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Abstract

The morphology of bio Imsreceived much attention in the last years. Several conceptsto explain the devel opment
of bio Im structures have been proposed. We believe that bio Im structure formation depends on physical as
well as general and speci ¢ biological factors. The physical factors (e.g. governing substrate transport) as well
as general biological factors such as growth yield and substrate conversion rates are the basic factors governing
structureformation. Speci ¢ strain dependent factorswill modify these, giving afurther variation between different
bio Im systems. Bio Im formation seemsto be primarily dependent on theinteraction between mass transport and
conversion processes. When a bio Im is strongly diffusion limited it will tend to become a heterogeneous and
porous structure. When the conversion is the rate-limiting step, the bio Im will tend to become homogenous and
compact. On top of these two processes, detachment processes play a signi cant role. In systems with a high
detachment (or shear) force, detachment will be in the form of erosion, giving smoother bio Ims. Systems with
alow detachment force tend to give a more porous bio Im and detachment occurs mainly by sloughing. Bio Im
structure results from the interplay between these interactions (mass transfer, conversion rates, detachment forces)
making it dif cult to study systems taking only one of these factorsinto account.

Introduction

Bio Ims consist of cells immobilised in an organic
polymer matrix of microbial origin (Characklis &
Marshall 1989). The structure of a bio Im has only
recently received more attention. Although it was
knowninthe past that bio Imsare not uniformintime
or space (Characklis & Marshall 1989), frequently it
was assumed that bio Ims where homogeneous. With
a more detailed analysis of bio Ims (Caldwell 1993;
Gjatema 1994; De Beer 1994) it is however apparent
that awidevariety of bio Im structuresexist. Gjaltema
et al. (1994) showed that evenin awell-mixed bio Im
reactor (rototorque reactor) different types of bio Ims
could be found. These variations arise from dlight
differences in shear rates at different surface sites in
the reactor and from the fact that even in a hydraulic-
ally well mixed system, substrate gradients can occur
when the characteristic timefor substrate conversionis

smaller than the characteistic mixing time (Gjaltema
1994). Bio Im studies are either performed at a mac-
roscopic level (i.e. measuring general properties of
bio Imsformed in areactor or system) or microscop-
icaly (i.e. using microscopy and micro-electrodes).
A microscopic study has the disadvantage that it is
dif cult to link it with the overall system dynamics,
whereas a macroscopic study is dif cult to interpret
unless a very well de ned experimental system is
available.

The bio Im airlift suspension reactor (Figure 1,
Tijhuis et al. 1996) has proved to be an excellent
system for bio Im studies. It is a well-mixed reactor
with a very short mixing time and the bio Ims are
formed on particles homogeneously suspended in the
reactor. The latter guarantees that although there are
different shear zonesin the reactor (asin virtually any
reactor), averaged over time, each particleis subjected
to the same substrate loading and detachment forces.
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Figure 1. Schematic drawing of the bio Im airlift suspension reactor. Bio Im particles are homogeneous suspended and kept in the reactor by

the 3-phase separator on the top.

Moreover, it is possible to sample the reactor in a
representative manner without disturbing the bio Im
growth in general (as would be the case if e.g. slides
in the reactor wall were used). Despite the fact that in
these reactors detachment is mainly caused by particle
collision (Gjatema et al. 1995), we think that the
results of these studies are representative for liquid
shear dominated systemsaswell. Aswill be explained
below the dominant factor determining bio Im mor-
phology is the ratio between detachment rate and
bio Im surface loading rate. The advantage of using
particle-baseal shea is that experimentally it is easier
to vary it over a wide range of shear rates without
affecting the external mass transfer rate signi cantly.
Studies with bio Ims only subjected to bio Im shear
indeed show similar trends as observed in our reactors
(see e.g, Kugaprasatham 1992; Debus 1994; Wasche
2000; Beyenal 2002).

In this contribution we want to summarise our
experimental results showing how different aspects
in uence the bio Im structure and to summarise the
approach to describe bio Im structures with mathem-
atical models. We will conclude with a short view on
the status of biol m structure reseach and indicate
important aspects that need further experimental and
modelling attention.

