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An individual-based model, originally developed for a
biofilm system, was adapted to simulate three-dimensional
formation of activated sludge flocs. The model was
extended to two different bacterial morphotypes (flocforming and filamentous bacteria), allowing spatial
development of the floc according to the bacterial
morphology, diffusion, reaction, and growth processes.
The model needed also extension with a process for
attachment of individual cells. Despite being in an early
stage of development, the model is already a tool that enables
us to obtain useful information about the microfloc
environment. The model indicates that filamentous bacterial
morphology and substrate microgradients are important
aspects in the formation of bacterial structures. In mass
transport-limited regimes filamentous bacterial structures
prevail, whereas in growth-limited regimes irregular
shaped flocs with fingerlike structures are dominant. These
modeling results suggest that activated sludge flocs and
biofilms might be different manifestations of the same
phenomena. The model results support the hypothesis that
floc-macrogradients can be the most important parameter
for development of bulking sludge. The model suggests
that attachment has a very strong effect on floc structure,
leading to enhancement of the effect of substrate
microgradients.

Introduction
In microbial aggregates, such as activated sludge flocs,
microgradients of electron donor (organic substrate) and/or
electron acceptor (e.g., dissolved oxygen) concentrations are
ubiquitous. Gradients of substrate concentration (e.g., organic
substrates, oxygen, ammonia, nitrite, and nitrate) have been
theoretically evaluated and experimentally observed in
activated sludge flocs (1-4). The concentration gradients
and their magnitude depend on the ratio between the reaction
rate and the mass transfer rate. The specific activity of the
bacteria and the density of biomass in the aggregates mainly
determine the reaction rate. Mass transfer within the floc
depends mainly on diffusional processes and the magnitude
of mass transfer limitation depends on the diffusion coefficient, concentration in bulk liquid, and the size of the
aggregates. In open porous aggregates convective transport
can in certain cases support the diffusional mass transfer.
Due to the diffusion, reaction, and growth processes the con* Corresponding author phone: +31 15-27-81618; fax: +31 1527-82355; e-mail: M.C.M.vanLoosdrecht@tnw.tudelft.nl.
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centration observed by microorganisms in the aggregate is
lower than that in the bulk liquid. This leads to an observed
half saturation constant, usually called apparent half saturation constant, which is higher than the intrinsic half saturation
constant for substrate (Ks). In this sense, the apparent Ks can
be seen as an apparent mass transfer parameter describing
the mass transfer to the cell (2, 5-7). Its magnitude depends
strongly, for instance, on aggregate morphology. The larger
the surface-to-volume ratio of aggregates, or the less dense
the structure is (e.g., dominance of filamentous structures),
the lower the measured apparent Ks value.
Different values of intrinsic substrate half saturation
constant have been used to explain the competition between
filamentous and nonfilamentous bacteria in activated sludge
flocs (8). However, until now no one has unequivocally shown
that this mechanism is the true and only one. An alternative
hypothesis based on bacterial morphology and diffusionlimited microgradients in activated sludge flocs has been
recently developed (9-11). When the flocs are growing at a
low substrate concentration the filamentous bacteria would
observe effectively a higher substrate concentration than the
floc-forming bacteria inside the floc (6, 12, 13). Due to their
morphology, filamentous bacteria could easily penetrate
outside the flocs. Having a predominantly unidirectional
growth apparently gives competitive advantages to filamentous bacteria (9-11). Filamentous bacteria could also serve
as a “backbone” for the development of open floc structures
(12, 14, 15). Recent quantitative FISH results that high levels
of filaments occurred inside the flocs in nonbulking sludge,
supporting this hypothesis for bulking (16).
To study complex ecosystems, in which many factors are
acting together, mathematical modeling can be a very useful
tool. A model can help with the illustration and understanding
of what goes on inside the floc, e.g., the penetration depths
of the different chemical compounds involved in the process
and competition between different species. Modeling has
been successfully used to describe the morphology of biofilms
developed in gradient governed environments. Incorporating
diffusion, reaction, and growth processes in a biofilm model
indicated, for instance, that the formation of open and
filamentous biofilm structures is stimulated in diffusion
dominated conditions (17).
Modeling the microenvironment of activated sludge flocs
has rarely been reported and even less in bulking sludge
studies. Lau et al. (13) developed the first bulking sludge
mathematical model incorporating simultaneous diffusion
of substrates through flocs with predetermined shape and
the accompanying growth. Although with several limitations
the model illustrates some aspects that may match the reality.
For instance, Lau’s model predicts that a cylindrical floc has
less resistance to substrate diffusion than equal-volume
spherical flocs, and therefore the one-dimensional (unidirectional) growth of filamentous bacteria might lead to a floc
geometry that is more favorable for substrate diffusion. Later
studies combine the morphological characteristics with the
physiology of filamentous and nonfilamentous bacteria. Both
the micromorphology of the floc and the oriented growth
characteristics of filamentous bacteria were taken into
account in the mathematical model with preferential unidirectional growth by Takács and Fleit (18). However, similar
to Lau et al. (13), Takács and Fleit (18) attributed different
kinetic parameters to the two different bacterial morphotypes
(filaments and floc-formers). This makes it difficult to
differentiate between the role of different substrate half
saturation constants and different morphology in the competition between filamentous and nonfilamentous bacteria.
10.1021/es049659l CCC: $27.50
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Recently, a new modeling approach, named individualbased modeling (IbM), was developed and implemented for
biofilm systems (19-22). IbM allows individual variability
and treats bacterial cells as single units. Furthermore, the
IbM approach can make a distinction between spreading
mechanisms adopted by different bacteria (21). The IbM
approach contains exceptional features needed to model
growth of filamentous bacteria. For example, assuming that
filamentous bacteria “remember” a preset growth direction
leads to the alignment of “daughter” cells with the “mother”
cells in the trichome of the filamentous bacteria. Thus,
modeling can be used to evaluate better the role of
unidirectional growth of filamentous bacteria in competition
with the isotropic growth of floc-forming bacteria. The model
is also expected to evaluate the hypothesis that floc-forming
bacteria can develop fingerlike structures and fluffy aggregates due to growth in steep substrate gradients combined
with attachment of planktonic cells to sludge flocs, under a
wide range of kinetic parameters.
The aim of this study is to adapt a previously developed
IbM biofilm model and evaluate the model capability to
describe structure formation of activated sludge flocs made
of two bacterial morphotypes: a filamentous and a nonfilamentous microorganism. Diffusion and reaction of soluble
substrates, isotropic growth of floc-forming bacteria, and
attachment and unidirectional growth of filamentous bacteria
are the main processes considered in this model.

