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Abstract

Abstract

Biofilms are ubiquitous bacterial communities developing at aqueous liquid-solid interfaces
in many industrial and natural systems. A case of particular interest are porous media, i.e.
materials containing voids saturated with water such as soils, where the interplay of the
3D topology of the substratum and complex hydrodynamic and mass transport processes
condition the development and morphology of biofilms. There is still a lack of experimental
data allowing to describe the coupled interactions between the developing biofilm and the
pore-scale hydrodynamic and mass transfer processes.

The first part of this thesis investigates the influence of biofilm growth in porous media
on transport processes. The pore-scale hydrodynamics in a progressively bioclogged porous
medium are quantified at different time points of biofilm growth with 3D particle tracking
velocimetry. The evolution of the Lagrangian flow field obtained reflects the increasing
heterogeneity of the porous medium, that results from the formation of preferential flow
paths and stagnation zones as biofilm grows. This increase is related to the exponential
growth phase of the bacteria. A gamma distribution provides a remarkable fit of the bulk
and the high tail of the velocity probability density functions. A correlated continuous time
random walk including a stochastic velocity relaxation process allowed to quantitatively
capture transport statistics. We anticipate that the parametrization of the velocity distri-
bution and the stochastic model used could be more broadly applied to model transport
processes where the heterogeneity of the pore network considered is either inherent to the
porous medium itself or changing dynamically due to physico-chemical processes such as
mineral dissolution and precipitation or in the case of unsaturated flows with non-negligible
gas exchange.

The second part of this work presents a novel approach based on X-ray tomography to
access biofilm morphology in a three-dimensional porous medium. Iron sulfate was used
as a contrast agent and combined with propagation-based phase-contrast imaging tools.
The iron sulfate was added continuously to the biofilm during biofilm growth, so that it
was incorporated within the biofilm itself in order to avoid injecting a destructive contrast
agent after the biofilm culturing. A Lorentzian Filter, commonly used to perform phase-



retrieval in the context of synchrotron X-ray tomography, was applied as a preprocessing
filter prior to the tomographic reconstruction in combination with a very long sample-
to-detector distance. Here, we exploited the high numerical stability of this filter under
the presence of noise to substantially increase the contrast between the biofilm and the
surrounding liquid. A comparison of this method an already existing one using particulate
barium sulfate suspensions as contrast agent showed that the rheological properties of the
non-Newtonian barium sulfate suspension (i.e. shear-thinning fluid) induced a substantial
biofilm detachment. Altogether, a quantitative analysis showed that up to 50 % of the
biofilm might have had been detached during the injection of the contrast agent.

Finally, we analyze the local influence of hydrodynamics and transport processes on the
development of the biofilm. The pore-scale hydrodynamic data obtained with 3D particle
tracking velocimetry is combined X-ray micro computed tomography scans performed on
the same sample in order to reveal both the structure of the porous medium and of the
biofilm. Barium sulfate was injected very slowly, over a duration of 12 hours to limit biofilm
detachment. The registration of the hydrodynamic and structural data sets provides the
basis for a local analysis of the influence of flow and mass transport on biofilm growth.
This analysis reveals wide distributions of wall shear stresses and concentration boundary
layer thicknesses. The spatial distribution of the biofilm patches revealed that the wall
shear stress controlled the biofilm adhesion, biofilm development and the biofilm thickness.
Neither external nor internal mass transfer limitations were observable, which is consistent
with the fact that nutrients and electron acceptors were present in excess in the system
considered. Interestingly, the wall shear stress remained fairly constant in the vicinity of the
biofilm, whereas it increased substantially elsewhere. This allows to indirectly estimate the
shear strength of the biofilm and also points at the complex feedback between a developing
biofilm and the pore-scale hydrodynamics.
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Zusammenfassung

Zusammenfassung

Biofilme sind bakterielle Gemeinschaften, die sich in vielen industriellen und natiirlichen
Systemen an fliissig-festen Grenzflichen bilden. Von besonderem Interesse sind Biofilme in
porosen Medien, d.h. Materialen, die mit Wasser geséttigten Poren enthalten. In pordsen
Medien definieren die 3D Topologie des Substratums und die komplexe Stromungs- und
Stofftransportsverhéltnisse das Biofilmwachstum und die Biofilmmorphologie. Es gibt einen
Mangel an experimentellen Daten, die die gekoppelten Wechselwirkungen zwischen den
Biofilm und die Stromungs- und Stofftransportsverhéltnisse beschreiben.

Der erste Teil dieser Dissertation befasst sich mit dem Einfluss des Biofilmwachstums auf
den Stofftransport in pordésen Medien. Die sich d&ndernden Stromungsverhiltnisse werden
mit einem dreidimensionalen experimentellen Aufbau zur Verfolgung von Partikeln zu vier
verschiedenen Zeitpunkten wihrend des Biofilmwachstums gemessen. Die zeitliche Ande-
rung des Lagrangeschen Stromungsfeldes zeigt eine zunehmende Heterogenitit des pordsen
Mediums, die auf die Entstehung von préferenziellen Fliesswegen und entsprechenden sta-
gnierenden Zonen zuriickzufiihren ist. Diese Zunahme ist mit dem exponentiellen Wachs-
tum der Bakterien in verbunden. Eine Gamma Verteilung zeigt eine bemerkenswert gute
Annédherung der Geschwindigkeitsmagnitude. Ein korrelierter Continuous Time Random
Walk (CTRW) basierend auf einem stochastischen Relaxationsprozess erlaubt ein quantita-
tives Modellieren der mittleren und mittleren quadratischen Verschiebung im betrachteten
System. Der hier vorgestellte Ansatz konnte zur zeitlichen Modellierung von Stofftrans-
portprozessen innerhalb des exponentiellen Bakterienwachstums angewendet werden. Wir
erwarten, dass die vorgeschlagene Parametrisierung der Geschwindigkeit und der weiteren
Parametern des CTRW Modells das Modellieren von Stofftransport in Systemen ermdog-
lichen konnte, in denen die Heterogenitat des Porennetzwerks entweder inhdrent Teil der
Struktur des beriicksichtigten porésen Medium ist oder sich im Verlauf der Zeit, als Kon-
sequenz physikalisch-chemischen Prozesse wie mineralischer Losung oder Ausféllung oder
im Falle ungeséttigter Stromung durch nicht-vernachlissigbaren Gasaustausch, veréndert.

Der zweite Teil dieser Arbeit beschreibt einen neuen Ansatz um die Biofilmmorphologie
in einem dreidimensionalen pordsen Medium anhand von Réntgenbildern zu erfassen. Zum
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ersten Mal wurde Eisensulfat als Kontrastmittel eingesetzt und zusétzlich mit Methoden
aus der Propagationphasenkontrast-Bilderfassung kombiniert. Das Eisensulfat wurde kon-
tinuierlich wéhrend des Biofilmwachstums zugegeben, sodass es in den Biofilm eingebaut
wurde um die negativen Konsequenzen einer Kontrastmittelinjektion nach dem Biofilm-
wachstum zu vermeiden. Ein Lorentzfilter, der iiblicherweise zum Zweck des Phasenkon-
trastes mit Synchrotronbildern eingesetzt wird, wurde hier in Kombination mit einer sehr
langen ,sample-to-detector” Distanz als vorbereitender Schritt vor der tomographischen Re-
konstruktion eingebaut. Dank der hohen numerischen Stabilitét des Filters in Anwesenheit
von Rauschen konnte der Kontrast zwischen dem Biofilm und der umgebenden Fliissigkeit
erhoht werden. Ein Vergleich dieser Methode mit der auf Bariumsulfat basierenden zeig-
te, dass die rheologischen FEigenschaften der nicht-newtonisches Bariumsulfatsuspension
(scherverdiinnend) eine Ablosung eines Teiles des Biofilms verursachte. Zusétzlich konn-
te Abrasion als ein weiterer Ablosungsmechanismus ermittelt werden. Eine quantitative
Analyse zeigte, dass bis ca. 50 % des Biofilms wéhrend der Injektion des Kontrastmittels
abgeldst wurde.

