thickness
(10'6m)

Roughness*
(10'6m)

density 
(dry g m"2)

cells
(IO12 m'2)

TOC 
(g C m"2)

114.0 I 12.50 3.96 0.5824 0.3964 0.204
143.0 2 14.50 5.98 0.5471 0.6242 1.124
210.0 3 19.17 5.28 0.9176 0.8441 1.328

* - Roughness is defined as the standard deviation of the biofilm thickness as measured 
optically at 8 locations.



135

Experiment code: R-8 Influent Glucose Concentration: 0 .8  g GC m"3

Table 37. Bulk liquid measurements.

Time ID 
(hours) #

TOC 
(g C m"3)

SOC 
(g C m"3)

Glucose 
(g GC m"3)

Suspended
cells
(1012 m"3)

114.0 I 1.04 0.42 0.02 2.77
161.0 2 1.00 1.29 0.39 1.61
186.0 3 1.22 0.86 0.26 2.33
258.0 4 1.06 0.91 0.17 2.31
354.0 5 2.01 0.66 0.18 2.96

Table 38. Biofilm measurements.

Time ID 
(hours) #

Thickness
(10"6m)

Roughness*
(10"6m)

Areal 
density 
(dry g m"2)

Biofilm
cells
(IO12 m 2)

TOC 
(g C m

114.0 I 3.33 2.76 0.3588 0.0239
161.0 2 4.17 3.06 0.1118 0.0711 0.077
186.0 3 3.50 3.49 0.1588 0.0927 0.277
258.0 4 5.67 2.74 0.2000 0.1744 0.245
354.0 5 3.83 2.89 0.1588 0.0849 0.073

* - Roughness is defined as the standard deviation of the biofilm thickness as measured 
optically at 8 locations.
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Table 39. Optical thickness data 400 rpm.

Exp't
Code
#

Time
(hours)

Optical
Thickness
Measurements
(10'8m)

Average
Optical
Thickness
(10'6m)

Standard
Deviation
(10'am)

R-6 48.00 14, 9, 9, 7, 12, 8 ,7 ,8 9.00 2.49
121.8 30, 22, 10, 40, 28, 23, 13, 25 23.88 9.49
144.5 13, 13, 25, 10, 20, 10, 15, 30 17.00 7.33
168.5 15, 35, 20, 25, 38, 30, 27, 13 25.38 8.99
188.5 22, 15, 25, 35, 32, 35, 45, 20 28.63 9.84
188.6 - - -

190.5 15, 8, 10, 17, 29, 25, 18, 20 17.75 7.05
191.0 8, 10, 17, 5, 22, 21, 7, 3 11.63 7.37
192.0 5, 10, 2, I, 13, 9, 2, 15 7.13 5.38
193.0 4, 11, 4, 2, 15, 7, 5, 14 7.75 4.95
193.1 - -

R-7 49.00 5, 14, 0, 5, 8, 5, 7, 8 6.50 3.96
49.01 - - -

138.0 10, 10, 20, 17, 15, 30, 5, 8 14.38 8.02
171.0 20, 13, 22, 10, 15, 10, 28, 15 16.63 6.28
189.0 15, 21, 15, 11, 18, 4, 16, 22 15.25 5.75

S-7 114.0 10, 5, 7, 9, 15, 11, 10, 8 9.38 2.97
143.0 13, 11, 8, 5, 17, 15, 5, 13 10.88 4.49
210.0 8, 17, 15, 10, 18, 19, 12, 16 14.38 3.96

R-8 114.0 0 ,3 ,1 , 0, 2, 4, 5, 5 2.50 2.07
161.0 0, 2, 3, 6, 6, 5, 2, I 3.13 2.30
186.0 5, 6, 0, 4, 5, 0 ,1 ,0 2.63 2.62
258.0 3, 4, 6, 5, 0, 4, 6, 6 4.25 2.05
354.0 6, 6, 1 ,3 ,0 , 2, 2, 3 2.88 2.17
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APPENDIX F

