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Through a coupled experimental/modelling approach, this study investigates the functioning of a fixed bed bioreactor of Biolite beads, inoculated with
Pseudomonas putida, in order to biotreat phenol contaminated waters at low Reynolds number. In particular the coupling between water flow and
biomass growth is studied through the evaluation of the relationship between bed permeability reduction and biomass content as well as
hydrodynamic effects on biological kinetics. In term of bioclogging, our results showed a very sharp decrease of the relative bed permeability well
correlated with measured biofilm growth (for relative permeability greater than 0.8) as well as a saturation of the bed permeability at low relative
porosity. However, most of the models available in the literature failed to describe our observed results. Our work permitted to show a strongly
heterogeneous longitudinal biofilm development along the bed and thus a strongly heterogeneous longitudinal occupation of the porosity that
decreased rapidly at the bed entry. Furthermore, the observed measured porosity saturation was shown to correspond to a biomass distribution
involving the existence of channelling, through a growth/detachment equilibrium, rather than a complete clogging of the bed reactor. Biofilm
microstructure built at the pore scale by bacteria (e.g. via the modulation of EPS production) probably explains the observed permeability/porosity
results in the early stage of bed bioclogging. However, the present experiments do not allow measuring such a microstructuration effect. Through the
analysis of a simple 1D model written at the mesoscale, we showed that the closure laws accounting for the different biological kinetics (growth,
detachment, etc.) are flow dependent, as they represent effective properties and complex biological processes averaged at the mesoscale. Given the low
Reynolds number investigated in the present paper, this dependency appears not only controlled by mass transfer evolution but may also involve more
complex biological regulation (biological response to physical chemical stresses). As a consequence, formulations that are strictly valid at the cell scale
(e.g. Monod formulation) should be used with care if no averaging or upscaling methods are used. The main conclusion of the present work is that the
knowledge of macroscopic laws, such as the permeability-porosity relationship is not sufficient to account for the coupling between hydrodynamics
and biomass growth in porous media. As bacterial biofilms are formed of populations able to adapt their metabolism to their evolving
microenvironment, and in particular to hydrodynamic conditions, it appears that the predictive character of such models could be largely improved if
these closure laws were not postulated a priori but deduced either from upscaling techniques, or, as in this paper, from ad hoc experiments performed at
the global scale.

1. Introduction

In the last two decades, a lot of work has been done to
optimise the design and the operating conditions of bioreactors
for water treatment, from the biofilm scale up to the pilot scale.
However, despite this important work, the available models are
not yet able to predict correctly the evolution of reactors with
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fixed biomass, both in terms of degradation efficiency and
bioclogging.

At the biofilm scale, numerous papers deal with the modelling
of biofilm morphology and development on planar or spherical
substrata (Wanner et al., 2004). Some of these models, using
cellular automata, allow a refined description of the coupling
between the flow and the biofilm structure (Picioreanu, 1999;
Picioreanu et al., 2000). Recent works deal not only with the
hydrodynamics influence on biofilm structure, such as its shape
or composition (e.g. Peyton, 1996; Venugopalan et al., 2005;
Simoes et al., 2007), but also on cell metabolism itself and the



effects induced on the structural and kinetic properties of
biofilms. At this level, the effect of hydrodynamic conditions on
biofilm behaviour arises from many coupled processes and is not
yet fully understood (Liu and Tay, 2002; Simoes et al., 2007). For
instance, Qi et al. (2008) demonstrated that the EPS production
rate is highly dependent on the shear stress and Tsai (2005)
reported a water velocity effect on the dynamic behaviour of
bacterial biofilm and its development rate. Altogether, these
works showed that biofilms are complex communities of cells,
able to regulate their metabolism and adapt themselves to
various external parameters: heat, pH, substrate availability but
also hydrodynamic stress such as shear or pressure forces. No
model accounts for these physical effects.

At the porous medium scale, experimental and numerical con-
tributions are available on the coupling between the local hydro-
dynamics and biofilm growth. Experimental works performed on
micro-columns or flowcells allowed reaching conclusions in terms of
permeability reduction modelling (Cunningham et al., 1991; Taylor
and Jaffé, 1990; Vandevivere and Baveye, 1992; Vandevivere et al.,
1995; Vandevivere, 1995; Clement et al., 1996). The reduction level
was shown to be controlled by several factors involving pore
geometry, biofilm organisation in the porous media (continuous
biofilm, aggregates, colonies) as well as the possible variable produc-
tion of EPS, which depends on the strain and feeding conditions
(Vandevivere and Baveye, 1992; Shaw et al., 1985). In particular, this
later finding showed that the clogging process of porous media by
living material is very different from the clogging by inert material
(classical filtration) and that the Kozeny law (or related formula) is
not always relevant for the prediction of porous media clogging by
bacterial biofilms. Similar works were performed to study the
dispersive properties of such media and especially the longitudinal
dispersion. Results showed that the evolution of the dispersion
coefficient was very difficult to predict. Indeed, this coefficient
strongly depends on biomass distribution within the pores and over
the bed cross-section. Depending on these distributions and the
clogging, the axial dispersion can increase or decrease with the
amount of biomass (Bielefeldt et al., 2002). At the pilot scale, there
are fewer experiments explicitly dealing with the coupling between
hydrodynamics and biomass growth (Deront et al., 1998; Di laconi
et al, 2006; Menoret, 2001). On the modelling side, several
approaches exist. Kildsgaard and Engesgaard (2001) or Brovelli
et al. (2009) incorporated directly permeability formulations derived
from micro-scale experiments in a macroscopic model. Other
approaches consisted in deriving macroscopic laws and their asso-
ciated effective permeability using upscaling techniques (Wood and
Ford, 2007; Anthony et al., 2005; Golfier et al., 2009). Finally, in the
frame of fixed biomass reactors modelling, recent available models
allow the description of various physical processes occurring at the
different scales using network models (Chen-Charpentier, 1999;
Thullner et al., 2002) or hierarchical models.

Studying the coupling between hydrodynamic and biofilm
growth is a complex task, because of the multiple scales involved
as well as the complex behaviour of the biomass (not only in term
of spatial organisation but also in term of bacteria cells response
to environmental and physico-chemical stress). As a consequence,
very few models account for this complexity. The most complete
one was proposed by Kapellos et al. (2007), who combined a
continuum approach for the description of fluid flow and the
solute transport with a cellular automaton approach for the
description of biofilm growth at the pore scale. Some features
accounting for the biomass metabolism are also included, such as
cell growth inhibition under pressure effects or cell-to-cell signal-
ling molecule (Davies et al., 1998).

However, these works leave opened a number of issues, such as
the coupling between biomass growth and hydrodynamics that are
still not well understood: if some authors (Brovelli et al., 2009) state

that the knowledge of the permeability-biomass content is a critical
issue, experiments on biofilm itself (Simoes et al., 2007) showed that
the hydrodynamic effect on the biofilm may be more complex than
initially thought and not only controlled by mechanical effects but
also by biological effects. Futhermore, whatever the sophistication of
existing models in terms of processes and scales considered, their
testing or validation need hardly available data such as global
permeability and porosity (Kapellos et al., 2007) or total head loss
(Kildsgaard and Engesgaard, 2001). Using such a limited set of
variables may not be reliable enough: for instance, different biomass
profiles inside a porous media can lead to the same total head loss.
There is thus a clear need for coherent databases that can be safely
used both for model validation and for the investigation of biofilter
dynamics.

To better understand the complex interactions occurring in
bioreactors, experiments have been undertaken on a laboratory
scale biofilter to investigate the coupling between biomass
growth and hydrodynamic at the macroscale as well as its
consequences on the pollution removal efficiency. In order to
provide a reliable database, care was taken to ensure well
controlled experimental conditions and also to perform indepen-
dent measurements of as many “global” parameters as possible.
In the present investigation, the time evolution of the perme-
ability, the porosity and the biomass concentration were inde-
pendently measured along the biofilter height. So doing, and
contrary to what was usually done in most previous experiments
(Deront et al., 1998; Menoret, 2001; Di laconi et al., 2006), the
biofilter dynamics can be investigated without introducing any
assumption such as those concerning for example the biofilm
structure at the pore scale or the permeability reduction-biomass
content relationship.