Der letzte Teil dieser Arbeit ist dem lokalen FEinfluss der Strémungsverhéltnisse und
des Stofftransports auf die porenskalige Biofilmentwicklung gewidmet. Zusédtzlich zu den
hydrodynamischen Messungen wurden Réntgenbilder aufgenommen und die Struktur des
Biofilms und des pordsen Mediums mittels Mikrocomputertomographie rekonstruiert. Ba-
riumsulfat wurde sehr langsam injiziert, iiber eine Dauer von 12 Stunden, um Biofilmablo-
sung zu vermeiden. Die Registrierung der Strémungs- und der strukturellen Daten erlaubt
eine Analyse des Einflusses der lokalen Strémungs- und Stofftransportsverhiltnisse auf die
Biofilmentwicklung. Diese Analyse zeigt breite Verteilungen der Wanschubspannung und
der Konzentrationsgrenzschichtdicke. Die rdumliche Verteilung des Biofilms zeigt, dass die
Wandschubspannung die Biofilmadhésion, Biofilmentwicklung und Biofilmdicke kontrol-
liert. Weder interne noch externe Stofftransporteinschrinkungen wurden beobachtet, was
im Einklang mit den hohen Nihrstoffen- und Oxidationsmittelnkonzentrationen ist. Auffil-
ligerweise bleibt die Wandschubspannung relativ konstant in der Néhe des Biofilms, w&h-
rend es an weiteren Stellen substantiell zunimmt. Das erlaubt indirekt die Biofilmscherkraft
abzuschétzen und deutet auf die komplexe Wechselwirkungen zwischen den Biofilm und
die Stromungsverhéltnisse.
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Chapter

Introduction

1.1 Motivation

Biofilms are sessile microorganisms developing at solid-liquid interfaces (Costerton et al.,
1995). The peculiarity of biofilms lies within the matrix consisting of extracellular poly-
meric substances (EPS) that they produce (Flemming and Wingender, 2010). The EPS
matrix protects biofilms so efficiently from their environment, that they persistently sur-
vive in natural, industrial or biomedical settings (Hall-Stoodley et al., 2004) and form
one of the most successful, abundant and oldest forms of life on Earth (Costerton et al.,
1995; Westall et al., 2001). As such, these bacterial communities form fascinating micro-
bial lanscapes (Battin et al., 2007) exhibiting heterogeneous structures (Van Loosdrecht
et al., 1997) ranging over wide ranges of scales (Milferstedt et al., 2009) and shaped by the
interplay between shear stresses, mass transfer and nutrient limitations (Picioreanu et al.,
1998; Eberl et al., 2000). Reactions due to bacterial activity causes the formation of che-
mical gradients and nutrient limitations promoting the formation of multispecies biofilms
(Picioreanu et al., 2004). This results in biofilms with bacterial populations of diverse
genotypes and phenotypes expressing different metabolic pathways (Stewart and Franklin,
2008). The vitality, diversity and ubiquity of biofilms can represent a substantial issue,
as on the one hand, biofilms were identified to be at the root of a variety of persistent
infections (Costerton et al., 1999) and can lead to an up to 1000-fold increase in antibiotics
resistance (Mah et al., 2003). On the other hand, one can also capitalize on biofilms for
the degradation of organic compounds and nitrogen (Boltz et al., 2017) or toxins (Kohler



4 1.1 Motivation

et al., 2014). Therefore, understanding the development of biofilms in response to local
mass transfer and hydrodynamic conditions is of paramount interest for a wide range of re-
search fields spanning from biomedical research (Donlan and Costerton, 2002) or drinking
water production (Derlon et al., 2012) and wastewater treatment (Martin and Nerenberg,
2012) to the carbon cycle (Battin et al., 2008), sediment transport (Vignaga et al., 2013)
or energy production (Oh et al., 2010) and storage (Ebigbo et al., 2013).

Some authors introduced a scale separation in order to understand the implications
of biofilm related processes for the different applications mentioned (Ginn et al., 2006;
Battin et al., 2007; Morgenroth and Milferstedt, 2009; Milferstedt et al., 2009; Wagner
et al., 2010b; Davit et al., 2013). This scale separation usually distinguishes between three
biofilm related typical scales, namely the micro-, meso- and macroscales.

At the microscale, several microscopy techniques allow to image the sub-micron distribu-
tion of biofilms and their constituents, such as confocal laser scanning microscopy (CLSM)
(Neu et al., 2001) or Raman microscopy (Ivleva et al., 2008; Wagner et al., 2009). These
imaging methods are typically used to study the functions, properties and constituents
of the EPS or to understand which mechanisms underpin initial attachment of individual
bacteria. For instance, initial adhesion was shown to be determined by microscale velocity
gradients (Rusconi et al., 2014; Yawata et al., 2016).

Zooming out, the mesoscale is the scale at which the interplay between the topology of the
substratum on which biofilms grow and flow and mass transfer processes (Picioreanu et al.,
1998; Eberl et al., 2000) orcompetition in multispecies biofilms (Picioreanu et al., 2004)
shape the evolving bacterial structures. Further microscopy techniques are typically used
to image biofilms at the mesoscale, optical coherence tomography (OCT) being the state
of the art method actually available (Wagner and Horn, 2017). OCT based studies allowed
to gain some insights about the structural or rheological properties of biofilms (Wagner
et al., 2010b; Blauert et al., 2015) or the biofouling occuring upon biofilm development
in feed spacer channels in reverse osmosis membrane modules (West et al., 2016) or drip
irrigation devices (Qian et al., 2017). Further studies showed that the structures of biofilms
developing on ultrafiltration membranes were shaped by the predation of grazing protozoan
(Derlon et al., 2012) or the activity of metazoa (Derlon et al., 2013), so that biofilms
ultimately increase membrane flux and permeate quality (Derlon et al., 2014).

Finally, the macroscale is the scale of larger systems such a reactors (Boltz et al., 2017),
aquifers (Meckenstock et al., 2015) or streams (Battin et al., 2016) influenced by biofilms
as overarching sytems. The different scales mentioned are highly interconnected as for
instance, the overall performance of a trickling filter reactor (Gujer and Boller, 1986) results
from the integral of small scale processes such as reactions or biofilin detachment. This
results in bi-directional feedbacks between small and large scales and as well upscaling
approaches as approaches tackling the cascade towards smaller scale are to be further
developed and compared against small and large scale experimental evidence.

Most natural or industrial systems colonized by biofilms exhibit rough three-dimensional
(3D) features or corners. Commons examples are teeth and corrugated pipes (Drescher
et al., 2013; Kim et al., 2016) or porous media (Coyte et al., 2017). Porous media contain
interconnected voids or pores forming three-dimensional networks with pore radii spanning
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over a wide range of length scales (Holzner et al., 2015). The very high surface area of po-
rous media offers multitudes of niches enhancing bacterial activity and diversity in general
and more specifically biofilm development under both saturated and unsaturated conditions
(Ginn et al., 2002; Gans et al., 2005; Curtis and Sloan, 2005; Or et al., 2007; Pérez-Reche
et al., 2012). Biofilms are therefore relevant for a variety of engineering problems involving
materials that can be considered to be porous like the clogging of biomedical devices such
as catheters (Drescher et al., 2013) or of membrane feed spacers (Picioreanu et al., 2009),
natural aquifer bioremediation (Meckenstock et al., 2015) or bioremediation by means of
permeable reactive barriers (Blowes et al., 2000), microbial enhanced oil recovery (Lappin-
Scott et al., 1988; MacLeod et al., 1988) or sequestration of carbon dioxide (Ebigbo et al.,
2010; Mitchell et al., 2013).

Product +
V. Field (reactor) scale Fécycle | Byproducts +
(1 mto 10's of m) Cells

IV. Field (formation) scale
(1 mto 100's of m)

IIl. Darcy scale

(10's of mm to 10's of cm) Reactants

Il. Pore scale
(umto 10's of mm)

I. Sub-pore/

interfacial scale

- (nm to um)
.

Figure 1.1: Hierarchy of scales relevant to bacterial activities in porous media as described
in Ginn et al. (2006)
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The scale separation introduced earlier can be applied to porous media systems in order
to understand the implications of biofilm growth in this context. Figure 1.1 presents such
a hierarchy of scales and indicates an approximate order of magnitude for each different
scale. The microscale is here represented as the sub-pore/interfacial scale, the mesoscale
corresponding to the pore scale and the field or reactor scale to the macroscale. The Darcy
scale represented in Figure 1.1 is an intermediate scale between the pore scale and the field
scale. The details of the pore scale are typically treated as homogeneous at the Darcy scale
yielding quantities (porosity, permeability etc.) allowing to model flow and transport at
the field or reaction scale with formulations based on Darcy’s law.

