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ABSTRACT

A kinetic expression is presented which describes biofouling film develop-
ment from clean surface conditions to the onset of fluid frictional resistance
increase. Biofouling experiments were conducted in a C.S$.T.R. with internal
recycle; a system which provided control of biolegical activity in the bulk
fluid while simulating turbulent flow conditions. The effect of three system
parameters—-~dispersed biomass concentration, Reynolds Number, and dispersed bio-
mass growth rate-—on the rate of initial biofilm formation is presemnted, Pri-
mary biofilm accumulation is described using a first order rate expression with
the resultant first order rate comstant a linear function of the considered
parameters.

1. INTRODUCTTION

Biofouling film development in a turbulent flow system progresses sigmoi-
dally as illustrated in Fig. 1. Three phases are evident:

1. Initdial Biofilm Formation
2. An Exponential Accumulatilon
3. Steady State or Plateau Phase

The induction or initial formation phase terminates when both frictional
and heat transfer resistances begin to increase, as shown in Fig., 1. The effects
of biofilm on both frictional and heat transfer resistance become economically
important in the latter two stages of development. A majority of research has
focused on these two biofilm development phases [1,2].

However, research indicates that the physical, chemical, and biological
properties of biofilms may be determined within the initial formation stage [3,
4,5,6]. In ocean thermal energy conversion (OTEC) systems, thermal efficiency
criteria dictate maximum tolerable biofilm amounts that are characteristic of
the initial formation period {7,8]. Control of biofilms in the past has been by
the unsystematic application of chlorine; a procedure which has been restricted
by new effluent chlorine standards. Stoichiometry suggests the use of chemical
controls is more efficient in the early stages of blofouling, All these appli-
cations justify research into the kinetics of initial biofilm formation., Pre-
vious research regarding initial biofilm formation has generally ignored the
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effects of parameters of engineering concern. This work is an attempt to define
the kinetic aspects of initial biofilm accumulation within a turbulent flow

system,

2, PROCESS GCONTRIBUTING TO BIOFILM DEVELOPMENT

Microbial fouling is the net result of physical transport and biological
growth rate processes, as shown in Fig. 2. Evidence suggests the following

processes contribute to overall biofouling accumulation:

1. Organic adsorption at the wetted surface--Adsorption of an organic
layer occurs within minutes of exposure. Investigations show that
materials with diverse surface properties (e.g., wettability, surface
tension, electrophoretic mobility) are rapidly conditioned by adsorb-
ing organics once exposed to natural waters with low orgamnic concen-

trations [9,10,11,12,13,14]7,

2. Transport of microbial particles to the surface--Within a turbulent
flow regime, particles suspended within the fluid are transported
to the surface by only two mechanisms: molecular diffusion and tur-—
bulent eddy transport {15,16]. Chemotaxis does not appear to be a
significant mechanism for particle migration to a surface where

fluid shear exists [17].

3. Microorganism attachment to the surface-—Research suggests the exis-
tence of a two-stage attachment process: reversible adhesion follow-
ed by an irreversible attachment., Many of the microbial cell attach-
ment studies were conducted at very low fluid shear rates or under
quiescent conditions [18,19,20,21]., Rates of accumulation from
these studies are very likely mass transfer-limited and not necessar-
ily applicable to condenser biofouling where fluid shear rates are

quite high,
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Fig., 2., Summary diagram of hypothesized biofouling processes.

4. CGrowth of attached microorganisms——Biofilm growth has been described
by a wide variety of rate expressions whose rate constants are func-
tions of pH, temperature, limiting nutrient concentration and type,
terminal electron acceptor and organism concentration. Postulated
rate expressions for nutrient depletion by fixed biofilms are numer-
ous [22-27] but agree that nutrient depletion rates are first order
in biofilm mass and that diffusion rates in the biocfilm can often
control the overall nutrient removal rate.

5. Detachment of attached biofilm--At any point in a biofilm's develop-
ment, portions of biofilm peel away from the inert surface and are
reentrained in the fluid flow. Detachment is a continuous process
of biofilm removal and is highly dependent on hydrodynamic conditions
[26]. Sloughing, on the other hand, appears to be a random, massive
removal of biofilm attributed to oxygen/nutrient depletion deep with-
in biofilms.