Torque Data and Shear Stress Calculation
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Shear stress on the inner cylinder of the RotoTorque was calculated from direct 

measurements of the gap opening time of the torque monitor. The torque monitor 

consists of two aluminum disks which would be free to rotate except for a calibrated 

spring connection. The spring was calibrated by hanging known weights at known 

distances and measuring the angular change in the gap opening between the two 

disks. A linear regression of the calibration data gave a spring constant of 8.093x10 5 

kg m degree"1. A correction for the friction of the RotoTorque bearings is found by 

subtracting the torque required to rotate the inner cylinder at given rpm when the 

rototorque is empty, from the torque required to rotate the inner cylinder at the same 

rpm when the rototorque is full of water. This gives the additional torque required to 

overcome the friction of the water. The difference of the gap opening times for both 

a full and empty rototorque as a function of rotational speed is given in Figure 36. 

From these regression curves, the change in the gap opening angle can be calculated 

by subtraction. Using the change in the gap opening angle and knowing the spring 

constant, the torque can be calculated directly from the spring constant. Assuming 

negligible friction in the draft tubes and the upper and lower inner cylinder surfaces 

the torque can be used to calculate the shear stress using Eq. 47.

— _ gp 

rI A l
(43)

The shear stress is given in Figure 37.
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▲ Empty RotoTorque 
■ Full RotoTorque

RotoTorque Rotational Speed (rpm)

Figure 36. Measured amount of time for the gap opening to pass through the 
optical sensor's path. For a given rotational speed, torque can be calculated from 
the difference of the empty opening time and the full opening time.

I
$

RotoTorque Rotational Speed  (rpm)

Figure 37. Calculated shear stress was linear with rotational speed of the inner 
cylinder.
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APPENDIX G

ANOVA Results for Steady State Data Only
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Table 40 . Effluent glucose concentration (g m'3).

OVERALL:

FOR VARIABLE: GLUC
MEAN (N = 33) = 0.564

FOR TREATMENT COMBINATIONS:
MEANS

TREATMENT/CLASS N GLUC

200 7.2 I 0.548
300 7.2 I 0.428
400 7.2 3 1.465
200 4.0 5 0.610
300 4.0 9 0.470
400 4.0 5 0.614
200 0.8 2 0.462
300 0.8 3 0.325
400 0.8 4 0.250

CLASSIFYING FACTOR = RPM:

TREATMENT/CLASS N
CLASS
MEANS
GLUC

UNWEIGHTED
MEANS
GLUC

200 8 0.565 0.540
300 13 0.434 0.408
400 12 0.705 0.776

CLASSIFYING FACTOR = SLR: 

TREATMENT/CLASS N
CLASS
MEANS
GLUC

UNWEIGHTED
MEANS
GLUC

7.2 5 1.074 0.814
4.0 19 0.545 0.564
0.8 9 0.322 0.346

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

RPM 2 2.9945 1.4972 16.40 0.0000
SLR 2 4.7117 2.3558 25.80 0.0000
RPM * SLR 4 6.7499 1.6875 I 8.48 0.0000
RESIDUAL 24 2.1914 0 .91306E-01
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Table 41 . Glucose utilization rate (10"3g GC m 2 h"1).

OVERALL

FOR VARIABLE: GUR
MEAN (N = 33) = 0 .2 7 1 1 E-Ol

FOR TREATMENT COMBINATIONS:
MEANS

TREATMENT/CLASS N GUR

200 7.2 I 0.5920E-01
300 7.2 I 0.6020E-01
400 7.2 3 0.5100E-01
200 4.0 5 O.3014E-O1
300 4.0 9 0.3140E-01
400 4.0 5 0.3012E-01
200 0.8 2 0.3000E-02
300 0.8 3 0.4233E-02
400 0.8 4 0.4875E-02