The present study is focusing on the development of biofilms at the mesoscale (pore
scale) in porous media. This scale is of crucial importance as it links processes happening
at the micro-scale to the macro-scale systems such as reactors or aquifers. Historically,
the first experimental studies involving biofilms in porous media were soil column experi-
ments in which bulk variables (pressure drop, hydraulic conductivity or permeability) were
quantified (Taylor and Jaffé, 1990; Cunningham et al., 1991; Baveye et al., 1998). Later
on, microscopic studies allowed to investigate biofilm development in flow cells containing
glass beads or mimicking porous media (Stoodley et al., 1994; Sharp et al., 1999). The
growth of biofilms in this context was identified to strongly depend on the dimensionality
considered, i.e. 1D, 2D or 3D (Seki et al., 2006; von der Schulenburg et al., 2009). Previous
experimental studies either considered 2D porous network (Sharp et al., 1999; Dupin and
McCarty, 2000; Vayenas et al., 2002; Marty et al., 2012) or 3D hydrodynamics within chan-
nels mimicking 2D porous networks (Rusconi et al., 2010, 2011; Guglielmini et al., 2011;
Drescher et al., 2013). For instance, von der Schulenburg et al. (2009) presented the first
numerical study in a fully 3D porous medium and showed that the dynamics of biofilm de-
velopment were substantially different in 2D or 3D, i.e. the influence of the growing biofilm
on the velocity field was substantially stronger in 2D than in 3D. Many numerical studies
considering biofilms in porous media (Kapellos et al., 2007; Pintelon et al., 2009; von der
Schulenburg et al., 2009; Bottero et al., 2013) rely on assumptions relative to the initial
bacterial adhesion or on the material properties of biofilms (e.g. biofilm shear strength or
resistence to shear) that are extracted from the literature for biofilms grown under other
conditions, (substratum topology, nutrients etc.) and it is well known that these properties
can be highly variable and strongly case dependent. For instance, biofilm shear strengths
spanning over order of magnitudes were measured in the context of dental plaque, venous
catheters or capillary reactors (Stewart, 2014; Blauert et al., 2015). Therefore, there still
remains a lack of understanding of biofilm development in fully 3D porous media. Some
attempts in that direction were already done, as for example the work by Seymour et al.
(2004, 2007) using magnetic resonance microscopy (MRM) to image biofilm growth in 3D
bead packs. However, these studies did not allow to retrieve the exact spatial distribution
and the morphology of the biofilm patches in the system considered or provide some infor-
mation about the biofilm shear strength in these systems. Biofilm spatial distribution and
morphology could be accessed using MRM in another study (Wagner et al., 2010a), which
was considering biofilm growth in a capillary tube reactor. However, as biofilm growth in
porous media induces the formation of stagnation zones in which mass transfer is domina-



Chapter 1 7

ted by molecular diffusion, differentiation of the biofilm from these stagnation zones in the
structural data obtained with MRI is difficult and has not been performed until now.

The pioneering work by Seymour et al. (2004, 2007) revealed a strong impact of the gro-
wing biofilm on the pore-scale flow and hydrodynamics. Namely, biofilm growth enhanced
pore-scale dispersion and induced a transition from Gaussian to non-Gaussian dynamics,
a phenomenon commonly referred to as non-Fickian or anomalous transport. Anomalous
transport is a phenomenon characterized by incomplete mixing or enhanced spreading and
persistently spans from the pore to the field scale in heterogeneous porous media (Berko-
witz et al., 2000; Gouze et al., 2008; Neuman and Tartakovsky, 2009; Le Borgne et al.,
2011b; de Anna et al., 2013). Several authors presented data in which the heterogeneity
added to a porous medium by biofilm growth caused a transition to anomalous transport
or the increase of anomalous transport as well at the pore- as at the field scale (Atekwana
and Atekwana, 2010; Knecht et al., 2011; Deng et al., 2013; Vogt et al., 2013; Kone et al.,
2014). Thereby, anomalous transport is commonly characterized by non-Gaussian velo-
city distributions (Bijeljic et al., 2013; Matyka et al., 2016), high temporal correlation of
velocities along intermittent fluid particle trajectories (Le Borgne et al., 2011a; de Anna
et al., 2013). Accounting for anomalous dispersive processes is necessary in order to mo-
del pollutant plume transport and to optimally biodegradation processes at the field scale
(Meckenstock et al., 2015).

Recent studies presented upscaling approaches allowing to numerically consider the influ-
ence of biofilm growth on transport and reaction processes. Several continuum approaches
modeling Darcy-scale transport with advection-dispersion-reaction equations in which the
dispersion tensor was obtained with volume averaging techniques were presented (Golfier
et al., 2009; Orgogozo et al., 2010; Davit et al., 2010; Kapellos et al., 2010, 2012). Howe-
ver, these models were up to now not compared to experimental results as the dispersion
tensor mentioned needs to be defined based on experimental data. Additionally, these
theoretical formulations describe asymptotic heterogeneity-induced transport and do not
account for the fact that such asymptotic behaviors are often not reached at the field scale.
Finally, as the work by Seymour et al. (2004) showed, bioclogging is a dynamic process,
so that accounting for the dynamics of biofilm development is also necessary in oder to
accurately model transport processes. Lately, transport during the preasymptotic regime
has been sucessfully reproduced by continuous time random walks (Dentz and Berkowitz,
2003; Neuman and Tartakovsky, 2009; Le Borgne et al., 2011a; de Anna et al., 2013). Such
a stochastic approach was also presented by (Seymour et al., 2004) to model transport
in the considered system qualitatively using a conceptual continuous time random walk
assuming a power law Lévy wait time distribution and a Gaussian jump length distribu-
tion. However, this approach did not quantitatively consider the temporal evolution of the
bioclogged porous medium in order to model transport dynamics.

A first goal of this thesis was to adapt existing experimental methods in order to obtain
pore scale hydrodynamic information in a progressively bioclogged three-dimensional po-
rous medium. In order to access the pore scale flow, 3D particle tracking velocimetry
(3D-PTV) experiments were performed at different time points in a porous medium in
which biofilm was being cultured. The 3D-PTV code used in this work was already ex-
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tensively used in order to access position, velocity, acceleration and related hydrodynamic
quantities in different kind of flows (Luethi et al., 2005; Hoyer et al., 2005; Giilan et al.,
2012; Saha et al., 2014; Michalec et al., 2015; Holzner et al., 2015; Schmidt et al., 2016;
Morales et al., 2017). The use of refractive index matched porous media allows to use
this method in order to obtain pore-scale hydrodynamic information (Moroni and Cush-
man, 2001; Holzner et al., 2015; Morales et al., 2017) in 3D porous media. Based on the
pore-scale hydrodynamic information gathered, a description of the evolution of transport
processes in the progressively bioclogged system is performed. Additionally, the transport
processes are modeled with a correlated continous time random walk based on a gamma
distribution of the velocity magnitude and assuming a stochastic velocity relaxation.

