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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 goal 
of this research was to  determine the effects of shear 
stress and substrate loading rate on the rate of biofilm 
detachment. 

Monopopulation Pseudomonas aeruginosa and unde- 
fined 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 detach- 
ment rates, while other variables were measured to de- 
termine 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 that incorporates substrate 
utilization rate, yield, and biofilm thickness was com- 
pared 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. 0 1993 John Wiley & Sons, Inc. 
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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. In streams and 
rivers, a large proportion of the microbial activity occurs 
in attached films. W ~ h r m a n n ~ ~  estimated 90% to 99.99% 
of the bacterial activity in shallow streams is associated 
with biofilms. This microbial activity is responsible for the 
transformation and degradation of natural and man-made 
organic compounds in the water. 

In industrial systems, biofilms reduce heat transfer ef- 
ficiency in heat exchange equipment" and reduce flow 
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capacity in pipelines, leading to increased energy con- 
sumption and increased costs.20 Biofilms also contribute 
significantly to other industrial water problems, including 
the negative effects of corrosion, oilfield reservoir plug- 
ging, and petroleum souring. In addition, biofilms influence 
drinking water quality deterioration,16 and lead to contami- 
nation of computer chip  component^.^^ However, biofilms 
also provide positive opportunities in bioremediation of 
hazardous and toxic substances in ground and surface water 
treatment, as well as more traditional wastewater treatment. 
Biofilm and other immobilized cell reactors offer significant 
advantages in bioprocessing, because greater throughputs 
can be achieved without washing the organisms from the 
reactor. 

The accumulation of a biofilm is the net result of 
various processes such as adsorption, desorption, attach- 
ment, microbial growth, and detachment." This article 
focuses on the process of biofilm detachment and the 
identification of variables that influence detachment rates. 
Biofilm detachment is the entrainment of cells and cell 
products from an existing biofilm into the bulk liquid and is 
the primary process that balances cell growth in a biofilm. 

According to Bryers,6 portions of a biofilm can be 
removed in any of the following ways: (1) erosion, 
(2)  sloughing, (3) abrasion, (4) predator grazing, and 
(5) human intervention. Erosion is the continuous removal 
of small particles of biofilm and is presumed to be 
the result of shear forces exerted by moving fluid in 
contact with the biofilm surface. In contrast to erosion, 
sloughing is the detachment of very 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. Abrasion 
is caused by collisions of solid particles with the biofilm. 
In fluidized-bed bioreactors, abrasion can be the dominant 
detachment process.' Detachment as a result of human 
intervention is the removal of a biofilm by chemical or 
physical means. Predator grazing, although not strictly a 
detachment process, is the consumption of biofilm mass 
by larger organisms such as protozoa, snails, worms, and 
insects. The focus of this study, and the most commonly 
encountered detachment process, is erosion. 

The prediction of detachment rates has been a priority 
in understanding biofouling in drinking water distribution 
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pipelines. In each of these industries, detached biomass re- 
duces final product quality and/or increases operating costs. 
Biofilms in drinking water distribution systems may harbor 
pathogenic  organism^.'^ Detachment of these organisms 
and entrainment in the bulk liquid can result in failure to 
meet drinking water quality standards. 

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. The resulting reduction in paper strength leads to 
expensive downtime when the paper sheets tear. 

In oilfield injection water pipelines, increased biomass 
detachment accelerates fouling of preinjection filters, and 
may plug 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 of these industries, decreasing biofilm detachment 
rates would reduce operational costs and/or improve prod- 
uct quality. An experimental program was completed to 
determine the influence of two important variables, shear 
stress and substrate loading rate, on the rate of biofilm 
detachment and to determine a mathematical expression 
describing detachment rates. 