In summary, biofouling 1is the net result of several rate processes occurring

simultaneously. However, at specific times in the overall biofilm development,
certain processes may contribute more significantly than others.

3. EXPERIMENTAL SECTION
3.1 Research Objectives

Objectives of the research on initial biofilm formation kinetics are as
follows:

1. Develop a biofilm detection method(s) sensitive to early stages
of blofilm formation,

2. Develop a kinetic expression for initial biofilm accumulation as
a function of microbial activity and hydrodynamic parameters,

3. Elucidate those processes which contribute significantly to initial
biofilm formation.




3.2. Experimental Protocol

Primary biofilm formation rates are considered dependent upon two factors:

1.

2.

The frequency of microorganism contact with the surface

The overall growth activity of the suspended microorganisms,

Frequency of microbial contact with an inert surface is assumed directly
dependent upon the concentration of suspended organisms and the degree of tur-
bulent intensity; measured, respectively, as the suspended biomass concentration
(X) and Reynolds number (Re)., Microbial activity is characterized by the dis-
persed biomass growth rate (u).

3.3 Reactor System

A tubular biocfouling reactor system, illustrated in Fig. 3, was used in this

study.

The reactor system contained the following components:

nutrient feed system
two tubular recycle loops
biofouling tubular reactor units

three~liter plexiglass mixing vessel

Recycle loops were constructed of 1,27 cm 1.D. Schedule 80 poly (vinyl
chloride) pipe. Flow through the recycle circuit was generated by a rotary
helical screw pump; flow rates were set with globe valves and monitored using
two cumulative~flow water meters.

The reactor was operated as a C.S.T.R. with an internal recycle circuit;
dispersed biomass being generated within the mixing vessel and recyele circuit.
This system maintains desired reactor biomass and nutrient concentration and
biomass growth rate constant.
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Fig. 3. Experimental system for observing primary film formation.




Two types of tubular fouling units were used in the reactor system to moni-
tor biofouling progression. PR-1 consisted of two parts: (1) fifteen 1.27 cm
1.D. % 5.13 em L cylindrical Pyrex glass test sections within, (2) a 1,63 cm I.D.
x 79.6 cm L stainless steel outer tube, Glass sections were periodically with-
drawn throughout an experiment to chemically determine biofilm accumulation., For
sampling, PR-1 was isolated from the recycle flow by means of a bypass line, The
PR-1 unit was then removed from the recycle circuit via two quick-disconnect
unions., An exposed test section was removed by inserting a clean replacement
section, The unit was then reinserted into the recycle loop and flow reiniti-
ated, Total sampling time was less than two minutes.

Reactor PR-2 was a 1,27 em I,D. x 91.4 em L Pyrex glass cylindrical tube
equipped with two pressure taps, 2.50 cm from each end. Pressure drop across
the reactor was measured with an inclined mercury manometer (range 15.2 cm Hg).
Biofilm development on the inner surface of reactor PR-2 was also monitored

microscopically.

Nutrient feed system., Design of the nutrient feed system is depicted in
Fig. 4. A 1:1 ratio of glucose (J. T. Baker Chemical Co.) and trypticase soy
broth (TSB)(Becton, Dickinson and Company, Cockeysville, MS) was used as nutri-
ent. An inlet nutrient concentration of 200 mg/l, for example, was 100 mg/1
glucose and 100 mg/l TSB.

Separate stock solutions of glucose and TSB were prepared with deionized
water, This technique minimized the amount of stock solutions, their frequency
of preparation, and chances of contamination. Stock TSB was autoclaved at 20 psi
and 121°F for thirty minutes to sterilize the solution., Autoclaving glucose
solutions is considered by many to produce microbial toxins. Therefore, glucose
was not autoclaved; glucose stock solution concentrations were too high and other
essential nutrient (N,P,Fe, etec.) concentrations too low to allow microbial

growth.

