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ABSTRACT: Bacterial biofilms can form in porous media that are
of interest in industrial applications ranging from medical implants
to biofilters as well as in environmental applications such as in situ
groundwater remediation, where they can be critical locations for
biogeochemical reactions. The presence of biofilms modifies
porous media topology and hydrodynamics by clogging pores
and consequently solutes transport and reactions kinetics. The
interplay between highly heterogeneous flow fields found in porous
media and microbial behavior, including biofilm growth, results in a
spatially heterogeneous biofilm distribution in the porous media as
well as internal heterogeneity across the thickness of the biofilm.
Our study leverages highly resolved three-dimensional X-ray
computed microtomography images of bacterial biofilms in a tubular reactor to numerically compute pore-scale fluid flow and
solute transport by considering multiple equivalent stochastically generated internal permeability fields for the biofilm. We show that
the internal heterogeneous permeability mainly impacts intermediate velocities when compared with homogeneous biofilm
permeability. While the equivalent internal permeability fields of the biofilm do not impact fluid−fluid mixing, they significantly
control a fast reaction. For biologically driven reactions such as nutrient or contaminant uptake by the biofilm, its internal
permeability field controls the efficiency of the process. This study highlights the importance of considering the internal
heterogeneity of biofilms to better predict reactivity in industrial and environmental bioclogged porous systems.
KEYWORDS: permeability, stochastic modeling, X-ray tomography, biofilm internal heterogeneity, nutrient uptake

1. INTRODUCTION
Bacterial cells in open but also in confined systems such as
porous media congregate embedding themselves in a self-made
extra-polymeric matrix (extracellular polymeric substances,
EPS), the so-called biofilm.1,2 Biofilm formation can be
problematic because of biofouling and corrosion in industrial
systems.3,4 However, biofilms can also be desirable in
bioreactors,5−7 wastewater treatment,8 and bioremediation of
contaminated groundwater,9,10 where biofilms, besides reduc-
ing the permeability,11 act as hot spots for biogeochemical
reactions. Therefore, there is a growing interest in under-
standing the development of biofilms in porous media systems
and their properties in order to exercise optimal control on
these processes.
The growth of biofilms in porous media alters the pore

structure drastically.11,12 This impacts hydrodynamics by
creating preferential paths that cause flow channeling13,14

and intermittency when the system approaches full clogging
(i.e., the opening and closing of individual preferential flow
paths and their spatial rearrangement).15,16 Biofilms have been
demonstrated to have spatially and temporally varying physical
(e.g., porosity17,18), rheological (e.g., shear strength19), and

hydraulic (e.g., permeability20) properties. However, there is a
significant challenge while trying to measure biofilm properties,
and permeability in particular, due to the inability of most
techniques to characterize biofilm structure without signifi-
cantly affecting its properties.21 A complete characterization of
the fluid flow velocities within the biofilm is also challenging
due to the inability of most tracer particles to penetrate the
biofilm.12,14,22 This has motivated the extensive use of
numerical tools to characterize the entire velocity field within
the biofilm-porous medium system.23−27 However, most of the
numerical approaches simulate fluid flow velocities assuming a
constant permeability value for the biofilm, with varying orders
of magnitude range.23,24,26,27

The formation of preferential paths and intermittency in the
biofilm-porous medium system lead to anomalous or non-
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Fickian transport.27−29 By creating regions of high and low
fluid velocity, the physical heterogeneity controls the residence
time of dissolved chemicals. Within the biofilm, many studies
assume that diffusion is the primary mechanism controlling
chemical transport (e.g., nutrient provision).30−33 However,
experimental works have shown that biofilms are permeable
and have networks of submicroscopic channels,34 where
advective transport can take place.22 To our knowledge, only
a few studies have numerically investigated chemical transport
in permeable biofilms within porous media.23,27 Nevertheless,
the impact of the internal complexity of the biofilm on fluid
mixing and chemical reactions has not been addressed yet.
Stochastic simulations are often invoked in porous media