CLASSIFYING FACTOR = RPM: -

TREATMENT/CLASS N
CLASS
MEANS
GUR

UNWEIGHTED
MEANS
GUR

200 8 0.2699E-01 0.3078E-01
300 13 0.2735E-01 0.3194E-01
400 12 0.2692E-01 0.2866E-01

CLASSIFYING FACTOR = SLR: 

TREATMENT/CLASS N
CLASS
MEANS
GUR

UNWEIGHTED
MEANS
GUR

7.2 5 0.5448E-01 0.5680E-01
4.0 19 0.3073E-01 0.3055E-01
0.8 9 0.4244E-02 0.4036E-02

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

RPM 2 0.38000E-04 0 .19000E-04 16.36 0.0000
SLR 2 0.95689E-02 0.47845E-02 4119.72 0.0000
RPM* SLR 4 0.85394E-04 0.21349E-04 18.38 0.0000
RESIDUAL 24 0.27873E-04 0 .1 1614E-05
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Table 42 . Suspended cell concentration (cells ml'1).

OVERALL:

FOR VARIABLE: SUSPC
MEAN (N = 32) = 0.7812E + 07

FOR TREATMENT COMBINATIONS:

TREATMENT/CLASS
N MEANS

SUSPC

200 7.2 I 0.1970E + 08
300 7.2 I 0.1885E + 08
400 7.2 4 0 .1743E + 08
200 4.0 3 0.7960E + 07
300 4.0 9 0.7769E + 07
400 4.0 5 0.6536E + 07
200 0.8 2 0 .1865E + 07
300 0.8 3 0.7687E + 06
400 0.8 4 0.2303E + 07

CLASSIFYING FACTOR 

TREATMENT/CLASS

I = RPM:
CLASS 

N MEANS
SUSPC

UNWEIGHTED
MEANS
SUSPC

200 6 0.7885E + 07 0.9842E + 07
300 13 0.7006E + 07 0.9129E + 07
400 13 0.8584E + 07 0.8755E + 07

CLASSIFYING FACTOR = SLR: 

TREATMENT/CLASS N
CLASS
MEANS
SUSPC

UNWEIGHTED
MEANS
SUSPC

7.2 6 0 .1804E + 08 0 .1866E + 08
4.0 17 0.7440E + 07 0.7422E + 07
0.8 9 0 .1694E + 07 0.1645E + 07

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

RPM 2 0.41404E+13 0.20702E +13 0.67 0.5202
SLR 2 0.10160E+16 0 .50802E + 15 165.04 0.0000
RPM * SLR 4 0 .73678E + 13 0.18420E +13 0.60 0.6675
RESIDUAL 23 0.70796E +14 0.30781E +13
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Table 43. Cellular detachment rate (cells nr2 s '1).

OVERALL:

FOR VARIABLE: RD
MEAN (N = 32) = 0.2779E + 08

FOR TREATMENT COMBINATIONS:
MEANS

TREATMENT/CLASS N RD

200 7.2 I 0.7008E + 08
300 7.2 I 0.6706E + 08
400 7.2 4 0 .6199E + 08
200 4.0 3 0.2832E + 08
300 4.0 9 0.2764E + 08
400 4.0 5 0.2325E + 08
200 0.8 2 0.6635E + 07
300 0.8 3 0.2734E + 07
400 0.8 4 0.8191E + 07

CLASSIFYING FACTOR = RPM: 

TREATMENT/CLASS N
CLASS
MEANS
RD

UNWEIGHTED
MEANS
RD

200 6 0.2805E + 08 0.3501E + 08
300 13 0.2492E + 08 0.3248E + 08
400 13 0.3054E + 08 0 .3 1 14E + 08

CLASSIFYING FACTOR 

TREATMENT/CLASS

= SLR: 

N
CLASS
MEANS
RD

UNWEIGHTED
MEANS
RD

7.2 6 0.6418E + 08 0.6638E + 08
4.0 17 0.2647E + 08 0.2640E + 08
0.8 9 0.6026E + 07 0.5853E + 07

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

RPM 2 0.52377E +14 0.26188E +14 0.67 0.5203
SLR 2 0.12859E+17 0.64293E+16 165.03 0.0000
RPM * SLR 4 0.93242E+ 14 0.59768E +14 0.60 0.6675
RESIDUAL 23 0 .89606E + 15 0.38959E +14
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Table 44 . Average biofilm thickness (IO 6 m).