Nutrients were pumped separately into the mixing vessel with a multi-channel
peristaltic pump. Dilution water was pumped through an activated carbon column
to the mixing vessel with a second peristaltic pump. Nutrients and dilutiomn
water were dripped into the reactor fluid to avoid back contamination of feed

lines.
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Microbial inoculum preparation. A standard inoculum was prepared in order
to minimize the effects of .population variations between exXperiments. Twenty
liters of mixed liquor from the activated sludge basin of a domestic wastewater
treatment plant (Bellaire, Texas) was settled and the sludge concentrate mixed
with glycerol to 25% glycerol., Ten miliiliters of the above suspension were
transferred to glass ampules where they were "quick frozen'" in liquid nitrogen,
then stored at -20°C, Growth rate tests of the standard inocula were periodi-
cally made by inoculating 250 milliliters of TSB solution (12 g/l) with an am-
pule and observing growth indirectly via light transmittance, Results are pre-
sented in Table 1 and indicate no significant changes in growth rates over a
year period for the first group of inoculum. Growth rates of 25% and 127 of
those for inoculum I were observed respectively for the second and third inoc-—
ulum series., Differences are attributed primarily to a change in procedure,
although population differences could certainly affect viability,

Table 1, Batch growth rates of standard inocula (in 250 mg trypticase soy broth;
initial concentration = 12 g/1 TSB)

Average Growth Rate Generation Time
(hr“l) (min)

INOCULUM I:

November 24, 1976 1,38 + 0,09 (6)% 43.5
December 7, 1976 1.52 + 0.16  (2) 39.5
January 21, 1977 1.43 + 0.03 (2) 42.0
November 10, 1977 1.22 + 0.08 (2) 49,0
INOCULUM I11:

December 30, 1977 0.31 + 0.03 {3) 193.5
INOCULUM I11:

January 31, 1979 0.20 + 0.04 (2) 306.0

% () indicate the number of replicate tests

3.4 Analytical Methods

Chemical oxygen demand (COD) was used to indirectly characterize the amount
of organic carbon in the nutrient feed, reactor effluent, and attached biofilm.
A modified procedure of the standard COD [28] was used to detect the anticipated
low levels of carbon present.

Total suspended biomass in the reactor fluid was determined by a membrane
filtration-gravimetric procedure. Periodically, two 100 ml samples of reactor
fiuid were withdrawn and filtered through two tared 0.45 ym Nuclepore filters.
Filters were dried at 60°F for a three-hour period and stored in a dessicator
until weighed., Biomass concentration was calculated as the ratio of the net
filter weight increase to the volume filtered.

Total polysaccharide concentration in the bulk fluid and attached biofilm
was determined colorimetrically using the phenol-sulfuric acid method as out-




lined by Dubois et al.,[29]. Simple sugars, oligosaccharides, and polysaccha-
rides with free reducing groups render an orange-yellow color proportional to
concentration when treated with phenol and concentrated sulfuric acid. The
polysaccharide determination was calibrated with aqueous glucose solutions.

Total protein concentrations in the bulk fluid and attached biofilm were
determined by either ulira-violet absorbance at 280 am {30] or by the method of
Lowry et al., [31]. Direct absorbances at 280 nm were corrected for the amount
of nucleic acids present, Both protein methods were calibrated with casein dis-
solved in 3.0% wt aqueous NaOH solution and gave similar results.

Total nucleic acid (NA) content of reactor fluid and attached biofilm was
determined using absorbance at 260 nm after a hot NaOH hydrolysis as detailed by
Echlin and Delamater [32]. No calibration between absorbance and concentrations
was determined; results are reported as absorbance at 260 nm.

3.5 Biocfilm Detection Methods

During the growth and plateau phases, biofilm accumulation can be monitored
by the several methods listed in Table 2. Analytical details of these methods
are given elsewhere [33].

The direct and indirect biofilm detection methods are excellent measures
of biofouling during the latter stages of biofilm development as indicated by
other investigators {1,27,33,34].

However, lack of both sensitivity and precision restxicts use of these

methods to the latter two stages of biofilm accumulation [34]., Table 3 lists
the sensitivity and precisions for the direct detection methods,

Table 2, Measurement of biofouling

A, Direct Measurement of Bilofilm Quantity

Thickness
Mass

B. Indirect Measurement: Measurement of Biofilm Effects
Frictional Resistance
Heat Transfer Resistance

C, Measurement of Specific Biofilm Constituent
Polysaccharide Organic Carbon
Chemical Oxygen Demand Protein