A second goal of this thesis was to delineate the interplay between the pore network
topology and the flow and mass transport processes on biofilm development. X-ray micro
computed tomography was used to obtain both structural information about the porous
medium and the biofilm morphology. X-ray micro computed tomography (mCT) has be-
come a standard tool for imaging soil samples (Wildenschild et al., 2002; Wildenschild and
Sheppard, 2013) and was used to image biofilm structures in 3D soil-like samples (Davit
et al., 2011). The segmentation of the biofilm, solid and liquid phases is a difficult task
when using X-ray microtomography due to the high water content of biofilms and the con-
secutively very close density and attenuation coefficients of water and biofilms. The use
of contrast agents is therefore necessary in order to increase the contrast between the bio-
film and the surrounding liquid. Several studies were performed testing different contrast
agents such as silver-coated microspheres, barium sulfate or 1-chloronaphtalene (Iltis et al.,
2011; Davit et al., 2011; Rolland du Roscoat et al., 2014; Ivankovic et al., 2016). Thereby,
the physical or chemical interactions between biofilms and the contrast agents were not
considered thoroughly. These interactions include the detachment of the biofilm due to
the injection of the contrast agent, as observed for barium sulfate by Davit et al. (2011) or
the impact of the powerful pesticide 1-chloronapthalene on the biofilm. In this study, the
use of a novel contrast agent, namely iron sulfate, was presented. This contrast agent is
added continuously to the biofilm during biofilm growth, so that biofilm morphologies can
be obtained in a non-destructive way, which was confirmed by a comparison with biofilm
morphologies obtained using an already existing method. Additionally, iron sulfate is a
non-toxic inorganic compound naturally found in soil biofilms (Li et al., 2005). Further,
biofilm imaging with iron sulfate as a contrast agent was made possible by using imaging
tools normally applied for synchrotron X-ray phase-contrast imaging. Finally, the pore
scale hydrodynamic and structural information are combined, allowing a pore scale quan-
titative analysis of the interplay between the porous media topology, the flow and mass
transfer processes on the biofilm development. In order to do so, the wall shear stress and
concentration boundary layer thickness distributions in are measured and different metrics
describing the biofilm morphology (i.e. biofilm patch size, aspect ratio or thickness) and
the influence of the local pore network topology (pore radius), wall shear stresses and
concentration boundary layer thicknesses on these metrics are considered.
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1.2 Summary

This dissertation is composed of three scientific publications presented as individual chap-
ters. The abstract of each publication summarizes the findings presented. The introduction
of each of the publications provides some information about the context of the different
research lines addressed.

Chapter 2 is about the influence of progressive bioclogging on anomalous transport in
porous media, by gathering experimental evidence describing the temporal evolution of
pore-scale hydrodynamics and presenting a numerical framework allowing to quantitati-
vely capture these transport processes. Previous work qualitatively linked biofilms to an
anomalous transport increase (Seymour et al., 2004; Knecht et al., 2011; Kone et al., 2014)
but still little was known about the temporal dynamics involved and a quantitative descrip-
tion was still missing. In order to adress this, a biofilm is first grown in a 3D transparent
and refractive index matched porous medium. Pore-scale hydrodynamics are measured
with 3D-PTV at four different time points during biofilm growth. A statistical analysis
of the flow information gathered along trajectories, the so-called Lagrangian flow field,
provides a quantitative description of the influence of biofilm growth on pore-scale hyd-
rodynamics. This influence is characterized by an exponential increase in both average
and variance of the flow velocity as well of the velocity correlation length. Transport pro-
cesses in the considered system are characterized by mean-square-displacements reflecting
an increasingly non-Fickian spreading behavior. This increase of anomalous transport in
the porous medium indicates the formation of preferential flow paths and stagnation zones
as the biofilm progressively changes the pore network. The probability density functions
(PDFs) of the evolving pore-scale velocity magnitudes can be approximated by a gamma
distribution remarkably well capturing the bulk and the high tail of the velocity distributi-
ons. With progressive bioclogging, the shape parameter o decreases substantially from 1.9
to 0.9, pointing at an evolving pore arrangement from mainly parallel towards more serial.
A correlated continuous time random walk assuming a gamma distribution of the pore-
scale velocities and based on a stochastic velocity relaxation model allows to accurately
reproduce the temporal evolution of the first two spatial moments (i.e. mean and mean-
square displacements) of the experimental data. The findings presented in this chapter
provide a framework allowing to describe and model the temporal evolution of a progres-
sively bioclogged porous medium. The approach presented here could also be applied to
model transport processes for further porous systems where the heterogeneity considered
is either inherent to the porous media itself or is dynamically driven by physico-chemical
processes.

Chapter 3 presents an innovative method for biofilm imaging in 3D samples with X-ray
microtomography. A biofilm was grown for seven days and imaged with X-rays afterwards.
Thereby, phase-contrast tools commonly used in the context of synchrotron X-ray tomo-
graphy were applied in order to enhance contrast and reduce noise. These tools consisted
of a Lorentzian filter ran on the individual X-ray projections prior to tomographic recon-
struction and an especially long sample-to-detector distance allowing to enhance refractive
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effects. Due to the similar densities of high water content biofilms and water, contrast
agents are commonly required to reveal the biofilm morphology. The tools mentioned were
therefore combined with iron sulfate as a contrast agent, which was never used previously
as a contrast agent for X-ray imaging. Additionally, the results obtained with this inno-
vative method were compared with a method using barium sulfate (0.1 g/L) as a contrast
agent (Davit et al., 2011). Previous studies had shown that some biofilm detached during
the injection of the barium sulfate. However, the actual amount of biofilm detached was
never quantitatively measured. In order to avoid detachment, the contrast agent injection
flow rate was set 10 times smaller than the biofilm cultivation flow rate. Interestingly,
the comparison of both methods revealed that about 50% of the biofilm was detached
upon biofilm injection. An analysis accounting for the rheological properties of the barium
sulfate suspension showed that even at an injection flow rate 10 times smaller than the
cultivation flow rate, the wall shear stress exerted by the contrast agent was 3 times higher
than during cultivation. This allowed to identify shear induced detachment as the main
detachment mechanism occurring during the contrast agent injection.

Finally, chapter 5 presents a more local analysis on the spatial distribution of biofilm
patches in a 3D porous medium in function of local pore-scale hydrodynamics. Here
again, 3D-PTV measurements provided a description of the initial flow conditions in the
considered system and after 36 h of biofilm growth. The structure of the porous medium
and the biofilm spatial distribution within it was obtained from X-ray pCT measurements.
A barium sulfate suspension was used here as a contrast agent and injected very slowly over
12 hours to limit biofilm detachment. The registration 3D-PTV hydrodynamic data and of
the X-ray structural data allows to perform a pore-scale analysis of the influence the pore
network topology, flow and mass transport on biofilm growth. The flow and mass transport
processes were accounted for by measuring wall shear stress and concentration boundary
layer thickness distributions. A local analysis revealed that these distributions were fairly
wide. An investigation regarding the morphology of biofilm patches revealed that the wall
shear stresses controlled biofilm adhesion, biofilm development and the biofilm thickness.
Due to the presence of nutrients and electron acceptors in excess, mass transfer did not
influence biofilm development. The wall shear stresses stayed relatively low in the vicinity
of the biofilm, whereas it increased substantially elsewhere, so that a biofilm shear strength
could be estimated.

The upcoming chapters 2 - 6 of this thesis are based on the following publications:

Chapter 2: M. Carrel®®%? V. Morales®?%¢ M. Dentz?“¢, N. Derlon®¢, E. Morgenroth®®
and M. Holzner®“*.

Pore-scale hydrodynamics in a progressively bio-clogged three-dimensional porous
medium: 3D particle tracking experiments and stochastic transport modelling. Sub-
mitted to Water Resources Research
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¢ Study concept and design; ? Data acquisition and analysis; ¢ Interpretation of data;
4 Drafting manuscript; ¢ Critical revision

My contribution to this first chapter started with adapting the flow cell and the
porous medium used for the growth of biofilm and developping a biofilm growth
protocol. Then, I performed the experiments, analyzed the experimental data and
implemented the numerical model, upon which I drafted the manuscript, to which
all co-authors contributed.

Chapter 3: M. Carrel*®%¢ M. Beltran®®%%f V. Morales®“/, N. Derlon®/, E.
Morgenroth®/ | R. Kaufmann®/and M. Holzner®*/ (2017).

Biofilm imaging in porous media by laboratory X-ray tomography: combining a
non-destructive contrast agent with propagation-based phase-contrast imaging tools.
PLOS ONE

doi: 10.1371/journal.pone.0180374

@ Study concept and design; ? Data acquisition and analysis; ¢ Interpretation of data;
4 Developing the theoretical concept; ¢ Drafting manuscript; / Critical revision

For this third chapter, my contribution was to suggest the use of iron sulfate as a
contrast agent and I performed the biofilm culturing. After that, I assisted the data
acquisition, performed the analysis and interpretation of the data before drafting the
manuscript, to which all co-authors contributed.