OVERALL:

FOR VARIABLE: LF
MEANIN = 36) = 16.57

FOR TREATMENT COMBINATIONS:

TREATMENT/CLASS N
MEANS
LF

200 7.2 2 33.00
300 7.2 I 31.00
400 7.2 3 31.56
200 4.0 5 16.57
300 4.0 9 18.52
400 4.0 5 17.73
200 0.8 2 7.420
300 0.8 5 6.900
400 0.8 4 4.293

CLASSIFYING FACTOR = RPM:

TREATMENT/CLASS N
CLASS
MEANS
LF

UNWEIGHTED
MEANS
LF

200 9 18.19 19.00
300 15 15.48 18.81
400 12 16.71 17.86

CLASSIFYING FACTOR = SLR: 

TREATMENT/CLASS N
CLASS
MEANS
LF

UNWEIGHTED
MEANS
LF

7.2 6 31.94 31.85
4.0 19 17.80 17.61
0.8 11 6.046 6.204

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

RPM 2 6.0533 3.0266 0.23 0.7945
SLR 2 2706.7 1353.3 103.75 0.0000
RPM * SLR 4 20.389 5.0973 0.39 0.8134
RESIDUAL 27 352.19 13.044
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Table 45 . Biofilm roughness (IO 6 m).

OVERALL:

FOR VARIABLE: ROUGH
MEAN (N = 36) = 5.959

FOR TREATMENT COMBINATIONS:
MEANS

TREATMENT/CLASS N ROUGH

200 18 2 7.500
300 18 I 8.690
400 18 3 11.63
200 10 5 5.336
300 10 9 6.036
400 10 5 6.252
200 2 2 2.405
300 2 5 5.344
400 2 4 3.045

CLASSIFYING FACTOR = RPM:

TREATMENT/CLASS N
CLASS
MEANS
ROUGH

UNWEIGHTED
MEANS
ROUGH

200 9 5.166 5.080
300 15 5.982 6.690
400 12 6.527 6.975

CLASSIFYING FACTOR 

TREATMENT/CLASS

= SLR: 

N
CLASS
MEANS
ROUGH

UNWEIGHTED
MEANS
ROUGH

18 6 9.762 9.272
10 19 5.908 5.875
2 11 3.974 3.598

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

RPM 2 17.101 8.5503 2.96 0.0690
SLR 2 133.65 66.827 23.11 0.0000
RPMt SLR 4 21.854 5.4634 1.89 0.1412
RESIDUAL 27 78.068 2.8914
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Table 46 . Areal mass density (dry kg m"2).

OVERALL:

FOR VARIABLE: AMD
MEAN (N = 33) = 0.8031 E-03

FOR TREATMENT COMBINATIONS:
MEANS

TREATMENT/CLASS N AMD

200 7.2 I 0.7290E-03
300 7.2 I 0 .1882E-02
400 7.2 3 0 .1588E-02
200 4.0 5 0 .8154E-03
300 4.0 7 0.7976E-03
400 4.0 5 0.8448E-03
200 0.8 2 0.4680E-03
300 0.8 5 0.7354E-03
400 0.8 4 0 .1575E-03

CLASSIFYING FACTOR = RPM:

TREATMENT/CLASS N
CLASS
MEANS
AMD

UNWEIGHTED
MEANS
AMD

200 8 0 .7178E-03 0.6708E-03
300 13 0.8571 E-03 0 .1 138E-02
400 12 0.8016E-03 0.8635E-03

CLASSIFYING FACTOR 

TREATMENT/CLASS

= SLR: 

