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S a m q  

Biofilm accumulation under turbulent flow conditions on the surface of a circular tube is the 
net result of several processes including the following: 1)  transport and firm adhesion of soluble 
components and microbial cells to the surface: 2) metabolic conversions within the biofilm in- 
cluding growth and maintenance decay processes; 3 )  detachment of portions of the biofilm and 
reentrainment in the bulk fluid. Experiments in a tubular reactor were designed to measure the 
rates of these processes during the early stages of biofilm accumulation as a function of the 
Reynolds number and suspended biomass concentration. Results indicate deposition (i.e., com- 
bined transport and adsorption) is only important in the very early stages of biofilm accumula- 
tion and is significantly influenced by suspended biomass concentration but not Reynolds 
number. Biofilm decay rates are negligible for the thin biofilms encountered in these experi- 
ments. Net biofilm production rates in all experiments decrease to the same level and this level is 
not affected by changes in Reynolds number or suspended biomass concentration. Biofilm de- 
tachment rate increases continuously with biofilm accumulation and with increasing Reynolds 
number. 

INTRODUCTION 

Apparently, the majority of microbial activity in natural waters occurs at 
solid-liquid or air-liquid interfaces. Microbial films can play a beneficial 
role in certain wastewater treatment operations (e.g., rotating biological con- 
tactors and trickling bed filters), natural stream purification, and specific 
fermentation processes (e.g., vinegar production from ethanol). However, 
biofilms, mostly bacterial, also form in heat exchangers, water transport 
lines, and secondary oil recovery systems creating increased frictional resis- 
tance, 4-6 accelerated corrosion, 7*8 and reduced heat transfer eff ic ien~y.~. '~  

Individual Processes Contributing 
to Biofilm Accumulation 

Biofilms develop in a sigmoidal fashion (Fig. 1). Evidence suggests that 
biofilm development is the net result of the following transport and biological 
reaction rate processes: 
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Fig. 1.  Biofilm development. 

1) Adsorption of dissolved organics at the wetted surface. Investigations 
report that materials of diverse surface properties are conditioned by an ad- 
sorbed organic layer within minutes of exposure to natural water. I 1 - I 4  

2) Transport of microbial particles to the surface. Particles suspended in a 
turbulent flow stream can be transported to the surface by either molecular 
diffusion, turbulent eddy transport, sedimentation, and thermophoresis. 

3) Microorganism adhesion to the surface. Research suggests that bacte- 
rial cell adhesion to a solid is a two-stage process: reversible adhesion fol- 
lowed by irreversible adhesion. Adhesion studies have generally been con- 
ducted at very low fluid shear rates.’8-22 Biofilm accumulation rates in these 
studies may have been mass-transfer rate limited and, therefore, the data are 
not necessarily applicable to turbulent flow conditions. 

4) Biofilm production. Biofilm production is the net accumulation of at- 
tached material due to cellular reproduction and microbial production of ex- 
tracellular polymers. 

5) Biofilm detachment. During biofilm development, portions of biofilm 
peel away from the surface and are entrained in the fluid flow. Detachment is 
a process of continuous biofilm removal and is highly dependent on hydrody- 
namic  condition^.^,^^ “Sloughing,” however, appears to be a random, mas- 
sive removal of biofilm attributed to oxygednutrient limitations deep within 
the biofilm. 

In summary, biofilm formation is the net result of several processes occur- 
ring simultaneously (Fig. 2). Naturally, certain processes can predominate 
over others at specific times during biofilm development. 

Past research on biofilm development in turbulent flow systems has fo- 
cused on metabolic processes within established or mature biofilms and on 
biofilm d e t a ~ h m e n t . ~ ~ . ~  However, this article deals with the various physical 
and metabolic processes contributing to “primary” biofilm accumulation. 
Primary biofilms are defined here as biofilm accumulation prior to signifi- 
cant increases in fluid frictional resistance. Consequently, results reported 
here are restricted to very thin (biofilm thickness I 80pm) aerobic biofilms. 
Specific objectives of the study were the following: 1) to develop a biofilm 
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Fig. 2 .  Processes contributing to biofilm accumulation; 6 represents the viscous sublayer 
thickness. No scale is intended. 

detection method sensitive to the early stages of biofilm formation; 2 )  to 
derive a kinetic expression for net biofilm accumulation rate as a function of 
microbial activity and hydrodynamic parameters; 3)  to analyze the funda- 
mental processes influencing accumulation in the early stages of biofilm for- 
mation. 