Chapter 5: M. Carrel®®%? V. Morales®*¢, M. Beltran®®, N. Derlon®¢, E. Morgenroth®*
, R. Kaufmann®®and M. Holzner®%¢

Biofilms in 3D porous media: delineating the influence of the pore network topology,
flow and mass transport on biofilm development. Submitted to Water Research

@ Study concept and design; ? Data acquisition and analysis; ¢ Interpretation of data;
¢ Drafting manuscript; ¢ Critical revision

For this fifth chapter, I performed and fine tuned the 3D-PTV and X-ray measure-
ments as well as took care of the data analysis. Finally, I wrote the manuscript that
was significantly improved by the contributions of all co-authors.
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Abstract

Biofilms are ubiquitous bacterial communities growing in various porous media including
soils, trickling and sand filters where they play a central role in services ranging from
degradation of pollutants to water purification. They dynamically change the pore struc-
ture of the medium through selective clogging of pores, a process known as bioclogging.
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This affects how solutes are transported and spread through the porous matrix, but the
temporal changes to transport behavior during bioclogging are not well understood. To
address this uncertainty, we experimentally study the hydrodynamic changes of a trans-
parent 3D porous medium as it experiences progressive bioclogging. Statistical analysis
of the system’s hydrodynamics at four time points of bioclogging (0, 24, 36 and 48 hrs
in the exponential growth phase) reveals exponential increases in both average and vari-
ance of the flow velocity, as well as its correlation length. Measurements for spreading, as
mean-square displacements, are found to be non-Fickian and more intensely superdiffusive
with progressive bioclogging, indicating the formation of preferential flow pathways and
stagnation zones. A gamma distribution describes well the Lagrangian velocity distribu-
tions and provides a parametrization for the changing flow, which evolves from a parallel
pore arrangement under unclogged conditions, toward more serial with increasing clogging.
Exponentially evolving hydrodynamic metrics agree with the bacterial growth phase, and
are used to parametrize a correlated continuous time random walk model with a stochas-
tic velocity relaxation. The model accurately reproduces transport observations and can
be used to resolve transport behavior at intermediate time points within the exponential
growth phase considered.

2.1 Introduction

Porous media flows are strongly affected by the ubiquitous structural heterogeneities of
porous networks consisting in wide distributions of pore sizes and length scales inducing
non-Gaussian or anomalous transport. This phenomenon is characterized by incomplete
mixing or enhanced spreading persistently spanning from the pore to the field scale (Ber-
kowitz et al., 2000; Gouze et al., 2008; Le Borgne and Gouze, 2008; Dentz et al., 2011;
Le Borgne et al., 2011b; Edery et al., 2014). At the pore-scale, anomalous transport
exhibits many different characteristics such as non-Gaussian velocity distributions (Bijeljic
et al., 2013; Matyka et al., 2016), high temporal correlation of Lagrangian velocities for-
ming a spatial Markov process (Le Borgne et al., 2011a), intermittency of velocities along
trajectories (de Anna et al., 2013) or super-diffusive spreading of advected particles (Kang
et al., 2014; Holzner et al., 2015). The intensity of the anomalous transport is related to
the heterogeneity of the porous medium and was investigated in media of different com-
plexity ranging from simple beadpacks to fractured sandstones and carbonates (Bijeljic
et al., 2013; Siena et al., 2014; Meyer and Bijeljic, 2016; Morales et al., 20).

The distributions of pore sizes and lengths scales present in porous media can have a dyn-
amic component driven by biological or physico-chemical processes such as the development
of bacterial biofilms (Stoodley et al., 1994; Seymour et al., 2004, 2007), mineral dissolution
and precipitation (Daccord and Lenormand, 1987; Noiriel et al., 2013; Menke et al., 2015;
Linga et al., 2017) or gas exchange for multiphase flows (Klump et al., 2007; Datta et al.,
2013; Kazemifar et al., 2016; Jiménez-Martinez et al., 2016). The resulting structural chan-
ges (e.g. porosity and connectivity changes) influence the pore-scale hydrodynamics (e.g.
pore-scale velocity distributions) and alter the system’s anomalous transport intensity. In
this work, we focus on the clogging of pores by bacterial biofilms. These sessile bacte-
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rial communities are of interest due to the ubiquitous presence of in natural or industrial
systems (Costerton et al., 1999; Hall-Stoodley et al., 2004) and are relevant for various
applications involving porous media flows such as bioremediation (Bouwer and Zehnder,
1993) and microbial enhanced oil recovery (Head et al., 2003; Lazar et al., 2007), trickling
and sand filters (Gujer and Boller, 1986; Leverenz et al., 2009) or artificial groundwater
recharge (Rubol et al., 2014).

Many different numerical or experimental approaches have been used to investigate the
growth of biofilms in porous media. Biofilms were shown to change pore networks, so that
the growth of tenuous biofilm patches could reduce pore sizes, thus significantly influencing
the flow field (Coyte et al., 2017). Biofilms were experimentally (Seki et al., 2006; Durham
et al., 2012; Nadell et al., 2017) and numerically (Pintelon et al., 2009; Bottero et al.,
2013) observed to induce the formation of preferential flow pathways and stagnation zones
in two-dimensional (2D) systems. Numerically, von der Schulenburg et al. (2009) combined
a lattice Boltzmann simulation with an individual-based biofilm model to investigate the
growth of biofilms in a 3D porous media. By comparing 2D and 3D results, the authors un-
derlined the necessity of considering three-dimensional systems, as the results in 2D or 3D
differed substantially. For instance, they showed that the variance of velocity distributions
increased more slowly in 3D than in 2D and the formation of preferential flow pathways was
strongly delayed in 3D, warranting experimental data to corroborate the findings. Ultima-
tely, biofilms were shown to cause an increase of non-Fickian transport dynamics (Seymour
et al., 2004, 2007; Knecht et al., 2011; Kone et al., 2014). The pioneering work by Seymour
et al. (2004) revealed a transition from Gaussian to non-Gaussian transport dynamics due
to biofilm development in a homogeneous beadpack. Thereby, the authors used magnetic
resonance microscopy to quantify the evolution of propagators (i.e. displacement probabi-
lity density functions). The transition of the propagators was then modeled qualitatively
for different degrees of bioclogging using a conceptual continuous time random walk based
on a power law Lévy wait time and a Gaussian jump length distributions. However, this
approach does not honor the temporal correlation of the intermittent pore-scale flow, thus
not accounting for the spatial Markovian nature of porous media flows which was recently
shown to be an essential ingredient for accurate transport modeling (de Anna et al., 2013).
The importance of this temporal correlation is expected to increase with the heterogeneity
induced by increasing bioclogging (Le Borgne et al., 2011a).

The goal of this study is to experimentally quantify the influence of biofilm growth on
pore-scale hydrodynamics to better understand and model flow and transport processes
in bioclogged systems. 3D Particle tracking velocimetry is first used to determine the
velocity distribution, mean square displacement and particle displacement distributions of
transport behavior at different bioclogging stages. Then, the hydrodynamic quantities are
statistically analyzed and their temporal evolution linked to expected trends of biofilm
growth. Lastly, these quantities are used to parametrize a correlated continuous time
random walk model that accurately captures transport observations and quantifies flow
transition from uniform to preferential.
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2.2 Material and Methods

2.2.1 Porous Media and Working Fluid

The porous medium used in this study consisted of Nafion pellets (NR50 1100 EW, Ion
Power, Munich, Germany) of diameter dy ~ 2.5 mm, with similar physico-chemical pro-
perties to that of sand grains (Downie et al., 2012). The refractive index of the nafion
pellets was matched with a 11% w/v glucose aqueous solution. The optimal glucose con-
centration was defined using a protocol similar to the one presented by Downie et al.
(2012). To enhance bacterial growth, we ensured the solution was saturated with oxygen
and further nutrients (nitrogen, phosphorus) and electron acceptors were added (NaNOsg,
KoHPO,4 and NaHyPO4-2(H20)) resulting in an influent with C:N:P molecular ratio of
1000:1:1. In order to optimize the refractive index matching, ca. 20 g of the nafion pellets
used were heated up in 250 mL of the glucose solution to 65 °C for one hour and cooled in
a fresh solution overnight. This cycle was repeated three times.