research to model variable quantities such as porosity,
permeability, and topological connectivity, at different scales,
from field to pore scale.35−37 Geostatistical simulations are
used to generate multiple, equally probable representations of
the spatial distribution of the attribute under study,38 e.g., to
model fracture networks.39 Uncertainties are prevalent in
natural and engineering systems at varying temporal and spatial
scales, and they are modeled using these equally probable
representations. The potential of this approach to capture the
internal complexity of the biofilm allocated within a porous
medium, and therefore, the spatial heterogeneity of physical
properties (e.g., porosity and permeability) remains unex-
plored.
The aims of this work are two-fold. First, we elucidate the

impact of heterogeneous permeability in bioclogged porous
media on pore-scale velocities, fluid mixing, and reactions.
Then, we demonstrate the importance of considering biofilm
variability for predicting the large-scale nutrient or contami-
nant uptake in a bioclogged porous medium. Our approach
employs numerical simulations of fluid flow and solute
transport within a bioclogged porous system. Highly resolved
three-dimensional X-ray computed tomography images of a
bioclogged porous medium are used to construct the
randomized three-dimensional maps of biofilm permeability
based on an underlying probability distribution function of
permeabilities inferred from experimental imaging. These
results serve as a first step in modeling the impact of biofilm
internal heterogeneity on the relevant industrial and environ-
mental processes such as bioaccumulation and bioremediation.

2. MATERIALS AND METHODS
2.1. Biofilm Geometry from X-ray Imaging and Tracer

Experiment. A tubular reactor of length 160 mm and
diameter 10 mm was filled with Nafion grains of average size d
= 2.5 ± 0.5 mm, which have similar shape and surface
roughness to that of natural minerals. Moreover, the surface
chemistry of Nafion has been shown to be comparable to that
of soils, supporting microbial and plant biota of relevance in
the rhizosphere.40 The initial porosity of the reactor was ∼0.4,
and the average pore size was initially 0.41 mm. A multispecies
biofilm was grown for 7 days and fed using a solution of iron
sulfate heptahydrate (FeSO4·7H2O at a concentration of 0.1 g/
L) and glucose (at a concentration of 1 g/L). Iron sulfate
(FeSO4), a nontoxic inorganic compound, was added to the
solution to act as contrast agent for the biofilm and was
passively incorporated in the extra-polymeric matrix during its
maturation. The experiment was conducted at a constant flow
rate (Q = 5 mL/min). The experimental setup is shown in
Figure 1. As described in Carrel et al.,41 the three-dimensional
biofilm structures were acquired with a custom-made

laboratory based X-ray setup consisting of a microfocus X-
ray tube (Viscom XT9160-TDX) and a 40 × 40 cm2 flat panel
detector (PerkinElmer XRD 1621) with 200 × 200 μm2 pixels.
Three-dimensional (3D) images of the biofilm structures were
obtained from a laboratory-based X-ray micro-computed
tomography (micro-CT). Nafion has a low X-ray absorption
coefficient, which allowed us to visualize the iron sulfate
enriched biofilm with micro-CT. A section of the reactor (1/
10) was imaged, from which the solid grains and the biofilm
were reconstructed (Figure 2a and Supporting Information,
Figure S1). We subsequently use this section for further
analysis. Details of the biofilm culturing are provided by Carrel
et al.41 Briefly, the porous medium grains were immersed for
24 h in the bacterial suspension under aerobic conditions to
allow for uniform initial cell attachment to the grain surface.
Then, the column was wet-packed with the inoculated grains,
and the biofilm was allowed to grow for 7 days with a
continuous feed of glucose solution at a rate of 5 mL/min.
To characterize the impact of biofilm on solute transport, a

tracer experiment before and after growing the biofilm was
performed. A pulse injection of an inert tracer potassium
bromide (KBr) was introduced at the inlet at a concentration
of c0,KBr = 0.303 mol/m3 and flow rate of Q = 5 mL/min with a
syringe pump (Lambda Vit-Fit) for a total volume of 100 mL.
Following the KBr injection, the influent solution was switched
to tracer-free feed solution for another 100 mL to flush out the
tracer from the column. The concentration of KBr was
measured at the column outlet every 2 min with an atomic
absorption spectrometer (Varian SpectrAA 220 FS) to
determine the tracer breakthrough curve (BTC), where the
accuracy for the range of concentrations measured was within
2%.