D. Measurement of Biofilm Microbial Activity
Viable Cell Count Lipopolysaccharide
ATP Nucleic Acid Content

E. Microscopic Surveillance




Table 3. Limits of direct biofilm detection methods

Methods Sensitivity Precision Reference
Attached ' Attached
Biofilm Thickness Carbon® Thickness Carbon*
Thickness (pm) (ugCOD/cm2) {um) (ugCoD/cm?)
9 25.6 + 9 t25.6 [27]
10 28.5 +10 +28.5 [25]
_10 28.5 + 9 +25.6 [26]
Attached Attached
Biofilm Mass Carbon¥* Mass Carbon#®
Mass (mg/cmz) (ngOD/cmz) (mg/cm2) (ugCOD/cmz)
0.11 0.125 .01 L 285 [27]

*Calculated from thickness values assuming biofilm density = 25 mg/cm3 and
1.14 mgCOD/mg biomass. Reference: Trulear [26] and Bryers [17],

Evidence indicates that the minimum biofilm detection limit of frictional
reslstance methods is set by the hydrodynamics of the system; specifically, the
viscous sublayer thickness, Experimental observation shows no frictional re-
silstance increases until biofilm thicknesses exceed the viscous sublayer [1,26,
27]. Rediterating, initial biofilm formation ceases, by convention, when the
frictional resistance increases. Therefore, bilofilm surveillance based upon
analysis of either a bilofilm or a viable cell constituent was necessary., Exam-—
ples of these methods are provided in Table 2,

Attached biofilm: sampling and chemical analysis. Biofilm amount attached

to glass test sections of Reactor PR-1 was determined by several chemical
methods. To optimize the amount of biofilm material recovered per test section,

the following standard sample preparation procedure was employed:

1. Two glass sections were removed at prescribed intervals and rinsed
with distilled water to remove any non—-attached biomass,

2. Each glass section was then submerged in 0,025 liters of double
distilled water in a pre—-cleaned 2,25 cm I.D. x 20.0 em L
glass culture tube.

3. The contents of each culture tube were then subjected to a one-
minute ultrasonic treatment to disrupt and disperse all attached
material uniformly throughout the solution.

4., Protein, nucleic acld, and polysaccharide content of the dispersed
attached biofilm was determined. Three milliliters of sample fluid
were required for these analyses.

5, Five milliliters of concentrated sulfuric acid containing 0.54% wt
AgpS0, was then added to the remaining 22.0 ml and each tube sealed,




6. Contents of each culture tube including both the acidic solution
and glass section were transferred to distillation flasks for a
modified COD analysis to determine the amount of attached chemi-
cally oxidizable material.

Attached biofilm: photomicrographic surveillance. The number of attached
fibril colonies per area of reactor PR-2 was recorded using a Bausch and TLomb
compound microscope with a Pentax SLR 35 mm camera adaptation. Maximum magni-
fication of the camera modification was 500 x (10x eyepiece . 10x ocular + 2x
zoom fackor . 2.5% camera factor). Resolving power was 2.0 um (A = 0.5 um,
numerical aperture = 0.25).

Due to the similarity in refractive index of attached biofilms and the
bulk fluid, some artificial means of enhancing their contrast for photographs
was desired. Chemical cytological staining was disregarded due to possible
detrimental effects upon adhering organisms. Use of a high contrast film
(Kodak S0~115 Technical Pan Film) coupled with an optical staining technique
proved effective. Optical staining consisted of gimultaneous application of
two filtered light sources, Direct light of the microscope was filtered with
a Kodak Wratten No. 25 red filter while a second light, filtered through a
Kodak Wratten No. 45 blue filter, was applied at an oblique angle,

The oblique blue light was reflected from any attached biofilm but was not
as discernible to the red-light sensitive film as the red-filtered primary
source. Results were an over-exposed (light, pale) background with dark under-

exposed attached biofilm fibers,

The number of fibers attached were visually counted from resultant photo-
graphs. The area in a photograph frame was 0.0063 cm? as determined from a
photograph of a stage micrometer.

5. RESULTS

Procedure. The above system was used to evaluate the rates of initial
biofouling as a function of the three parameters; dispersed biomass concentra-
tion (X), Reynolds Number (Re), and dispersed organism growth rate (u).

Portions of the reactor system, the mixing vessel and Loop One, were oper-—
ated as a continuous cell propagator until dispersed biomass and effluent nu-
trient concentrations reached a steady-state. Biofouling tubular reactors,
situated in Loop Two, were then exposed to fluid flow of known velocity. This
was considered zero time., Experiments were terminated at the onset of any
frictional resistance increase.