Results pertaining to the first two objectives are presented else- 
where. 24-26.27 This article presents results dealing with the process dynamics 
of primary fouling biofilm development, i.e., the early stages of biofilm de- 
velopment. 

EXPERIMENTAL 

Reuctor System 

Two completely stirred tank reactors (CSTR), in series, were used in this 
study (Fig. 3 )  so that operation of the first CSTR was independent of the op- 
eration of the second CSTR. The first reactor was a conventional chemostat 
(CSTR 1).  The second reactor (CSTR 2) was a tubular reactor with internal 
recycle flow. Recycle flow rate in CSTR 2 was always much greater than the 
volumetric flow rate of CSTR 2 influent. Two separate substrate feed systems 
delivered concentrated substrate solutions and dilution water to each reactor. 
The substrate was a mixture of glucose and trypticase soy broth (TSB). Resi- 
dence times in CSTRs 1 and 2 were maintained at 3 and 0.25 h, respectively, 
CSTR 1 served only as a source of suspended biomass for CSTR 2. A fraction 
of the CSTR 1 effluent was diverted to CSTR 2 where it was mixed with dilu- 
tion water and fresh substrate. Biofilm development under turbulent flow 
conditions was observed in CSTR 2. Experiments in CSTR 2 were conducted 
for elapsed times of 70 h before the reactor was cleaned and reassembled. 
There was no interruption of the suspended biomass growth in CSTR 1 
throughout the experimentation period (44 days). Details of the reactor sys- 
tem can be found e1sewhe1-e.~~ Table I summarizes the pertinent operating 
characteristics of both reactors. 
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Fig. 3. Reactor system details. 

Two types of tubular test sections were employed in CSTR 2. Details of the 
test sections, termed S-I, S-2, and S-3, are shown in Figures 4 and 5. Test 
sections S-1 and S-2 were identical in design and each consisted of twenty 
1.27 cm i.d. X 5.2-cm-long cylindrical Pyrex sample tubes within a stainless- 
steel outer sleeve. Sample tubes were periodically withdrawn to chemically 
determine biofilm accumulation. Test section S-3 was a 1.27 cm i.d. X 
91.4-cm-long Pyrex glass tube with pressure taps 2.5 cm from each end. 
Pressure drop across this section was measured with an inclined mercury 
manometer (range was 0-15.2 cm Hg). Biofilm development on the inner 
surface of S-3 was also observed with an optical microscope (total magnifica- 
tion of 100X). 

Analytical 

Glucose concentrations in stock solutions only were determined using the 
Glucostat (Worthington Biochemical) procedure. 

Chemical oxygen demand (COD) was used to indirectly measure the 
amount of organic carbon in the bulk fluid of both reactors and in the bio- 
film attached to sample tubes from units S-1 and S - 2 .  The Standard Methods 
COD procedure** was modified by diluting the dichromate and ferrous 
ammonium sulfate reagents by ten to detect anticipated low levels of oxidiz- 
able carbon present. 

Effluent suspended biomass concentration was determined by filtration 
and gravimetric measurement. Periodically, two 100-mL. effluent samples 
were filtered though tared 0.45-pm Nucleopore filters. Filters were dried at 
60°C for three hours and stored in a dessicator until weighed. 

Biofilm sampling and chemical analysis was performed in the following 
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TABLE I 
Pertinent Characteristics of CSTR 1 and CSTR 2 

CSTR 1: CSTR 2: 
the chemostat the biofilm reactor 

System specifics 
Reaction volume (cm3) 
Total wetted surface area (cm2) 
Surface area: volume (cm-'). 
Dilution rate (h- ' )  
Mean residence time (h) 
Dilution water flow (cm3/h) 
Effluent flow rate (cm3/h) 

Growth specifics 
Inlet substrate TSB: glucose (w/w) 

Combined concentration 
(mg L-l) 

(mg COD L-') 
Microbial feed 

Temperature ("C) 
PH 

Recycle loop specifics lCSTR 2 only) 
Recycle loop tube length (cm) 
Inside tube diameter (cm) 
Recycle Reynolds number 
Recycle flow rate (cm3/s) 
Recycle velocity (cm/s) 

Test sections 
Length (cm) 
Inside diameter (cm) 