The paper is organised as follows. In the second section, the
experimental setup, the experimental protocols and the measur-
ing techniques are presented. Because of the complex behaviour
of bubble flows in packed bed from one side, and biomass growth
in porous media on the other side, it was chosen in the present
paper not to inject gas but to perform experiment with water pre-
saturated with oxygen. The physical model for bubbly flow in
packed bed developed in Bordas et al. (2006) could have been
used, but it is, at the present time, difficult to separate the effect
of the gas flow from the effect of the biofilm on the pressure drop
without a clear knowledge of the involved processes in absence of
bubbles. The raw data results are presented and discussed in the
third section. In particular, the collected data are first analysed in
the frame of the relationship between porosity and permeability,
which account for the bioclogging (as it appears to some authors
to be a critical point in most models) as well as the relationship
between porosity and dry matter content (which accounts for the
global biofilm ‘structure’). In the third section, steady states
profiles are then analysed in the frame of a simple steady state
1D dimensional model and some more refined features concern-
ing the coupling between hydrodynamic and biofilm growth are
discussed, in particular a possible biofilm biological response to
the local flow conditions. Indeed, it appears that results obtained
at the macroscopic scale cannot simply be explained if the
influence of the hydrodynamic on some structural and metabolic
features of the biofilm is not taken into account.

2. Material and methods
2.1. Experimental setup
The experimental setup is based on a transparent PVC column

(a) which is presented in Fig. 1. Its internal diameter is Dc=15 cm
and its height H=67 cm (between the first pressure port and the
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Fig. 1. Experimental setup overview.

water level surface). The column is filled with expanded clay
beads (Biolite®, Degrémont). The Biolite® beads are maintained
between two grids to form a granular packed bed and to avoid a
possible expansion during the experiment. The column at the top
is equipped with a small tank and a spillway to ensure a water
constant level surface (a').

The beads were selected in order to ensure a size distribution
as uniform as possible: their equivalent diameter is about
dp,=4.2 mm with an uniformity coefficient d,go/dp1o around 1.2.
The beads size distribution, presented in Fig. 2, can be then
considered to be fairly monodispersed. Note that the character-
istic pore size is 650 um according to the definition used in
Bordas et al. (2006).

Biolite® is a commonly used carrier solid in French industrial
biofilters for its high surface porosity. It was checked however
that there was no risk of internal bead colonisation. The beads
porosity was measured using a mercury porosimeter. Despite the
high porosity of the beads ( +45%), the pore spaces available to
bacterial cells ( > 2 pm) inside the beads, represent less than 5% of
the total porosity (see Fig. 3), and correspond probably to the
surface rugosities of the beads. Furthermore, the figure shows
clearly that the fluid-percolating step (pores that are indeed fully
connected) is of 0.1 um (inflexion point), clearly lower than the
size of our bacterial cells (4 pm). These results confirm undoubtly
that the cells cannot enter the beads and colonise the internal
pore space and that the bacterial biomass grows only at the
external surface of the beads as a biofilm.

The column is fed from an heated constant level water
(0.125 m?) tank (b) in order to maintain the water temperature
at 30 °C. The tank is heated using a thermal regulated bath (c). Air
is continuously bubbled in that tank through a diaphragm (d) in
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Fig. 2. Beads size distribution.

order to dissolve oxygen and maintain a constant oxygen con-
centration at the column inlet (6 mgl~!). A nutrient tank (e)
(0.025 m®) contains both the phenol and the growth nutrient
necessary to the bacterial growth and the biofilm development.
The culture medium is a modified Lysogeny broth medium
(Bertani, 1951). The original LB medium is composed with NaCl,
yeast extract and bacto-peptone, completed with distilled
water. Compared to the original LB culture media, peptone was
replaced with phenol. The composition for the other nutrients
was 0.25 g1~ for NaCl and 0.25gl1~! for yeast extract which



Sample ID: JM-Billes013Bis
Operator: H. Denis
Submitter: LTHE J. Martins

File: C:\9500\DATA\000-079.SMP

LP Analysis Time: 23/07/2010 11:56:15
HP Analysis Time: 23/07/2010 15:44:13
Report Time: 16/09/2010 9:38:20

Sample Weight: 1.1000 g
Correction Type: None
Show Neg. Int: Yes

Cumulative Intrusion vs Pore size

—+— |Intrusion for Cycle 1

Extrusion for Cycle 1

0.35 e v : ; e
] : ! : : :
i ! : ! ! g
1 | | | | o
0.30 —F--=------ fim e e +-
] i | i i b
] i | | b
o~ 0.25 dbowmmamaza, LR — [ETERaR | m . [ — RS A
3 1 | | | I |
S ] ' : ! ! |
5 020 ] i | | | |
g 020 T | T CL
= 4 ! : ! : |
c ] 1 ] 1 ]
o § i i i i i
§ 01 i ssaseiae e ensemsais A
2] | | ! j !
5 1 : : ! ! |
© 0101 R, LI S S -5 S
R ] : ! e f
1 i | | | |
1 : : | i | |
- 1 | 1 1 ]
0.05 —f--—-—-—- e s s oo e b mm——
- ' : i i !
4 ! : N ! !
] : — ot : :
4 ' R ! i !
0.00 e T
100 10 1 0.1 0.01

Pore size Diameter (um)

Fig. 3. Biolite® pore size distribution.

correspond to a dilution factor 20. The pH was adjusted to 7 and
the solution sterilised in an autoclave.

The packed bed is continuously fed with peristaltic pumps (f)
(Masterflex®) connected to the two tanks. The flow rate in the bed
Q is the sum of the water flow issued from the main tank (b) and
of the nutrient solution. The pumps were calibrated in order that
a fixed roller rotating speed ensured the wished flow rate. Phenol
was chosen as the carbon source and the bacterial strain used was
Pseudomonas putida. In order to characterize the temporal evolu-
tion of the biofilm inside the column, the biofilter is equipped
with two sampling devices composed of 5 and 9 sampling ports,
respectively. The first sampling rack (S1, containing 5 evenly
distributed ports) allows the sampling of the solution inside the
packed bed: it is used to monitor quantities such as oxygen and
phenol concentrations at different heights in the packed bed. The
second rack (S2) is made up of 9 sampling ports evenly space-
distributed. These ports are connected to a multi-hole pressure
tap (g) that allows the measurements of the pressure drop along
the column using a single pressure sensor (Druck LPX9000) (h).

2.2. Standard protocol of experiment

2.2.1. Column preparation

The standard protocols for the granular media, substrate,
culture medium and bacteria strain preparations as well as the
column feeding can be found in Karrabi (2009) and Karrabi et al.
(2006). They are summarised hereafter. When the column is filled
with the beads, it is regularly shaken in order to achieve bed
compaction with porosity as homogeneous as possible. For each
experiment, the initial permeability Ko of the packed bed is

measured by varying the flow rate Q and measuring the pressure
drop Api9 between the pressure ports 1 located at z=0 and
9 located at z=52.85 cm. According to the Darcy’s law
Q Ko Ko Apio

U_S_ .va_ u Hig M
where U is the superficial velocity, S the column cross section, u
the liquid dynamic viscosity and Hig the distance between the
pressure ports 1 and 9 (H;9=52.85 cm) The Druck pressure sensor
has an accuracy better than 0.1% full scale. Given an uncertainty
about 0.1 cm on Hyg, the uncertainty on Ky is about 0.3%. The
initial porosity ¢, defined as the ratio between the total bed
voidage and the column volume, is also measured by draining the
column and measuring the drained liquid volume. The uncer-
tainty is around 3%, mainly due to the liquid static retention
(Ortiz-Arroyo et al., 2003). The corresponding results taken at the
beginning of each run are given in Tables 1 and 2. As it can be
seen, the variability on Ky is not negligible from one experiment
to another, with a factor 2.76 on extreme values. The variability in
the initial porosity is weaker, and a constant value ¢¢=0.35 is
considered in the sequel. The variability of the observed value of
Ky is consistent with the observed small variations of the initial
measured porosity (variations mainly due to small differences in
the initial bed compaction).

The initial state of the clean column (in term of porosity and
permeability) being known, after physiological adaptation of the
microorganisms to phenol, the biofilter is submitted to a first
stage of colonisation by P. putida, by percolating a culture through
the column in a closed loop, during 24 h. After this period of
colonisation, the system is switched to the setup used for the
biofilm growth experiments: the column is fed (in an open-loop)



Table 1
Initial permeability for each run.