N
CLASS
MEANS
AMD

UNWEIGHTED
MEANS
AMD

7.2 5 0.1475E-02 0.1400E-02
4.0 17 0.8167E-03 0 .8193E-03
0.8 11 0.4766E-03 0.4536E-03

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

RPM 2 0.77913E-06 0.38956E-06 5.21 0.0132
SLR 2 0.32128E-05 0.16064E-05 21.48 0.0000
RPM * SLR . 4 0 .1 3060E-05 0.3265 IE-06 4.37 0.0086
RESIDUAL 24 0.17949E-05 0.74789E-07
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Table 47 . Volumetric mass density (dry kg [wet m]'3).

OVERALL:

FOR VARIABLE: VMD
MEAN (N= 33) = 56.77

FOR TREATMENT COMBINATIONS:

TREATMENT/CLASS N
MEANS
VMD

200 7.2 I 21.35
300 7.2 I 60.72
400 7.2 3 54.52
200 4.0 5 48.82
300 4.0 7 44.27
400 4.0 5 47.03
200 0.8 2 67.46
300 0.8 5 111.0
400 0.8 4 37.23

CLASSIFYING FACTOR = RPM:

TREATMENT/CLASS N
CLASS
MEANS
VMD

UNWEIGHTED
MEANS
VMD

200 8 50.05 45.88
300 13 71.19 71.98
400 12 45.64 46.26

CLASSIFYING FACTOR 

TREATMENT/CLASS

= SLR: 

N
CLASS
MEANS
VMD

UNWEIGHTED
MEANS
VMD

7.2 5 49.13 45.53
4.0 17 46.42 46.71
0.8 11 76.24 71.88

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

RPM 2 3160.2 1580.1 2.25 0.1268
SLR 2 3127.5 1563.7 2.23 0.1293
RPM * SLR 4 5435.6 1358.9 1.94 0.1366
RESIDUAL 24 16827 701.14
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Table 48 . Areal cell density (cells m"2).

OVERALL:

FOR VARIABLE: ACD
MEAN (N = 33) = 0.5526E+ 12

FOR TREATMENT COMBINATIONS:
MEANS

TREATMENT/CLASS N ACD

200 7.2 0 0.0000
300 7.2 I 0.9953E+12
400 7.2 3 0.7882E+ 12
200 4.0 4 0.3816E+12
300 4.0 9 0.9483E+12
400 4.0 5 0.6684E+12
200 0.8 2 0.1886E+12
300 0.8 5 0.1342E+12
400 0.8 4 0.1058E+12

CLASSIFYING FACTOR 

TREATMENT/CLASS

= RPM:
MEANS 

N ACD

200 6 0.3173E+12
300 15 0.6801E+12
400 12 0.5108E+12

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE RVALUE

TREATMENTS 2 0.59701 E + 24 0.29851E + 24 1.82 0.1798
RESIDUAL 30 0.49264E + 25 0.16421E + 24

CLASSIFYING FACTOR = SLR:
MEANS

TREATMENT/CLASS N ACD

7.2 4 0.8400E+12
4.0 18 0.7446E+ 12
0.8 11 0.1338E+12

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE RVALUE

TREATMENTS 2 0.29237E + 25 0.14618E + 25 16.87 0.0000
RESIDUAL 30 0.25997E + 25 0.86658E + 23
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Table 49 . Volumetric cell density (cells m 3).

OVERALL:

FOR VARIABLE: VCD
MEAN (N = 33) = 34.12

FOR TREATMENT COMBINATIONS:
MEANS

TREATMENT/CLASS N VCD

200 7.2 0 0.0000
300 7.2 I 32.11
400 7.2 3 25.63
200 4.0 4 22.93
300 4.0 9 54.15
400 4.0 5 37.63
200 0.8 2 28.10
300 0.8 5 19.44
400 0.8 4 24.11

CLASSIFYING FACTOR = RPM:
MEANS

TREATMENT/CLASS N VCD

200 6 24.65
300 15 41.11
400 12 30.13

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

TREATMENTS 2 1461.6 730.80 1.82 0.1797
RESIDUAL 30 12057 401.92

CLASSIFYING FACTOR = SLR: 

TREATMENT/CLASS N
MEANS
VCD

7.2 4 27.25
4.0 18 42.62
0.8 11 22.71

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

TREATMENTS 2 2920.9 1460.5 4.13 0.0260
RESIDUAL 30 10598 353.27
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Table 50. Biofilm TOC (g C m'2).