For computer simulation of biofilm accumulation in 
both laboratory and industrial systems, a mathematical 
expression for each biofilm process is required. Numerous 
expressions have been proposed for calculating the rate 
of biofilm detachment (Table I). While each has given 
reasonable results for the specific experimental applica- 
tion, 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-’), volumetric biomass 
density, p f ( M  LP3), biofilm thickness, Lf(L), shear stress, 
T ( M  L-’ t-’) ,  and specific growth rate, ,u ( t - ’ ) .  In this 
article, a detachment rate expression is proposed that incor- 
porates the substrate utilization rate, R ,  ( M  L-’ t - ’ ) ,  the 
yield coefficient, Yx/s ( M  M - ’ ) ,  and the biofilm thickness. 
The expression is applied to both monopopulation and 

Table I. Survey of reported detachment rate expressions. 

Reported detachment 
rate expression 

Eq. # Rd [=] M L-* t - ’  Reference 

5, 27 
21 
31 

25 
7, 14, 22 

4 

mixed-population biofilm detachment and is statistically 
compared with other reported detachment expressions. 

Modeling 

An expression for calculating the detachment rate was 
derived” from an empirical modification of the biomass 
material balance on a biofilm reactor [Eq. (7)]. 

I 1) + PXlV + RdA - RaA (7) V -  = Q(X.  - X dX1 
dt 

Eq. (7) can be simplified by the following assumptions 
appropriate to this article: (1) a sterile influent (Xi  = 

0); (2)  the attachment rate is much lower than the 
detachment rate (Ra 4 Rd);  (3) the short reactor residence 
time, 15 minutes, renders growth in suspension negligible 
(pX1V < RdA); and (4) the reactor is at pseudwsteady 
state with regard to the effluent biomass concentration 
(VdXIldt 4 &A). Thus, Eq. (7)  reduces to 

Eq. (8) indicates that detachment rate is proportional to 
effluent suspended biomass concentration. The dependence 
of detachment rate on substrate utilization rate can be 
established through the definition of biomass yield. At 
steady state, in a biofilm reactor, 

(XI - X i ) s s  = (Si - Sl)ssYx/s (9) 

For a sterile influent ( X i  = 0), combining Eqs. (8) and (9) 
gives Eq. (10) which shows that the steady-state detach- 
ment rate is proportional to substrate utilization rate, R,, 
with the proportionality coefficient equal to the observed 
biomass yield. 

Q 
Rd,, = - (Si - Sl)Yx/s = RuYx/s = Rp (10) A 

Eq. (10) is also the biomass production rate ( R p )  and 
determines the upper bound on the detachment rate for a 
given set of environmental conditions. However, Eq. (10) 
does not describe the detachment rate at unsteady state. 

For description of detachment rates at both steady and 
unsteady state, an empirical modification to Eq. (10) is 
proposed. Detachment rate has been expressed by others as 
a first order function of biofilm t h i ~ k n e s s . ~ , ’ ~ , ~ ~ , ~ ~ ~ ’ ~  Film 
thickness is a fundamental variable, is easy to monitor 
on a routine basis, and has been used in a mechanistic 
detachment It is proposed that the detachment 
rate expression should be proportional to the product of 
the substrate utilization rate, biomass yield, and biofilm 
thickness: 

(11) 
Q Rd = kd - (Si - Sl)yx/sLf A 

A comparison of Eq. (10) and Eq. (11) shows that the 
detachment rate is a function of the biomass production 
rate, as theoretically it should be. 
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MATERIALS AND METHODS 

Organism 

A pure culture of Pseudomonas aeruginosa was used in 
this experimental program. The species is a Gram-negative, 
motile, facultative aerobe, capable of denitrification. Sepa- 
rate 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' for which 
growth kinetic and stoichiometric coefficients have been 
determined p r e v i o u ~ l y . ~ ~  

Media 

Bacteria were grown aerobically on a defined 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 11. Concentrated micronutrient 
solutions were prepared in 11 L Nalgene bottles and au- 
toclaved for 4 hours at 121°C. After autoclaving, 20 mL 
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-L glass containers and autoclaved 
for 1 hour. Dilution water consisted of distilled water 
filtered through two 0.2-pm cartridge filters (Gelman). The 
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 (GC) mP3. The pH 
was buffered at 6.7 ? 0.02 throughout the experimental 
series. 