2.2. Biofilm Permeability Field. The segmented 3D
micro-CT images from the experiment (21 μm voxel
resolution) provide binary fields of the spatial distribution of
the biofilm and of the biofilm-free pore space. Different

Figure 1. Schematic of the experimental setup used for growing and
end point imaging of the biofilm by micro-CT. Feeding solution of
glucose and iron sulfate heptahydrate (FeSO4·7H2O) was used as a
contrast agent. Before and after the biofilm growth, a conservative
tracer (potassium bromide, KBr) was injected at the inlet of the
porous medium and its concentration was measured at the outlet of
the domain to obtain breakthrough curves.
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methods, e.g., the Turning-Band method42 or the continuous
and discrete spectral methods,43,44 have been proposed to
generate realizations of a field in 3D. Here, we use the fast
Fourier transform moving average (FFT-MA) method45,46 on
the biofilm spatial grid to generate 3D statistically equivalent
random permeability fields (see the Supporting Information
for details). The advantage of this method is that it generates
the randomness in the permeabilities based on the spatial
domain rather than the spectral domain, which allows us to
relate the randomness to physical attributes of the biofilm such
as the correlation length. A detailed discussion about this and
other methods for generating random fields is out of the scope
of this work, and the reader is referred to Ras̈s et al.38 The
underlying distribution of permeabilities is obtained from the
experiments of Kurz et al.,20 which have an average pore-scale
velocity of 0.96 mm/s and corresponds to the highest
measured coverage of the porous medium by the biofilm.
The biofilm permeability κb has a mean = ·5.12 10 m12 2

b

and variance = 2.1716 m2 4
b

(i.e., a hydraulic heterogeneity of

= 0.75ln
2

b
) (Figure 2b). Because of the high computational

cost of our numerical model (Section 2.3), we used 10
different realizations and verified that the average and
fluctuation do not change significantly with an increasing
number of realizations. For the correlation length, we use the
same as in this experimental data set [ζx, ζy, ζz] = [100, 100,
225] μm.20 A sensitivity analysis to assess the impact of ζx,y,z on
flow and transport has been carried out (see the Supporting
Information, Figure S2).
2.3. Numerical Modeling. 2.3.1. Fluid Flow and

Transport Modeling. The segmented three-dimensional
images were imported into COMSOL Multiphysics, a finite
elements-based modeling program. It was used to solve for the
flow and transport of a solute in the pore-space and within the
biofilm. The flow in the porous space without biofilm is
governed by the incompressible steady-state Navier−Stokes
equation and the continuity equation:

· = ·[ + + ]Pv v I v v( ) ( ( ) )T (1a)

· =v 0 (1b)

where ρ is the liquid density (1000 kg/m3), v is the velocity
vector in three dimensions, P is the pressure, I is the identity
tensor, and μ is the dynamic viscosity (1 · 10−3 kg/m s) of
water. For the experimental flow rate (Q = 5 mL/min = 8.333 ·
10−8 m3/s) and empty porous medium, the resulting average
pore-scale velocity is v̅ = 2.65 mm/s and the Reynolds number
Re = 2.5.
To solve the flow through the permeable biofilm in the

bioclogged porous medium, we use the Brinkman equation,47

which accounts for the transition from free to Darcy flow:

· = · + + ·

+ | |
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where nb is the porosity of the biofilm matrix, κb is the biofilm
permeability, and = [ ]d n n/ 150(1 )g

2
b

3
b

2 is the parameter
in the Ergun equation.48 The formulation of the Ergun
equation is based on the consideration of the post-Darcy
regime (Re up to ∼10), where the pressure drop is a function
of the average velocity49 and average solid grain diameter dg.
The transport of a chemical species in the empty pore space

and within the biofilm is described by the advection-diffusion
equation:

+ · =c
t

c D c rv( ) 2
(3)

where c is the concentration, r is the reaction rate, and D is its
molecular diffusion coefficient in water (here, 10−9m2/s). The
transport is characterized by the dimensionless Pećlet number,
defined as the ratio between the characteristic time of diffusion
(tD = λ2/2D) and the characteristic time of advection

=t v( / )a , Pe = v̅λ/2D ∼ 1000, where λ = 1 mm is the
average pore length. This relatively high Pećlet number reveals
the impact of heterogeneity on mixing and reaction which
would otherwise be hidden at low Pećlet numbers. In addition,
biofilm development within porous media has been demon-
strated to be enhanced with high flow rates, as it corresponds
to higher shear.16

Figure 2. (a) Three-dimensional rendering of the biofilm (green color) and of the solid grains (gray color). (b) Underlying distribution of biofilm
permeabilities (κb) from Kurz et al.20 (c) 3D randomized realization of the internal biofilm permeability and the surface of the solid grains (gray
color) for visual clarity.
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2.3.2. Particles Recirculation for Simulating the Full
Reactor. Our numerical simulations aim to capture the
behavior of the conservative transport experiments conducted
described in Section 2. For this purpose, we use a numerical
particle tracking algorithm. The imaged geometry was 1/10 of
the full tubular reactor. In order to compare the numerical
particle tracking to the experimental images, we simulate the
advection of particles along streamlines of the flow field
obtained from eq 2a. Then, a recirculation protocol based on
the reinjection of particles at the same velocity as they abandon
the imaged domain (or their velocity before they get stuck at
the solid−liquid interface due to their finite size) is used. The
particles are reinjected 10 times, mimicking the total length of
the reactor (see the Supporting Information for details). We
initially inject 10,000 particles at the inlet boundary (bottom),
following a flux-weighted distribution of the velocities in the
empty pore space as well as within the biofilm. Particle
trajectories are computed in a Lagrangian reference frame with
no diffusion. This simplification is acceptable because of the
high Pe used (tested for one realization). The particles are
advected by the drag force given by Fd = (mp/τp)·(v − vp),
where mp is the mass of the particle, τp = ρp·dp2/18 μ is the
velocity response time, with dp being the particles diameter and
vp the particle velocity.50

2.3.3. Mixing, Fluid−Fluid Reaction, and Chemical
Uptake by Biofilm. In order to minimize the high computa-
tional cost of solving explicitly chemical reactions in the liquid
phase, i.e., between an injected solution and the resident one,
we compute the mixing zone between both solutions and the
reactivity within as follows. We initially inject as a pulse a
chemical solution with an initial concentration c0,m = 1 mol/
m3, which corresponds to mass m0,m = 1 · 10−8 mol. The
mixing zone Ωm (where 0 < c < 1) is characterized by its
volume, Vm [m3], defined in this case as Ωm = {(x, y, z)|0.01 <
c < 0.99}. We further assume that within this mixing zone a fast
reversible reaction takes place, i.e., the characteristic reaction
time scale (tr) is smaller than the characteristic advective time

(Damköhler number, Da = ta/tr ≫ 1). Then, the local reaction
rate r can be computed from the conservative concentration
fields as follows:

=
+

r
K

c K
D c

2
( 4 )2 3/2

2

(4)

where K is the equilibrium constant of the reaction (here 10−2

mol2/m6) and ∥ denotes the magnitude of the concentration
gradient vector.51−53 The global reaction R, i.e., the upscaled
reactivity, is computed as the integral of the local reaction rates
r over the mixing zone:

=R dxdydzr
m (5)

Previous studies have shown that diffusion is typically the
limiting mechanism for transporting chemicals within the
biofilm.31 Therefore, the bacteria composing the biofilm closer
to the edge, i.e., closer to the preferential flow paths, take up
more mass of chemicals than further from it, i.e., closer to the
solid grains.33,54 The rate at which chemicals are taken up can
also be a complex function of the concentration.55 Here, the
chemicals advected and diffused through the biofilm are taken
up following a linear relationship with concentration:

=f c kc( ) (6)

where k is the rate coefficient (here, 0.77 1/s).33

2.3.4. Model Assumptions. To simplify the modeling in our
study, we have made the following assumptions, which are
common for such simulations. We assume that the presence of
biofilm, and in particular the EPS, does not change the
rheology of the liquid. We assume the biofilm is an immobile
and nondeformable phase. Cell density and metabolic activity
within the biofilm are considered spatially homogeneous. We
also consider no-slip conditions at the fluid−solid interfaces.
Considering a constant pressure gradient between the inlet and
the outlet of the full reactor, constant pressure is set at the
outlet of the imaged domain. The geometry was accurately

Figure 3. Fluid flow velocity field displayed in terms of the Eulerian velocity magnitude v (same flow rate Q = 8.333 · 10−8 m3/s) for (a) empty
porous medium (i.e., without biofilm), (b) bioclogged porous medium with a single-homogeneous permeability value for the biofilm (κb = 5.12 ·
10−12 m2), and (c) bioclogged porous medium with a heterogeneous distribution of permeabilities within the biofilm (κb ∈ [1.4, 7] · 10−12 m2).
The direction of flow is from bottom to top. Grain surfaces (gray color) are shown for visual clarity.
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resolved using a mesh of tetrahedral elements (∼13 × 106
elements).

3. RESULTS AND DISCUSSION
3.1. Biofilm Permeability Heterogeneity Control on

Fluid Flow Velocities. Figure 2c shows a 3D rendering of a
randomized realization of the internal biofilm permeability and
the solid grains. The permeability values span over 2 orders of
magnitude. The longer correlation length in the fluid flow
direction (ζz) can be recognized in the vertical orientation of
high and low permeability regions within the biofilm. As it
occurs in subsurface environments such as aquifers in
unconsolidated sediments,35 these elongated regions according
to the main flow direction, and in particular the high
permeability ones, are expected to play a key role in the
internal connectivity within the biofilm. The advective
transport and mass exchange within the biofilm are controlled
by how the high permeability regions are connected.22,34

In the absence of bioclogging, the resulting flow field is
relatively uniform (Figure 3a), albeit with higher velocities in
pore bodies and lower velocities close to grains. Biofilm growth
leads to the so-called double structure of the flow field.56 A

dual-porosity or dual-permeability system13,57 arises with the
presence of biofilm within the porous medium for a single-
homogeneous value of biofilm permeability (Figure 3b). Figure
3c depicts a significant hydrodynamic change occurring when a
heterogeneous permeability field is considered within the
biofilm. A broader range of velocities can be found within the
biofilm, with very low but also relatively high fluid flow
velocities.
To further investigate the impact of biofilm and its internal

permeability heterogeneity on the fluid flow velocities in the
porous medium, we compute the probability density function
of the fluid flow Eulerian velocities magnitude v, p(v) (Figure
4a). When the porous medium is clean (black line), p(v)
shows a distribution observed in granular media that are well-
sorted.14,56 However, when biofilm is considered impermeable
(green line), the probability of both high and low velocities
increases as physical heterogeneity increases, as previously
observed for heterogeneous porous media58 and in unsaturated
conditions (e.g., in the presence of air).59 Contrary to what is
observed for heterogeneous and unsaturated porous media,
where p(v) for low velocities typically drop off algebraically
following a power law (p(v) ∝ vβ with β < 0), a more complex

Figure 4. (a) Probability density function of fluid flow velocities p(v) for the empty porous medium (black line), considering the biofilm
impermeable (green line), considering the biofilm permeable (yellow line; single-homogeneous value, κb = 5.12 · 10−12 m2), and for 10 realizations
of the biofilm permeability field, where the solid line (blue) indicates the median of all realizations and the shaded area represents the maximum
deviation from the median for all realizations. (b) Same data plotted in a semilogarithmic scale to highlight the exponential distribution of high
velocities. The flow rate (Q = 8.333 · 10−8 m3/s) is the same for all.

