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A general mathematical framework for modeling biofilm de- 
tachment is presented. The approach is founded on a mate- 
rial balance on biomass that equates the detachment rate 
to the product of a detachment frequency and a detaching 
particle mass. The model provides a theoretical basis for 
deriving many of the empirical detachment rate expres- 
sions in common use and can thus lend some insight into 
their physical and biological significance. By allowing for 
variation in the detachment frequency with depth in the 
biofilm, the model permits derivation of detachment ex- 
pressions that reflect a dependence on chemical or physi- 
ological gradients in the biofilm. Analysis of literature data 
sets from two different biofilm systems suggests, in both 
cases, that detachment is a growth-associated phenome- 
non. 0 1993 John Wiley & Sons, Inc. 
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INTRODUCTION 

Biofilm detachment refers to the interphase transport 
of biomass particles from an attached microbial film to 
the fluid compartment bathing the film. Although de- 
tachment has not been investigated extensively, it is the 
primary process that balances microbial growth and, 
thereby, determines the steady state accumulation of 
biofilm and overall biofilm activity. To the extent that 
detachment influences attached microbial numbers, it 
is crucial to understanding such phenomena as micro- 
bial plugging of oil formations, fouling of process water 
equipment, in situ bioremediation, souring of oil by 
sulfate-reducing bacteria, and the effectiveness of bio- 
cides in removing microbial biofilm. Detachment of 
multicellular particles may also play a role in the devel- 
opment of biofilm spatial heterogeneity or “patchiness,” 
which has been hypothesized to be a factor in the pro- 
motion of microbially induced corrosion. Finally, de- 
tachment may provide an inoculum for growth of a 
suspended cell population. This mechanism may under- 
lie recurrent coliform infections in drinking water dis- 
tribution systems or the persistence of certain microbial 
infections stemming from medical implants. 

Bryers has distinguished five categories of detach- 
ment processes: erosion, sloughing, human intervention, 
predator grazing, and abra~ion.~ Erosion refers to the 
removal of individual cells or small groups of cells from 
the surface of the biofilm. Sloughing, in contrast, is the 
detachment of relatively large particles of biomass, 
whose characteristic size is comparable to or greater 
than the thickness of the biofilm itself. Whereas ero- 
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sion can be viewed as a continuous process occurring 
uniformly over the surface of a biofilm, sloughing is 
more plainly a discrete process. The distinction between 
erosion and sloughing may be arbitrary since many sys- 
tems probably experience detachment of a broad distri- 
bution of particle sizes. Erosion and sloughing have 
been hypothesized to result from a combination of in- 
ternal biofilm processes and shear and normal forces 
exerted by moving fluid in contact with the biofilm sur- 
face.8 Other detachment processes, such as human inter- 
vention (e.g., scraping), predator grazing, and abrasion, 
are clearly the result of external forces acting on the 
biofilm. This article focuses on erosion or sloughing 
processes that occur even in the absence of these exter- 
nal forces. 

A variety of empirical mathematical expressions to 
describe detachment rates have been forwarded. One 
commonly applied detachment model assumes a first- 
order dependence of detachment rate on biofilm mass 
and th i cknes~~ , ’~~’~ :  

r d i  = k d p i L f  (1) 
where 

rdi = detachment rate of component i 
kd = detachment rate coefficient 
p i  = density of component i in the biofilm 
Lf  = biofilm thickness 

Others have postulated that detachment rate is a power 
law2 or second-order of biofilm mass. For 
example, 

r d i  = k d ( p i L f ) *  (2) 
A second-order function of biofilm thickness has been 
used to model biofilm detachment in a numerical simu- 
lation of multispecies population dynamics”: 

Tdi = k d p i L f 2  (3) 
Shear stress has been explicitly incorporated in some 
detachment rate expressions. Based on an analysis of 
limited data, Rittman suggested 

r d ,  = k d p i L f T 0 ’ 5 8  (4) 

where r is the fluid shear 
dence on shear stress of the form 

A first-order depen- 

r d i  = k d r p i  (5 )  
has also been proposed.’ 
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A few models of detachment postulate a dependence 
on cellular physiology. Speitel and DiGiano suggested 
that growth rate in the biofilm influences detachment 
rates and have proposed an expression of the form15 

rdi  = L f ( k d  f kip) (6) 
Chang et al. also allude to the possibility of a functional 
dependence of detachment on growth rate.' Howell and 
Atkinson presented a detachment model in which oxy- 
gen depletion in the depth of the biofilm triggers a 
sloughing event." 