Biofilm Reactor 

A RotoTorque biofilm reactor (Fig. 1) was used because it 
permits quantitative monitoring and control of shear stress 
independent of the flow rate through the reactor. The reactor 

Table 11. 
g m-3. 

Media composition entering RotoTorque reactor. All units in 

Inlet glucose carbon 

0.8 4.0 7.2 

0.72 
0.2 
0.0001 
0.01 
0.0008 
0.0002 
0.0001 
0.0112 
0.04 
0.003 

95.5 
102.0 

3.6 
1.0 
0.0005 
0.05 
0.004 
0.001 
0.0005 
0.056 
0.2 
0.015 

95.5 
102.0 

6.5 
1.8 
0.0009 
0.09 
0.0072 
0.0018 
0.0009 
0.1008 
0.36 
0.027 

95.5 
102.0 

Figure 1. Experimental apparatus including the RotoTorque. 

includes 12 removable slides for direct sampling of the 
biofilm. Draft tubes bored in the inner drum provide good 
mixing, so the bulk liquid may be analyzed as a continuous- 
flow stirred-tank reactor (CFSTR). The RotoTorque has a 
wetted surface area of 0.186 m2 and an operating volume 
of 0.595 L (5.95 X lov4 m3). The temperature, pH, rota- 
tional speed, and torque were monitored with a laboratory 
interface (SCI Technologies, Bozeman, MT). These read- 
ings were continuously logged by computer. The reactor 
temperature was maintained at 20 5 0.1"C with a water 
bath (Neslab, Portsmouth, NH). 

A torque transducer mounted on the drive shaft between 
the reactor and the motor was continuously monitored to 
record changes in frictional resistance. Rotational speed was 
maintained at 200 ? 0.3, 302 % 0.5, or 400 t 0.6 rpm, 
and was measured by optically monitoring a rotating gap 
in the torque transducer. The reactor was operated with a 
residence time of 0.25 hours ( D  = 4 h-'), minimizing the 
effects of cellular growth in suspension. 

Start-up Protocol 

The RotoTorque and tubing were autoclaved for 0.5 hours 
at 121°C and allowed to cool. After attaching the glu- 
cose/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 of the 
Ps. aeruginosa stock culture cells m-3) was intro- 
duced into the reactor. The RotoTorque was operated in 
batch mode at 200 rpm for 24 hours, at which point liquid 
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flow was initiated and the rotational speed was set to the 
desired value. This time was defined as the experimental 
time zero. The phosphate buffer volumetric flow rate was 
constant at 24 mL h-' (2.4 X m3 h-I) 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 for a total volumetric flow rate of 2382 mL h-' 
(2.382 X lop3 m3 h-'). 

Sampling and Analytical Methods 

Biofilm thickness was measured optically with an Olympus 
CH-2 microscope at eight locations on a removable slide 
by the method of Bakke and O l ~ s o n . ~  The areal density 
of the biofilm was determined by scraping 0.0017 m2 
from a removable slide into a preweighed aluminum pan. 
The sample dried overnight and was weighed again to 
determine dry mass. The volumetric density was calculated 
by dividing the areal density by the average biofilm thick- 
ness determined from the same slide. Effluent-suspended 
cell concentrations were determined by direct counting 
according to the method of Hobbie et al.13 Cells were 
stained with Hoechst 33342 and counted using an image 
analysis system (American Innovisions software and an 
Olympus BH-2 microscope). Glucose concentration was 
measured spectrophotometrically using a modification of 
the Sigma 510 enzymatic glucose analysis procedure. Sta- 
tistical analyses were performed using the regression and 
analysis of variance (ANOVA) procedures in the computer 
software package MSUSTAT.17 

RESULTS 

A 32 factorial experimental design18 was used to determine 
the effects on biofilm detachment rate of substrate loading 
rate and shear stress, each at three levels. The three rota- 
tional speeds were 200, 300, or 400 rpm corresponding to 
shear stresses of 1.44, 2.20, and 2.97 N m-*, respectively. 
Although shear stress was continuously monitored, no 
change in shear stress was observed during the course of 
an experiment. The influent glucose carbon concentration 
was adjusted to either 0.8, 4.0, or 7.2 g GC m-3, giving 
substrate loading rates, RL,  of 0.0102,0.0512, and 0.0922 g 
GC m-2 h-', respectively. 