Experiments are arranged in three groups according to which one of the
three parameters was being considered. Detailed experimental conditions are
provided in Table 4,

Results. PFigures 5, 6, and 7 exemplify biofilm accumulation results, as
ug COD/sz, from typical experiments selected from the biomass concentration,
Reynolds number, and growth rate experiment group, respectively.

Figure 5 illustrates a decreasing initial biofilm induction rate with de-
screasingldispersed biomass concentration, at constant Re (17,200) and u
(0.277 b™4),

The Reynolds number experiments were conducted at constant biomass concen-




-
<@

BIOMASS
(mg/1)

@ 23.0
Y 12.0
0O 2.4

ot
<o

ATTACHED BIOFILM, Xj (pg COD/cm?)

0 20 40 60 80 1090
TIME (h)

Fig., 5., Initial biofilm formation at various dispersed bilomass concentratlons.
Re = 17,200 and p = 0,277 h~1l. Equation 13 shown as solid line,

et
(=)

REYNCLDS NUMBER

O 10,600
¥ ® 17,200
\v4 23,900

N

60 80 100

<
[
<
£
o]

ATTACHED BIOFILM, X, (ug COD/cm2)
 § ¥
\ _
&

TIME (h)

Fig. 6., Initial biofilm formation at various Reynolds numbers. X = 12.0 mg
TSS/1 and p = .277 h-1. Equation 13 shown as solid line.




Table 4, Experimental Conditions.

EXPERIMENT X u Re x 10-3
Number Group (mg TSS/1) (h~1)
1 Biomass 4.4 0.277 17.2
2 12.0 0.277 17.2
3 2.8 0.277 17.2
4 13.0 0.277 17.2
5 23.0 0.277 17.2
6 4.0 0.277 17.2
7 10,1 0.277 17.2
8 2.5 0.277 17.2
9 Reynolds 12,0 0.277 17.2
10 Number 12.0 0.277 10.6
11 12.0 0.277 19.3
i2 12,0 0,277 23,9
13 12.0 0.277 28.8
14 Disgpersed 18.90 .983 17.2
15 Growth Rate 18.0 277 17.2
16 18.0 .163 17.2
17 18.0 125 17.2
18 18.0 125 17.2

trations and dispersed growth rate of 12 mg TSS/1 and 0.277 h“l, respectively.
Figure 6 illustrates a decrease in overall initial blofilm development with in-
creasing Reynolds number,

Increasing dispersed biomass growth rate markedly increases the rate of
initial biofilm formation as exemplified in Fig. 7. Dispersed biomass and Rey-
nolds number were constant at 18 mg TSS/1 and 17200, respectively.

Biofilm development was also monitored indirectly using a microscopic ob-
servation (attached fiber number/area), total polysaccharide attached, total nu-
cleic acid, and total attached protein. Examples of these results for Experiment
14 are illustrated in Figs. 8-10. Notice that indirect measures of biofilm quan-
tity (e.g., COD, fiber count, total polysaccharide) increased non-linearly while
measures of biofilm activity (e.g., nucleic acids, proteins) increased linearly.
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Mathematical interpretations. Kinetics of the initial biofilm accumula-
tion rate were determined from material balances on the reactor system. Mate-

rial balances on dispersed biomass and limiting nutrient can be written as
follows:

Dispersed Net Biomass é?jﬁfziig_ Biofilm
Biomass = Inflow + g + Reentrainment
, Growth
Accumulation Rate Rate
Rate
dX F
_— = —_ , - . X + £ 3
dt v (Xl X) + H X ks 3(‘(A) (1)
where X = dispersed biomass concentration (ML“3)

F = volumetric flow rate (L3t-1)
V = reactor system volume (L3)
U = dispersed biomass growth rate (e~1)

shear reentrainment rate (t“l)

=
Il

= shear teentrainment, a function
of attached biofilm (M/L2)

h
[U%]
e
o
o —_
[

X, = attached biofilm (M—Lz)

and
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A utrie:‘ ; tow Nutrient Nutrient
ceumuiation ate Depletion Rate Depletion
Rate J
das = Es.-s) - X/Y Sy @
de v o H Y "2+
where S = nutrient concentration (MrL3)