While these various detachment models can some- 
times adequately describe behavior in a given experi- 
ment, there is no convincing evidence that any of the 
expressions are generally applicable. The objective of 
this article is to present an improved mathematical basis 
for modeling of biofilm detachment and prediction of 
steady state biofilm thickness or areal mass density. A 
central hypothesis motivating this work is that the 
probability of a detachment event occurring can be a 
function of local cellular physiology in the biofilm and 
could, therefore, vary spatially and temporally depend- 
ing on the current physiological conditions. A second 
motivation is the recognition that a mathematical 
description of detachment should incorporate the inher- 
ently discrete nature of this process. A biofilm detach- 
ment model that addresses these issues is presented in 
the next section. 

THEORY 

Consider a biofilm in which a detachment event can oc- 
cur at any depth in the film, spawning detached par- 
ticles of varying size (Fig. 1). One conceptual approach 
to modeling this process is to equate the detachment 
flux to the product of the frequency or probability of 
detachment events and the size or mass of the detaching 
particle. According to this conceptual model, the aver- 
age areal detachment rate for component i could be 
mathematically expressed as 

rdi  = F d ( L f  - Z d ) A d p i  (7) 
where Fd is the overall frequency of detachment events 
per unit area, Lf - z d  is the average depth at which de- 
tachment occurs in the biofilm,Ad is the average area of 
the particle [such that (Lf - & ) A d  equals the particle 
volume], and pi is the particle average biofilm density of 
component i. The detachment rate r d ,  has units of 
ML-2T-' (M = mass, L = distance, T = time). The 
overall frequency of detachment, which has units T-'L-2, 
could be a function of biofilm thickness, fluid shear 
stress, microbial physiology, etc. 

This conceptual model may be refined by permitting 
the detachment frequency to vary with depth in the bio- 
film. The local detachment frequency might depend, for 
example, on the physiological state of cells at different 
points within the biofilm. To obtain the overall detach- 

ment rate, the local detachment frequency must be inte- 
grated across the depth of the biofilm. With a spatial 
coordinate, z, defined as originating at the substratum- 
biofilm interface and oriented outward normal with re- 
spect to the plane of the biofilm, the areal rate of 
detachment can be expressed as 

rdi  = r f d ( z )  (Lf - Z ) A d p i ( z )  dz (8) 

In this expression, f d ( z )  denotes the local detachment 
frequency and p i ( z )  the local density of component i. 
The local detachment frequency has units of T-'L-3, or 
frequency per unit volume. The dimension of the de- 
taching piece when detachment occurs at distance z is 
Lf - z. The overall detachment frequency is given by 

(9) 

By assuming a form for f d ( z )  and integrating Equa- 
tion (8), various expressions for the detachment rate 
can be derived. Two general assumptions are made in 
the derivations that follow. First, it is assumed that 
biofilm density is spatially and temporally constant for a 
given system and set of operating conditions. Biofilm 
density may vary, however, from experiment to experi- 
ment. Second, f d ( z )  is assumed to be inversely propor- 
tional to the contact area of the detaching particle, A d .  

The justification for this assumption is that the adhe- 
sive force acting on the particle so as to resist detach- 
ment could be expected to be proportional to the 
contact area. A number of possible expressions for fd(z)  
are considered below. 

Figure 1. Schematic of biofilm detachment. The diagram illus- 
trates detachment of a particle of biomass and its entrainment in 
the fluid compartment. In the coordinate system adopted, the sub- 
stratum is located at z = 0 and the biofilm-fluid interface at z = 
Lf. The particle shown detaches at distance z = z d .  
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Perhaps the simplest form of the local detachment 
frequency is to assume that it is constant throughout the 
biofilm : 

A connection to microbial physiology in the biofilm 
can be introduced by postulating that fd(z) depends on 
the local growth rate. This can be generally framed as 

where kd is a detachment coefficient with units T-'L-'. 
Integrating Equation (8) with this form off&) yields 

This model predicts a second-order dependence of de- 
tachment rate on biofilm thickness. As discussed in the 
next paragraph, this model assures a steady state. 