Table I11 gives the steady-state detachment rate and num- 
ber of experiment replications at each condition. Steady 
state was defined as the average time required to reach a 
constant biofilm thickness. For these experiments steady 
state was defined as t > 140 hours. 

Each replication in Table 111 is a separate, independent 
experiment, with 12 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. 
Bartlett's test for checking the assumption of constant 
variance was performed with a null hypothesis that all 

Table 111. Statistical experimental design. 

Substrate loading g GC m-* h-') 

Rotational speed 10.2 51.2 92.2 

200 rpm 1.64 2 0.18 6.97 ? 0.70 17.25 ?a 

300 rpm 0.68 2 0.07 6.54 ? 0.65 16.99 2 0.48 
7.81 i 0.48 
5.86 I 0 . 4 6  

5.29 t 1.51 
400 rpm 2.02 ? 0.24 6.38 2 0.58 15.27 i 0.78 

a No standard error because of contamination. 
Entries indicate mean steady-state detachment rate, Rdss (W3 g CC 

m-2 h-1 ), and standard error of individual experiments at the specified 
conditions. 

variances were equal. An observed P-value of 0.042, al- 
though not much different from 0.05, indicates that all 
the variances were possibly not statistically equivalent at 
the 95% confidence level. It can be seen that the second 
experiment at 400 rpm and a loading rate of 0.0512 g GC 
m-' h-I did indeed have a higher standard error than the 
other experiments. 

As the biofilm accumulates, substrate utilization, biofilm 
thickness, and detachment rate increase until steady state 
is reached. Average steady-state substrate utilization and 
film thickness values are given in Table IV. Measured 
detachment rates are plotted as a function of shear stress 
and substrate loading rate in Figures 2a and 2b. Figure 2a 
indicates that different, though constant, shear stress had no 
significant influence on the steady-state detachment rate. In 
Figure 2b, on the other hand, it is clear that detachment rate 
varied with the substrate loading rate. These observations 
are supported by standard analysis of variance calculations 
(Table V). The P-values in the last column of Table V 
indicate the extent to which the data agree with the corre- 
sponding null hypothesis. A low P-value signifies that the 
data discredit the null hypothesis, where the null hypothesis 
is that the true value of the detachment rate is the same 
at all three values of the independent variable. Over the 
range of variables tested, only the substrate loading rate 
( P ,  5 0.0001) had a significant influence on detachment 
rate. Shear stress ( P ,  0.2644) had no significant effect and 
there was no interactive effect ( P ,  0.5842). 

To further define the role of shear stress, Eqs. (2) and 
(6) (Table I) were rewritten in a more general form, given 

Table IV. 
three substrate loading rates, RL.  

Observed steady state values of R,  [Eq. (lo)] and Lf for 

10.2 
51.2 
92.2 

5.88 i 0.51 
17.98 ? 0.75 
31.93 t 1.79 

5.89 i 0.29 
44.32 ? 0.32 
81.23 rt_ 2.03 

Values are means i standard error for replicate experiments and 
measurements. 
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b. 

./ 

, I  

10.2 51.2 92.2 

R, ( d g  GC m-2h-') 

Figure 2. The influence of shear stress (7) and substrate loading 
rate (RL)  on cell carbon (CC) detachment rate of a monopopulation 
Ps. aeruginosa biofilm. 

Table V. 
of the shear stress and the substrate loading rate. 