Experimental observations

In the Bio Im Airlift Suspension reactor the particle
shear is higher than in most systems where uid
shea is dominant. This results, in general, in smooth
non-porous bio Ims, although bio Ims with a widely
varying morphology can be obtained (Kwok 1998).
A compact and smooth bio Im is in principle a pre-
requisite for operating bio Im airlift suspension react-
ors. When conditions are such that porous bio Ims
with large lamentous structures occur the bio Im
particles washout and the system becomes unstable.
Kwok et a. (1998) have systematically varied the
shear rate (by changing the number of particles) and
the growth rate of the bio Ims (by changing the
surface speci ¢ loading rate to the bio Im). In this
research, it was shown that with increasing shear rate
a thinner bio Im is formed. Also a lower substrate
loading rate leads to a thinner bio Im. These effects
have also been reported for other bio Ims systems
(e.g. Verschuren et al. 2002) and are more or less
intuitively expecte.

The bio Im density is expressed as the amount of
biomass per volume of bio Im, excluding the pore
volume. It is a measure for the packing density of the
cells in the bio | ms. It was observed that the density
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Figure 2. Bio Im accumulation (A) and detachment rate (B) in a
bio Im airlift suspension reactor as a function of shear forces and
substrate (Acetate) loading rate

of the bio Ims increased with an increasing detach-
ment force, whereas there seemed to be no relation
to the substrate loading per unit of bio Im surface
(Kwok 1998). Villasefior et al. (1999) showed that the
bio Im density increase when the substrate applied
selecte for slower growing bacteia in the biol m.
Faster growing bacteria, lower shear rates and higher
loading rates lead to more porous bio Im structures.
For both observations no proper explanation is avail-
able, but it isin line with the general observation that
nitrifying and methanogenic bio Ims are denser than
heterotrophic or acidifying bio Ims.

Theincreased density due to increased shear force
means that reactors operating under high shear condi-
tions contain a higher amount of biomass and a lower
biomass detachment rate than reactors operating at a
low shear force (Figure 2). Contrary to expectation,
a stable and high amount of biomass in the reactor
is obtained at a high shear force because the bio Im
adapts to the shea conditions. Thereis an optimum in
the shear force giving a maximal amount of biomass.
The higher the growth rate or the substrate [oading rate
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per unit of bio Im surface the higher the optimal shear
forcesfor the formation of smooth and densebio Ims.
This can be explained by the fact that at higher
shear forces (or lower loading rates) the bio Im gets
more compact, i.e. less growth occurs in the outer
lamentousbio Im and moreinthebasebio Im. This
leads to increased amounts of biomass in the base
bio Ims and less detachment because the bio Ims
grow in a more compact form. Filamentous structures
and protrusions are detached before they can grow
out. These observationsled to agenera hypothesisfor
formation of bio Im structures (van Loosdrecht 1995,
1997) (Figure 3). A balance between detachment and
outgrowth of the bio Im governs the bio Im forma-
tion. Higher shear forces give a more compact bio Im
and can eventually lead to patchy bio Im growthinthe
crevices of the substratum only. The faster a bio Im
can grow the better it can balance the detachment
and the more heterogeneous and thicker the bio Im
becomes. However, a fast growing bio Im is rapidly
consuming the substrate leading to stronger substrate
gradients. The latter resultsin relatively faster growth
of the tips of protrusions than the base bio Im. This
further enhances the formation of heterogeneous por-
oushio Ims. A high shear counteractsthistendency of
bio Im protrusions for rapid outgrowth by detaching
them, leading to ahigher portion of the substrate being
converted by the base bio Im. The bio Im caninthis
context be seen as an adaptive system responding to
the environmental conditions or as a structure result-
ing from the environmental factors. These complex
interactions can be partly understood intuitively. In
experimental systems it is hardly possible to observe
them independently. Therefore, mathematical bio Im
models have been constructed to evaluate these inter-
actions.