For a biofilm to attain steady state, the net rates of 
detachment and growth must exactly balance. The rate 
of biomass synthesis is expected to be first order in the 
amount of biomass, except when mass transfer limits 
growth, a common occurrence in biofilms. When mass 
transfer limits growth, the rate of synthesis will be less 
than first order in the amount of biomass. In general, 
then, the rate of biomass synthesis will always be be- 
tween zero order and first order with respect to Lf. For 
a biofilm to develop, the rate of detachment must be less 
than the rate of synthesis for biofilms thinner than 
steady state thickness and must exceed the rate of syn- 
thesis for biofilms thicker than steady state thickness. 
This requires that the rate of detachment have a higher 
order dependence on L j  than the rate of growth does. 
Any detachment rate expression that tends to zero for 
infinitesimally thin biofilms and that has at least a first- 
order dependence on Lf, such as Equation ( l l ) ,  will en- 
sure a finite steady state. 

In contrast to the previous example, in which the de- 
tachment events are distributed throughout the biofilm, 
it is also conceivable that detachment tends to occur at a 
preferred location in the biofilm. This dependence of 
the local detachment frequency can be mathematically 
formulated in terms of the Dirac delta function, 6(z), 

where zd is the value of z at which detachment occurs. 
The local detachment frequency is zero elsewhere 
within the biofilm. This leads to the following equation 
for the detachment rate: 

rdl = kdpr(Lf - zd) (13) 
For example, if detachment occurs by sloughing solely at 
the biofilm-substratum interface, then zd = 0, and the 
detachment rate is first order with biofilm thickness. If 
detachment were to occur at a fixed distance from the 
biofilm surface (Lj - zd = const), then Equation (13) 
would predict that the detachment rate would be con- 
stant. This situation does not permit a finite steady 
state. Detachment would outweigh growth in an arbi- 
trarily thin film, causing the film to disappear. 

where p(z) describes the growth rate as a function of 
position in the biofilm. Two independent detachment 
coefficients, kdl and kd2, appear in this expression. De- 
pending on the sign of kdl, Equation (14) can describe 
either a positive or negative dependence on growth rate. 
From Equation (8), the detachment rate is predicted 
to be 

1 
rdi = kd lP i rP (z )  (Lf - z ) d z  + ykd~PiLf2 (15) 

Analytic solutions to the integral in Equation (15) are 
not generally available but can be found for certain spe- 
cial cases, as illustrated below. 

The kinetics of microbial growth are frequently de- 
scribed by a Monod expression, 

S 
p = p,- K ,  + S 

where p, is the maximum growth rate of the organism 
and K ,  is the Monod half-saturation coefficient. In the 
limiting cases of low or high substrate concentration, 
the growth rate becomes first order in substrate 
(S 4 K , )  or zero order in substrate (S % K , ) .  First- and 
zero-order kinetic expressions thus constitute informa- 
tive bounds on the growth behavior of microorganisms. 

For the case of zero-order intrinsic growth kinetics, 
the growth rate is finite and constant over a fixed depth 
from the biofilm-fluid interface and zero at greater 
depths. Let p, denote the growth rate within the grow- 
ing region and u the dimension of this zone. Then from 
Equation (15), the detachment rate equals 

(17) 
1 1 
2 2 

rdi = -kdl/.LspiU2 -kd2piLf2 

A Thiele modulus, which reflects the relative rates of 
reaction and diffusion," can be defined for the zero- 
order intrinsic kinetics case as 

where 

px = cell density in the biofilm 
K, = yield coefficient of biomass on substrate 
D, = effective diffusivity of substrate in the biofilm 
So = bulk substrate concentration 

When the Thiele modulus is small (40 < l ) ,  diffusion 
is fast compared to reaction and the growth rate is es- 
sentially uniform across the depth of the biofilm. When 
the Thiele modulus is large (40 > l ) ,  diffusion is rate 
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limiting, and gradients in the growth rate can be 
expected. 