Methods
Model Definition. The new floc model, aiming at describing
microbial and solute distributions in three spatial dimensions,
is an extension of previously reported biofilm models (17,
19, 20, 22, 23). The model simulates the development of a
single activated sludge floc contained in a cubical computational domain Ω with the size L (Figure 1). Formation of
the biological floc starts with a few initial cells placed in the
middle of the cubic domain, which in Cartesian coordinates
(x,y,z) are situated around the central point (xC)L/2, yC)L/
2, zC)L/2). The computational domain Ω consists of two
subdomains, Ω1 and Ω2. The bulk liquid subdomain Ω1 is
considered completely mixed and therefore of uniform
concentration of solutes. The soluble substrate concentra(b)
(b)
tions in the bulk liquid Ω1 are CS,1
and CS,2
for oxygen
-3
(gO2‚m ) and soluble organic substrate (gCOD‚m-3), respectively, which are considered in this study the only essential
nutrients. For simplicity, neither biological activity nor other
reactions are considered in the bulk liquid. The diffusional
subdomain Ω2 contains the biological floc and a spherical
mass transfer boundary layer. Therefore, the outer limit of
Ω2 is a spherical surface situated at a distance δBL from the
floc maximum radius RF, computed as the Euclidian distance
between the center of the domain and the outermost biomass
particle (Figure 1). Diffusion is the only transport mechanism
of solutes within Ω2.
The multidimensional multispecies floc model developed
in this study contained the following key processes:
1. Biomass Growth. It is assumed that the floc consists of
two species of active bacteria: the floc-forming and the
filamentous microorganisms. Although the particle-based
biofilm model (22) allowed inert biomass formation as a result
of decay processes (Figure 1C), for simplicity, inert production
processes were not considered in this study. Thus, cells that
do not have access to substrate do not become inactive. The
3-D floc structure is represented by a collection of NP
nonoverlapping hard spheres of biomass, also called biomass
particles. Each spherical particle p contains only one type of
active biomass (floc-former or filament type, see Point
DisplayC). It is assumed that each particle has the total mass
m(p)
(gCOD/particle) and a constant density of FX (gCOD
X
biomass‚m-3 particle). When the biomass in the particle

changes in time, volume and radius R(p) change accordingly:

R(p) )

( )
3m(p)
X
4πFx

1/3

(1)

The growth of each biomass type b with time is described
by an ordinary differential equation representing the mass
balance for each biomass particle p:

dm(p)
X,b
r for each p ) 1,2,...,NP and each b ) 1
dt X,b
(floc-former), 2 (filament) (2)
The net reaction rates for generation of biomass, rX,b, are
typically functions of the biomass of the particle, m(p)
X,b, and
concentrations C(x,y,z)
of
various
substrates
present
at the
S,n
center (x,y,z) of the biomass sphere.
The initial (at time t ) 0) distribution of biomass particles
is in the middle of the cubic domain, i.e., around the point
(L/2,L/2,L/2). It is assumed that all NP,0 initial biomass
particles have mass m0 and, correspondingly, radius R0.
2. Biomass Division and Propagation Rules. The bacterial
mass contained in each particle will grow according to eq 2.
However, the total biomass in a particle is assumed limited
to a maximum value, mX < MX (gCOD biomass ‚ m-3 particle),
which is independent of growth rate for the sake of simplicity
(18, 19). MX is conveniently chosen to achieve the desired
total biomass density in the floc CX,max (g biomass ‚ m-3 floc).
When this maximum biomass MX in a sphere is reached, a
new “daughter” sphere is created. Part of the biomass
contained in the “mother” is redistributed to the “daughter”
sphere. To break synchronous divisions from the beginning,
an unequal splitting ratio (e.g., by uniformly randomly
redistributing between 40 and 60% of the “mother” particle
to the “daughter” particle) is prescribed. For floc-forming
bacteria, the new “daughter” sphere touches the “mother”
sphere in a randomly chosen direction. This isotropic biomass
growth mechanism leads to spherical colonies of floc-former
bacteria when no growth limitations (e.g., due to diffusion)
occur within the colony. Details about the implementation
of the isotropic division can be found in refs 19, 20, and 22.
A characteristic of this new model is that, as opposed to
floc-formers, filamentous bacteria grow in a preferential
direction. This preferential direction is kept as an attribute
of the filament from the beginning in a pair of spherical
coordinates (θ,φ) ) (θ0,φ0) invariable in time, as opposed to
division of floc-formers where the directions (θ,φ) are
randomly chosen at each division. The new “daughter” sphere
touches the mother sphere, and it is placed in the attributed
direction. When the new cell is inserted in the filament, the
other cells are pushed in both directions, so that the filament
grows on both sides of the floc.
3. Biomass Spreading. The spreading of the floc in space
as a result of biomass growth is implemented differently for
floc-forming and for filamentous bacteria. For floc-formers,
the biomass spreading occurs by shoving the spheres when
they get too close to each other. The pressure building up
due to floc-formers growth is relaxed by minimizing the
overlap of spheres. This mechanism is explained in detail in
refs 18, 19, and 21. Similar to the division process, for
filamentous bacteria the spreading occurs in a preferential
direction, randomly preset. When a new cell is inserted in
the filament, the other cells of the trichome are pushed further
on the line remembered by all the cells belonging to a filament
and defined by the angles (θ0,φ0). The spreading floc-formers
treat filaments as a rigid wall that effectively bounces them
back. However, the spreading filaments can push the flocformer cells being in their way.
VOL. 38, NO. 21, 2004 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 1. The model floc system. (A) The cubic computational domain (3-D) encloses the activated sludge floc. (B) A rectangular uniform
grid (mesh size h)∆x)∆y)∆z) is used for the solution of the partial differential equations for substrate diffusion and reaction. (C) Biofilm
biomass is contained in spherical particles holding one type of active biomass as well as inactive biomass. All biomass particles situated
in one grid element (i,j,k) experience the same substrate concentrations CS(i,,jn,k). The average biomass concentrations in each grid element
are CX(i,,jb,k).
4. Biomass Attachment. Attachment of new biomass
particles to the biological floc was considered for both flocforming and filamentous bacteria. The number of new biomass particles sent into the system to attach in a time interval
(∆t) is a fraction fatt of the newly formed particles by biomass
division in ∆t. Consequently, in a sufficiently large time interval, the attachment rate is a fraction fatt of the growth rate:
(att)
rX,b
) fatt,b‚rX,b