Y = biomass yield coefficient (-)
'kg = attached bilofilm growth rate (t—l}
fZ(XA) = attached biofilm growth, —9

a function of attached biofilm (M-L 7)

Equations 1 and 2 require an additional equation describing biofilm accu-
mulation, which is written as follows:

Initial Biofilm Micrcorganism Attached Attached
Accumulation = | Deposition and + Biofilm - Biofilm
Rate Attachment Rate Growth Rate Rate
dXA
where kd = biomass deposition rate constant (L'l)
fl(XA) = biomass deposition, a function of

attached biofilm (M~L~2)

Equations 1-3 can be simplified with the following assumptions:

1., Effluent biomass and nutrient concentration are at a steady state
2., Inlet biomass concentration is zero

3. Nutrient depletion by attached biofilms is negligible compared
to that of the dispersed organisms.

All assumptions were experimentally verified [17]. Equations 1-3 reduce
to the following:

F/V =y (4)
Y(Si—s) = X (5)
dXA/dt =k £, (XA) (6)
where k = initial biofilm accumulation rate constant (t_l)
fA(XA) = pverall accumulation rate, a function

of attached biofilm amount (M-L=2)




Equations 4 and 5 are the familiar expressions for the steady-state chem-
ostat,

Equation 6 describes the overall rate of initial biofilm accumulation.
The non~linear increase of biofilm amount with time suggests a first ovder rate
expression of the form:

dXA/dt = k XA {7)

The numerical value of the rate constant, k, was determined from statistical
regression of X versus time data according to the integrated form of Equation
7. These values of k are illustrated for each experiment group in Figures 11
- 13.

The overall rate constant, k, is considered a function of the three chosen
gystem parameters, l.e.,

k = kl XaRebgc (8)
where k = initial biofilm accumulation rate (t_l)
kl = gpecific bicofilm aceumulation rate constant (L3—H_1)
a,b,c = rate "orders" of selected parameters

Figure 11 presents a linear dependency of k on the dispersed biomass concentra-
tion, X. A linear statistical correlation of k to X yields the following:

K = k# xo°0 9)

where k¥ = klRebuC = 0,004 1 - mgTss—l-—hr-l
An increase in Reynolds number, Re, results in a linear decrease in ini-
tial biofilm accumulation rate, k, as illustrated in Figure 12. Correlation

of k to Re yields

K = k#(Re)“l'O (10)

where k@ = X% = 1,45 x10%3 0l
Figure 13 indicates that the initial biofouling accumulation rate, k, is
also a linear function of the dispersed organism growth rate, u, Statistical

regression yields a linear expression of the form:

k =k u (11)

b3 —
where k= = lel'ORe 1.0 _ 4,069

Once the orders a,b,c are known, the specific rate constant, kl can be calcu-
lated from any known set of experimental conditions.

Using Equations 9 ~ 11, Equation 7 can be rewritten as follows:

dXA/dt = kl(x--p/Rej Xy (1.2)

where kl = 125.0 = 25.0 ]L---IngTSS"l
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The integrated form of Equation 12,

= 13
XA XAO exp(kIXut/Re) (13)
is evaluated for selected experiments and plotted in Figures 5-7 for compari-
son to actual data.

In certain experiments, k values with poor correlation coefficients (r
values) and large confidence limits were obtained. Biofilm accumulation in
these experiments was linear rather than exponential in appearance and corre-
lation to the first order rate expression was predictably poor. A Taylor
series expansion of the exponential term in Equation 13 yields

2 3
X, = Cl+02t+c3t + .t + ... (14)

where Cl—é = constants of the multiple regressiadn

Statistical correlations of X, versus time data, using Equation 14 pro-
vide an excellent correlation of all experiments. Those biofilm accumulation
experiments with linear responses also correlated well with the nonlinear
second and third ordered terms vanishing, A comparison of both correlations
to experimental data is shown in Figure 14. A shift in the relative magni-
tude of the fundamental rate processes contributing to overall accumulation
is suggested.

It must be noted that Equations 12 and 13 are empirical rate expressions
which describe the overall rate of accumulation of biofilm within the initial
stages of development. The effect of X, Re, and p on the rate are those ob-
served for the overall accumulation within this reactor system. The above
analysis does provide a simple empirical expression for biofilm accumulation
in the early stages of formation in turbulent flow for the range of variables
cited, An in~depth consideration of the more fundamental rate processes that
contribute to initial biofouling is presented by Bryers [17].