In the case of first-order growth kinetics, the growth 
rate mirrors the substrate profile in the biofilm and is 
given by 

where p, represents the growth rate at the biofilm-fluid 
interface and +1 is a Thiele modulus defined as 

Substituting the form of p(z)  given by Equation (19) 
into Equation (15), the detachment rate for first-order 
kinetics is found to be 

At steady state, the net rate of synthesis of component i 
must equal its rate of detachment. If the growth rate 
profile in the biofilm is known or assumed, then the 
synthesis rate can be directly calculated by integrating 
over the depth of the biofilm. In general, the areal rate 
of production of component i, denoted by rpl, is 

rpl = $p(z)p,dz (22) 

For zero-order growth kinetics, the rate of synthesis 
is just 

rpi = pSP& (23) 

Equating Equations (15) and (23) to solve for the steady 
state biofilm thickness, L,, one obtains 

& I 1 (24a) 

When first-order growth kinetics apply, the rate of syn- 
thesis is 

Equating the rates of synthesis and detachment, the 
steady state biofilm thickness for the first-order kinetic 
assumption is given by the equation 

Equation (26) is an implicit equation since +1 is also a 
function of biofilm thickness. 

The above examples by no means exhaust the pos- 
sible expressions that could be postulated for fd(z) and 
subsequently derived for the detachment rate. They do 
comprise a spectrum of interesting predictions, which 
are discussed and compared to available data in the 
next sect ion. 

RESULTS AND DISCUSSION 

Derived detachment rate expressions are summarized in 
Table I. All of the expressions are first order in biofilm 
cell mass density, and most also incorporate some de- 
pendence on biofilm thickness. A second-order depen- 
dence of the detachment rate on biofilm thickness 
emerges in several of the rate expressions or their 
asymptotic limits. In the conceptual terms of the pro- 
posed model, this dependence results if both the overall 
frequency of detachment events and the average size of 
the detaching particle are proportional to Lf. When 
some dependence on local growth rate is assumed, the 
overall dependence of detachment rate on biofilm thick- 
ness is predicted to vary between independence and sec- 
ond order. 

Only one of the derived detachment rate expressions 
[Equation (13), zd = 01 embodies simple first-order de- 

Table I. Summary of derived detachment rate expressions. 

Conceptual description of Dependence Steady 
local detachment frequency Equation of rdi  on Lf state? 

Uniform 
Detachment solely at 

substratum 
Surface erosion of particles 

of fixed dimension 
Generally growth 

proportional 

Strictly growth proportional, 
zero-order growth kinetics 

Strictly growth proportional, 
first-order growth kinetics 

11 L: assured 

for 4 > 1 13, Zd = 0 Lf 

13 none no 

15 varies; none permitted; 
assured if 
k d z  > 0 

for 40 I 1 17, k d z  = 0 

21, k d z  = 0 ~ f z ,  small 4; permitted 

to Lfz 

L f z  

none, large 6 
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pendence on biofilm thickness. This form was derived 
by assuming that detachment occurs only at the 
substratum-biofilm interface. The size of the detaching 
particle is clearly first order in Lf, while the overall fre- 
quency of detachment events must be constant. This ex- 
pression applies only to this specific detachment 
process, which might be classified as sloughing. A de- 
tachment rate first order in Lf could also arise if an 
external force, such as abrasion, drives detachment. In 
this case, it is reasonable to postulate that the frequency 
of detachment events is independent of biofilm thick- 
ness. As noted in the introduction, this latter case is not 
the focus of this article. 

Most of the derived detachment rate expressions per- 
mit a steady state with respect to biofilm thickness. Ma- 
terial balance considerations lead to the steady state 
condition which requires that the detachment rate equal 
the net synthesis rate. Although some biofilm systems 
may never operate at steady state, it is a general observa- 
tion that most biofilm processes do attain a (pseudo) 
steady state. One model, in which it was assumed that 
particles of constant thickness detach from the surface 
of the biofilm [Equation (13), Lf - z d  = const], does 
not permit a steady state, which is sufficient grounds for 
dismissing it as a generally applicable model. If detach- 
ment is a first-order function of biofilm thickness, a fi- 
nite steady state can only be realized if there is some 
reduction of biofilm growth by mass transfer limitation. 