(3)

A ballistic aggregation model (24) was used for attachment.
Particles were released from an arbitrarily chosen point on
a randomly chosen face of the cubic computational domain
and let attach to the existing floc after a “random walk” (a
kind of Brownian motion ending when the particle touches
the floc). The attached filament-forming cells acquire a new
preferential growth direction chosen at random.
5. Biomass Detachment. Detachment is implemented in
this model only in a simplistic way, with the sole purpose of
5634
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keeping the floc size within the computational domain. For
this goal, all the biomass particles which, because of division
or pushing, are located outside a “detachment radius” Rdet
are removed from the floc. The removed particles are not
relocated but merely considered lost.
6. Mass Balances of Soluble Substrates in the Floc. The
spatial distribution (“the field”) of concentrations of a given
set of substrates influences the growth rate of a particular
biomass type. Conversely, the spatial distribution of bacterial
activity affects the substrate concentration fields. Due to
growth, division, spreading, attachment, and detachment,
the spatial distribution of biomass varies in time. This causes
a temporal variation of the substrate fields as well. For this
reason, equations of dynamic state diffusion-reaction mass
balances must be written for each of n substrates in the
subdomain Ω2:

(

)

∂CS,n
∂2CS,n ∂2CS,n ∂2CS,n
+
+
+ rS,n
) Dn
∂t
∂x2
∂y2
∂z2

(4)

TABLE 1. Model Parameters
parameter

geometry:
physical system dimensions
maximum floc radius
carrier radius
biomass parameters:
initial particle biomass
maximum particle biomass
maximum biomass density of particles
number of initial biomass particles:
floc-forming bacteria
filamentous bacteria
fraction of particles attached:
floc-forming bacteria

symbol

value

L
RF,max
RC

800
375
100

units
µm
µm
µm

m0
MX
FX

3 × 10-11
6 × 10-11
60000

NPFF,0
NPFL,0

25
5

particles
particles

(att)
fFF

0.2

filamentous bacteria

(att)
fFL

0.2

shoving parameter
maximum specific growth rate
saturation constant for oxygen
saturation constant for organic substrate
yield on substrate
mass transfer parameters:
oxygen diffusion coefficient
acetate diffusion coefficient
boundary layer minimum thickness
concentrations in bulk liquid
oxygen
acetate
numerical solution parameters:
grid dimensions for mass balances
time step

k
µmax
KS,O2
KS,S
YSX

1
6, 10, and 24
0.5
4
0.5

particles attached/
particles newly formed
particles attached/
particles newly formed
day-1
gO2 m-3
gCOD m-3
gCOD gCOD-1

DO2
DS
δBL

1.1’10-4
0.4’10-4
50

CS,O2(b)
CS,S(b)
N
∆t

gCOD/particle
gCOD/particle
gCOD m-3

m2 day-1
m2 day-1
mm

0.2 and 1.5
20

gO2 m-3
gCOD m-3

33
0.5

grid nodes
h

TABLE 2. Stoichiometric Matrix and Process Rates Used in the Model
component
soluble substrates

microorganisms

process

CS,S
gCOD‚m-3

CX,FF
gCOD‚m-3

1. growth

-(1 - YSX)/YSX

-(1/YSX)

Floc-Forming Microorganism, FF
1
0
µmax{CS,S/(CS,S + KS,S)}{CS,O2/(CS,O2 + KS,O2)}CX,FF

2. growth

-(1 - YSX)/YSX

-(1/YSX)

Filamentous Microorganism, FL
1
0
µmax{CS,S/(CS,S + KS,S)}{CS,O2/(CS,O2 + KS,O2)}CX,FL