Sample tubes (S2.3) 
Number 
Lengthltube (cm) 
Inner surface arealtube (cm2) 
Total sampling surface area (cm2) 
Percent sampling area of total system 

area 

3000 
1070 

0.36 
0.33 
3.0 

998 
1000 

9: 1 

1000 
850 

initial inoculation with 
heterogeneous population 

31 
8.1 

13000 
104 

82 
s 1  
91.4 

1.27 

__ 

- 

4750 
5934 

1.25 
4.0 
0.25 

18ooo 
19ooo 

1:l 

20.0 
28.0 

CSTR 1 effluent 

31 
1.3 

1219.0 
1.27 

26000 
208 
164 

SL3 
104 

1.27 

40 
5.2 

20.7 
830.0 

14.0 

manner. Biofilm on sample tubes from S-1 and S-2 was determined using the 
COD analysis. A five-step sample preparation was used to maximize recovery: 
1) Sample tubes were removed at prescribed intervals and gently rinsed with 
distilled water to remove any loosely attached material. 2) The sample tube 
was placed in 25 mL of double distilled water in a precleaned 2.3 cm i.d. X 
20.0-cm-long glass culture tube. 3) The culture tube received one minute of 
ultrasonic sound to disrupt and disperse all adherent material. 4) Five milli- 
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Fig. 4. Details of biofilm test sections, S1 and S2. 

liters of concentrated sulfuric acid was then added to the culture tube. 5) 
Contents of the culture tube, including the acidified biomass suspension and 
sample tube, were transferred to a precleaned distillation flask for COD 
analysis. 

Biofilm decay measurements. Maintenance requirements cause a decrease 
with time in biofilm COD during the absence of substrate. This decay rate 
was determined by measuring the dissolved oxygen (DO) uptake rate of a 
fouled sample tube. Five fouled sample tubes were removed during latter 
stages of the experiments from CSTR 2 and were immediately immersed in 
50 mL of filtered (0.45-pm) CSTR 2 effluent so that no gas phase existed in 
the container. All samples were stirred to eliminate mass-transfer limita- 
tions. Samples were sacrificed every 30 min to determine the DO content of 
the fluid. Two additional 50-mL effluent samples served as controls to 
estimate the DO depletion of the fluid alone over the two hour period. 
Dissolved oxygen was determined using the azide-modified Winkler method.28 

RESULTS 

The Chemostat: CSTR 1 

CSTR 1 was operated continuously for the 44 days of experimentation. Di- 
lution rate was maintained at 0.33 h- '  with inlet soluble COD concentration 
varying from 640 to 850 mg COD/L. Resultant CSTR 1 effluent had total 
unfiltered COD concentrations ranging from 390 to 400 mg COD/L and 

'ti 
2.5 CM 

I - '  
2.5 CM 

Fig. 5. Details of biofilm test section, S3. 
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soluble COD concentrations of 40-50 mg COD/L prior to dilution. The het- 
erogeneous culture used to inoculate CSTR 1 resulted in a relatively stable 
population dominated by three organisms: Klebsiella oxytora. Klebsiella 
pneumoniae, and Enterobacter cloace. Under these experimental conditions, 
the mixed culture dilution rate at “washout” and biomass yield are, respec- 
tively, 2.2 h-’ and 0.42 g biomass/g COD removed. 

The Biofilm Reactor: CSTR 2 

Operating conditions 

Operating conditions for the four experiments carried out in CSTR 2 are 
given in Table 11. Inlet flow to CSTR 2 consisted of dilution water, fresh 
sterile substrate, and CSTR 1 effluent. Effluent soluble COD from CSTR 1 was 
approximately 1.5-3.0 mg COD/L after dilution and contributed no signifi- 
cant biodegradable carbon to CSTR 2.24 Primary substrate fed to CSTR 2 in 
all experiments consisted of 10 mg/L TSB and 10 mg/L glucose after dilution. 

Material balances 

Presentation of CSTR 2 results is facilitated by material balances for sub- 
strate and suspended biomass as well as a constitutive equation for biofilm 
accumulation: 

Substrate: 
V d S / d t  = F ( S j - S ) -  p V X / Y - R R , A / Y  (1) 

TABLE I1 
Operating Conditions of CSTR 2, the Biofilm Reactor 

Experiment No. 