Run no. Flow rate (1/h)
5 10 20
1 73%x107° 7.25x10°° 1.27x10°8
2 6.93x10°° 7.37x107° 1.91x10°8
3 7.15x10°° 12x107°8 -
Table 2

Initial porosity measurement.

Run no. Flow rate (I/h)

5 10 20
1 0.347 0.343 0.355
2 0.355 0.352 0.358
3 0.353 0.350 -

by mixing water pumped from tank (b) with a concentrated
nutrient solution pumped from tank (e) (see Fig. 1). The experi-
ments presented in this paper were performed at a fixed phenol
concentration of 200 ppm at the column inlet, and for different
flow rates Q (namely 5, 10 and 201h~1).

2.2.2. Pressure, permeability and other parameters measurement

The pressure drop between samplers 1 and 9 (Apyo) is
monitored online with an automat system Field point™ asso-
ciated with Labview™ software. Every day a complete pressure
profile is also measured manually along the column (Apyj; j=
2-9). When the pressure profile is stabilized in the column (no
significant variation of the mean pressure profile during 3 days), it
is considered that a steady state is achieved. The measured
pressure drop in each layer is then used to deduce the layer
permeability K(z) from Darcy’s equation with an uncertainty
about 11%. When a pressure profile is manually measured, the
first rack containing the five sampling ports may be used to
collect effluent samples and to measure various quantities: in
particular, it was initially planned to measure both the oxygen
and the phenol concentration profiles and their evolution with
time. However, in our operating conditions, the phenol degrada-
tion appeared to be quite small (less than 25% at the column
outlet for the best case). As the available measurement procedure
for the phenol was a colorimetric method, and because of this
small amount of degradation, the uncertainties on the measured
resulting phenol concentration would be prohibitive in order to
give accurate results on the evolution of the phenol concentration
profiles with time. That is why it was not systematically recorded.
Yet, the global consumptions of phenol were measured at the end
of some experiments. On the opposite, the oxygen profiles were
systematically measured when a pressure profile was manually
measured (the protocol is presented below).

2.2.3. Oxygen measurement protocol

Liquid samples (10 ml) were removed from various heights of
the bed using a syringe and without any contact with air. The liquid
was then poured into a specific vessel and oxygen concentration
was measured immediately using a Clark DO probe (whose dia-
meter is very close to that of the vessel). The sampling time was far
shorter than the characteristic time for O, consumption in the
column and each sampling can be considered as representative. The
tube was closed hermetically with cotton in order to limit air entry.
The measurements were performed until an equilibrium value was
reached (~1 mn). The probe response time is 16 s to reach 90% of

the final value and less than 1 mn for 99% of the final value. Using
this very “classical” protocol, we obtained very reproducible values.

2.2.4. Porosity and biomass profiles measurement

The column is divided into 6 layers (each about 12.5 cm high)
delimited by the sampling ports used for the oxygen and phenol
measurements (see Fig. 1). When the experiment is stopped, each
layer is carefully drained at a very low flow rate, through each
sampling port. For some experiments, the collected water volume
was used to compute the mean (mobile) porosity ¢(z) in each
layer. When a layer is drained, the corresponding colonized
Biolite® is recovered. The biofilm of each layer is extracted by
vigorous mechanical agitation (200 rpm) in 2 1 of distilled water
during 15 min. The same washing method is applied to each
Biolite® layer, in order to recover the superficially attached
biomass. After beads sedimentation, the supernatant containing
the biomass is collected and stored at 4 °C before performing
qualitative and quantitative analysis within 24 h. The total dry
mass my, is calculated by drying 100 ml of the samples at 105 °C
during 24 h. The quantity c, is then defined as the total dry matter
over the initial void volume v;, in a layer

My
&=, @

This quantity will be referred to as the biomass concentration
in the sequel and it corresponds to the dry mass of “EPS+mi-
croorganism” in the sample.

Let us notice that the column geometry at the exit prevented a
continuous survey of the biomass concentration at the outlet. The
water volume above the porous media is submitted to some
mixing. Furthermore, as it will be seen later, the exiting biomass
is not only composed of free cells but also sometimes of biofilm
fragments (cell-EPS aggregates). The detached biomass floats at
the free surface, and only part of it is evacuated over the spillway.

2.2.5. Controlled parameters and operating range compared to
existing experiments

The controlled parameters are the flow rate Q, the inlet
substrate concentration c,o, the water temperature T and the inlet
dissolved oxygen concentration c,;. Table 3 compares our experi-
mental operating conditions to existing experiments in terms of
non-dimensional numbers. The operating conditions lie in the
range of the operating conditions performed in previous experi-
ments found in literature (see Table 3) (Darcy Regime, moderate
Dambkohler number) with slightly higher Peclet numbers. Table 3
gives also other parameters such as the couple bacteria strain/
carbon source, the characteristic pore size and, when available,
the organic load (expressed as kg COD/day)

3. Experimental results
3.1. Experimental conditions assessment

Before presenting the data, it is important to ascertain a
number of characteristics of the flows considered. In particular,
the analysis we will present in the following relies on the
assumption that the Darcy law is valid in all our experimental
conditions. We therefore have to check whether the fluid proper-
ties of the interstitial liquid are changing and whether the flow
regime remains laminar during the course of the experiments. In
addition, it is also important to determine the initial porosity as
well as the initial permeability.



Table 3

Non-dimensional number and others parameters.

Aspect ratio
(dp/Dc)

Damkolher

Reynolds Peclet

Pore size (pm)

Organic load (kg DBO/d)

Bacteria strain/carbon source/metabolism

Ref.

number: Pe number: D,

number: Re,

0.014

250 32

0.12

107

2.07 x107%

Consortium (sewage, activated sludge)/

methanol/aerobic

Taylor and Jaffé (1990)

5.35x107°

25-50 0.003

100

0.0025

14 (median
value)
417

Arthrobacter/glucose/aerobic

Vandevivere and Baveye (1992)

2750 1.4 0.005
25

580

9.54

1.21-28.8

?/?/Aerobic (industrial bioreactor Biofor®)

?/Decane or naphtalene/aerobic

Deront et al. (1998)

0.006

30-75 0.015

2.65 x 10~ % (decane)
7.5 x 10~ (naphtalene)

Discontinuous operating
conditions. Difficult to

evaluate

Bielefeldt et al. (2002)

0.008

5350

45

—(Trickling bed)

?/Glucose/aerobic

Di laconi et al. (2006)

0.012

0.016

45

?/Glucose-fructose/anaerobic

Stewart and Fogler (2001)

This work

18-36 0.028

0.5-2 400-1600

650

0.06
0.11
0.22

Pseudomonas putida/phenol/aerobic

2

pCxm
S
mol

Pmaxd
YisCs intet D
cxm=Mean biomass concentration in the column, Y,;: yield coefficient, ¢ jniec: phenol concentration at the inlet, ytmax: maximum biomass growth, d,: beads diameter, Dc: column diameter, D},oi: phenol or other carbon source

molecular diffusion and ¢y: initial column porosity.

Dq

Vdp
DS ol

Pe =

pVd,

U(1—cg)

Re,

3.1.1. Fluid properties

As the biofilm develops and polymeric substances are pro-
duced, the interstitial fluid properties may change during the
course of the experiment. An interstitial fluid sample was taken at
the bottom of the column (the part which was the most clogged)
for one experiment. This sample was analysed using a rhe-
ometer.! No deviation from a Newtonian behaviour was observed
for shear rates ranging from 1 to 1000 s~!. Viscosity measure-
ments where then performed on interstitial liquid samples taken
along the column during a typical experiment. No significant
viscosity changes were observed. In the sequel, a constant
viscosity u equal to that of water will be therefore considered.