In this study, n ) 1 for oxygen and n ) 2 for soluble
organic carbon. In eq 4 rS,n is the net reaction rate and Dn
is the effective diffusivity of substrate n in the floc. The lefthand side temporal derivative is the rate of substrate accumulation. The right-hand side contains the isotropic 3-D diffusion rate, with uniform diffusivity all over the place. The net
reaction rate is the algebraic sum of the rates of all individual
processes that produce or consume that specific substrate.
Because concentrations are considered constant in time
and uniform in space in the bulk liquid subdomain Ω1, the
mass balance equations do not need to be solved in Ω1. The
boundary conditions for eq 4 solved in the diffusional subdomain Ω2 consist of constant substrate concentrations at
the floc/bulk liquid interface
(b)
CS,n(RgRBL) ) CS,n

with R ) x(x - xc)2 + (y - yc)2 + (z - zc)2 (5)
where (xc, yc, zc) is the position of the center of the floc in the
computational domain.
The floc radius RF(t) increases as the floc develops in time
and therefore RBL(t) ) RF(t) + δBL increases accordingly.
For the initial state at t ) 0, a uniform distribution of

CX,FL
gCOD‚m-3

process rate

CS,O2
gO2‚m-3

gCOD‚m-3‚day-1

(x,y,z)
(b)
) CS,n
throughout the whole domain
concentrations CS,n
was assumed.

Solution Method. Solution methods for this type of model
equations were described in detail in ref 21. Only the general
succession of steps is presented here. After inoculation with
a few biomass particles in the middle of the computational
domain, the field of substrate concentrations at steady state
(x,y,z)
CS,n
(t) is computed from eqs 4 and 5. A uniform space
discretization in N3 cubic elements of size h ) L/(N-1) is
used (Figure 1). The biomass concentration in each cubic
(x,y,z)
element (CX,b
(t)) is needed to evaluate the reaction term in
eq 4. This is computed from the sum of all biomass particles
having the center situated in the cube, divided by the volume
h3. The concentration fields are used for the solution of
biomass balances (2) for each particle, which are integrated
(p)
directly for one time step ∆t to find mX,b
(t + ∆t). Division of
biomass is executed for those particles which mass exceeds
(p)
the threshold, i.e., when mX,b
(t + ∆t) > MX. Spreading
according to the shoving mechanism already described is
then necessary, followed by the attachment of new particles.
After some of the particles are removed in the detachment
step, the biomass dynamics in the time interval ∆t has been
completed, and a new substrate field needs to be computed.
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TABLE 3. Simulated Scenarios

scenario

only floc-former
with carrier
(cases C)

µmax ) 24 day-1
without attachment
high CS(b,)O2 (1.5 mg O2 L-1) C1
low CS(b,)O2 (0.2 mg O2 L-1) C2
with attachment
high CS(b,)O2 (1.5 mg O2 L-1)
low CS(b,)O2 (0.2 mg O2 L-1)
µmax ) 10 day-1
without attachment
low CS(b,)O2 (0.2 mg O2 L-1)
with attachment
low CS(b,)O2 (0.2 mg O2 L-1)
µmax ) 6
without attachment
low CS(b,)O2 (0.2 mg O2 L-1)
with attachment
low CS(b,)O2 (0.2 mg O2 L-1)

floc-former and
filament without
carrier
(cases A and B)

A1
A2

B1
B2

A3
A4

B3
B4

A5

B5

A6

B6

A7

B7

A8

B8

day-1

Case Studies. A mixed culture of floc-forming and
filamentous bacterial morphotypes fed with a soluble organic
substrate (e.g., acetate, represented in the model as COD) in
fully aerobic conditions has been considered. Dissolved
oxygen (DO) and organic substrate (COD) are considered
the only rate-limiting substrates. The rate equations for
bacterial growth and substrate utilization are of Monod type
with double limitation. All model parameters are shown in
Table 1. The stoichiometry matrix and kinetics expressions

used in the model are summarized in Table 2. We were especially interested in the potencial role of diffusion gradients
in the formation of filamentous floc structures; therefore, all
stoichiometric and kinetic parameters were considered
identical for floc-formers and filaments. Molecular diffusion
into the floc was the only transport mechanism of dissolved
oxygen and soluble substrate. Three scenarios were selected
to evaluate the behavior of the model, with the specific conditions indicated in Table 3. Case A assumes the presence
of floc-forming bacteria only. In case B, there are both flocforming and filamentous bacteria. To study the influence of
spatial distribution of inoculum on the subsequent floc structure, in case C the floc-forming bacteria grow on a spherical
carrier particle with 200 µm diameter. Three specific growth
rates (µmax ) 24, 10, and 6 day-1) were tested in case A and
B. Case C was only evaluated for the highest growth rate,
without attachment, and at high and low dissolved oxygen
concentration. Each of cases A and B is subdivided in four
subcases when µmax ) 24 day-1, with or without attachment,
and at high or low dissolved oxygen concentrations.