OVERALL:

FOR VARIABLE: BTOC
MEAN (N = 30) = 0.3697

FOR TREATMENT COMBINATIONS:
MEANS

TREATMENT/CLASS N BTOC

200 7.2 0 0.0000
300 7.2 I 0.1880
400 7.2 3 . 0.6157
200 4.0 4 0.2910
300 4.0 9 0.2202
400 4.0 3 1.383
200 0.8 I 0.0980
300 0.8 5 0.1982
400 0.8 4 0.1680

CLASSIFYING FACTOR 

TREATMENT/CLASS

= RPM: 

N
MEANS
BTOC

200 5 0.2524
300 15 0.2107
400 10 0.6669

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

TREATMENTS 2 1.3311 0.66557 5.96 0.0072
RESIDUAL 27 3.0133 0.11160

CLASSIFYING FACTOR = IGC:
MEANS

TREATMENT/CLASS N BTOC

10 16 0.4560
2 10 0.1761
18 4 0.5087

ANALYSIS OF VARIANCE:

SOURCE DF S.S. M.S. F-VALUE P-VALUE

TREATMENTS 2 0.57131 0.28566 2.04 0.1491
RESIDUAL 27 3.7731 0.13974
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APPENDIX H

Mixed Population Results 200 rpm
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Experiment code: Ml Influent Glucose Concentration: 7 .2  g GC m"3

Table 51. Bulk liquid m easurem ents.

Total
Suspended

Time
(hours)

ID
#

Glucose 
(g GC m"3)

Solids 
(g m'3)

TOC 
(g C m"3)

SOC 
(g C m

24 I 3.90 0.05 - -

48 2 - 0.28 - -

72 3 1.19 0.33 - -

96 4 0.35 0.30 - -

120 5 0.01 0.85 - -

144 6 0.03 1.00 - -

168 7 0.07 2.13 - -

192 8 0.06 5.24 - -

216 9 0.44 2.40 - -

240 10 0.00 3.40 - -

264 11 0.01 1.77 - -

288 12 0.02 1.57 4.49 1.40
312 13 0.00 1.08 2.24 1.25
***** Glucose turned off after time = 312 hours * * * * *
312.7 14 0.00 4.50 6.82 -

314.5 15 0.00 0.70 1.70 -

316.5 16 0.00 0.28 0.71 -

318.3 17 0.00 0.11 - -

319.7 18 0.00 0.01 0.68 -

329.5 19 0.00 0.43 9.05 0.83
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Experiment code: Ml Influent Glucose Concentration:

Table 52 . Biofilm m easurem ents.

Time
(hours)

ID
#

Thickness
(10'6m)

Roughness 
(I O W

Areal 
Density 
(dry g m"2)

24 I - - -

48 2 37.0 - 2.15
72 3 39.5 - 3.84
96 4 97.5 - 5.65
120 5 173.5 - 8.48
144 6 224.0 - 5.47
168 7 - - -

192 8 265.0 - 1.63
216 9 256.2 - 6.33
240 10 150.4 - 5.40
264 11 218.3 - 8.40
288 12 186.4 - 9.55
312 13 - - -

***** Glucose turned off after time = 312 hours
312.7 14 - - -

314.5 15 -■ -

316.5 16 - - -

318.3 17 - - -

319.7 18 - - -

329.5 19 106.8 - 2.66

7.2 g GC m 3



155

Experiment code: Ml Influent Glucose Concentration: 7 .2  g GC m"3

Table 53. Biofilm thickness* distribution on RotoTorque coupons"1" removed at time = 
288 hours.