Figure 5. Comparison of the normalized breakthrough curves (BTCs) measured at the outlet for a pulse injection of KBr (symbols) and the
simulated transport of particles-reinjection protocol for both (a) the empty porous medium (blue line) and (b) the bioclogged porous medium,
including impermeable (green line), homogeneous permeable (yellow line), and heterogeneous permeable (blue line) biofilm. The blue line in
panel (b) represents the median concentration for all biofilm permeability field realizations, and the shaded area is the maximum deviation from the
median.
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behavior (i.e., changes in slope) is observed when permeable
biofilm (single-homogeneous value, κb = 5.12 · 10−12 m2) is
considered (yellow line). This is in agreement with previous
findings for a permeable biofilm in 2D.20,27 In the range of very
low velocities, a similar scaling (i.e., p(v) ∼ v−1) is observed for
all the cases.
Most previous studies consider only either impermeable

biofilms or biofilms having a single-homogeneous permeability
value. Our results show that the probability of finding very low
velocities increases significantly when the biofilm is considered
to be permeable. Figure 4a depicts p(v) for all realizations of
equivalent permeability fields within the biofilm used in this
study (median, blue line; maximum deviation from the median,
light blue shaded area). This provides us the variability in
several metrics. For the higher velocities, which are highlighted
by also plotting in semilogarithmic scale (Figure 4b), there are
no significant differences between the impermeable and
homogeneous permeable biofilm and neither between the
different realizations. This is owing to the fact that most of the
flow takes place in the preferential paths between the biofilm
clusters. p(v) for high velocities follows an exponential trend
(ln(p(v)) ∝ −v) in agreement with the existing literature for
unsaturated porous media but also for bioclogged porous
media.14,59,60 At intermediate velocities, just before the
transition to very low velocities, larger deviations from the
median are observed. These differences are reduced again at
very low velocities. When comparing with previous exper-
imental results from 3D particle tracking velocimetry (3D-
PTV) measurements,12 mainly high velocities are captured by
the latter. This is due to the fact that the tracer particles used
for 3D-PTV can not explore fluid flow velocities within the
biofilm. Therefore, our approach allows to characterize the
previously unseen shape of p(v) at low velocities, i.e., the fluid
flow velocities corresponding mainly to those within the
biofilm.
3.2. Validation of the Flow Model with the Tracer

Experiment. Figure 5 compares the normalized concentration
(by the maximum concentration measured at the outlet,
cmax,KBr) of KBr measured at the outlet (i.e., BTCs) in the
tracer experiments (pulse injection) with the normalized
concentration (by the maximum number of particles collected
at the outlet in a fixed time interval same as for the tracer test,
cmax,p) of simulated transport of particles (recirculated up to 10
times to mimic the total length of the reactor) for both the
empty and the bioclogged porous medium. In the absence of
biofilm (Figure 5a), an almost symmetrical BTC is observed.
The transport of particles solved numerically performs well in
general, although slight differences are observed. The first
breakthrough is delayed, an earlier reduction in maximum
concentration is seen, and a longer tail compared to the
experimental data is observed. In the presence of biofilm
(Figure 5b), and independent of whether the biofilm is
impermeable (green line), homogeneous permeable (yellow
line, see also Movie S1 in the Supporting Information), or
heterogeneous permeable (blue line), a much earlier first
breakthrough and a more pronounced tailing of the tracer
compared to the empty porous medium are observed. This is
explained by the more marked preferential flow paths and low
velocity and stagnation zones, similar to what is found in highly
heterogeneous porous media.61,62 This drives the so-called
anomalous transport or non-Fickian solute dispersion.
However, the numerically solved transport of particles for
the impermeable (green line) and homogeneous permeable