Those models which assume that detachment is 
purely growth associated [Equation (15), kd2 = 01 lead 
to an intriguingly simple prediction of the steady state 
biofilm thickness under certain conditions. In the case 
of zero-order kinetics, if the biofilm is fully penetrated 
by substrate, then the steady state biofilm thickness 
is predicted to be constant and equal to 2/kdl [Equa- 
tion (24a), kd2 = 01. In other words, the steady state 
biofilm thickness is uniquely determined by a biological 
property of the system (embodied in k d l )  and is in- 
dependent of bulk substrate concentration, biofilm 
density, effective diffusivities, and other physical and 
chemical properties of the system. The identical result 
appears in the case of first-order kinetics if 41 is small 
[Equation (26), kd2 = 0, 4' < 11. These results suggest 
that, for growth-associated models of detachment, when 
the effectiveness factor is close to 1, or equivalently 
when the generalized Thiele modulus is less than 1, 
then the steady state biofilm thickness will be constant. 
This theoretical result could explain observations of a 
biofilm system in which biofilm thickness remained 
constant even as the cell density in the biofilm changed 
significant ly.3 

There is a general lack of detachment rate data com- 
plete enough to test such models of detachment. Con- 
sider, for example, that data reported by Trulear and 
Characklis16 have been interpreted as supporting both a 
first-order l3  and second-order dependence of detach- 
ment rate on biofilm mass (i.e., pi&). This article for- 

wards, in the following paragraphs, a third interpretation 
of this same data set. 

Trulear and Characklis collected comprehensive mea- 
surements on a heterotrophic mixed population bio- 
film.I6 As noted above, these data have been analyzed 
previously, but these analyses considered only a subset 
of the available data (Trulear, M. G., 1980. Dynamics of 
biofilm processes in an annular reactor. M.S. Thesis, 
Rice University). When the entire data set is examined, 
neither first- nor second-order dependence of the de- 
tachment rate on biofilm mass appears defensible. If 
the simple model rdi = kdpLf were obeyed, a plot of rdi/p 

versus Lf would be a straight line with positive slope 
and passing through the origin. The data clearly do not 
support this prediction, a conclusion that Figure 2 drives 
home forcibly. A second-order model does not describe 
the data any better (data not shown). 

In addition to measurements of detachment rate, 
thickness, and biofilm mass, Trulear and Characklis pre- 
sented evidence that the intrinsic kinetics of substrate 
utilization could be considered zero order and reported 
an experimental measurement of the active biofilm 
thickness. This additional data make it possible to di- 
rectly test the growth-associated model of detachment 
reflected in Equation (17). To do this, Equation (17) is 
linearized by dividing through by piLf2/2. Restricting 
the analysis in the first round to steady state measure- 
ments, rdr/pi can be substituted for pa from Equa- 

then be linear with slope kdl and intercept kd2.  
Trulear and Characklis' steady state data are presented 

in this manner in Figure 3 .  The data are linear on this 
plot to a good approximation ( r 2  = 0.98). From the 
least-squares fit line, the detachment constants and 
their standard errors are found to be kdl  = 0.032 ? 
0.002 pm-I and kd2 = 0.0003 2 0.0003 pm-' h-'. As a 
further test of this model, these detachment coefficients 
can be used to predict the unsteady state accumulation 
of biofilm. The predicted detachment rate as a function 
of biofilm mass is compared to the experimental mea- 

tion (23).  A plot Of 2rdj/pjLf2 versus rdiU/piLf2 should 

0 

0 

i 

01 I 

Lj ( r m )  
40 60 80 100 120 140 

Figure 2. Dependence of detachment rate/biofilm density (r&,) 
on biofilm thickness (Lf)  for steady state data (eight experiments) 
of Trulear and Characklis. 
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Figure 3. Derivation of detachment constants from steady state 
data of Trulear and Characklis.I6 Shown are the data (0) (steady 
state values from eight experiments) and their least-squares fit 
line (-). 

surements in Figure 4. The model correctly predicts the 
qualitatively distinct behavior of the two experiments. 