1 2 3 4 

CSTR 1 effluent suspended 
biomass concentration 

CSTR 1 effluent delivered 

Measured fresha inlet 

(mg COD L-I) 3 70 359 368 380 

to CSTR 2 (cm3/h) loo0 loo0 1000 200 

substrate concentration 
(mg COD L-’) 22.7 22.9 33.0 23.8 

Measured inlet suspended 
biomass concentration 
(mg TSS L-I) 19.5 18.9 19.4 4.0 
(mg COD L-I) 22.2 21.6 22.1 4.6 

Reynolds number 13000 13000 26000 13000 
Mean residence time (h) 0.25 0.25 0.25 0.25 

aFresh substrate delivered to CSTR 2 consisted of 10 mg L-’ TSB and 10 mg L-’ glucose. 
Reported concentration is after dilution with CSTR 1 effluent and fresh dilution water. 
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Suspended Biomass: 

V d X / d t  = F ( X ;  - X )  + p X V  + R,A - RdA 

d B / d t  = R,  + Rd - R ,  

(2 )  

Attached Biomass: 

(3) 

where S is the substrate concentration measured as COD ( M  L-3); X is the 
suspended biomass concentration measured as COD ( M  L-3); B is the at- 
tached biomass measured as COD ( M  L-2); t is the time ( t  ); S; is the inlet 
substrate concentration measured as COD ( M  L-3); Xi is the inlet suspended 
biomass concentration measured as COD ( M  LP3); V is the reactor volume 
(L3); A is the reactor surface area (L2); F is the volumetric flow rate (L3 t - l ) ;  
p is the specific growth rate of suspended biomass ( t - l ) ;  Y is the biomass 
yield measured as COD (MM-I) ;  R, is net biofilm production rate due to 
metabolic processes measured as COD ( M  L P 2  t - ' ) ;  R d  is the deposition 
rate of suspended biomass measured as COD ( M  L-2 t - l ) ;  R ,  is the detach- 
ment rate of biofilm measured as COD ( M  LW2 t - l ) .  

These material balances can be simplified with these four assumptions: 1) 
Rates of accumulation of S and X are assumed at steady state, i.e., d S / d t  = 
0 and d X / d t  = 0. 2) Although an increase in suspended cell numbers is un- 
likely at residence times of 0.25 h, increases in suspended biomass concentra- 
tion may be significant. Consequently, suspended biomass growth in CSTR 2 
is not ignored. 3) Substrate depletion rate by suspended biomass is also con- 
sidered significant in CSTR 2 (see assumption 2). 4) Biofilm net growth rate 
is assumed the sum of biofilm production processes (i.e., growth of organ- 
isms and product formation) and biofilm decay requirements, i.e., 

R g = ( p p  - k , ) B  (4) 

where p p  is the specific biofilm production rate ( t - l )  and k ,  is the biofilm de- 
cay rate ( t - ' ) .  Equation (4) tacitly assumes specific biofilm production and 
decay rates are first order in biofilm COD. Equations (1)-(3) now reduce to 
the following: 

Figure 6(a) illustrates the progression of CSTR 2 effluent-soluble COD 
during experiment No. 3.  Figure 6(b) illustrates that substrate accumulation 
( V d S / d t )  is negligible compared to the substrate removal rate, F ( S j  - S). 
Figure 7(a) shows the progression of reactor effluent suspended biomass con- 
centration during experiment No. 3.  Figure 7(b) shows that suspended bio- 
mass accumulation ( V d X / d t )  is negligible compared to the net input of sus- 
pended biomass F ( X i  - X ) .  Figures 6(b) and 7(b) confirm that d S / d t  and 
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Fig. 6 (A) Influent and effluent soluble COD from CSTR 2 during experiment NO. 3. (B) 
Comparison of substrate accumulation rate (z) to net substrate inflow ( 0 )  during experiment 
No. 3.  

d X / d t  are nearly zero and, despite some changes in S and X with time, the 
system can be analyzed as a quasi-steady-state process. 

Determining process rates: Equation (7) describes biofilm accumulation 
throughout an experiment as the sum of four processes: biofilm production 
( F ~ B ) ,  biofilm decay (k,B),  suspended biomass deposition (Rd) ,  and biofilm 
removal (Rr) .  However, analytical methods provide for direct measurement 
of only biofilm net accumulation (e.g., B and d B / d t )  and the decay rate, 
k,B. 

Consequently, brief changes are periodically made in CSTR 2 experi- 
mental conditions to simplify eq. (7). These perturbations consist of depriv- 
ing CSTR 2 of inlet substrate and/or inlet suspended biomass during four 
2-h periods in each experiment. Figure 8 details these perturbations and 
their intended purpose. This technique allows estimation of the following: 1) 
Suspended biomass deposition rate ( R d )  on the "clean" surface at time 
equal zero. In further calculations, Rd is assumed constant and independent 
of biofilm accumulation. 2) Once values of k,,  R d ,  and the slope of the bio- 
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Fig. 7. (A) Influent and effluent biomass from CSTR 2 during experiment No. 3. (B) Com- 
parison of biomass accumulation rate (D) to net biomass inflow (?) during experiment No. 3. 

film accumulation curve (i.e., d B / d t )  are known, eqs. (9) and (10) can be 
used to calculate the biofilm removal rate, R,, at each perturbation period. 

