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ABSTRACT

FUNDAMENTALS OF BIOFILM PROCESSES
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Biofilm accumulation and activity are the net result of
several physical, chemical, and microbiological processes. A
numerical model for the prediction of biofilm accumulation and
. activity has been developed which incorporates the following
processes : substrate-dependent microbial growth, particulate
attachment/detachment, molecular diffusion in the biofilm,
advective transport in the bulk water, and chemical inhibition
effects. The model predicts biofilm accumulation, substrate
depletion, suspended cell concentration, and biocide effects on

these variables,




Introducticon

A biofilm is an accumlation of micrecbial cells on a surface which is
exposed to life-sustaining nutrients. Biofilms are becoming an important
research topic because of an increased awareness of both the problems and the
potential benefits of biofilm growth. Problems caused by biofilms include
reduced enexgyy transfer in heat exchange equipment, increased frictional
resistance to fluid flow, and clogging of small channels in porous media.
The benefits include potential uses such as "in situ" aquifer reclamation,
and the ability to "fix" microbes in biosynthesis reactors to reduce the
amount of purification needed for a high quality final product and to allow
greater throughput.

Biofilm accumulation (Fig. 1) is the result of many interrelated physical,
chemical, and microbiological processes. This paper will focus on
fundamental biofilm precesses. A mmerical model for the prediction of
biofilm accumulation and activity has been developed which incorporates the
follewing processes: substrate—deperdent microbial growth, particulate
attachment/detachment, molecular diffusion in the biofilm, advective
transport in the bulk water, and chemical inhibition effects. The medel
predicts biofilm accumulation, substrate and nutrient depletion, suspended
cell concentration, and bioccide concentration.

Furdamental Processes

Net biofilm accumilation can be measured relatively easily by a rumber of
different means; however this gives little insight to the causes of microbial
accumulation. Examining the fundamental processes provides answers that can
be applied to a variety of systems, so that one not only knows the extent of
biofilm accumulation, but the mechanisms which caused the observed

accumilation.

Cell Growth. Biofilm production at the surface is primarily the result of
cell division and polymer formation. Given proper corditions, some bacterial
cells can divide quite rapidly. For example, Pseudomonas Aeruginosa can
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Figure 1. Typical progression of biomass accumulation
and resulting enerqgy losses in experimental systems.
(Characklis, Bryers, Trulear, Zelver 1980)
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Figure 2. Definition of processes during early
colonization of substratum. (Escher 1986}




reproduce itself every two hours or so. Escherichia Coli. can divide every
20 minutes under ideal conditions. However, conditions are not always ideal,
therefore the growth rates do not always reach the highest possible value. A
relationship between actual cell growth rate, or specific growth rate, and
the amount of available substrate was proposed by Monod (1942) to describe
dispersed bacterial growth

Hrax S
(1) o=
Ks + S

Trulear ard Characklis (1982) showed this type of equation can be valid for
use in biofilm systems.

Adsorption/Desorption. Adsorption is defined as the linking of a cell to the
substratum ( the substratum is the solid surface on which a biofilm forms).
Desorption is the breaking of this cell-substratum linkage, with subsequent
cell removal (Fig. 2). Research by Escher (1986) suggests a biofilm
initially begins to form on an exposed surface by a four-step mechanism.

1) Transport of dispersed cells frem the liquid phase to the solid
surface (substratum).

2) Reversible cell adsorption to the substratum by a direct substratum-
cell interaction.

3) Desorption of some of the adsorbed cells arnd their re-entraimment in
the liquid phase.

4) Irreversible adhesion of non-desorbing cells followed by cell growth.

The rate of irreversible adhesion to the substratum appears to be a function
of dispersed cell concentration and fluid shear stress, as well as substratum
composition and roughness (Fig. 3). This initial process can be approximated
by a first order rate with dispersed cell concentration.




MICROSCOPIC SYSTEM DESCRIPTION
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Figure 3. Comparison of typical bacterium size with
various mill finish designations for cold roll stain-
less steel sheet.
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Figure 4. Effect of nutrient loading and fluid
shear on maximww biofilm thickness, {Characklis
Bryers,; Trulear, Zelver 1980)




Attachment. The distinction between attachment and adsorption comes from the
condition of the surface to which the cell adheres. Adsorption is adhesion
to a clean substratum, whereas attachment is adhesion to other cells already
fixed to the surface. These fixed cells produce polymeric fibers which could
enhance the attachment rate, since the surface the cell "sees'" is a fibrous
mat rather than a hard surface. Attachment can apply to agglcmerates of
cells and is not limited to individual cells as is adsorption. Attachment is
also modelled as a first order rate with suspended cell concentration.

Detachment. Detachment is the removal of cellular material from a biofilm.
Biofilm detachment can be separated into two catagories.

1) Erosion ~ the continuous shearing of microscopic portions of the
biofilm,

2) Sloughing - the massive removal of large portions of the biofilm at
seemingly random locations.

Erosion is generally attributed to shear stresses at the biofilm-fluid
interface (Trulear and Characklis 1982), and can significantly affect the
biofilm accumilation rate and thickness (Fig. 4). An expression for the
erosion rate is given in equation (2) by Trulear and Characklis (1982), with
data indicating that the erosion rate increases with increasing shear stress
and increasing biofilm thickness.

2) RA=Kiog LfAp
Sloughing is usually observed in nutrient-rich envirorments where biofilm

thickness can become quite large. Howell and Atkinson (1976) have proposed
a model where biomass decay in the deep, oxygen- and substrate—deficient




biofilm layers causes the detachment of large portions of the biofilm. One
effect of sloughing is an increased nutrient transport to the cells which
remain on the surface.