2.2.2 Biofilm Growth and Hydrodynamic Conditions

The bacterial inoculum used in this study was isolated from river water samples. Frozen
bacterial stock contained in 2 mL Eppendorf tubes was added to 100 mL of the growth
medium incubated for 20-24 h at 30°and stirred at 200 rpm until reaching midlogarithmic
phase (ODgoo 0.52 4+ 0.096). Subsequently, 10 mL of the inoculum were added to 90 mL of
fresh growth medium. This incubation procedure was repeated three times for the bacteria
to adapt to the synthetic carbon source of the growth medium. An effective exponential
growth rate of 0.097 &+ 0.012 1/h was measured by considering the ODggg (0.0505 £+ 0.011)
initially and once midlogarithmic phase was reached. The nafion grains prepared following
the protocol described above were added to the inoculum for the last incubation cycle to
allow initial bacterial attachment. A custom-built PMMA flow cell with point inlet and
oulet (inner dimensions: 38x38x16 mm?) was wet-packed with the prepared Nafion grains.

A biofilm was cultivated in the flow cell for 48 h under a constant volumetric flow rate
(10 mL/min, corresponding to an initial average residence time of ca. 40 s) set with a
peristaltic pump (Ismatec, Glattbrugg, Switzerland). At this flow rate, the initial Darcy
velocity ¢ was of 0.274 mm/s and the effective porosity of ¢ = 0.27, yielding an average
interstitial pore velocity v, = ¢/¢ of & 1 mm/s and corresponding initial Reynolds number
Re = v,dn /v ~ 0.5. After biofilm growth, threefold increase in v, results in an Re increase
to ~ 1.5, which is still within Darcy’s law validity range (Re < 10). In this system, the
Péclet number defined as the ratio between the advective and diffusive and transport rates
vp and Dpoo/dy, Pe = ngdi) ~ 2500 with Dpgoo the molecular diffusion coefficient of
water.

2.2.3 3D-PTV Measurements

In this work, 3D-PTV measurements were performed in a refractive index matched (RIM)
(Budwig, 1994) porous medium to characterize the evolution of pore-scale hydrodynamics
during biofilm growth. The open source 3D-PTV code employed here allows to characterize
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flows by providing position, velocity and acceleration of tracer particles along trajectories
((Liithi et al., 2005; Hoyer et al., 2005; Giilan et al., 2012; Holzner et al., 2015; Michalec
et al., 2015; Schmidt et al., 2016)). 3D-PTV was used to perform measurements over the
course of the biofilm growth, providing a quantitative description of the influence of biofilm
growth on flow and transport.

Three-dimensional particle tracking velocimetry (3D-PTV) measurements were perfor-
med at the time points T = 0, 24, 36 and 48 h of biofilm culturing. To perform the
3D-PTV measurements, a syringe connected to the flow cell was mounted on a syringe
pump (Lambda Vit-Fit, Lambda, Baar, Switzerland). Fluorescent tracer particles (Red
Polyethylene Microspheres, Cospheric, Santa Barbara, CA USA) of diameter dp ~ 70 um
and density pp = 0.995 g/cm?, thus neutrally buoyant (Stokes number Stk < 1), were
seeded to the flow and tracked in time and 3D space with 3D-PTV. The Péclet number
of the particles can be considered to be infinite due to the size of the particle and their
corresponding negligible diffusion coefficient. The tracer particle concentration was of 0.02
g/L (volume fraction concentration =~ 0.002 %) and 0.2 ppm of surfactant (Tween, Cos-
pheric, Santa Barbara, USA) was added to the fluid to prevent particle agglomeration
during the 3D-PTV measurements. Note that the tracer particles are too large to enter
the sub-micrometer sized inner biofilm channels (Stoodley et al., 1994; Carrel et al., 2017)
and that the particle to nafion pellet diameter ratio dy/dp is of ca. 35. Thus, the porosity
reduction of the porous medium due to interception of the tracer particles can be conside-
red to be insignificant (Sakthivadivel and Einstein, 1970; Yao et al., 1971). Additionally,
due to the extremely low volume fraction concentration, particle-particle interactions can
be neglected.

The particles were then illuminated with a 100 W pulsed Nd-YLF laser (Darwin Duo,
Quantronix, Hamden, USA). Images were acquired with a Photron Fastcam SA5 at 50 Hz
with 1 Mega pixel resolution. An image splitter was used in order to mimic a four camera
system. A redundant 4 views system allowed particle recognition and tracking (Maas et al.,
1993; Malik et al., 1993; Liithi et al., 2005) in the progressively bioclogged system. Before
the tracking, a pre-processing step consisting of a running image substraction with a lag
of 50 images and a high pass filter were applied in order to improve each image signal
to noise ratio. Subsequent tracking of the particles in 6D position-velocity space allowed
to connect segments of interrupted Lagrangian trajectories (Haitao, 2008). A Savitzky-
Golay filter was then implemented in order to smooth trajectories (Saha et al., 2014).
The final sub-pixel accuracy of the particles positions along trajectories was of about 50
pum (Holzner et al., 2015). Short or immobile trajectories with length smaller than 21
frames resp. total displacement shorter than 1 mm were discarded, finally yielding more
than O(10%) trajectories for every 3D-PTV measurement time point in the bioclogged
porous medium (4465, 3604, 1953 and 2660 for the time points T = 0, 24, 36 and 48 h
respectively). In the course of the experiment, the growing biofilm increasingly attenuated
the signal emitted by the tracer particles. The experiment was stopped after 48 h of biofilm
growth, as tracer particles could be detected well only up to 50 % of the flow cell depth. In
order to compensate for the increasing light attenuation and to image particle tracers over
the whole flow cell depth, images were consecutively acquired from both front and back
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sides of the flow cell. Over the course of the experiment, the average trajectory length
remained relatively constant at around 25 % of the total flow cell length (26, 28, 33 and
22 % for the time points T = 0, 24, 36 and 48 h respectively) and the RIM quality stayed
constant upon biofilm growth. Finally in order to account for entry effects due to the point
inlet, the first advective time scale of the trajectories 74 = \;/(v), with \; a representative
length scale and (v) the average velocity (see Table 2.1), was discarded.

2.3 Results

2.3.1 Experimental pore-scale characterization of the progressive
bio-clogging

Figure 2.1 shows photographs of the flow cell during biofilm culturing (top) after 0, 36 and
48 h. The photographs illustrate how the biofilm progressively develops in the flow cell.
Note that the transparency of the flow cell decreases with biofilm growth. On the bottom
part of Figure 2.1, frontal projections of 3D-trajectories (more than 10° data points for
each case) color-coded with the logarithm of the norm of the velocity vector showing the
influence of the progressive bio-clogging on the Lagrangian flow field.

T=36h

Figure 2.1: Photographs illustrating progressive changes in the porous media with in-
creasing bio-clogging of the flow cell (top) and particle trajectories obtained by 3D-PTV
(bottom) for the time points T = 0, 36 and 48 h. The bright spot in the upper right corner
of the photographs is a reflection by a teflon-coated plastic screw that is used to close the
opening of the flow cell. The trajectories are color-coded with the logarithm of the norm
of the velocity vector.

The trajectories display intermittent Lagrangian velocities inherent to fluid flows in
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porous media (de Anna et al., 2013; Kang et al., 2014; Holzner et al., 2015; Morales et al.,
20), accelerating at pore throats and decelerating at pore bodies(Holzner et al., 2015).
The flow cell is operated with a constant flow rate, so that biofilm growth in the system
increases the average longitudinal velocity, as illustrated by the increasingly darker color-
coding of the trajectories. Note that the photographs and the trajectories are not on
the same coordinate space, so that the alignment is just for the sake of visualization and
qualitative comparison. As larger amounts of biofilm form in the flow cell, tracer particles
are confined to fewer channels in the domain. Mass conservation corroborates such channel
formation as it is observed in the ca. 3 fold increase in longitudinal velocity (see table 2.1).
Consequently, regions not sampled by the particles can be considered to be stagnation
zones occupied by biofilm and not contributing to the flow. With increasing bio-clogging,
more of these stagnation zones appear. It is visible qualitatively that these stagnant zones
in Fig. 2 (trajectories for T = 48 h) correlate with the opaque bioclogged regions in Fig.
2 (photograph for T = 48 h).