Figures 9-12 indicate biofilm COD accumulation for experiment Nos. 1-4, 
including perturbed and unperturbed intervals. Figure 13 illustrates the lin- 
ear response in biofilm COD accumulation during four perturbations in ex- 
periment No. 2. Biofilm COD accumulation, d B  / d t ,  during these perturba- 
tions are presented, for all four experiments, in Table 111, along with biofilm 
decay rate, k , .  

Calculations of R ,  in periods 1-4, from data in Table 111 and eqs. (9) and 
(lo), are summarized in Table IV. Figure 14 illustrates resultant R ,  values 
versus the average biofilm COD present during the perturbation. Data from 
Trulear and Characklis,' obtained from an annular rotating reactor, are 
also included and indicate a similar magnitude of biofilm removal rates. 

Specific biofilm production rates, pp , throughout the unperturbed portion 
of each experiment, are determined using eq. (7) and the appropriate R d ,  k, ,  
and R, .  Figure 15 shows pp values as a function of biofilm COD for experi- 
ment Nos. 1-4. 

DISCUSSION 

Deposition 

Rate of deposition, R d ,  is considered constant throughout any experiment 
at the value of dB/dt determined during period 1 [refer to eq. (8) and Fig. 
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TIME (h)  
Fig. 9. Biofilm COD accumulation during experiment No. 1 ,  where Re = 1.3 X lo4 and 

X = 19.5 mg/L. 

81. This assumption provides an estimate of deposition rate at “clean” sur- 
face conditions and most likely underestimates the enhanced effect a fouled 
surface would have on particle deposition at later stages of biofilm develop- 
ment. 

Adsorption of organic molecules (e.g., polysaccharides and/or glycopro- 
teins) can contribute to the total amount deposited (and rate of deposition) as 
detected by COD analysis. However, molecular organic adsorption occurs 
within minutes of exposure”.‘* and the maximum amount of adherent ma- 
terial due to organic adsorption is estimated less than 0.01 pg C O D / C ~ ~ . * ~  
Consequently, rates of organic adsorption are assumed instantaneous and in- 
dependent of both Reynolds number and suspended biomass concentration. 

Mass transfer of particulates across a boundary layer in a turbulent stream 
can be described by eq. (11): 

N, = k, (X - X,) (11) 

where N, is the net flux of particles to the surface ( M  LF2 t - l ) ;  X is the con- 
centration of particles in bulk fluid ( M  LP3); X ,  is the concentration of par- 
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Fig. 10. Biofiim COD accumulation during experiment No. 2, where Re = 1.3 X 10' and 
X = 18.9 mg/L. 

ticles at the fluid-surface interface ( M  LP3); and k, is the mass transfer 
coefficient (L t - l ) .  Typically, X, is presumed zero,15,16,29 therefore, 

N ,  = k,X (12) 

Equation (12) clearly indicates that a change in bulk particle concentra- 
tion would result in a directly proportional change in particle transport rate. 
A reduction in suspended biomass concentration from 19.5 to 4.0 mg TSS/L 
(experiment Nos. 1 and 4, respectively) results in a decrease of 1.2 to 0.3 pg 
COD h-l in measured deposition rate, Rd (refer to Table 111, period 1 
data) indicating the rate of suspended biomass deposition is limited by the 
rate of bacterial particle transport to the surface rather than the rate of cell 
adhesion at the surface. 

The effect of changing fluid flow regime on eq. (12) is not so clear, for 
Beal16 has indicated k ,  to be a complex function of fluid velocity, fluid prop- 
erties, particle sue, and particle physical properties. Increasing fluid velocity 
can have the following two effects: 1)  increased turbulence may increase or 
decrease the mass transfer coefficient k ,  depending on the size of 
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Fig. 11. Biofilm COD accumulation during experiment No. 3, where Re = 2.6 X lo4 and 
X = 19.4 mg/L. 

p a r t i ~ l e ; ~ ~ , ~ ~  2)  increased turbulence may decrease the mass transfer bound- 
ary layer thus increasing transport to the s~r face .3~  