Analysis of variance of cellular detachment rate as a function 

Source DF ss MS F-value P-value 

7 2 8.7553 4.3777 1.41 0.2644a 
RL 2 366.09 183.05 58.96 <O.OOOla 
7 * RL 4 8.9971 2.2493 0.72 0.5842b 
Residua I 23 71.405 3.1045 

a Null hypothesis is that the true mean detachment rate is the same 
at all three levels of the independent variable, shear stress, or substrate 
loading rate. 

Null hypothesis is that there is no interaction between shear stress and 
substrate loading rate affecting the mean detachment rate. 

by the following: 

The equations were linearized by taking logarithms, and 
then n was estimated by least squares linear regression 
analysis. Exponent values (n) on shear stress were estimated 
from the data of the present study alone and in combi- 
nation with data from other experimental investigations 

Table V1. Dependence of detachment rate on shear stress. The influence 
of shear stress was determined as an exponent on shear stress from 
Eqs. (12) and (13). 

Proposed value and ref. 

Ps. aeruginosa, this 
investigation 
Ps. aeruginosa, this 
investigation combined 
with data from refs. 24, 
27, and 28 
Mixed culture, ref. 26 

0.58 - 1.0 - 

-0.27 0.64 -0.43. 0.89 
(ref. 21) (ref. 4) 

0.55 0.12 -0.18 0.20 

-0.64 0.11 0.52 0.13 

with monopopulation Ps. aeruginosa b i o f i l m ~ . ~ ~ , ~ ~ , ~ ~  The 
mixed population data of Trulear, previously evaluated by 
Rittman21 resulting in Eq. (2), were also analyzed. The 
results are given in Table VI. From the data obtained in this 
research, the estimated exponent on shear stress in Eq. (12) 
was -0.27, a value statistically indistinguishable from 
zero. The associated 95% confidence interval (- 1 S9,  1.05) 
contains both n = 0.58 [Eq. (2)] and n = 1.0 [Eq. (6)], 
values proposed by other authors. When all monopopulation 
data were combined, the estimated value of n = 0.55 
[Eq. (12)] was similar to the proposed value of n = 0.58 
[Eq. (2)]. The exponent on shear stress in Eq. (12) for the 
mixed-population data set was -0.64. 

Trulear and Characklis2' original detachment data with 
shear stress are replotted in Figure 3. Figure 3 illustrates 
detachment rate as a function of the shear stress as cal- 
culated from the measured torque. The squared correlation 
coefficient (r') of 0.00038 between detachment rate and 
shear stress suggests no linear relationship. 

The detachment expressions were compared by using the 
squared correlation coefficient (r') associated with each 
detachment expression calculated separately for the data 
of this investigation, the combined data set, and the mixed 
population data set (Table VII). Confidence intervals (95%) 
were calculated for the correlation coefficients for all three 
data sets by Fisher's arctangent method. The confidence 
intervals for the correlation coefficient of Eq. (11) do not 
overlap with those of either Eqs. (2) or (6), indicating 
that the improvement in Eq. ( l l ) ,  over Eqs. (2) or (6) is 
statistically significant. 

Figures 4 and 5 show plots of the observed versus pre- 
dicted detachment rates based on Eq. (11) for the combined 
data set and the mixed-population data set, respectively. 

DISCUSSION 

Our experiments, in which each biofilm was grown under a 
different but constant shear stress indicate that: (1) within 

0.51 I 
h 

E N 0.44 I 

I 

I 
I 
I 

0 0.5 1 1.5 2 2.5 3 3.5 

Shear Stress (N m-2) 

Figure 3. 
correlate with measured shear stress. 

Mixed-population suspended solids detachment rates27 do not 
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Figure 4. Monopopulation Ps. aeruginosa cell carbon detachment rates 
from this research and other experimental  investigation^^^^^^ combined 
are linearly related to the proposed detachment rate expression and give 
a correlation coefficient of 0.59. 