Upstream
Third

Middle
Third

Downstream
Third

213 300 37
333 237 5
293 160 24
247 69 16
427 208 17
360 240 33
340 200 40
360 168 17
327 113 33
407 99 24
307 75 32
413 240 23
407 209 43
347 293 20
293 333 43
333 168 24

* Thickness (10"6m)

+ Bulk Liquid flow is from left to right. Coupon dimensions are 0.017 m 
wide X 0.22 m long, so each reported thickness represents the average of 
an area 0.0057 m wide X 0.0138 m long.
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Experiment code: IM2 Influent Glucose Concentration: 0 .8  g GC m"3

Table 54 . Bulk liquid m easurem ents.

Time
(hours)

ID
#

Glucose 
(g GC nr3)

Total
Suspended 
Solids 
(g rrr3)

TOC 
(g C m"3)

SOC 
(g C m

24 I 0.57 0.05 - -

48 2 - 0.72 -

72 3 0.33 0.00 - -

96 4 0.30 0.00 -

120 5 0.15 0.02 - -

144 6 0.01 0.05 - -

168 7 0.00 0.28 - -

192 8 0.00 0.03 - -

216 9 0.00 0.10 - -

240 10 0.00 0.20 - -

264 11 0.00 0.27 - -

288 12 0.00 0.55 0.51 1.34
312 13 0.00 0.38 1.11 1.15
***** Glucose turned off after time = 312 hours *****
312.7 14 0.00 0.33 0.38 -
314.5 15 0.00 0.23 0.31 -

316.5 16 0.00 0.50 1.03 -

318.3 17 0.00 0.18 - -

319.7 18 0.00 0.07 0.31 -

329.5 19 0.00 0.08 0.33 1.01
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Experiment code: M 2  Influent Glucose Concentration:

Table 55 . Biofilm m easurem ents.

Time
(hours)

ID
#

Thickness 
(I O W

Roughness 
(10 W

Areal 
Density 
(dry g m"2)

24 I - - -

48 2 - - -

72 3 - - -

96 4 - - -

120 5 - - 0.28
144 6 24,3 8.80 0.73
168 7 - - -

192 8 34.0 15.9 -

216 9 45.5 32.3 1.83
240 10 68.5 20.9 2.91
264 11 113.9 56.8 3.29
288 12 80.7 - 1.63
312 13 66.7 55.8 1.07
***** Glucose turned off after time = 312 hours
312.7 14 - - -

314.5 15 - - -

316.5 16 - - -
318.3 17 - - -

319.7 18 - - -

329.5 19 13.7 - 1.07

0 .8  g GC m"3
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Experiment code: M2 Influent Glucose Concentration: 0 .8  g GC m"3

Table 56. Biofilm thickness* distribution on RotoTorque coupons + removed at time = 
288 hours.

Upstream Middle Downstream
Third Third Third

170 88 90
136 127 43
64 90 20
101 29 20
88 110 31
80 53 33
51 23 40
53 36 21
17 67 11
176 60 19
160 131 28
104 31 57
65 139 84
136 67 93
78 64 20
187 101 16

* Thickness (10"6m)

+ Bulk Liquid flow is from left to right. Coupon dimensions are 0.017 m 
wide X 0.22 m long, so each reported thickness represents the average of 
an area 0.0057 m wide X 0.0138 m long.



APPENDIX I

Particle Size Distribution Data
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Table 57. Experiment code RO.