Mathematical bioblm models

The rst detailed mathematical model proposed by
Wanner & Gujer (1986) was based on a one-
dimensional bio Im. Only gradients perpendicular to
the bio Im-liquid interface where taken into account.
It should be stated here that for general purposes this
model has been and till is a great tool in under-
standing bio Im processes in a quantitative manner
(Wanner 1996). This kind of models is generally
adequate in describing the macroscopic conversionsin
a bio Im system and gives a reasonable description
of the layered structure of a bio Im. These models
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Figure 3. Schematic representation of the interaction between growth and detachment on the bio Im structure.

and experimental observations showed that besidesthe
well-known layering due to the presence of different
electron acceptors (with the lowest redox state in the
depth of thebio Im) also the growth rateisimportant.
Within one redox zone the faste growing bacteiawill
be found more at the outside of the bio Im. Hetero-
trophic bacteria always cover the nitri ersin aerobic
bio Ims, while acidifying bacteaia cover the methane
oxidisersin an anaerobic bio Im.
These 1-D models can however reveal neither how
a bio Im structure develops with lateral gradients,
nor how e.g. pores contribute to the overall bio Im
conversions. Therefore, more detailed models have
been developed (Ben-Jacob 1992; Wimpenny 1997;
Picioreanu 1998, 2000ab, 2001; Hermanowicz 1998;
Eberl 1999, 2000, 2001; Kreft 1998, 2001) in which
all factors of relevance could be described based on
rst principles. In the development of the models
described below no completely hypothetical mechan-
ismswhere used and no speci ¢ microbial interactions
were assumed. For speci ¢ cases such interactions
might occur, but for understanding the general prin-
ciples of bio Im growth they would obscure the gen-
eral trends. Three questions to be addressed were: (i)
whether heterogeneous bio Im structures can occur
spontaneously (without any supposition on in uence
of the bacteria directly), (ii) whether they are indeed
in uenced by detachment and substrate gradients, and
(i) whether poresinabio Im contributeto the overall
conversioninabio Im.
Picioreanu (1998, 2000b, 2001) was the rst to
develop a comprehensive quantitative model structure
for bio Im growth. The set-up of the model is shown
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Figure 4. Set-up of bio Im model as developed by Picioreanu et al.
(2001).

in Figure 4. In these bio Im models the following
aspects are taken into account:

Convection. This is taken into account by solving
the Navier—Stokes equationsfor uid ow. Thisis
presently only well feasible for non-turbulent ow
conditions. Because the diffusion boundary layer
is generally within the laminar ow sublayer, this
poses no real problem for systemswith aturbulent
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Figure5. Model simulations with an increasing ratio between the maximum rates of mass transport and growth processes. Top  gure represents
the bio Im grown in a strongly transport limited regime, bottom gure is with growth limitation. Bio Im represented in gray, lines represent
iso-concentration lines for the limiting substrate (from Picioreanu et al. 1998).

ow. For modelli ng purposes only the convection
in the bio | m and the laminar sublayer need to be
taken into account.
Diffusion. The diffusion can be described by solv-
ing Fick's law. Recently we expanded this to
situations were also a potential  eld in uences
the transport of charged compounds (as e.g. in
biocorrosion) (Picioreanu, submitted).
Reaction (substrate consumption and biomass pro-
duction). When from the convection and diffusion
processes the local concentrations are known, the
chemical or microbial conversion processes can be
calaulated with standard reacton kinetics Hereby,
new biomassis formed.
Bio Im growth. The newly formed biomass in the
previous step needs to be distributed. This process
is trivial in one-dimensiona bio Im models, but
not in two- or three-dimensional models. Since
there is no fundamental theory or good exper-
imental observations for biomass spreading in
bio Imsthe different modelsuse different methods
for this biomass spreading. Picioreanu et a. (1998)
and Hermanowicz (1998) used a discrete cellular

automaton method. Surplus biomass is displaced
to neighbouring cells, which lead to further dis-
placement of the biomassin the neighbouring cells
until an empty position at the bio Im-liquid inter-
face is found. Kreft et a. (1998) uses a model
based on description of single microorganisms.
If an organism grows, it effectively pushes its
neighbours aside in all directions. This shoving
medanism leads to a similar bio | m structure as
in the method of Picioreanu et al. (1998). A differ-
ence occurs when a multi-species model is used.
In the cellular automaton approach (Picioreanu
et al., 2000c) the population becomes somewhat
mixed due to the random displacement, in the
shoving approach the separate populations remain
clearly segregated. Eberl et al. (2001) proposed a
continuous description for biomass spreading sim-
ilar to diffusion. Assuming a density-dependent
diffusion coef cient, the biomassis spread by dif-
fusion when the biomass density reaches a certain
level. All these methods give similar results for
the bio Im structure. In describing multi-species
bio Ims, differences occur however. It needsto be
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Figure 6. Simulation of bio Im growth under high (top) and low (bottom) shear stress (from Picioreanu et a. 2001).

evaluated which mathematical formulation is the
best for describing bio Im growth.