3.1.2. Flow regime for the clogged column

The validity of the Darcy’s law was checked for the clean
column when the initial permeability was measured (see Section
3.2). The data analysis procedure requires that this law remains
valid for the clogged column. This task is not straightforward
without the knowledge of the biofilm distribution within the pore
which influences the local flow field. Indeed, the classical defini-
tion of the Reynolds number as well the classical critical value for
the departure from Darcy’s law, are derived for systems with a
fixed geometry. Here, we consider the following definition of the
pore Reynolds number
Re, — pf(Q/S)dp 3)

pn—¢)

where Q denotes the flow rate, S the area of the entire section of
the column, d, the colonized beads diameter, ¢ the column mean
porosity in a layer between two sampling ports. Re, was com-
pared with the usual critical value of 10 that indicates the frontier
of the laminar regime. In that scope, an estimate of the evolution
of the colonized beads diameter with porosity, d,(¢), has been
computed under the geometrical assumption of a uniform bead
colonisation (using a procedure close to Taylor and Jaffé, 1990)
and a regular beads arrangement (body centred cubic). In addi-
tion, we used the porosity measurements (presented in the next
paragraph) to estimate Re,. It happens that for the most plugged
conditions which also correspond to the largest flow rate
(201h~'), the Reynolds number always remains below 1.8
(Karrabi, 2009). Despite the assumption made on the biofilm
structure at the pore scale, it is likely that the Re, never reaches
10. Therefore the flow remained laminar in all the conditions
considered, and Darcy’s law is applicable.

3.1.3. Initial conditions (initial biomass repartition)

Between two experiments performed during the same mea-
surement campaign, the beads were always cleaned following the
same protocol (cf. Section 2.2.4). The beads were then sterilised in
an autoclave in order to inactive the (possible) remaining
attached biomass. The beads were then ready to be used in the
next experiment. This way all the precautions were taken to
ensure as much as possible the same initial conditions at the start
of each experiment.

3.2. Raw data presentation

3.2.1. Existence of a steady state

The first question that deserves to be addressed concerns the
existence of a steady state. Fig. 4 shows the time evolution of
the pressure drop in the biofilter for three flow rates. Note that
the data for Q=51h~" were collected manually while for Q=10
and 201 h~!, they were continuously monitored at a sampling

1 NRc2, Laboratoire de Rheologie (UMR, Grenoble).
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Fig. 4. Time evolution of the pressure drop in the column for the 3 flow rates and
for the same measurement campaign.

rate of 0.0083 Hz (30 points/h). Time t=0 corresponds to the
beginning of an experiment, when the system is switched from
the colonisation closed-loop circuit, to the open-loop nutrient+
water circuit. After a lag time (typically 2-3 days) that corre-
sponds to the physiological adaptation of the bacteria to the
chemical conditions, the pressure exhibits a progressive and
significant increase. Such a behaviour is linked with the bacterial
growth and/or the EPS production: as the biofilm develops around
the granular clay balls and/or within the bioreactor pores, the
porosity of the packed bed is reduced. That reduction is important
as shown by the typical values of the pressure drop which are
tens to hundreds times larger than the pressure drop for the clean
column (the latter is about 0.1 mbar). The last stage corresponds
to the stabilisation of the pressure drop around mean levels
which are about 90, 150 and 210 mbar for flow rates equal to 5,
10 and 201 h~ !, respectively. These steady states correspond to a
"global” equilibrium between processes such as the cells division,
cells and biofilm detachment and eventually recapture that are
mainly controlled by local hydrodynamic conditions (shear
stress), substrate and oxygen availability (growth inhibition),
biofilm structure (thickness, adhesion, yield stress, etc.). Let us
notice that, as the fixed bed is blocked between two grids, the
pressure level increase cannot lead to the bed fluidisation and to a
sudden loss of biomass by a complete sloughing of the bioreactor.

Oscillations around the mean pressure drop levels are also
present. Fig. 5 corresponds to a zoom on the pressure curves
corresponding to the 10 and 201h~! flow rates. Oscillation
amplitudes around the mean pressure drop are around
+ 20 mbar in both cases. Such a behaviour was also observed by
Stewart and Fogler (2001). In their case, the packed bed was
5.75 cm long for a diameter of 2.5 cm. It was filled with 300 pm
glass beads (giving a characteristic pore size around 45 pum, see
Table 3). Their packed bed geometry is such that the observed
mean pressure is around 1000 kPa with oscillations amplitudes
around + 1000 kPa! These authors explained these oscillations by
different processes which interact. In particular, the authors
interpret the oscillations as both growth and polymer production
combined with hydrodynamic redistribution of biomass due to
biofilm sloughing and mechanical recapture downstream. The
biofilm sloughing would also create channels within the plugged
part of the porous media, which influence the nutrient flow and
dispersion within the column.

In our case, the oscillations amplitudes are less important,
partly because of our larger pore dimension. We defined a
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Fig. 5. Typical time scale of pressure amplitudes oscillations.

characteristic time scale dt as the time between a local minimum
and maximum on the pressure drop curve (Fig. 5). It is found that
this characteristic time is about 3.5 h for Q=101 h~' and 2.5 h for
Q=201h"". These values are too high to be attributed to a
phenomenon of sloughing with recapture downstream within
the column. Moreover, Hill and Robinson (1975) report values of
the bacterial maximum growth rate for P. putida ranging from
1.5x107°to 1.5 x 10~* s~ !i.e. a characteristic time scale about
1.85-18.5 h. Given the discrepancies on the available data about
this parameter, the bacteria typical time scale is of the same order
as the time scale of the high amplitude oscillations observed on
the pressure curves. This would favour an explanation where local
biomass growth (or perhaps polymer production) compensates
for biofilm detachment (detachment and recapture would occur
on a far shorter time scale).

3.2.2. Pressure profiles

Fig. 6 shows the transient pressure profiles corresponding to
Fig. 4. The profiles were deduced from pressure drop measure-
ments using Eq. (4) where P;. is the pressure at the pressure port
i+1, AP;;.1 is the pressure drop measured between portiandi+1,
and Az;.q is the distance between pressure port i and i+1. The
reference pressure was set to zero at the water level surface and
the pressure drop was neglected to compute the pressure corre-
sponding to needle no. 9 (which is valid as most of this part of the
column is not filled with beads). We observe that the pressure
profile at the start almost correspond to the hydrostatic pressure
profile, as, for the clean packed bed, the pressure loss is very weak
for our operating conditions (flow rate and beads size). This can
be checked using the Darcy law which links the initial perme-
ability to the bed geometry

Pii1=Pi+APii 1+ p8Azii 1 “4)
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Fig. 6. Pressure profiles measured across the biofilter for different flow rates. (a) Q=51h~1, (b) Q=101h"", (c) Q=201h~! and (d) steady state conditions.

The biofilm growth starts at the column bottom, where the
nutrient is available first, and the pressure begins to increase as
the pore space begins to be clogged. The position within the
column where the pressure profiles are again linear corresponds
to the clogging front location. This clogging front moves inside the
column until it reaches a steady position ranging from 1/3 to 1/2
of the column height.

The existence of a steady state as reported here was not
always observed: on an industrial scale reactor, Deront et al.
(1998) observed the same behaviour as in our experiment con-
trary to Stewart and Fogler (2001) who observed a complete
plugging on a micro-scale packed bed. As Deront et al. (1998)
experiments where performed in an aerated biofilter and Stewart
and Fogler (2001) experiments with bacteria in a state of starva-
tion, this can be explained by the biofilm structure under different
feeding conditions; this would affect its resistance to the flow,
the production of detached fragment and their nature (size,
composition).

This observation indicates that if a detachment process exists
in our operating conditions, it does not seem to have an influence
on the clogging front localisation. This fact, along the character-
istics time scales discussed in the previous paragraph would
indicate that the detached biomass fragments are not captured
deeper in the biofilter, and that the axial biomass repartition is
mainly controlled by local growth in our conditions.

These profiles allow also to more precisely define the notion of
steady state, and to justify our choice to stop the experiments
around the 15th day. Indeed, it can be seen that the pressure
profiles do not evolve much between the 10th and 14th day

compared to the evolution observed between the 7th and 14th
day. This behaviour was the same at 10 and 20 1 h~'. That is why,
for the experiments presented here, the criteria chosen to stop the
experimentation (no mean pressure change for 3 days) is accep-
table. This point will be confirmed in the next paragraph when
the experiments reproducibility will be checked.

3.2.3. Steady states reproducibility

The steady states reproducibility can be checked through
various parameters.