For the suspended biomass particles in these experiments (specific gravity = 
1.05 and equivalent diameter = 3.0-5.0 pm), particle transport theory16 pre- 
dicts the mass transfer coefficient, k, (and thus particle flux, N,) to increase 
with increasing Reynolds number. However, Table I11 shows measured 
deposition rate, Rd is essentially unaffected by doubling Reynolds number 
(at Re = 1.3 X lo4, Rd = 1.1 pg COD cmP2 h-’ while at Re = 2.6 X lo4, 
R d  = 0.8 pg COD cm-2 h-l). The discrepancy between Reynolds number 
effects on predicted particle transport flux and measured deposition rate 
arises because Rd encompasses both cell transport rate and cell adhesion 
rate. Therefore, while the predicted particle flux may increase with increas- 
ing Reynolds number, the overall deposition rate may not, which suggests 
that the rate of cell adhesion (or the cell “sticking efficiency”) is decreasing 
with increasing Reynolds number. Duddridge, Kent, and Laws,31 in adhe- 
sion studies with Pseudomonas fluorescens. also conclude that sticking effi- 
ciency decreases with increasing shear stresses. 

Suspended biomass transport to and adhesion at a clean surface is a prere- 
quisite to further biofilm formation. Results above suggest that the relative 
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Fig. 12. Biofilm COD accumulation during experiment No. 4, where Re = 1.3 X lo4 and 
X = 4.0 mg/L. 

contribution of biomass deposition rate to the net accumulation rate of bio- 
film decreases with biofilm development. The reader is reminded, however, 
that the above conclusion is predetermined since R ,  is assumed constant at 
the period 1 value of d B / d t .  The authors feel that R ,  should increase asymp- 
totically with biofilm accumulation due to the stickier biofilm surface versus 
that of the clean tube. Unfortunately, the magnitude of this enhanced depo- 
sition was not measured in experiments presented here. 

Biofilm Production 

Values of p p  are determined using eq. (7) and are given in Figure 15. In all 
experiments, pP decreases with increasing biofilm COD approaching the 
same asymptotic value of 0.1-0.2 h-l ,  which is not surprising since effluent 
substrate concentrations from CSTR 2 are approximately the same in all four 
experiments. Wide variations in p p  initially may result from inaccuracies in 
biofilm COD measurements at very low levels or changes in cellular metabo- 
lism upon initial adsorption. Decreases in p p  with increasing biofilm COD 
could result from changes in cell metabolism or increasing internal substrate 
mass transfer resistance within the biofilm. 
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Fig. 13. Biofilm COD accumulation during four perturbation periods in experiment No. 2. 
Definition of conditions during each period is given in Fig. 8. 

Instantaneous yield values in all experiments can be calculated from the 
substrate material balance, eq. ( S ) ,  or upon rearrangement: 

Equation (13) tacitly assumes that yield coefficients for attached and sus- 
pended growth are the same. A summary of yield calculations is given in 
Table V and suggests an average yield of approximately 0.5 mg COD bio- 
mass/mg COD removed. This value compares favorably with those obtained 
by S ta thopo~ los~~  for similar experimental systems. 

Although p,, steadily decreases throughout early biofilm formation, results 
indicate the production rate of biofilm, (pu,B) ,  to be the largest positive con- 
tribution to net biofilm accumulation offset only by biofilm removal due to 
shear forces (see below). 
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TABLE 111 
Biofilm Accumulation during CSTR 2 Perturbations 

Experiment No. 1 
period 1 

L 
3 
4 

period 1 
2 
3 
4 

period 1 
2 
3 
4 

period 1 
2 
3 
4 

Experiment No. 2 

Experiment No. 3 

Experiment No. 4 

1.2 
ND 
63.5 
48.3 

1.1 
7.3 

38.8 
57.5 

0.8 
2.5 

38.5 
61.0 

0.3 
2.8 

28.0 
33.0 

1.2 
ND 

8.0 
-5.3 

1.1 
-2.4 
-2.9 
-2.5 

0.8 
-0.4 

0 
- 10.8 

0.3 
-2.2 
-3.0 
-6.0 

ND 
ND 
0.38 
ND 

ND 
ND 
0.23 
ND 

ND 
ND 
0.22 
ND 

ND 
ND 
0.17 
ND 

aAverage biofilm during perturbation: 
bAccumulation during perturbation period only: ND = not determined. 

Biofilm Decay 

The specific biofilm decay rate is 0.006 h- '  which corresponds to values 
reported by Lawrence and M ~ C a r t y ~ ~  for suspended biomass (0.0019-0.22 
h - I )  and S ta thopo~ los~~  for biofilm experiments at temperatures ranging 
from 15 to 45°C (0.04-3.22 h-l). For the thin biofilms observed here, endo- 
genous decay rates are considered a negligible influence on net biofilm ac- 
cumulation. This may not be true in much thicker biofilms when transport of 
essential nutrients is reduced and microbial population densities are higher. 