Results
In this study a first attempt is made to model the structure
formation of activated sludge flocs made of two morphotypes
of bacteriasa filamentous and a nonfilamentous bacterias
using the individual-based modeling approach at the early
stage of floc formation. The main processes initially taken
into account were the diffusion, reaction, and growth
processes. Attachment process was also evaluated in some
simulations. Since kinetics was assumed to be similar for
both bacterial morphotypes, the microbial competition was
primarily based on morphology and on microgradients of
substrate concentration. Movies showing the modeling
results will be available on the following Web site: http://

FIGURE 2. Simulated activated-sludge floc with a single morphotype floc-forming bacterium (µmax ) 24 day-1) with (cases A3 and A4)
or without attachment (cases A1 and A2) at high (cases A1 and A3, 1.5 mg O2 L-1) and low (cases A2 and A4, 0.2 mg O2 L-1) dissolved
oxygen concentration in the bulk liquid. The size of the final biological floc is approximately 700 µm in diameter.
5636
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FIGURE 3. Simulated activated-sludge floc with a single morphotype floc-forming bacterium (µmax ) 10 day-1 in cases A5 and A6; µmax
) 6 day-1 in cases A7 and A8) with (A6, A8) or without attachment (A5, A7) at low dissolved oxygen concentration in the bulk liquid.
The size of the final biological floc is approximately 700 µm in diameter.
www.bt.tudelft.nl/content/ebt/researchgroup_ebt.html and
http://www.biofilms.tudelft.nl/.
Floc Development with a Single-Morphotype FlocForming Bacterium. The simulated development of an
activated sludge floc with a single morphotype floc-forming
microorganism, under normal (cases A1 and A3) and low
(cases A2 and A4) dissolved oxygen concentration with (cases
A3 and A4) or without attachment (cases A1 and A2), at µmax
) 24 day-1, is shown in Figure 2. Figure 3 also shows the floc
development but at lower specific growth rates (10 and 6
day-1). The evolution of biomass growing on a carrier, without
(b)
attachment, at high and low CS,O
, is presented in Figure 4.
2
In the initial stage of floc formation, there is enough
substrate in the bulk liquid and the gradients inside the floc
are not strong. Therefore, nutrient limitation is not relevant.
In these conditions, the floc grows uniformly in all directions,
forming a spherical and compact structure (e.g., cases A1
and A2 in Figure 2; cases A5 and A7 in Figure 3).
As the floc gets bigger, and if attachment is not taken into
account, two situations can occur. They depend on both
specific growth rate and bulk liquid substrate concentration.
If there is no substrate limitation (high substrate concentra-