In order to check the pressure drop reproducibility, another set
of experiments was performed over a longer duration. For those
experiments, only the total pressure drop was measured (man-
ually). It is seen (Fig. 7) that the transient phase exhibits some
changes from a measurement campaign to another (lag time
possibly due to different initial biomass distributions). However,
(i) the overall transient duration from one campaign to another
remains nearly the same, and (ii) the existence and the reprodu-
cibility of the steady states is ensured as the pressure levels are
the same as in Fig. 4. This means that the protocols used to
prepare the bacteria strains, to colonise the column and to
perform the experiments allow a well controlled behaviour of
the column behaviour at given operating conditions.

The pressure and biomass profiles reproducibility was also
checked. Fig. 8 (left side) presents the pressure profiles at steady
state for different runs performed under the same operating
conditions. The reproducibility of the pressure drop profiles is
quite good for 10 and 201h~'. For the lowest flow rate, the
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reproducibility is less obvious. This can be explained from the
temporal evolution of the pressure curve: as already said, at
steady state, there exist oscillations around the mean pressure
level. Their relative amplitude compared to the mean pressure
drop level is higher at 51h~!. Depending on the time when
measurements were taken, this can lead to some discrepancy on
the pressure profiles. In the sequel, we will refer to Run 3 for the
experiment at 51h~1,

The same analysis was performed with the biomass concen-
tration profiles to check the consistency of the data and to
validate the measurement procedure presented in previous sec-
tion. These profiles are also presented in Fig. 8 (right side). As the
number of effluent sampling port is less than the number of
pressure ports, the results concerning the biomass concentration
and the porosity have been interpolated on the 8 locations for
which the permeability and the pressure drop were measured.

As it can be seen from this figure, taking into account the
measurements uncertainties? the biomass concentration profiles
does not show a great variability at 10 and 201h~!. The
discrepancy on the concentration at 51 h~"! is in accordance with
the measured pressure profiles as the pressure drop is directly
related with the biomass content.

As a conclusion, raw data show that a steady state is reached
for each experiment. The experimental conditions also appear to
be sufficiently well controlled to ensure that this steady state is
reproducible, for each studied flow rate. It is then possible to
investigate the coupling between global variables from these
steady conditions. This is the purpose of the next paragraph.

3.3. Data analysis

3.3.1. Relation between biomass concentration and porosity
At the steady states, the biomass concentration profiles and
the porosity profiles have been measured according to the

2 They were estimated to 10% at most: they include uncertainties on the layer
volume when the column is emptied layer by layer, uncertainties on the total
mass recovered in a layer during the procedure of dilution in the 21 of distilled
water, then uncertainties on the volume sample and weighting to compute the
concentration.
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procedure presented in Section 3.2 (Fig. 9(a) and (b)). The

corresponding measured oxygen profiles (which will be used
later in Section 3) are presented in Fig. 10. As said before, the
profiles of phenol concentration were not measured. However,
the phenol concentration at the column outlet was measured at
the end of the experiments. The phenol concentration were 175,
160 and 125 mg 1~ 1.

From the biomass and porosity profiles given in Fig. 9, it is
possible to deduce a relation between the biomass content and
the column porosity (Fig. 11). The data come from three inde-
pendent experiments and lead to a fairly simple relationship
between the porosity and the biofilm volumetric density (taken as
the amount of dry biomass per volume of wet biofilm, according
to Peyton (1996) definition).

This quantity can be measured as follow. The porosity in each
layer is connected to the volume of drained water vg, (m3).
The hydrated (wet) volume of biofilm, v, (m?), results from the
difference between the initial void volume, v;, (m3), and the
drained water volume for each layer, assuming that the initial
porosity of each layer is equal to ¢ the mean column porosity.

@)

As the dry biomass, m,(gr), is also quantified for each layer, the
biomass concentration, already defined by Eq. (2) can be
computed.

The ratio between the dry biomass and the volume occupied
by the wet biofilm in a layer determines the volumetric mass
density of the biofilm

Vx =Viy—Vaw

My Mmy my Cx
Px=—--=

Vi Vie—Vaw  Vi(d—Vaw/Vi)  (1-$@)/do)

As the plot ¢=f(cy) is linear, from Fig. 11, the volumetric
density py can be deduced from the slope and we get p, equals
25 g1~ 1. Peyton (1996) reports biomass volumetric densities from
different authors ranging from 10 to 130 g1~ . Our value is in
particular consistent with values found by Garcia Lopez et al.
(2003) for low Reynolds numbers. The result above shows that,
for our operating conditions - namely high phenol concentration
and low Reynolds number - it seems that there is not a great
change of the mean biofilm organisation along the column: at the

(6)
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steady state, the relationship ¢(cy) is linear for different operating
conditions, leading to a constant volumetric density. Let us notice
that this observed linearity between the biomass content and the
porosity may be due to the slow hydrodynamical conditions
which favour the development of a heterogeneous and not very
dense biofilm (Van Loosdrecht et al., 2002) along the column. The
observed linearity must not be taken as a general behaviour: the
task of deriving a general model about the relationship between
the biomass content and the porosity requires a deep knowledge
of the biofilm structure and biomass distribution. It is not possible
yet from global measurement to deduce this microstructure nor
the biomass distribution (at least with the method used in this
paper). As for the permeability-biomass content relationship

(see later), generalisation of some features observed here requires
more experiments on a wider range of parameters and on both
scales (macro and micro).

3.3.2. Relation permeability—biomass concentration

The pressure profiles and the porosity profiles at the steady
state allowed the derivation of Fig. 12(a) which represents the
evolution of the relative column porosity and the relative perme-
ability in each column slice.

The reduction of permeability is very sharp as soon as the
biofilm appears. This sharp decrease is commonly accredited to
the existence of biopolymers (EPS) but the biofilm shape may

10



oY)

16 -
—&— Q=5 1/h run3 200ppm

14 | —o6— Q=10 I/h run3 200ppm

—a— Q=20 I/h run2 200ppm

12 4

Biomass concentration (g/l)

0 0.1 0.2 0.3

z(m)

0.4 0.5 0.6

0.4 4
0.35 |
0.3 1
0.25 |

0.2 1

porosity

0.15 4 —— Q=5 1/h run3 200ppm

—o6— Q=10 I/h run3 200ppm
0.1

—a— Q=20 I/h run2 200ppm

0.05 4

03 04 05 06

z(m)

0.2

Fig. 9. (a) and (b): biomass concentration and porosity profiles at the steady state.

6
> 5
£ — @ 50hrun3
g 4 —O— 101/h run3
= —A— 201/hrun2
5 34
o
c
8 2-
c
(&)
2 1-
x
(@]
0 T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Heigth (m)

Fig. 10. Oxygen profiles at the steady state.

have also its importance. Concerning the EPS, their importance
has already been stressed by Shaw et al. (1985): these authors
performed clogging experiments using living or dead cells. A clear
behaviour difference was observed between living cells and dead
cells, the later behaving like inert colloids. These authors stated
that EPS were responsible for their observations as they noticed
that structures built at the pore scale by living and dead cells
were quite different and those structures involved EPS. Those
microstructures had a clear influence on the sharpness of the
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permeability decrease. The exact role of EPS on the permeability
reduction and how the EPS, the biofilm structure and the hydro-
dynamic are related is still an issue. As stated in the previous
paragraph, the hydrodynamical conditions have a strong influ-
ence on the biofilm microstructure, from strongly heterogeneous
one at low Reynolds number to thinner, more compact with a less
tortuous interface at higher Reynolds number (Van Loosdrecht
et al., 2002). This shape affects the external and internal flow and
may affect the pressure loss through eddy dissipation. It is not
clear how the EPS affects these biofilm structures however. For
instance Vandevivere and Baveye (1992) observed very different
EPS matrix structure for biofilm grown under the same conditions
in porous media, but with different bacteria strain. Another
feature, concerns the existence of biofilms showing filamentous
microorganisms. Siegrist and Gujer (1985) discussed how these
filamentous bacterias could protude from the biofilm in the
mobile fluid zone, disrupting the flow, increasing the friction
surface and causing eddy diffusion. This filamentous growth is
maybe related to the heterogeneous structures observed at low
Reynolds numbers (Van Loosdrecht et al., 2002). It could explain
the sharp apparent permeability decrease at the early stage of the
biofilter clogging in our case and the observed deviation of the
Kozeny law.