Detachment. In several bio Im models (e.g. Wan-
ner & Gujer 1986) a detachment equation is
included, however usually these equations are not
based on any fundamental process. The detach-
ment is only included in order to allow the
occurrence of a steady state bio Im thickness.
Picioreanu et al. (2001) were the rst to include
a possible detachment mechanism based on the
force exerted by the liquid ow. The mechan-
ical stress in the biol m is calallated and when

it exceeds a certain level (the tensile strength),
the bio Im breaks leading to detachment. This
method is a standard method for calaulating mater-
ial strength and breakage. Since only very lim-
ited experimental work on bio Im detachment and
strength is available, this method should be seen as
hypothetical.

Presantly, the models have been mainly used to

evaluate bio Im structures in monospecies bio Ims.
These bio Im models can however simply be expan-
ded to multi-species bio Ims (Noguera 1999; Kreft



2001; Picioreanu 2000c) or to account for speci ¢
interactions dueto e g. cell-cell signalli ng.

Effect of substrate concentration gradients

Diffusion gradients occur when the potential substrate
consumption rate exceeds the maximum mass trans-

port rates of substrates by diffusion or convection.

Thus, the slower the diffusion processes relative to

the growth process the stronger the substrate gradient

will be. In Figure 5, different ssmulations with a 2-D

model are shown. These simulations (Picioreanu et al.

1998) show that when the transport rates of substrate
are relatively slow, strongly porous or even lament-

ous bio Ims can be formed. The different linesin the
graphs indicate iso-concentration lines of the limiting

substrate The close these lines are together the faster
the local transport rate. One can see that the tips of the
bio Ims get substrate at a faster rate then the valleys.

Thisleadsto locally higher growth rates. This process
isself-enhancing: if the bacteriahave already the capa-

city for afast growth, thetips grow out faster, and start

to grow even fasta than the bactaia in the valleys.

This effect is aso observed in 3-D simulations and

is independent of the spreading mechanism chosen

(Eberl 2001; Kreft 2001). These simulation results
show that no speci ¢ microbial mechanism is needed

in order to explain the occurrence of bio Im structures
with large geometrical differences.

Effect of detachment of bioblm structure

Simulating bio Im growth at different shear stresses,
or assuming a lower tensile strength, leads to more
porous bio Ims if the shear stress is relatively low
(Figure 6). It was interesting to observe that with
one mechanistic process, two phenomena, sloughing
and erosion, could be described. Generally, these
phenomena are seen as two independent processes,
but it might be that they are two sides of he same
coin. At low shear rates, the bio Im grows out more
rapidly and is subjected to regular sloughing periods
(Figure 6A). If the bio Im is grown at high shear
rates (or low growth rates), the main detachment is
caused by a continuous erosion process resulting in
a smoother bio Im (Figure 6B). This trend is also
observed in bio Im reactors where at low shear (e.g.
trickling Iter) bio Im detachment occurs predomin-
antly by sloughing and at high shear (e.g. uidised
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beds) erosion is the dominant detachment mechanism.

These results show that the experimental observa-

tions can be directly reproduced in simulation models
without a need for suggesting speci ¢ microbial inter-

actions (e.g. chemical signalling) or extra processes
than general structural strength principles. Although

the simulations are qualitatively correct, proper meas-
urements of the gel properties are still lacking and

should become available before de nitive conclusion

can be made. First approaches for such measure-

ments are already availablein literature (Ohashi 1999;

Stoodley 1998, 1999, 2001; Flemming 2001).