6. SUMMARY

The influence of three parameters - dispersed biomass concentration (X},
Reynolds number (Re), and dispersed biomass growth rate (u) - on initial bilo-
film formation has been described in this paper. Effects of these chosen param-
eters on more fundamental processes involved in biofilm accumulation are pre-
sented elsaewhere [17].

Biofouling experiments were conducted in a CSTR with internal recycle at
constant biological activity and turbulent intensity. Results provided the
following informatioen:

1. Chemical techniques (COD and total polysaccharide) provided
sensitive measures of biofilm accumulation prior to the ob-
servation of any fluid frictional resistance changes.

2, Total biofilm accumulation does not increase proportionally P
with biofilm cellular concentration., For example, attached
biofilm (as ugCOb/cm?) increases non~linearly with time
while total attached nucleic acids increase linearly. Re-
sults suggests that the production rate of attached extra-
cellular polysaccharides increases during biofouling.




10.

il.

12,

13.

14.

15.

16.

179

18,

19.

20,

21-

22,

23.

24.

Perrigo, L.D, 1977, Battelle OTEC Biofouling Project. private communication.
Fatkovich, J. 1979, private communications,

Baier, R.E., E.G. Shafin, and W.A, Zisman. 1968. Adhesion: Mechanisms that
Assist or Impede It. Scilence. 162(2):1360.

Baier, R.E. 1972. Influence of the Initial Surface Condition of Materials
on Biocadhesion. Proec. 3rd Int'l, Cong. on Marine Corr. and Biofouling,
Oct 2-6,

Baier, E.E. (ed.) 1973. Applied Chemistry at Protein Interfaces. #145,
American Chemical Society, p. 1.

Loeb, G. and R, Neihof . 1972, Molecular Fouling of Surfaces in Seawater,
Proc. 3rd Int'l, Cong. on Marine Corr. and Biofouling, Oct, 2-6,
Gaithersburg, MD,

Loeb, G. and R. Neihof, 1973. Marine Conditioning Films. Adv. Chem, Series
#145. American Chemical Society. p. 319. .

Dexter, S.C., J.D, Sullivan, J, Williams, S.W. Watson., 1975. Influence of
Substrate Wettability on the Attachment of Marine Bacteria to Various Sur-
faces., Applied Microbiol. 30(2):298-308.

Friedlander, S5.K. and H.F. Johnstone, 1957. Deposition of Suspended Particles
from Turbulent Gas Streams, I. and E.C. 49(2):1151-1156,
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Bryers, J.D. 1979. Rates of Initial Biofilm Formation within a Turbulent
Flow System. Ph.D. Dissertation. Rice University.

Corpe, W.A. 1970, Attachment of Marine Bacteria to Solid Surfaces. In:
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Corpe, W.A, 1972, Microfouling: The Role of Primary Film Forming Bacteria.
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Marshall, K.C. 1977. Mechanism of Adhesion of Marine Bacteria to Surfaces.
Proc. 3rd Int'l. Cong. on Mar. Corr. and Biofouling, Oct. 2-6, Gaithersburg,
‘MI)I
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to Solid Surfaces. J. Gen. Microbiol, 74:325-334,
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and Liquid Phase Mass Transfer in Packed Bed Biological Film Reactors.
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3., The rate of initial biofilm accumulation was described
mathematically using a first order rate expression. The
resultant first order rate constant k was a linear func-—
tion of X, Re, and u according to Equation 13:

A exp(125.,0 ]:~mgTSS*l Xut/Re)
()

XA(t) =X

4. Overall biofilm accumulation rate increased with increasing
dispersed biomass concentration over the range of 2.0-27.0
mgTSS/1l. Mass transport theory [35] and particle deposition
theory [15,16] indicate the particle flux to a surface is
directly proportional to the bulk particle concentration.

5., Biofilm accumulation rate increases with increasing dispersed
organism growth rate,

£l

6. Mass transport consideration indicates particle flux from the
bulk fluid to the wall increases with increasing Reynolds num-—
ber, Re. Experimental results indicate a decrease in initial
biofilm accumulation with increasing Re, suggesting that par-
ticle flux from the bulk fluid is but one of many rate pro-
cesses contributing to overall biofilm accumulation.
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