Finally let us not forget some authors who invoke a phenom-
enon of junction clogging (Kapellos et al., 2007). In that case,
depending on the structure built at the pore scale, the simple fact
that some pores can be disconnected from the flow would cause a
far more drastic permeability decrease than that caused by mere
pore clogging. Indeed, when a junction clogs all the connected
pores would become inaccessible to the flow, even if they contain
no biofilm at all. In our case, we guess however that this
phenomenon is not the main explanation for the sharp decrease
that we observe in our experiments: we expect that junction
clogging is more pronounced in the case when the size distribu-
tion of the grain in the porous media is quite large allowing larger
heterogeneities in the pore size.

On the theoretical point of view, many works have been made
on the derivation of permeability models accounting for the
bioclogging of porous media. These models are briefly recalled
in Appendix A and are presented in Fig. 12(b).

Most of the theoretical models (Clement et al., 1996; Thullner
et al., 2002, 2004) are not able to represent our experimental data.
This is partly explained by the biofilm representation in these
models (uniform biofilm on the pore walls, bacterial colonies,
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accounting for bioclogging.

pore throat plugging) which prevent a universal representation of
the complexity of the actual biofilm structure and distribution,
which depend on the operating conditions and biomass physiol-
ogy. Furthermore most of the assumptions behind these models
consider that the Kozeny law is still valid for the clogged system.
In particular, Clement et al. (1996) model exactly gives the same
behaviour as the Kozeny law. It is likely that all these models do
not properly represent the effect of the EPS on the permeability
reduction as they are mainly based on geometrical considerations
regarding the pore occupation by the biomass. Vandevivere’s
(1995) model seems to better approximate the experimental

data. This model is also based on a given distribution of biomass
within the pore but it allows a sudden transition between a
“continuous biofilm” clogging mode and "pore throat plugged”
mode. This transition is clearly seen on the fitted curve around
¢[¢po=0.8. For relatively high porosity reduction, the permeability
seems to reach a "saturation” value. This saturation corresponds
either to the biofilm permeability Ky, (the system is completely
clogged and the water is actually flowing through the biofilm
matrix itself) either to an effective permeability taking into
account the existence of free spaces for the fluid inside the porous
media: in this case the shear stress increases along with the
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permeability reduction and the detached mass of biofilm keep the
pores open (Taylor and Jaffé, 1990). There would exist a steady
state corresponding to a critical shear stress for which the net rate
of biomass removal would balance the net biofilm growth.
Another phenomenon, which is not incompatible with the open
pore model, is the existence of channelling inside the biomass
plugs. These channels were observed by Stewart and Fogler (2001)
on their micro model and by the present authors by visual
inspection of the column. Furthermore, the maximum perme-
ability reduction observed in our experiments corresponds to a
minimum macroporosity ¢ equal to 0.15 (curve not shown here).
Fig. 13 was taken on our experiments: it clearly shows that
channels do exist at the column wall, but this may be not
representative of the phenomena occurring in the column core.
This leads us to support the channelling effect and the open pore
theory although more investigations are needed to quantify the
relative importance of each individual process depending on the
operating conditions.

As among all the existing permeability models, Vandevivere’s
(1995) model seems the most appropriate. This model can be
used to derive a correlation which account for the bioclogging in
the case of our experiment. This model writes (see Appendix A)

K(¢p) 2 a
2 =R+ [1-F60) (7 —r ) )
F(f) = exp(=0.5(f/fo)?) ®)

With, o=Knin/Ko, fx=1—¢/po. f- is a parameter to adjust. In
our case, we get «=1e—04 and f. was adjusted to 0.03.

That result is important to supplement some models such as
the models of Kildsgaard and Engesgaard (2001) and of Brovelli
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et al. (2009) which directly use a constitutive law between
permeability and porosity to perform the coupling between the
momentum equation and biomass growth. Kildsgaard and
Engesgaard (2001) used Clement et al. (1996) formulation, but
they calibrated their model only on the total pressure loss. It is
then difficult to assess if another formulation of the pressure loss
would have been better. However, Brovelli et al. (2009) tested
different pressure loss formulation in their model which is mostly
based on the same equations as Kildsgaard and Engesgaard
(2001). Those formulations were the model of Clement et al.
(1996) and the two models (microcolony and biofilm) of Thullner
et al. (2004). They did not test Vandevivere (1995) formulation
and that may explain some discrepancy between their simula-
tions and the experimental data they used to test their model (the
2D dispersion of a passive tracer)

We also used the results of the simulation of Kapellos et al.
(2007) (given in term of permeability evolution with time and
porosity evolution with time) to compute the law K(¢) from their
data. As it can be seen in Fig. 14, the numerical simulations of
Kapellos et al. (2007) and our experimental data behave quite
differently although the flow regime in both case corresponds
almost to the same range of Reynolds number (Kapellos et al.,
2007 simulation conditions: initial porosity=0.56, superficial
velocity=2e—03 m/s, grain diameter=0.5 mm, which gives an
initial pore Reynolds number Re,=2.27). It is difficult to decide
which theoretical model is better to account for Kapellos et al.
(2007) numerical data as most of them behave similarly at low
porosity reduction. However, the microcolony model of Thullner
et al. (2004) seems to better fit the simulated data. This seems
coherent as Kapellos et al. (2007) only simulated the early stage of
the porous media clogging and in their results, colonies around
beads are clearly seen. As Kapellos et al. (2007) model includes
the computation of the fluid flow inside the biofilm, ultimately,
his simulation should exhibit a saturation when the porous media
is completely plugged and the Vandevivere (1995) model with the
appropriate parameters, should be able to capture this feature.
Unfortunately, no simulations on the long term are presented in
Kapellos et al. (2007) paper. Finally, the difference between
Kapellos et al. (2007) and the present data at the early stage of
the colonisation may be due to some feature of the biofilm
structure which are present in our experiment but are not
captured by the numerical model or not present in the conditions
of the simulation : the simulation for instance does not show a
very heterogeneous surface shape for the biofilm. These are again
conjectures as we are not yet able to have an idea of the biofilm
microstructure in our experiments.

As a conclusion of this paragraph, even if the Vandevivere
(1995) model was able to recover our data behaviour, previous
works show all the complexity in the biofilm structures and
behaviour. This imply that a parameterization with only one
parameter (namely the relative porosity) maybe not sufficient to
account for all this complexity. Although existing formulations
are useful and were somewhat used with some success in 1D
models (Kildsgaard and Engesgaard, 2001 or Brovelli et al., 2009),
we are far from having a general closure law for the permeability—
biomass content relationship and as for the link between porosity
and biomass content, this task requires work at a lower scale
(pore and biofilm scale).

3.4. Discussion

Keeping in mind the trends presented in Section 2, the biomass
and porosity profiles (Fig. 9), already used in a previous para-
graph, are now analysed along with the oxygen profiles (Fig. 10)
at the steady states.
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Fig. 14. Comparison of the numerical data of Kapellos et al. (2007) and our experimental data.

Data from Figs. 9 and 10 are discussed in the frame of a simple
steady state section-averaged 1D model. Under the hypothesis of
a local biomass growth, and biofilm detachment balanced by the
net growth, simplified mass balances for the biomass (Eq. (9)) and
oxygen (Eq. (10)) write

ac;

aftx = I'xCx—KgetCx 9

b2 4 Vicow) = —py X (10)
ot oM 0y, K

where c, is the mean biomass concentration (EPS+bacteria) in a
cross section, ¢, the mean oxygen concentration at a given
position and v the superficial velocity. In Eq. (9), ry is the net
biomass production rate and kge; @ function accounting for the
detachment rate. In general, kqe¢ is related to many parameters
accounting for the flow (shear stress 7) and the biofilm structure
(thickness I, biomass concentration c,, biofilm density, mechan-
ical resistance, etc.) (Kommedal and Blake, 2003). Concerning the
growth rate, no assumption on the exact formulation of ry is
introduced but we expect that function to depend on many
parameters including physico-chemical parameters as well as
possibly parameters linked to the hydrodynamic. In Eq. (10), Yxo
is an apparent yield coefficient for the oxygen and all dispersive
terms were neglected. At the steady state, Egs. (9) and (10) lead to

Ty = Kaet(T,-....) an

vVep = —d>or—"cx (12)
YxO
Let us notice that in the equation above, ry, Kget, Yxo are
effective properties which integrate many processes linked to
the cells and biofilm behaviour averaged at the biofilm scale then
at the mesoscale.