2.3.2 Lagrangian velocity probability density functions

In order to quantitatively investigate the influence of progressive bio-clogging on flow in
the porous medium, we first consider probability density functions (PDFs) of isochronic
Lagrangian velocities (t-Lagrangian) along the trajectories (Moroni and Cushman, 2001;
Moroni et al., 2007; Holzner et al., 2015; Morales et al., 20). Under ergodic conditions
and for incompressible flow, the t-Lagrangian velocity PDF is equivalent to the FKulerian
velocity PDF (Dentz et al., 2016). The PDFs of t-Lagrangian velocities P;(v) are obtained
by

N, T
1 «— 1 I[v <w(t;a;) < v+ Avj
= — — [ dt——= 2.1
w27 / e , (2.1)
i= 0

where N, is the number of trajectories, a; the initial point of the ith trajectory, T; is its
duration; v(¢; a;) denotes either the longitudinal or transverse components of the particle
velocity v(t;a;) or its magnitude, and Av the sampling interval.

The PDFs of the t-Lagrangian velocities in longitudinal and transverse directions as
well as for the velocity magnitude for the four time points during biofilm growth are
illustrated in Figure 2.2 (a) and (b). As listed in Table 2.1, upon biofilm growth and
subsequent porosity reduction, the average velocity in the system increases due to fluid
mass conservation.

As Figure 2.2 (a) and (b) show, the PDFs of the longitudinal velocity component and of
the velocity magnitude exhibit substantial increase in variance and tailing heftiness. The
variance increase of the velocity magnitude (see o2 in Table 2.1) reflects the formation of
preferential flow paths of high velocities, as the variance 2 is dominated by the contribu-
tion of velocities much higher than the mean (v). Therefore, we also report the variance
of the natural logarithm of the velocity (see alzn(v) in Table 2.1) whose increase confirms
the formation of zones of almost stagnant, slow velocities.
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Figure 2.2: Probability density functions of the t-Lagrangian (a) longitudinal velocity
component and (b) magnitude obtained at different time points. (c) shows the auto-
correlation function of the velocity magnitude, indicating the corresponding correlation
lengths in the legend. (d) illustrates the temporal evolution of the average velocity (v),
the variance of the natural logarithm of the velocity O'ZQn(U), the correlation length A, and
of the characteristic velocity vg, as normalized by their value at the time point T = 0 h.
The dashed line shows an exponential fit with growth rate y = 0.015 h~!. The evolution
of a (with dotted line representing the corresponding exponential fit with p, = 0.012 h=1)
and of the porosity ¢ are illustrated on the same y-axis. The evolution of the normalized
velocity variance o2/ 012]0 is shown on the secondary y-axis (with the dashed-dotted line
showing the corresponding fit, u,2 = 0.045 h=1h).

2.3.3 Velocity auto-correlation functions

The spatial auto-correlation length of Lagrangian velocities has previously been identi-
fied to reflect the spatial Markovian nature of flows in porous media (Le Borgne et al.,
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Table 2.1: Average velocity magnitude(v), velocity magnitude variance o2, correlation

v
length scale A of the t-Lagrangian velocity magnitudes, as well as scale parameter vg
expressing a characteristic velocity, shape parameter a informing the system connectivity
for all time points T = 0, 24, 36 and 48 h. ; is the exponential coefficient and R? is the

coefficient of determination for the exponential change in time of the listed hydrodynamic

parameters.

T=0(h) T=24(th) T=36(h) T=48() u; (1/h) R?
(v) (mm/s) 1.3 1.4 2.2 2.9 0.015  0.85
o2 (m?/s?)  9.82E-07 1.35E-06 3.16E-06 9.91E-06 0.045  0.86
Oty (+) 0.651 0.825 0.975 1.686 0.017  0.81
A (mm) 1.38 2.1 2.1 2.7 0.013  0.92
vo (-) 0.518 0.616 0.705 1.093 0.013  0.79
a(-) 1.929 1.619 1.418 0.914 0.012  0.95
é (-) 0.27 0.24 0.19 0.12 - -
As (mm) 0.0138 0.021 0.021 0.027 - -

2008). We therefore determine the Lagrangian velocity magnitude auto-correlations during
progressive bioclogging. An increase in spatial correlation is indicative of persistent fast
velocities along trajectories, and suggests the formation of preferential flow paths. The
auto-correlation functions of the s-Lagrangian velocity magnitude vs(s;a) (Dentz et al.,
2016) sampled equidistantly along a trajectory are defined as:

Xou(As) = — (2.2)

where the velocity covariance along a single trajectory is defined by

L;
1

Ryv(As;a;) = Li/ds [0s(s + As; a;) — (vs(5))] [vs(s5.a5) — (vs(s + As)]. (2.3)
0

where vs(s; a) is the velocity magnitude along the trajectory which starts at a, measured in
distance s traveled along the trajectory, and L is the length of the trajectory. The velocity
variance along the trajectory is given by o2 (a) = R,,(0;a). Finally, the correlation
length, A, is obtained by integration of y.,.

Figure 2.2 (c) shows the auto-correlation functions of the s-Lagrangian velocity magni-
tudes obtained from the 3D-PTV measurements for all time points and the corresponding
correlation lengths obtained by integration for the different data sets. As these results
show (see Figure 2.2 (¢) and Table 2.1), the correlation length measured along trajectories
increases from approximately A\ = dy/2 to A = dy, where dy ~ 2.5 mm is the average
nafion pellet diameter.
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2.3.4 Approximation of the velocity magnitude with a gamma distribution

Hereinafter, we consider the t-Lagrangian velocity magnitude for all time points presented
in Figure 2.2 (b). We find that the PDF of the t-Lagrangian velocity magnitude can be
approximated by the following gamma distribution

,Uafl v

Pv) = meW (2.4)
It allows to account for the increasing heterogeneity in the system upon biofilm growth by
an evolution of the exponent « (probability weight at low velocities, refer to Table 2.1 for
values for each time point) and the scaling parameter v (a characteristic velocity reflecting
the increase in the average velocity, refer to Table 2.1 for values at each time point).
Figure 2.3 shows the 3D-PTV velocity magnitudes for all time points and the correspon-
ding gamma distributions with shape and scale parameters estimated by least squares. As
listed in Table 2.1, the exponent « which represents the connectivity of the pore network
(Holzner et al., 2015) decreases substantially. Holzner et al. (2015) showed based on the-
oretical considerations that the maximal and minimal values of o were of 2 and -2 for
completely serial or parrallel pore arrangements, respectively. The decrease of a observed
in Table 2.1 from 1.929 to 0.914 therefore indicates that the structure of the pore net-
work evolves from a predominantly parallel pore arrangement towards a more serial pore
arrangement. The characteristic velocity vo increases substantially, similar to the average
velocity increase upon biofilm growth and the corresponding reduction of the void space.

2.3.5 Temporal evolution of the hydrodynamic quantities

The hydrodynamic quantities presented in Figure 2.2 and Table 2.1 can be approximated by
an exponential increase of the type X (t) = Xpeti!, where X is the value of the considered
quantity at the time point T = 0 h and p; is the corresponding exponential constant. «
follows a decrease according to a(t) = (ap + 1) — e#et. Albeit the consideration of only
3 different time points (excluding the initial value which was kept fixed), the coefficients
of determination are fairly high (R? > 0.75). It is important to note that, as mentioned
above, the porosity ¢ is estimated from the average pore velocity (v) by (v) = q/¢ where g
is the fixed flux. Therefore, the exponential increase of the velocity observed is considered
to be directly linked to the biofilm development and simultaneous porosity reduction (see
Table 2.1).

2.3.6 Correlated continuous time random walk

In order to investigate the influence of the formation of preferential flow paths and stag-
nation zones on transport processes, we employ a correlated continuous-time random walk
(CTRW) model for the pore-scale particle motion (Le Borgne et al., 2011a; de Anna et al.,
2013; Holzner et al., 2015). The CTRW provides an efficient modeling approach for trans-
port in velocity fields that vary over a characteristic length scale (Dentz et al., 2016). As
we saw in the previous section, s-Lagrangian particle velocities vary over a correlation scale
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Figure 2.3: Probability density functions of the velocity magnitudes obtained with 3D-
PTV, the corresponding MLE gamma distributions and the PDFs of the velocity obtained
from the CTRW model for all time points.