A second extensive detachment data set has been col- 
lected over a period of years by several different experi- 
menters working with pure culture Pseudomonoas 
aeruginosa b i ~ f i l m s . ~ , ’ ~  This and additional, as yet 
unpublished, data have recently been analyzed to deter- 
mine which of several possible detachment rate expres- 
sions provided the best fit of the data (Peyton, B., 
Characklis, W., A statistical analysis of the impact of 
substrate utilization and shear stress on the kinetics of 
biofilm detachment, submitted to Biotechnol. Bioeng.). 
The following empirical equation best described the 
data: 

(27) 
Q rd, = kd-(SI - So)xsLf 

where Q ( S l  - $,)/A is the areal substrate utilization 
rate in the reactor. If the reactor system is close to 
steady state with respect to substrate concentration, a 
good approximation for essentially all of the experimen- 
tal measurements, then 

A 

where p is the average specific growth rate in the bio- 
film. Combining Equations (27) and (28) yields 

This is a special case of Equation (15), the general ex- 
pression for growth-associated detachment derived here. 
Equation (15) reduces to Equation (28) if all detach- 
ment is growth associated (kd2 = 0) and if the growth 
rate in the biofilm is approximately constant (4 < 1). 
Thus, the proposed model provides theoretical support 
for an originally empirical detachment equation. 

Both of the data sets discussed above support the hy- 
pothesis that microbial physiology plays a role in de- 
termining detachment rates. Proving this association 
requires a more extensive set of measurements than is 
usually collected. In addition to measurements of de- 
tachment rate, biofilm thickness, and biofilm mass, suf- 
ficient additional information is needed to calculate 
growth rate profiles within the biofilm. A general impli- 
cation of growth-associated detachment is that steady 
state biofilm thickness is less dependent on the amount 
of growth occurring than when detachment is not related 
to growth. The best way to test for growth-associated de- 
tachment is to vary the amount of net growth occurring, 
for example, by changing the substrate loading rate. 
Further experimental investigation will be necessary to 
establish the ways in which microbial physiology in 
biofilms influences detachment. An advantage of the 
model described here is that it permits a dependence on 
the local physiology in the biofilm to be explicitly in- 
cluded in the detachment rate expressions. 

In addition, the model structure incorporates the dis- 
crete nature of biofilm detachment. Although not devel- 
oped in this article, it would be straightforward to 
expand the model to a second dimension to describe 
phenomena in the plane of the biofilm. In principle, 
such an expanded model could describe variations in 
biofilm thickness, sometimes termed “patchiness” or 
roughness, and predict the size distributions of detach- 
ing biomass particles. 

CONCLUSIONS 

A general mathematical framework for modeling biofilm 
detachment is presented. After preliminary analysis of 
the model and two experimental data sets, it is con- 
cluded that: 

” 
0 200 400 600 800 1000 

P A  (w) 
Figure 4. Comparison of model predictions with unsteady state 
detachment rate data of Trulear and Characklis.’6 Detachment rate 
( r d i )  is plotted as a function of biofilm mass ( p , L f ) .  Shown are 
the data (0) and theory (---) for their experiment AFR-26 and 
data (0) and theory (-) for experiment AFR-23. 

1. The proposed detachment model provides a theoreti- 
cal basis for deriving many of the empirical detach- 
ment rate expressions in common use and can, thus, 
lend some insight into their physical and biological 
significance. 

2. By allowing for variation in the detachment fre- 
quency with depth in the biofilm, .the model permits 
derivation of detachment expressions that reflect a 
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3. 

dependence on chemical or physiological gradients in 
the biofilm . 
The structure of the model incorporates the discrete 
nature of the detachment process. This should allow 
the model to be extended to predict heterogeneity in 
biofilm thickness and the particle size distribution of 
detached biomass. 
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NOMENCLATURE 

depth of growing region 
total biofilm area 
effective area of detaching particle 
effective diffusivity of substrate in biofilm 
local detachment frequency 
overall detachment frequency 
detachment rate coefficient 
growth-associated detachment coefficient 
non-growth-associated detachment coefficient 
Monod half-saturation coefficient 
biofilm thickness 
steady state biofilm thickness 
flow rate 
correlation coefficient squared 
detachment rate of component i 
rate of synthesis of component i 
substrate concentration 
influent substrate concentration 
bulk substrate concentration 
yield coefficient of cell mass on substrate 
distance coordinate 
average distance at which detachment occurs 
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Greek letters 
S Dirac delta function 
p specific growth rate 
plS 

p 
p ,  
px 
7 fluid shear stress 
40 Thiele modulus, zero-order kinetics 
4, Thiele modulus, first-order kinetics 

specific growth rate at the biofilm-fluid interface or maxi- 
mum specific growth rate 
average specific growth rate in biofilm 
density of component i in biofilm 
cell mass density in biofilm 
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