Biofilm Removal 

Biofilm removal rates, R,,  over the range of biofilm COD observed (Fig. 
14) reach maximum levels early in each experiment and these maximum 
values appear independent of either Reynolds number or suspended biomass 
concentration. Maximum biofilm removal rates in all experiments are less 
than 5 pg COD cmP2 h-l except in period 4 ,  experiment No. 3 ,  where the R ,  
value increases from 1.0 p g  COD cm-2 h- '  (at biofilm COD=45 pg 
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COD/cm2) to 10.8 pg COD cm-2 h-l (at biofilm COD=61.0 pg COD/ 
cm2). An explanation of this large difference in removal rate between these 
two points in biofilm accumulation can be given by considering the changes 
in hydrodynamic conditions that occur between the two levels of biofilm 
COD in question. The viscous sublayer thickness, 6, in a circular tube can be 
calculated from eq. (14): 

6 = 25d (14) 

Under the conditions of experiment No. 3 (pipe diameter, d = 1.27 X 104 
pm and Re = 2.6 X lo4) the viscous sublayer is ca. 44 pm. Biofilm levels of 
45 and 61 pg COD/cm2 correspond to biofilm thicknesses of 39.5 and 53.0 
pm, respectively (with 1 mg biofilm = 1.74 mg biofilm COD and biofilm 
density = 10.0 mg biofilm cm-3).u.24 Comparison of the above calculations 
indicates the biofilm thickness, just prior to period 4 in experiment No. 3, ex- 
ceeds the viscous sublayer thickness. CharacklisZ and c o - w ~ r k e r s ~ , ~  have 
shown that when a biofilm exceeds the viscous sublayer in a flow system, the 
frictional resistance increases dramatically. In a constant velocity system, as 
the frictional resistance increases, so must the shear stresses at the bio- 
film-fluid interface. An increase in shear stress could result in the dramatic 
increase in observed biofilm removal rate. Viscous sublayer thickness at 
Re = 1.3 X lo4 (experiment Nos. 1, 2, and 4) is 80 pm while biofilm 
thickness in the three experiments never exceeds ca. 66 pm. Thus, no radical 
increase in biofilm removal is expected and none are observed (see Fig. 14). 

The magnitude of biofilm removal rates R ,  can be checked independent of 
biofilm COD measurements, using the suspended biomass material balance 
applied to period 4 data. In period 4, suspended biomass from CSTR 1 is not 
supplied to CSTR 2. Therefore, after this 2-h period (eight CSTR 2 reactor 
residence times) any suspended biomass leaving the system must have origi- 
nated from the biofilm. Consequently the rate of any suspended biomass 
leaving CSTR 2 after this perturbation can be considered equal to the rate of 
biofilm removal, i.e., 

R,= F X / A  (15) 

Table VI indicated the biofilm removal rates determined from biofilm COD 
[eq. (lo)] are somewhat less, but of the same order, as values determined 
from the suspended biomass material balance, eq. (15). 

Biofilm removal rates, for the aerobic, heterotrophic biofilms observed 
here, significantly influenced net biofilm accumulation. Results indicate bio- 
film removal rates, due to shear forces, is the only process to significantly de- 
tract from the biological production rate of biofilm. This may not be true in 
other fixed film processes-i.e., nitrifying biofilms-where equivalent levels 
of biofilm produce negligible suspended material34 suggesting 1) removal 
rates are extremely low and 2) related to biofilm production rate. 
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TABLE VI 
Comparison of Biofilm Removal Rate Estimates 

CSTR 2 effluent R, [eq. (15)lb R,  [eq. (lo)] 
biomassa 

Experiment No. Re (pg COD/L) (pg COD cm-* h-’)  

3 26000 5358 16.3 10.8 
4 13000 1938 5.9 5.8 

aDetermined after eight residence times from start of period 4. 
bEvaluated using F = 18 L/h and A = 5934 cm2. 

Limitations of Reported Results 

Values of p,, k,, Y ,  R,,  and R ,  with increasing biofilm accumulation ( B )  are 
estimated during periods of perturbations in operating conditions of CSTR 2. 
Certain limitations may restrict the general usefulness of these results: 

1) Biofilm accumulation was restricted to the early formation periods prior 
to any fluid frictional resistance increases. Consequently, results are restricted 
to aerobic biofilms with maximum thicknesses never exceeding 80 pm. 