tion and/or low specific growth rate, e.g., case A1 in Figure
2 or cases A5 and A7 in Figure 3), then the floc expands
uniformly in all the directions and a compact and smoothly
shaped floc is obtained. Irregularly shaped flocs are obtained
when substrate limitation occurs (e.g., at low dissolved oxygen
concentration, case A2 in Figure 2). Biofilms growing on a
spherical carrier displayed a similar morphology (case C,
Figure 4), which further suggests similarity between activated
sludge floc morphogenesis and development of biofilms in
particle-based reactors (such as the Biofilm Airlift Suspension
or Fluidized Bed systems) under diffusion-limiting conditions.
The irregularity of the floc surface (roughness) increased
considerably by including an attachment process (cases A3
and A4). This perturbation of the symmetrical geometry,
omnipresent in activated sludge systems and with relevance
and magnitude largely unknown, led to the formation of
several tips at the floc surface. Even in systems with relatively
weak substrate microgradients (case A3 in Figure 2 and Figure
5, and A8 in Figure 3) attachment had a strong effect on floc
morphology. These biomass tips develop largely in the
direction of the substrate microgradient, growing significantly
faster than the biomass inside the floc and leading to the
VOL. 38, NO. 21, 2004 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 4. Simulated biological aggregate growing on a spherical carrier (200 µm diameter) with a single morphotype floc-forming
bacterium without attachment at high (C1, 1.5 mg O2 L-1) and low (C2, 0.2 mg O2 L-1) dissolved oxygen concentration. The size of the final
aggregate is approximately 700 µm in diameter.
formation of fingerlike structures and, thus, to a more
irregularly shaped floc.
Floc Development with a Dual-Morphotype Species:
Floc-Forming and Filamentous Bacteria. The development
of activated sludge floc with a dual-morphotype floc-forming
and filamentous bacteria was simulated under normal (case
B3) and low (cases B4, B7, and B8) dissolved oxygen
concentration with (cases B3, B4, and B8) or without
attachment (case B7).
When attachment is not included in the model, filamentous bacteria quickly reach the border of the activated sludge
floc (e.g., case B7 in Figure 6), in either a transport-limited
regime or biomass growth-limited regime. Once this happens,
filamentous bacteria experience high substrate concentrations and will grow close to the maximum rate. The flocforming bacteria placed at the floc surface grow with a similar
rate, but the overall outward growth velocity of filamentous
bacteria is obviously higher because they preferentially grow
in only one direction. If no attachment process is considered,
filamentous bacteria always grow behind the confines of the
floc, dominating the simulated floc structure.
When the microbial growth rate is hardly reduced by
substrate limitation (e.g., case B3 in Figure 6) filamentous
bacteria quickly reach the border of the activated sludge floc,
and, like in the absence of attachment, they protrude from
the floc surface and prevail in the competition for space and
resources with the floc-forming bacteria. However, in strong
substrate-limited regimes (e.g., case B4 in Figure 6shigh
growth rate and low substrate concentration), few filamentous bacteria protrude from the floc. This is mainly because
filaments are just a small fraction of the initial inocula
population (about 17%), and as a result of the growth and
attachment processes, floc-forming bacteria can rapidly cover
them. Under these conditions, filamentous bacteria get less
substrate, and although growing predominantly in one or
two directions, their overall growth rate is smaller than that
of floc-forming bacteria. When the growth rate is smaller,
less floc formers will grow and consequently attach to the
5638
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floc (e.g., case B8 in Figure 6). In these conditions, the
filamentous bacteria are exposed to more substrate in the
initial stage of the floc development. This availability of
substrate together with the typical unidirectional growth gives
to the filamentous bacteria competitive advantages, and they
will be expected to predominate.

Discussion
The model introduced in this study is, of course, a simplification of the complex reality, and it does not seek to describe
all networks of complex biological and physical interactions
occurring in activated sludge flocs. The purpose of the
developed model was merely to offer a rational platform for
the investigation of the morphology of activated sludge flocs
and of the competition between floc-forming and filamentous
bacteria based mainly on bacterial morphology, cell attachment, and substrate gradients in the floc. The aim of this
modeling study was rather to illustrate the phenomena and
basic principles (e.g., diffusion limited environments, unidirectional growth, etc.) influencing formation of floc morphology than to develop a fully accurate and calibrated model.
Modeling Results in the Context of the Diffusion-Based
Hypothesis. It has been hypothesized that the presence of
substrate microgradients inside activated sludge flocs (due
to diffusion, reaction, and growth processes) together with
the bacterial morphology (i.e., floc-forming bacteria grow in
three directions and filamentous bacteria have a predominant
unidirectional growth) determine the floc structure (9-11).
In growth-limited systems the substrate gradients inside biological flocs are relatively small, and there is only slight limitation on the microbial growth rate due to substrate diffusion.
In these conditions the biological flocs have a smooth shaped
surface, and filamentous bacteria are thought to remain mostly inside the floc. In the presence of substrate diffusion limitation the substrate gradients are stronger, and the flocs have
an irregular texture, exhibiting fingerlike structures on the
surface. Filamentous bacteria are dominant in these conditions since they have an overall higher outward growth vel-