0.5 
0 

0.2 1 I 
0.1 

0 

Figure 5. Mixed-population suspended solids detachment rates from this 
research and from Trulear and C h a r a ~ k l i s ~ ~  give squared correlation 
coefficients of 0.58 and 0.73, respectively, for the proposed detachment 
rate expression [Eq. (ll)]. 

the range of environmental conditions tested, shear stress 
had no significant influence on the detachment rate; and 
(2) the product of substrate utilization rate, yield, and 

biofilm thickness gave the best description of the detach- 
ment rate. According to the squared correlation coefficients, 
shown in Table VII, the models which are growth de- 
pendent [Eqs. (3), (4), and ( l l ) ]  are better predictors of 
detachment rate than Eqs. (2) and (6) which are depen- 
dent on shear stress. Eq. (11) gives a statistically better 
correlation than either Eqs. (2) or (6). 

Table VII. Squared correlation coefficient ( r 2 )  of reported detachment expressions. 

Shear Stress 

The results indicate that over the range of 0.5 to 3.4 N mP2, 
there was no significant influence of shear stress on the 
cellular detachment rate, for either mono- or mixed popu- 
lations (Fig. 2a and Table IV for Ps. aeruginosa biofilms; 
Fig. 3 for mixed-population biofilms). This observation is 
limited to systems under constant or gradually changing 
shear stress. In contrast, Bakke2 has shown that rapid 
increases in shear stress can cause transient increases in 
detachment rates. Bakke's research revealed, however, that 
detachment rate returned to its original level within five 
reactor residence times, even at the higher shear stress, 
indicating that the biofilm quickly adapts to a different shear 
stress. Rapid decreases in shear stress did not affect the de- 
tachment 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 [Eq. (14)]: 

R d  = R d e  -k RdAT 
d r  d r  

k d - ,  - > o  
where &Ar = [ :r $ ] (14) 

- 5 0  
d t  

Eq. (14) incorporates the continuous detachment rate as a 
result of erosion [Eq. (11) for example] and the transient 
detachment rates which result from increases in shear stress. 
Eq. (14) could be easily implemented in computer models 
and may better reflect the effects of shear stress on biofilm 
detachment. 

Some influence of the bulk liquid velocity on detach- 
ment may be hypothesized. As the liquid velocity at the 
biofilm-bulk liquid interface increases, the shear forces 
exerted on the biofilm increase while, at the same time, 
mass transfer resistance decreases. If detachment rate is 

Detachment Data from Data from this Mixed culture 
rate expression this investigation combined data from 

Eq. # R d  [=I kf L-' I-' investigation with refs. 24, 27, and 28 ref. 26 Rank 

0.59 
0.20 
0.42 
0.26 
0.24 
0.23 
0.026 

0.73 
0.42 
0.13 
0.27 
0.24 
0.060 
0.021 

Equations are ranked by average r2 for three columns; 1 is highest rank. 
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independent of shear stress, but is dependent on mass 
transfer of substrate to the biofilm, then there will be a flow 
velocity region (perhaps at the lower end of the turbulent 
flow range) where detachment rate increases with increasing 
flow velocity. However, such an increase in detachment 
rate with increasing fluid velocity would be the result of 
increased substrate removal by 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 pro- 
cesses that produce biomass and processes that remove 
it. The accumulation continues until the biofilm reaches 
steady state, at which point biomass production is balanced 
primarily by biomass detachment. Thus, material balance 
considerations alone establish the biomass production rate 
[Eq. (lo)] as the upper limit for a sustainable detachment 
rate. Eq. (11) incorporates this inherent substrate depen- 
dence of the biofilm detachment rate into an expression that 
predicts both steady- and unsteady-state detachment rates 
for both monopopulation and mixed-population biofilms. 

Eq. (1 1) predicts high detachment rates during periods 
of high growth rates, i.e., high substrate utilization rates. 
This association has been observed p r e v i ~ u s l y . ~ , ~ ~  The 
relationship between the more fundamental variables, ,ii 
and X f , ,  and the substrate utilization rate can be shown 
by a cell balance on the biofilm: 

At steady state with a negligible attachment rate, the cell 
balance reduces to Eq. (16). 