(yellow line) cases overestimate the arrival of mass at early
times and underestimate the long tailing effect (i.e., the late
arrival of mass) when compared with the tracer experiment.
For the heterogeneous permeable case (blue line), a good
agreement of the numerically solved transport of particles with
the tracer experiment is observed. The initial rise and plateau
of the normalized concentration are predicted well. The long
tailing effect due to the presence of the heterogeneous biofilm
is also well-captured by the model, which, in very low
permeability regions, increases the residence time of particles
(see Movie S2 in the Supporting Information). The control of
the heterogeneous permeability within the biofilm on transport
becomes evident at very long times, i.e., when diffusion
becomes relevant (shaded area representing the maximum
deviation from the median for all realizations). Note that tracer
concentrations were already below the detection level in this
experiment at these very long times. We believe our fluid flow
simulations and the transport of particles, although developed
from the imaged region (1/10 of the total reactor length), are
representative of the full reactor.

3.3. Impact of the Biofilm Permeability Heteroge-
neity on Fluid Mixing and Reactions. To assess the control
that the permeability heterogeneity within the biofilm exerts on
the mixing of fluids and mixing-driven reactions, we first
compute the mixing volume Vm. Figure 6 shows the evolution

of Vm with dimensionless time t/ta. The smaller magnitude of
Vm for the bioclogged porous medium cases at initial times, i.e.,
homogeneous (yellow line) and heterogeneous biofilm (blue
line is the median for all biofilm permeability field realizations
and the shaded area is the maximum deviation from the
median), than in the absence of biofilm (black line) is
occurring due to the reduced empty pore space. The initial
scaling (until t/ta = 1 × 10−2) corresponds to the time for the
pulse to enter the biofilm-porous medium system. As the
solute pulse invades the pore space, Vm rises rapidly following a
non-Fickian almost ballistic behavior (Vm ∼ t1) regardless of
the case, as previously seen in unsaturated conditions in 2D
and 3D.63,64 At late times, the mixing shows a Fickian behavior,
i.e., here diffusion is the mechanism controlling mixing.65,66 As
compared to the empty porous medium, we see an earlier

Figure 6. Mixing volume Vm as a function of dimensionless time t/ta
for the empty porous medium (black line), considering the biofilm
permeable (yellow line; single-homogeneous value, κb = 5.12 · 10−12

m2), and considering a heterogeneous permeability field within the
biofilm (blue line, which represents the median of Vm for all biofilm
permeability field realizations and the shaded area�visible only
slightly at very late times�is the maximum deviation from the
median).
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appearance of the Fickian regime (Vm ∼ t0.5) when the biofilm
is present. There are significant differences when a single-
homogeneous or heterogeneous permeability field within the
biofilm is considered. The internal heterogeneity in the biofilm
allows both the almost ballistic (at early times) and the Fickian
(at late times) regime to be reached earlier. Between the
different permeability realizations, there are no considerable
differences in the temporal evolution of Vm.
Concentration gradients within the mixing volume control

the local reaction rates. The global reaction rate R, computed
as the integral of the local reaction rates, is impacted not only
by the presence of the biofilm but also by its internal
heterogeneity of it (Figure 7). In the presence of the biofilm

(i.e., an immiscible and permeable phase within the pore
space), R initially increases in a similar manner as in the
absence of biofilm, although with a higher magnitude. This is
in stark contrast to the behavior seen for example in
unsaturated porous media (i.e., containing an immiscible and
impermeable phase within the pore space), where the reaction
rate is enhanced at early times compared to fully saturated (so-
called here empty) porous media.53,63 For longer times (t/ta >
101), when the chemical exits the simulated region, a much
slower drop off of R with time for the bioclogged porous
medium than in the empty porous medium is observed. While
no significant differences in mixing volume between the
different permeability field realizations are observed (Figure 6),
there is a large variability, i.e., deviation from the median, for R.
The permeability contrasts within the biofilm, i.e., fluid flow
velocity contrasts, enhance the creation of concentration
gradients (see eq 4), in particular toward the very low
permeability regions. Therefore, while differences in the
permeability field within the biofilm do not impact the process
of mixing significantly, they can control the reactivity in the
system. This result differs from what has been observed in
unsaturated porous media, where statistically equivalent
organizations of the immiscible phase (e.g., air) do not impact
mixing nor reaction.37