2) Analytical techniques required destructive sampling of the attached 
biomass which limited the number of samples taken during perturbations in 
CSTR 2 and influenced precision of d B  / d t  estimates. 

3) Processes other than those considered may contribute to biofilm ac- 
cumulation. 

4) Results may be artifacts of the particular experimental method em- 
ployed. The perturbations to CSTR 2 themselves may bias subsequent bio- 
film development; e.g., periods of substrate deprivation may influence the 
subsequent activity of the adherent microorganisms. 

5)  Reported values of biofilm removal rates, R ,  are calculated from data 
obtained during system perturbations, i.e., at periods of “nongrowth” of 
biofilm. Subsequent calculations of biofilm specific production rate, p,, are 
based on the assumption that R ,  values can be extrapolated to values of bio- 
film COD during unperturbed “growth” periods. If this assumption is valid, 
then during normal operating conditions the suspended biomass material 
balance, eq. (6), and the biofilm accumulation equation, eq. (7),  can be 
equated, i.e., 

dB/dt - ( p p  - k,)  B = [F(X; - X )  + p X v ] / A  (16) 

Equation (16) can be evaluated at different times throughout an experiment 
using values of p p  given in Figure 15. Results, given in Table VII, indicate 
poor agreement between the biofilm portion (left-hand side) and the sus- 
pended biomass portion (right-hand side) of eq. (16). This discrepancy is, in 
part, due to inaccuracies in suspended biomass determinations. However, 
these inequalities may also indicate that values of R d ,  R,,  and p p  determined 
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from perturbation data, are artifacts of the unsteady-state method and can- 
not be extrapolated to steady-state conditions. For example, the biofilm por- 
tion of eq. (16) may be too low due to high values of p p  brought about by un- 
derestimating either Rd or R,.  Deposition rate, R d ,  is assumed constant in all 
calculations at the period 1 estimate of d B / d t ,  which ignores increases in 
deposition rate brought about by the sticky biofilm surface. Therefore, R d  
values reported mostly likely underestimated deposition rates late in each ex- 
periment. The suspended biomass portion of eq. (16) may be too high due to 
overestimating the suspended biomass production rate, p X V ,  brought about 
by inaccuracies in suspended biomass measurements or by overestimating p 
(see point 6 below). 

6) Specific growth rate of suspended organisms in CSTR 1 may not repre- 
sent the specific growth rate of suspended organisms in CSTR 2 since the or- 
ganisms have been subjected to a significant change in growth environment. 

CONCLUSIONS 

This article has described processes contributing to the net rate of primary 
biofilm accumulation in a tubulent flow system. Results are restricted to thin 
aerobic biofilm in their early stages of formation. 

Conclusions drawn from this work and subject to limitations stated above 
include the following: 

Deposition 

Suspended biomass deposition is a prequisite to biofilm formation but the 
relative contribution of biomass deposition to biofilm net accumulation de- 
creases with biofilm development. 

Suspended biomass deposition rate is directly proportional to suspended 
biomass concentration which suggests deposition in these experiments is con- 
trolled by particle transport to the surface rather than cellular adhesion. 

Deposition rates are unaffected by doubling the Reynolds number. Part- 
icle transport theoryI6 predicts an increase in particle flux with increasing 
Reynolds number. Since deposition rate is the sum of both particle transport 
and cellular adhesion rates, results imply cell adhesion (or cell “sticking effi- 
ciency”) decreases with increasing Reynolds number. 

Decay 

The biofilm decay rate, for the thin biofilms observed, is a negligible influ- 
ence on net biofilm accumulation. 

Production 

Biofilm production, due to microbial cell reproduction and extracellular- 
polymer production, is the major positive contribution to biofilm net accu- 
mulation. 



PROCESSES GOVERNING PRIMARY BIOFILM FORMATION 2475 

Although CSTR 2 is operated at a dilution rate sufficiently greater than 
washout, suspended biomass growth and concomittant substrate utilization 
are significant. 

Estimates of stoichiometry (i.e., yield coefficients) in biofilm reactors must 
account for the total biomass produced. Traditional definitions of yield for 
CSTRs, based on effluent substrate and biomass concentrations alone, ne- 
glect biofilm mass and thus underestimate true stoichiometric yield. 

Removal 

Biofilm removal rate is the only process that significantly offsets the bio- 
logical production of biofilm, thus detracting from biofilm net accumulation. 

Biofilm removal, due to shear forces, occurs continually throughout bio- 
film development and increases dramatically if the biofilm exceeds the exist- 
ing viscous sublayer. 
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