Biofilm Model

Mass ard mementum transport phenomena play an exceedingly important role
in the accumilation and activity of biofilms. In an effort to quantify this
role, a mmerical medel for simulating unsteady state biofilm accumulation in
a pipe system has been developed. This medel incorporates the bicfilm
processes given above with mass and momentum transport equations to predict
biofilm accumulation, substrate and nutrient depletion, biocide concentration
and suspended cell concentration in a turbulent flow pipeline.

Modeling Mass Transport in Biofilm Systewms. Biofilms depend on nutrients

for survival. These nutrients are replenished from the bulk water by
advective transport and molecular diffusion. Biofilm growth is often limited
by the rate at which substrate can be transferred from the bulk water,
through the laminar sublayer, and into the biofilm. To model the diffusion
of substrate into the biofilm, a value for the substrate effective
diffusivity must be determined (Fig. 5). A correlation for turbulent eddy
diffusivity was calculated from data given in Sherwood, Pigford and Wilke and
used in combination with an estimation of effective diffusivity in the
turbulent bourdary layer given by Notter and Sleicher (1971).

Model Fquations. The purpose of this section is not to explicitly derive the
partial differential material balance equations, but to show the relationship
between the furdamental biofilm processes and the equations in the numerical
solution.

A cylindrical coordinate system was chosen to represent a pipe flow
biofilm reactor. Beginning with the general eguation of continuity for a
cylirdrical coordinate system (Bird, Stewart, and Lightfcot 1960), and
applying the assumptions given in Table 1, one can derive the material
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Figure 5. Schematic of the effective diffusivity

profile used in the turbulent pipe flow biofilm
accumulation model.




balance equation for a solute, given in Table 2. Similarly, applying
rmaterial balance concepts to each fundamental biofilm process which affects
the biofilm results in the egquations given in Table 3.

Medel Resulte, The cemputer medel will be used to mumerically test
hypotheses concerning biofilm-related processes. For example, it can lead to
better biofilm sampling and control programs. The series of graphs below
(Figs. 6-8) give the substrate concentrations at three radial locations in a
turbulent flow pipe as a function of pipe length and time. Figure 6 shows
the average substrate concentration in the pipe; this is the substrate
concentration that would be measured by a "grab" or "cup" sample . Notice
the average substrate concentration at 1000 meters and 168 hours is
approximately 3 mg/l. Figure 7 shows the substrate concentration just at the
interface between the biofilm and the bulk liquid. At 1000 m and 168 h, the
substrate concentration that the surface layer of the biofilm actually "sees"
is about 1.6 mg/l. The substrate concentration at the pipe wall (Fig. 8),
again at 1000 m and 168 h, is about 0.7 mg/l. This concentration is over
four times lower than the concentration that would actually be measured by a
grab sample at this lccation and time. Figure 9 shows the biofilm
accumulation down the length of the pipeline for the concentration profiles
given in figures 6-8.

How does this relate to biofilm sampling and control? If a ccmpariscn of
flush-mount and mid~stream biofilm coupons were made ( a coupon is a
removable piece of solid material used for biofilm analysis), the mid-stream
coupon wo{zld be exposed to substrate concentrations 2 - 4 times higher than a
flush-mount coupon at the same location. At the same time, the flush-mount
coupon may be exposed to 2 - 4 times lower biocide cencentrations than the
corresponding coupon located in mid-stream. This numerical medel may be used
to develcp a more meaningful sampling regime or may improve the
interpretation of the previcusly obtained results.




Soluce Macerial Saisnea: Assumotions
1) Axial Symmetry g% =g
2) Time Averaged Flow u; = 31
n Pseudo-Steady Stace g% = g
Substrace profiles develop rapidly relactive to biofilm qrowth.
4) Negligible 3uik Plow into Biofilm v, s 0
5) Radial Diffusion >> axial Diffugion
12 is 3 EES
T ir fnsr i r i i (o, )
Table 1. Simplifying assumptions used to reduce the
general equation of continuity for a cylindrical coordinate
system.
Soiuce Marerial Baiance
i3 35, as
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Suspended Cells: R = —Fe . .,
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2 on Species i

Table 2.

mcdel.

Material balance equations for substrate and
suspended cells in the turbulent flow biofilm accumulation




Biofilm Marerial Balance
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Table 3. Material balance equations for the biofilm
compartment showing a rate equation for each fundamental
biofilm process, and the interaction between suspended
and attached biomass.
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Figure 6. Average substrate concentration with
axial distance from the pipe entrance and with
time. ( Initial biofilm thickness = 6x10=% m )
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Figure 7. Substrate concentration at the biofilm-
bulk liquid interface with axial distance and time.
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Figure 8. Substrate concentration at the pipe wall

below the biofilm with axial distance and time.
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Figure 9. Bioefilm thickness with axial distance from

the pipe entrance and with time. (Initial biofilm

thickness = 6x10~% m)




Narenclatire
A = biofilm area [ I2 )
Bgj = Biocide effects on species i
D = Diffusivity [ 12 t™1)
Kd = erosion coefficient [ L2 N1 t71;
Ky = Coefficient for growth asscciated polymer production [ Ms Mx™l ]
Kg'= Coefficient for non-growth polymer production [ Ms Mx™1 t~1 ]

Ks = saturation ccefficient for Monod kinetics [M L3}
L = Length units "

Lf = biofilm thickhess [ L }

M = Mass units

N = Force units

Rd = erosion rate [ M L3 £71 ]

8 = substrate concentration [ M 173 ]
t = Time units '

u = Fluid velocity [ L £71 3

X = Biomass concentration [ M L73 ]

Greek Symbols
4 = specific growth rate [t~
Mmax = maximum specific growth rate [t™1)
p = biofilm density [ M L3 ]
0 = shear stress [ N L2 ]
6 = Angular ccordinate in a cylindrical system { radians ]
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