From the experimental data presented in Figs. 9 and 10, the
evolution of the ratio r./Yy was computed from Eq. (12). To
perform this computation, profiles were fitted with smooth spline
function. Only z locations corresponding to strong gradients on
the oxygen profiles were used in order to minimise the uncer-
tainty. Fig. 15(a) shows the evolution of ry/Yyo along the column
height for the 3 flow rates, while Fig. 15(b) presents the
z-averaged of this quantity versus the flow rate.

It is clearly seen that the ratio /Yy strongly evolves with the
flow rate. The previous analysis cannot be applied to Eq. (11)
because of the number of unknown parameters involved in the
formulation of kger. On the other hand, if the biomass balance
must be fulfilled, Eq. (11) shows also that the net growth rate
must depend on the hydrodynamic conditions.

Many simplified models which are directly derived at the
macroscale and which do not rely on averaging processes or
upscaling techniques use classical formulation for the kinetics,
with constant parameters. For instance, the net growth rate ry is
usually based on the Monod kinetic law or a related formulation.
In our case, if we take one of the most complete law (namely the
Haldane law in order to take into account possible bacteria
inhibition by phenol), we get

s(2) Co(2)
ks + ¢5(2) +cs5(2)? /ki Co(2) + ko

Tx = Hmax —Hdecay (13)
where fimax, ldecays Ks, ki and k, are the maximum bacteria growth
rate, the biomass mortality rate, the phenol saturation coefficient,
the phenol inhibition coefficient and the oxygen saturation
coefficient, respectively. This formulation does not explicitly
involve hydrodynamic effect such as those due to the shear stress,
or the flow conditions. In our case, given the phenol and the
oxygen concentrations, given the observed phenol reduction in
our operating conditions, and given the range of values found for
these kinetics parameter in the literature (Iliuta and Larachi,
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2005) using those values, this term appears to be nearly constant
(around 0.35 h~!). The measured evolutions with the flow rate
cannot be then explained through such a simple kinetic model
which is strictly speaking valid at the local scale except if those
parameters are at least flow dependent. This is not a surprise as r,
Yo, etc. are closure terms resulting on a succession of averaging
on different scales.

Some authors (Zysset et al., 1994; Kildsgaards and Engesgaard,
2001; Brovelli et al., 2009) overcome such difficulties linked to
the modelling of biofilm growth, and the introduction of closure
term, by the use of a limiting # function on the growth rate r,. This
limiting function accounts at the macroscopic scale for the change
in the biofilm diffusive properties, surface exchange, substrate
availability and the amount of active biomass as the biofilm
grows: this change in these properties is directly linked to the
change in the effective biofilm growth rate. We checked if, by
introducing such a formulation, the experimental data could be
explained from Eq. (11) and Eq. (12). The limiting function is often
chosen as a function of the porous media actual biomass content
and maximum biomass content that a pore can sustain. In the
general case, 7 can be written in term of biomass concentration
(Kildsgaards and Engesgaard, 2001). Writing # in term of porosity,
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we get
0= Cx,max —Cx — pmax(wfpx/pmax)d)o +px¢ (14)
Cx,max pmaxw¢0

where o is the maximum pore fraction occupied with biomass,
Pmax and py the biofilm density corresponding to the concentra-
tion cymax and c¢x. As the biofilm density is constant in our
experiments, the above equation can be simplified into

n= (@=N)do+¢
W

Eq. (14) or (15) states that the more the biofilm is thick, the
more the effective growth rate decrease. Using the correction
given by Eq. (15), the biomass and oxygen balance give

r, (0-T)po+¢

(15)

b = kgee(T, .....) (16)
VWep = —%%%& 17)

It was checked if the use of such a limitation function allowed
to explain the experimental data. For that purpose, the ratio ry/Yxo
was computed following the same procedure as before. The value
of w was deduced from the experimental porosity profile at z=0.
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Fig. 16. Evolution of the corrected ratio rx/Yyo.



The results are presented in Fig. 16. The ratio ry/Yyxo is still
dependent on the flow rate. Its dependency with the column
depth is currently impossible to interpret: as already said, the
number of unknown parameters involved in biomass balance
equation (Eq. (16)) prevent an accurate analysis of the growth
kinetic r, in regards of the detachment rate kq.c. However, results
shows clearly that, although convenient in the frame of a 1D
dimensional model, the use of a limiting function along a Monod-
like formulation for the growth kinetics would still result in flow
dependent parameters for the different kinetic parameter. Indeed,
given its very simple formulation, # appears more as a convenient
mathematical way to allow the system to reach a steady state
than a function which can account for all the complex behaviour
of the biofilm at the mesoscale. All the “hidden” processes, not
well accounted for by this limiting function, are recovered in the
flow dependence of the parameter in the Monod law. A resulting
question is the validity of the assumption which postulate a priori
that the term r, can be written from a formulation similar to the
Monod-law, or if this term must be sought under a more general
form (which is unknown). Let us stress that, in our experiments,
given our very low Reynolds number values and narrow range of
investigated Reynolds number, it is very probable that mass
transfer toward the biofilm, the biofilm structure itself as well
as the mass transfer within the biofilm do not change signifi-
cantly. This conjecture is grounded on a comparison of our
experimental data, with those of Garcia Lopez et al. (2003) for a
biofilm grown on a membrane in laminar conditions. Indeed, for
those conditions, Garcia Lopez et al. (2003) did not observed a
significant mass transfer evolution for Reynolds number below
190. The wet biofilm volumetric density remained almost con-
stant (around 30 g1~ ! as in our experiment) but a neat increase
on the biomass content (biofilm thickness equal to 361, 418 and
495 um, respectively) was observed. Our measurements and
interpretations seem consistent with these results. Our observa-
tions cannot be explained by a variation of the term Yo but rather
than an evolution of the term r, with the flow condition as stated
by Eq. (9). At the current state a deeper analysis is not possible, as
in Eq. (9) the closure law for kge¢ includes too many unknown
processes and parameters. Some conjectures can however be
made from recent knowledge about biofilms found in literature.
There are indeed many works in the literature which focus on the
effect of the hydrodynamic on biofilm structure (Peyton, 1996;
Van Loosdrecht et al., 2002). The most recent works deal explicitly
on the change induced by the local hydrodynamic on the biofilm
metabolism (Simoes et al., 2007, Liu and Tay, 2002). In particular,
the shear stress would stimulate the production of EPS (Qi et al.,
2008). This phenomenon could explain the r,/Yyo dependency
with the column depth as well as with the flow rate observed in
Figs. 15 and 16. However, on our experiment, without more
information at the pore scale, this possible explanation is only a
speculation at the present time.

4. Conclusions and perspectives

In this work, a laboratory scale bioreactor was presented as
well as a database resulting of controlled experiments performed
on that pilot. The consistency of the data was carefully checked
and the results allowed the study of some features concerning the
biofilm structure within the biofilter.

The raw data showed the existence of a steady state. In
particular, the clogging front reached a stable position, which
was interpreted as an equilibrium between growth and detach-
ment, the detached fragment beings not recaptured downstream
in the porous media. Some features concerning the bioreactor

behaviour under different flow conditions were deduced from this
steady state.

First, the independent measurement of porosity and biomass
concentration (in term of total solid) showed a very simple
relationship between these two quantities allowing the computa-
tion of the volumetric biofilm density. This value is not very
sensitive to the operating conditions in the range of Reynolds
number which were investigated. This result does not allow us
however to discuss the evolution of the biofilm structure with the
operating conditions and local flow conditions: parameters not
measured here can be involved and the knowledge of more
refined data (among them the evolution of the EPS/bacteria cells
ratio, and the biomass distribution within a section) are required
to discuss this point. In particular, the linear relationship found in
the present work is probably not a general behaviour and remains
specific to our operating conditions.