Rdss = pxjc (16) 

Equating Eqs. (16) and (10) yields: 

(17) 
Q 
A ,iiXfc = - (Si - Sl)yx /s  

Eq. (17) indicates that measurement of the influent and 
effluent substrate concentrations in the bulk liquid, and an 
estimate of the yield, can be substituted for values of the 
more difficult to measure ,& and X j c  in the characterization 
of steady-state detachment rates. 

By substituting Eq. (17) into the proposed detachment 
expression [Eq. (ll)], it can be shown that Eq. (11) is 
equivalent to: 

Rd = kdpPfcL$  (18) 

Eq. (18) is a special case of a mechanistic detachment 

Eq. (4) was proposed by Speitel and DiGianoZ5 to reflect 
high detachment rates observed during periods of high 
growth rate. It is interesting to note that Spcitel and 
DiGiano report some dependence of the growth-associated 

detachment rate coefficient, k{ ( M  L-3), on the type of 
substrate used. Eq. (11) is also dependent on the type of 
substrate, because the yield coefficient will be influenced 
by substrate properties (e.g., 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. 

These results have significance to a wide variety of 
industries. In drinking water distribution systems, it is 
believed that detachment from biofilms results in high 
heterotrophic plate counts (HPC) and high coliform counts 
even in systems with a significant chlorine re~idual.~' It 
has also been found that lowering the assimilable organic 
carbon (AOC) will give lower coliform and HPC  count^.'^ 
These observations are consistent with the data and analysis 
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 less 
detachment of coliforms and HPC from the biofilm found 
in the distribution systems. In the semiconductor industry, it 
is common practice to lower the organic carbon concentra- 
tion with synthetic scavengers, thus reducing the substrate 
available for attached microbial growth and subsequent 
detachment.I2 

In oilfield injection systems, biomass that detaches from 
the preinjection pipelines is either removed by filtration 
or is injected into the formation. In either case, increased 
detachment leads to increased operation and maintenance 
costs. Eq. (11) suggests that lowering the AOC or elec- 
tron acceptor concentration in these systems would extend 
filter life and reduce the need for biocide treatments. In 
the absence of preinjection filters, less biomass would be 
injected downhole, which would result in less acid cleaning 
of injection wells. 

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, yield coefficient, and biofilm thickness gives 
better description of detachment rates than any pre- 
viously proposed models. 

3. Different, though constant, shear stress had no signifi- 
cant influence on the detachment rate. 
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NOMENCLATURE 
A reactor area (L*) 
D dilution rate ( t - ' )  
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kd 
k: 
k: 
L f  biofilm thickness (L) 

detachment rate coefficient (expression dependent units) 
detachment rate coefficient ( M  L-3 t - I )  
detachment rate coefficient (M L-3) 

n 
P 
Q 
r 2  

exponent on shear stress, Eqs. (12) and (13) (-) 
probability (-) 
volumetric flow rate ( L ~  t - l )  

squared correlation coefficient (-) 
attachment rate (M L-’ f - I )  

detachment rate ( M  L-’ t - I )  
detachment rate as a result of erosion (M L-’ t-’)  
steady-state detachment rate ( M  L-’ t - I )  
detachment rate as a result of a change in shear stress 

substrate loading rate ( M  L-’ t - ’ )  
biomass production rate ( M  L-’ f-’) 
substrate utilization rate ( M  L-’ t-’)  
influent substrate concentration ( M  L-3) 
substrate concentration ( M  L-3) 
time ( t )  
reactor volume ( L ~ )  
biomass concentration ( M  L-3) 
biofilm areal mass density (M L-’) 
biofilm areal cell density ( M  L-’) 
influent biomass concentration ( M  L-3) 
hulk liquid biomass concentration ( M  L-3) 
observed biomass yield coefficient ( M  M - I )  

( M  L-2 2 - 1 )  

Greek letters 

pf biofilm volumetric mass density ( M  L-3) 
pfc biofilm volumetric cell density ( M  L-3) 
p specific growth rate ( ? - I )  

p average specific growth rate in the biofilm ( ? - I )  
i- shear stress ( M  L-’ t -* )  
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