3.4. Chemical Uptake Rate with Biofilm Permeability
Heterogeneity. If the chemical injected as a pulse instead of
reacting with the resident solution is taken up by the bacteria

composing the biofilm, a depletion in concentration and
therefore mass in the liquid phase occurs. Figure 8 shows the

temporal evolution of the mass of dissolved chemical uptake by
the biofilm Muptake for the homogeneous (yellow line) and the
heterogeneous biofilm (blue line is the median for all biofilm
permeability field realizations and the shaded area is the
maximum deviation from the median). Like the global reaction
rate R, the uptake by the biofilm is impacted by the
heterogeneity in the biofilm permeabilities. For both the
homogeneous and heterogeneous cases, the uptake increases
with dimensionless time as the chemical pulse are made
available to the biofilm structures, although the homogeneous
case has smaller uptake. As seen in Figure 6, the heterogeneous
case mixes faster, and therefore, more biofilm is exposed to the
chemical. However, this results in a lower mean concentration
in the solution (i.e., faster dilution) to be taken up by the
bacteria composing the biofilm.
While chemical availability is usually considered the main

limiting factor (i.e., consumption rates by bacteria are higher)
in many applications,67 we have demonstrated that not only
the shape55 and the spatial distribution68 of the biofilm within
the porous space have an impact on the biochemical reaction
rates but also the internal heterogeneity within the biofilm has
to be considered when accurate predictions of bioaccumulation
and bioremediation, i.e., efficiency, are aimed for.
In this work, we have used X-ray images of a bioclogged

porous medium at the pore scale to generate equivalent
heterogeneous permeability fields within the biofilm. Using a
numerical approach validated with experimental results, we
have shown the impact of biofilm and of its internal
heterogeneity on fluid flow velocities. The permeable and
heterogeneous character of the biofilm, besides controlling
intermediate velocities, alters the distribution of low velocities
that deviate from those when the biofilm is impermeable. The
latter is analogous to what has been observed for unsaturated
(e.g., air) porous media.59,60 The permeability heterogeneity of
the biofilm does not impact significantly the mixing of fluids;
however, the existence of low permeability regions within the
biofilm enhances the formation of concentration gradients,
controlling the overall reactivity within the system. When
biologically driven reactions are considered (e.g., chemical

Figure 7. Temporal evolution of the global reaction rate R for the
empty porous medium (black line), considering the biofilm permeable
(yellow line; single-homogeneous value, κb = 5.12 · 10−12 m2), and
considering a heterogeneous permeability field within the biofilm
(blue line, which represents the median of R for all biofilm
permeability field realizations and the shaded area is the maximum
deviation from the median).

Figure 8. Temporal evolution of the mass of dissolved chemical
accumulated in the biofilm Muptake for the homogeneous biofilm
(yellow line) and for the heterogeneous biofilm (blue line, which
represents the median of Muptake for all biofilm permeability field
realizations and the shaded area is the maximum deviation from the
median).
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uptake), similar trends are observed regarding the significant
impact of biofilm permeability heterogeneity on reactivity. The
probability density function of permeabilities within the
biofilm, together with the recent observation of a scaling law
of biofilm cluster sizes,20 can be a first step in our attempt to
upscale these pore-scale observations. While in this manuscript
we do not discuss scaling laws of biofilm cluster size
distribution, we generally conclude that it is important to
consider permeability heterogeneity within the biofilm and the
uncertainty that their stochastic realization can introduce in
predictions of bioaccumulation and bioremediation. While X-
ray tomography has shown to be a powerful technique to give
access to the morphology of biofilm structures, its resolution is
still too coarse to measure microporosity of biofilms, a concept
still under debate due to the high water content and
deformability of biofilms. Many other questions also remain
open such as the control of transient conditions on the
processes studied here, i.e., the impact of the spatiotemporal
variation of biomass (interplay between the fluid flow and the
biofilm growth), or the impact of the spatial variability of cell
density and metabolic activity within the biofilm on chemical
uptake.
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