PARTICLE
SIZE
(10'12m2) 50 Hrs

PARTICLE CONCENTRATION (IO12ITT3) 

72 Hrs 96 Hrs 120 Hrs 170 Hrs

0.122 0.054 0.389 0.232 0.071 0.036
0.161 0.018 0.456 0.161 0.107 0.036
0.212 0.116 0.295 0.500 0.232 0.107
0.280 0.161 0.616 0.733 0.286 0.250
0.368 0.313 1.139 1.376 0.482 0.536
0.486 0.858 1.755 1.483 1.751 0.822
0.640 1.644 1.635 1.805 2.144 1.930
0.844 2.341 2.090 1.179 2.305 3.877
1.113 1.581 0.884 0.983 2.037 3.645
1.467 0.867 0.817 0.411 1.001 2.376
1.934 0.456 0.523 0.179 0.607 1.394
2.549 0.170 0.335 0.054 0.161 0.715
3.360 0.071 0.201 0.036 0.054 0.286
4.430 0.036 0.107 0.018 0.036 0.232
5.839 0.009 0.054 0.018 0.000 0.232
7.698 0.000 0.094 0.000 0.000 0.089
10.148 0.000 0.040 0.000 0.000 0.036
13.377 0.000 0.000 0.000 0.000 0.000
17.634 0.000 0.000 0.000 0.000 0.000
23.247 0.000 0.013 0.000 0.000 0.036
30.645 0.000 0.000 0.000 0.000 0.000
40.398 0.000 0.000 0.000 0.000 0.018

AVG. SIZE: 0.970 0.995 0.679 0.901 1.394

/
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Table 58. Experiment code S4.

PARTICLE PARTICLE CONCENTRATIONS (IO12IrV3)
SIZE
(IO-12In2) 48 Hrs 122 Hrs 146 Hrs 170 Hrs 236% Hrs

0.122 0.157 0.000 0.000 0.000 0.000
0.161 0.269 0.041 0.085 0.202 0.247
0.212 0.179 0.041 0.009 0.034 0.112
0.280 0.325 0.041 0.304 0.067 0.213
0.368 0.504 0.082 0.351 0.157 0.269
0.486 0.729 0.329 0.484 0.258 0.392
0.640 0.695 0.329 1.043 0.493 1.121
0.844 0.796 0.247 0.939 0.617 1.412
1.113 0.594 0.123 0.892 1.233 1.132
1.467 0.482 0.000 0.588 1.031 0.863
1.934 0.325 0.041 0.294 0.717 0.740
2.549 0.303 0.000 0.114 0.381 0.269
3.360 0.146 0.000 0.085 0.247 0.247
4.430 0.034 0.000 0.047 0.090 0.078
5.839 0.045 0.000 0.019 0.067 0.078
7.698 0.022 0.000 0.000 0.011 0.045
10.14 0.022 0.000 0.009 0.090 0.056
13.37 0.011 0.000 0.000 0.000 0.022
17.63 0.000 0.000 0.000 0.000 0.022
23.24 0.000 0.000 0.000 0.000 0.011
30.64 0.000 0.000 0.000 0.000 0.011
40.39 0.000 0.000 0.000 0.000 0.000

AVG. SIZE: 1.076 0.669 1.015 1.569 1.473



162

Table 59. Experiment code T4.

PARTICLE PARTICLE CONCENTRATION (1012m-3)
SIZE
(IO-1W ) 48 Hrs 122 Hrs 146 Hrs

0.122 0.070 0.000 0.000
0.161 0.070 0.159 0.117
0.212 0.000 0.159 0.023
0.280 0.280 0.255 0.187
0.368 0.070 0.478 0.350
0.486 0.210 0.382 0.654
0.640 1.051 0.605 0.864
0.844 1.051 0.350 0.490
1.113 0.490 0.223 0.514
1.467 0.525 0.096 0.210
1.934 0.350 0.032 0.117
2.549 0.140 0.000 0.070
3.360 0.070 0.000 0.000
4.430 0.105 0.000 0.000
5.839 0.035 0.000 0.023
7.698 0.000 0.000 0.000
10.148 0.000 0.000 0.000
13.377 0.000 0.000 0.000
17.634 0.000 0.000 0.000
23.247 0.000 0.000 0.000
30.645 0.000 0.000 0.000
40.398 0.000 0.000 0.000

AVG. SIZE: 1.116 0.593 0.804