Second, the relationship between the column permeability and
porous media porosity was then checked and the experimental
results were confronted to existing theoretical models and
numerical simulations. The reduction of permeability is very
sharp as soon as the biofilm appears, at the early stage of beads
colonisation. From the current knowledge about biofilms beha-
viour in porous media, this sharp decrease may involve complex
behaviours related with the existence of biopolymers as well as
the existence of a complex microstructure at the pore scale. This
explains that a Kozeny like formulation fails to predict the
permeability reduction with the biomass content. The
Vandevivere (1995) model is the most appropriate in the case of
our experiment. As for the volumetric density, the permeability-
porosity relationship is not sensitive to the operating conditions
in our case but the Reynolds number range investigated is quite
low leading maybe to a heterogeneous biofilm in all cases. The
sensitivity of this law to the biofilm structure at the pore scale as
well as the biomass distribution at the pore scale is then still an
open question and requires more data on a larger range of
operating conditions. In particular, it may be not sufficient to
relate the permeability to a single global parameter such as the
macroporosity. Although not general, our results were compared
with an advanced recent numerical model (for the same range of
pore Reynolds number). This later model was based on a refined
description of the biofilm at various scales but still the modelled
interaction fluid/biofilm do not capture yet the sharp permeabil-
ity decrease observed on our experimental data. The predicted
permeability reduction is still lower than those observed on the
experimentation. The simulations show the existence of colonies
then patches which grows around the beads and within the pore.
The simulated data can be then approached by theoretical models
involving such microcolonies. The observed difference compared
to our experimentations lie then maybe in a microstructure which
is not yet accurately captured by these refined numerical models.

The experimental permeability reduction reaches a saturation
value which can be interpreted following several concept depend-
ing on whether the pores are considered to be completely filled
(close pore theory) or if some pores remain available to the flow
due to an equilibrium between the biofilm growth and the
detachment rate (open pore theory). From the coupled measure-
ments of permeability and porosity reduction, our experiments
would favour the open pore theory (with possibly, the existence
of channelling inside the plug part of the column, as inferred by
Stewart and Fogler (2001) in their micro-scale experiments).

Finally, the steady state profiles were analysed in the frame of
a simple 1D model. It was shown that classical kinetics law
accounting for cells growth (Monod, Haldane laws) or biofilm
growth rate (through the use of a limiting function) could not
explain our experimental data, if the biomass growth rate is not
flow rate (or shear) dependent. The failure of these classical laws
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to explain our measurements lies in the fact that, often, they mix
concepts which are valid at the local scale with heuristic concepts
(limitation function for instance) accounting for the rigorous
averaging procedure which should be performed to properly
derive a macroscale model. All the closure laws required in the
model are effective properties, whose structures cannot be
postulated a priori as they result of many processes occurring at
the biofilm and cell scale, averaged at the macroscale. Those
processes depend on many hydrodynamical and biological
factors.

In our case, the increase of the total amount of biomass with
the flow rate could be interpreted as the bacteria biological
response to the local hydrodynamic. Among the involved process
in this biological response, a possible answer consists in an
increase in the polymer production as the flow rate increases
and/or metabolic changes within the biofilm as the shear stress
increases. This conclusion is purely conjectural but consistent
with recent results about biofilm behaviour (EPS production:
Qi et al.,, 2008, growth kinetics: Tsai, 2005, biofilm phenotype:
Simoes et al., 2007). To get realistic models, describing separately
the EPS and the bacterial cells seems necessary, as well as
including phenomena linked to the coupling between the cells
metabolism and the flow (growth rate, EPS production, gene
activation, etc.). Some models begin to include separated descrip-
tions of the EPS and bacterial cells, but the kinetics are still
independent on the flow. To our knowledge, the only model to
include such effects is Kapellos et al. (2007) model (through
pressure inhibition growth effects and cells-to-cells signalling
molecules productions). Even in that case, as it has been seen,
some features such as the permeability reduction prediction are
not in accordance with our observed data. In the current states,
our data cannot be fully explained without a deep knowledge of
many coupled mechanisms occurring at various scales, from the
cell/biofilm scale to the reactor scale.

Appendix A. Permeability reduction due to biomass growth in
porous media. Existing theoretical model

A first set of models is based on the concept of uniform biofilm
and gives a power law relationship between the relative perme-
ability and relative porosity

K N ﬂ "
K =1"=(5) "

For an idealised porous medium made of identical cylindrical
tubes, one gets n=2 from the Hagen-Poiseuille law. Using this
concept, Taylor and Jaffé (1990) followed the same approach as
Ives and Pienvichitr (1965) for colloids trapped in a porous
medium: they considered a porous medium made of spheres of
uniform size and various beads arrangements. The biofilm is
considered to be uniformly distributed around the beads. Geome-
trical consideration about the colonized beads diameter and
packing porosity were used to supplement the Carman-Kozeny
law and to follow its evolution with the biomass content (in
particular the biofilm thickness). The relative permeability reduc-
tion with the relative porosity was found poorly sensitive to the
beads arrangement, and at the first order, provided the porosity is
not too low, their model can be approximated by a power law (as
in Eq. (A1)) with n~3/2. In another model, Clement et al. (1996)
did not assume a specific pattern for the biomass distribution.
From an approach based on the macroscopic interpretation of the
“cut and random rejoin” model presented also in Taylor and Jaffé
(1990), they derived an expression similar to the uniform biofilm
concept with n=19/6.
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Thullner et al. (2002) followed the same approach using a
network of interconnected capillaries of random diameter. The
pressure drop in each capillary was computed using the Poiseuille
law and solving convection-diffusion equation for the increase of
biomass concentration. The capillaries geometry was modified
accordingly assuming a uniform growth on the capillaries wall.
The global pressure drop (against the biomass content or poro-
sity) can be then computed at each time step. The result writes

K(¢) _ me—ao)b K] 1

1 +Kmin/K0

Ko 1- oo K() (AZ)

¢o, Kmin and o are adjustable parameters, which depend on the
pore size distribution standard deviation.

Other models are based on the “microcolony” concept. Follow-
ing this concept, the biofilm is not uniformly distributed around
the media but forms a plug in the capillaries or pore throat. A
simple version of this approach considers a set of tubes divided
between a clean part (permeability Ky) and a plugged part
(permeability Kyn). The overall permeability K depends on the
space filled by the plug (hence on the porosity ¢). This perme-
ability is expressed as the harmonic mean between the clean and
plugged part, which yields

K(¢) a
W T a+fi—af

with a=Knn/Ko. fx is the biomass fraction (relative to the pore
volume) defined as: fy=1—¢/¢po.

Thullner et al. (2002) considered also a scenario based on the
concept of “microcolony”. Using their network approach, the
clogging process was simulated by randomly selecting a volume
of biomass and removing the number of pores necessary to reach
this volume. Smaller pores were removed preferentially. For each
realisation, the flow and permeability change were then com-
puted. The analysis of simulated data led to

K@) _ <m>3m%)(m>z (Ad)

Ko 1 —0p 1 —0p

(A3)

o and o are adjustable parameters depending on the pore size
distribution standard deviation.

Finally, Vandevivere (1995) stated that a permeability model
combining the two approaches (uniform biofilm and microcol-
ony) would better fit the data. His model is based on the
assumption that at low bacterial content, cells multiply under
the form of a biofilm. As the shear stress increases (because of the
pore reduction) detached part of the biofilm can create plugs
downstream. The model itself is derived considering a set of
capillaries. At low bacterial density, most of the capillaries are
treated considering the biofilm model. As the biomass fraction f;
increases, a fraction of the tube is described from the plug model.
If F(fy) represents the fraction of pores that do not yet present a
plug for a given biomass fraction f,, the relative permeability is
computed from the weighted average of the biofilm model
(Eq. (A1)) and plug model (Eq. (A3)). This yields

K() :
Kg) — F() (1 + [1-F(f)] <m> “

with, a=Kpyin/Ko and fy=1—¢/po.
F(fy) is a decreasing function theoretically equal to 1 when
fx=0 (no plugs at low biomass fraction) and equal to 0 when f,=1

(all pores are plugged). Vandevivere choose a sigmoidal function
corresponding to the right half of a normal distribution

F(fo) = exp(=0.5 (f/fo)*) (A6)

This function physically corresponds to a gradual change of the
permeability reduction as the biofilm thickens until a critical
biomass fraction f is reached. Then the model switches from the



biofilm model to the plug model and the critical value corre-
sponds, in the authors view, to a biofilm instability. Such
behaviour at a critical biomass content was also suggested by
Characklis et al. (1987).
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