FIGURE 5. Oxygen fluxes (indicated by the length and direction of the arrows) and two-dimensional oxygen concentration fields (darker
contour patches indicate lower concentrations) in slices cut through the middle of the floc in cases A1, A2, A3, A8, B4, and B8. Thick
lines indicate the floc surface.
ocity. The filaments are expected to protrude from the floc
surface and to form a network of filamentous bacteria in the
bulk liquid, leading, eventually, to a state of filamentous
bulking sludge.
The floc model gives results that are partially in agreement
with this hypothesis. For instance, in substrate-limited environments (e.g., in a transport-limited regime) biological flocs
with fingerlike structures at the surface were dominant. When
the substrate gradients were weaker in the floc, i.e., growthlimited system, and no microbial attachment was considered,
tips protruding from the floc surface were not observed, and
the floc had a smooth and spherical shape. These modeling
results are in line with the experimental observations where
regularly shaped and compact flocs are usually dominant in
systems without substrate diffusion limitation, e.g., high
electron donor and electron acceptor concentrations or vice
versa (9-11), and, thus, with the diffusion-based selection
theory. Bacterial structures with similar morphology were
also observed in biofilm systems and in colonies formed on
agar plates, and their formation was also successfully modeled
by several modeling techniques (the approach is always the
same: reaction-diffusion processes) (17, 23, 25-27).

However, when filamentous bacteria were present the
model could not describe qualitatively some experimental
observations and did not follow completely what has been,
experimentally based, hypothesized. Although the model
predicts that filamentous bacteria predominated, as expected,
in transport-limited regimes, their dominance in substraterich environments is unrealistic. The simplistic way to make
the model work for this particular case would be to assign
to the filamentous bacteria a lower specific growth rate at
high substrate concentrations, as in the kinetic selection
theory (8). Some of the drawbacks of this theory were already
mentioned before and were discussed in more detail
elsewhere (e.g., refs 11, 28, and 29). We believe that other
reasons, not incorporated at this stage in the model, may
contribute to the nonproliferation of filamentous bacteria
(in the bulk liquid) at high substrate concentrations. For
instance, it is known that some filamentous bacteria can
change morphology in response to changes in environmental
conditions (30, 31). It has been reported that when the feeding
pattern is a pulse feed (leading to the absence of substrate
diffusion limitation) filamentous bacteria are placed mostly
around the floc instead of protruding straight from the floc
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FIGURE 6. Simulated activated-sludge floc with dual-morphotype bacteria (µmax ) 10 day-1 in cases B3 and B4 and µmax ) 6 day-1 in
cases B7 and B8) with (cases B3, B4, and B8) or without attachment (case B7) at high (case B3) and low dissolved oxygen concentration
(cases B4, B7, and B8). In this visualization of the simulated floc morphology, floc-forming biomass is represented by white balls and
filamentous biomass by dark balls.
surface, as it occurs in continuously fed completely mixed
flow reactor (CMFR) systems (9, 10). Furthermore, filamentous bacteria quickly became dominant when the feeding
pattern was changed again to completely mixed regime,
indicating that they remained present in the floc interior.
With the development of advanced microscopic techniques
and molecular tools such as fluorescent in situ hybridization
(FISH) bacterial morphology should be studied more in detail,
specially under different environmental conditions (e.g.,
CMFR and plug-flow systems, with feast and famine periods),
such as performed recently by Liao et al. (16).
Effect of Attachment. The present model suggests that
continuous attachment of biomass particles to the floc has
a very strong effect on floc structure. The introduction of this
perturbation of an otherwise smooth surface led to the
formation of tips at the floc surface. These bacterial protrusions have competitive advantages because they have access
to substrate-rich environments. They grow faster and mostly
in the direction of the substrate gradient, leading to a more
open and geometrically irregular floc structure. Modeling
results in biofilm systems suggest that there is a minimum
spatial perturbation scale that can lead to fingering in these
systems (32). We did not try to determine the minimum
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attachment rate that could lead to the formation of the
fingerlike flocs. However, the attachment rate used was clearly
high enough to disturb the system. Other perturbations, like
detachment, floc break-up, and the effect of fluid dynamics,
poorly understood and with lack of experimental information,
may also play an important role and should be further
evaluated. Having a high outward growth velocity, filamentous microorganisms expand faster than floc-forming bacteria
and can form a “backbone structure” (12, 15) suitable for
adhesion of other cells. Model simulations performed in this
study clearly show that both aspects, bacterial morphology
and growth in the direction of the substrate gradient (diffusion
based process), enhanced by perturbation phenomena such
as microbial attachment, are important modeling aspects to
be taken into consideration when explaining formation of
filamentous floc structures. Moreover, these modeling results
suggest that activated sludge flocs and biofilms might be
different manifestations of the same phenomena.
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