Effect of poreson substratetransport

By simulating the conversion process at different ow
ratesand bio Im geometries, the contribution of pores
inthetransport of substrateto the bacterial cellscan be
evaluated. Figure 7 shows the effect of ow velocity
on the relative contribution of convectiveand diffusive
transport mechanisms to the overall substrate trans-
port to the same bio Im. It is clear that only at very
high ow rates, convection will dominate the sub-
strate transport. At such high ow rates, however, also
large shea forces exist and the bio | m will adapt by
becoming less porous and smoother, decreasing the
pore-based convective transport. The bio Im structure
adapts to the ow regime in a way that buffers mass
transfer. Thisimpliesthat convectivetransportinsidea
bio Im might not be very important in general, unless
e.g. large changes in ow rates occur in a bio Im
system or the bio Im structure contains large moving
parts.

A further evaluation of the importance of pores
is shown in Figure 8. The same system is ssimulated
twice with some extra pores added. It is clea that at
the entrance region of the pores (Figure 8B), extra
mass transfer occurs ( nally leading to blocking of
the pore) whereas at the exit region the mass trans-
fer is decreased and the cells get a lower amount of
substrate. Therefore, depending on the position of
a microsensor, pores appear to increase or decrease
mass transfer.

It can be argued whether above simulations by
a 2-D model are representative for a 3-D structure
where ow can by-pass bio Im structures. Simula-
tions show that when the same bio Im is modelled
in two or three dimensions, the overall mass transfer
is equivalent (Figure 9). This indicates that for many
studies a 2-D simulation is suf cient. The effect of 3-
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Figure7. Effect of ow velocity ontherelative contribution of convective and diffusive masstransport. Black area: convection dominated mass
transfer. Inside the bio Im structure lines of equal reaction rate are drawn (from Picioreanu et a. 2000a).
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Figure 9. Effect of bio Im heterogeneity, expressed as area enlargement (bio Im surface area divided by substratum surface area), on
mass transfer expressed as Sherwood number (total external mass transfer divided by diffusive transfer). Comparison between 2-D and 3-D

simulations at low (A) and high (B) ow velocity (from Eberl et a. 2000).

Figure 10. Representation of the mushroom bio Im used in the simulations for constructing Figures 11-12.

D geometry and porosity has been further evaluated
by simulating a mushroom-like bio Im (Figure 10).
Again, it becomes apparent that in the pore region,
at relatively high liquid velocities, the mass transfer
is dominated by convection (Figure 11). That is what
one would observe also by microelectrode measure-
ments. However, the exchange of liquid between the
pore region and the bulk liquid is marginal. There-
fore, if the overall mass transfer from the bulk liquid
to the bio Im is evaluated, the diffusive transport is
dominating the convective transport (Figure 12) even
at high liquid velocities. Though, if bio Ims con-
sist of isolated colonies, the convective transport will
largely contribute to the mass transfer (Rittmann et
al. 1999). In conclusion; these observations show that

pores probably do not contribute much to the overall
conversion process (where the interest is usually from
an engineering perspective) but they might have large
local in uences on microbial competition and selec-
tion processes (where the interest of microbiologists
oftenis).

Conclusion

Porous, heterogeneous bio Im structures are the
result of substrate gradientsthat are created by the
growing bio | m. At the sametime, these gradients
enhance the formation of a more heterogeneous
bio Im. The tendency of bio Ims for heterogen-
eous growth in  lamentous structures is balanced
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Figure 11. Convection versus diffusion dominated mass transfer areas as a function of ow velocity in the bulk liquid for a section of the
bio Im presented in Figure 10. The depicted surfaces show the sites where the convective ux equals the diffusion ux (from Eberl et a. 2000).
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by detachment forces. The formation of bio Ims
canonly befully appreciated when all thesefactors
are considered. Speci ¢ microbial processes could
further modify this structure.

Pores contribute to mass transfer only locally.
Bio Ims become porous only when grown at
low ow rates due to mass transfer limitations
and low detachment forces, but then pores can-
not contribute considerably to global mass trans-
fer. Pores would contribute signi  cantly to global
mass transfer only at high ow rates, but then this
hardly occurs because the concomitant increasein
shear stress leads to compact bio Ims.

In order to further improve the mathemat-
ical description of bio Ims, future experimental
research should focus on EPS formation kinetics
and stoichiometry, bio Im mechanical strength,
kinetics of production and decay of quorum sens-
ing signals, biomass spreading in the bio Im,
movement of bio Im laments, and movement of
the bio Im itself. Several good initial approaches
are aready appearing in the literature.
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