A, or in other words particle velocities persist over the characteristic length scale A, which
changes according to the growth of the biofilm. We assume that the evolution of A is much
slower than the typical particle transport scales. Thus, particle motion is modeled by the
recursion relation

As
Spa1 = Sp + As, thi1 =ty + . (2.5)

n
where v, = vy(s,) and As a space increment. The velocity series {v,} is modeled by a
stochastic relaxation proces (Dentz et al., 2016) to account for the correlation of velocities

inherent to the spatial Markovian nature of flows in porous media (Le Borgne et al., 2008,
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2011a; de Anna et al., 2013). The steady state PDF Ps(v) of the spatial Markov chain
{vn} is obtained from P;(v) through flux-weighting as (Dentz et al., 2016)

vP(v)
(ve)

Particles maintain the same velocity at a turning point after n steps according to a Ber-
noulli process with persistence probability p = exp[—As’/(2)})] and change to a random
velocity distributed by Ps(v) according to 1 — p. The single quotation mark indicates
the normalization of the spatial increments As (see Table 2.1) and of Ap by the reference
length scale Ay (T = 0,24,36 and 48). The persistence of the velocity p over the spatial
increments is based on an exponential decorrelation over twice the computed correlation
length in order to account for incomplete mixing at pore throats. In the following, particle
transport is simulated by Equation 2.5 for the different time points and the corresponding
correlation lengths Ap. The PDFs of the t-Lagrangian velocity magnitude obtained from
the correlated CTRW in figure 2.3 show a good agreement with the experimental data and
with the fitted gamma, distributions.

Py(v) = . (2.6)

2.3.7 Displacement statistics

The displacement s(t) at a given time ¢ is given in terms of the CTRW model by s(t) = sp,,
where ny = max(nlt, < t). We study the mean and centered mean squared displacements

m(t) = (s(t)), o3(t) = (s(t)?) — m(t)?, (2.7)

obtained from the 3D-PTV data and interpret them in the light of the correlated CTRW
model discussed above, which gives some insight into the heterogeneity of the porous
medium and the role of biofilm growth for particle dispersion. The angular brackets denote
the average over all particles.

Figure 2.4 (a) shows the evolution of the first and second centered displacements mo-
ments of the 3D-PTV experimental data and of the CTRW for all time points. The mean
displacement is always very well captured by the CTRW model. All experimental mean-
squared displacements (MSDs) o2(¢) show a transition from a ballistic regime (02(t) oc t2)

S
to a superdiffusive regime with a temporal scaling higher (02(t) ~ t!°) than the expected
asymptotic Fickian regime (02(t) oc t). Here a transition between ballistic and superdiffu-
sive regimes occurs at ca. one advective time scale. Both regimes as well as the transition
are captured by the CTRW model. Note the discontinuity and interruption of the experi-
mental data after 5 to 10 advective time scales 74 due to the finite size of the experimental
field of view and of the trajectory lengths. In Figure 2.4, the insets (b) and (c) show the
evolution of the mean-squared displacements obtained from the CTRW (b) and a magni-
fication of the superdiffusive regime (c). The vertical shift of the MSDs with progressive
bio-clogging is similar throughout ballistic and superdiffusive regimes. For the ballistic
regime, the upward shift is due to the increasing variance of the velocity magnitude (see
Figure 2.4 (b) or refer to Table 2.1). Interestingly, for the superdiffusive regime, the ex-
ponent of these MSDs shows an increase from 1.25 to 1.4 (see Figure 2.4 (c)), indicating
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Figure 2.4: (a) Experimental (3D-PTV) and numerical (CTRW) mean m and mean-
squared displacements o2 obtained for all time points. The spatial moments presented
here are dimensionless, as they are rescaled by the corresponding length scales (A or A?).
The time is rescaled by the advective time scale 74. (b) CTRW mean-squared displace-
ments for all the different time points. (c) Magnification of (b) illustrating a moderate
increase in superdiffusive behavior with increasing biofilm growth. The continuous lines in
(a) or (b) and (c), respectively, indicate Fickian scaling.

that the formation of preferential flow pathways and stagnation zones upon biofilm growth
leads to an increase of anomalous transport.
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Figure 2.5: Conditional displacement probability density functions for the 3D-PTV and
the CTRW data for all the different time points. The semi-logarithmic insets shows that the
propagators never reach a fickian regime where they would follow a Gaussian distribution.

2.3.8 Conditional displacement PDFs

In order to further investigate how well the presented model allows to capture transport
processes, we consider the conditional displacement PDFs along particle trajectories (also
known as propagators) P(s + As|s, At) from s to s’ for a given time lag At. Figure 2.5
illustrates the 3D-PTV and the CTRW propagators obtained for all time points in the
porous medium considered. These propagators were computed for normalized time lags
corresponding to 1, 2.5 and 5 advective time scales. The semi-log propagators in the inset
show that the transport regime remains superdiffusive for all the time lags considered for all
time points, and that a Gaussian displacement distribution is not reached for the time lags
defined. Interestingly, the skewness or third spatial moment of the propagators increases
with progressive bio-clogging, as the hetereogeneity of the flow and anomalous transport
in the system increase as well. The CTRW model performs very well for the clean porous
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medium (T = 0 h). For later time points, however, the mentioned skewness increase of the
propagators is less well captured by the model.

2.4 Discussion

In this study, 3D-PTV measurements were performed during biofilm growth in a porous
medium, allowing to quantify how biofilm growth changed pore-scale hydrodynamics and
resulting transport behavior. The growth of biofilm induced an increase of anomalous
transport in the considered system. A correlated continuous time random walk assuming
a gamma distribution of the pore-scale velocity magnitudes enabled to model accurately
the mean and mean-squared displacement and qualitatively the skewness of displacement
probability density functions.

The average velocity and further hydrodynamic quantities follow an exponential evolu-
tion with biofilm growth, which for all quantities except the variance o2 can be described
by an exponential time scale of ca. 0.015 h™1. We conjuncture that this exponential be-
havior is due to the exponential growth of the bacteria in the considered system. During
incubation, the effective growth coefficient of the bacteria was measured to be of ca 0.09,
which is about 1 order of magnitude larger than the exponential coefficients observed for
the hydrodynamic quantities. However, this difference might be attributed to the fun-
damental different growth kinetics of planktonic bacteria growing in a completely mixed
reactor and sessile bacteria facing nutrient and electron acceptor gradients. Additionally,
detachment of bacteria might also have induced a lower exponential growth coefficient. It
is logical to expect that porosity, and consequently the average velocity, will increase at a
rate that is imposed by the increase of biomass in the porous medium. The similar rates
for geometrical parameters (correlation length A and connectivity parameter «) are less
trivial, but not unreasonable given that these metrics relate to changes of average pore-
scale geometry (i.e. length scale and pore arrangement) induced by the biofilm locally and
are proportional to the amount of biofilm present. On the other hand, for the velocity
variance, which reflects an increased heterogeneity rather than bulk quantities, the rate
is found about three times higher than for biomass growth. While we do not have an
explanation for the threefold increase, the faster rate seems plausible as biofilms do not
grow uniformly but form patches (Hassanpourfard et al., 2015; Nadell et al., 2017; Coyte
et al., 2017; Carrel et al., 2017). This induces blockage of certain pores (which governs
transitions in slow velocities) and preferential paths in other regions (which governs the
high velocity tail) and the increase in this variability can not be described simply by the
average.

As the pore-space is reduced upon biofilm growth, the velocities in narrowing pores
increase on average. However, we also observe an increase of the probability of low veloci-
ties. This increase can be attributed to the narrowing pore size as according to Poiseuille’s
law for flow through a pipe (an idealization of a single pore throat). In such a case, the
maximum velocity is proportional to the pore diameter squared for a constant pressure
gradient. The increase of probability of low velocities due to the narrowing pore size sug-
gests that the formation of almost stagnant zones, which marginally contribute to the total
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flow. Note however that locally, neither the mass flux nor the pressure gradient are fixed
and therefore, the structural changes caused by the biofilm growth induce an increase of
the variance of the velocity distributions, whose PDFs become increasingly non-Gaussian.
Bijeljic et al. (2013); Datta et al. (2013); Siena et al. (2014); Matyka et al. (2016); Meyer
and Bijeljic (2016) made similar observations for porous media with different pore network
characteristics (porosity, tortuosity, pore size distribution, connectivity etc.), showing that
the non-Gaussianity of the velocity PDFs was caused by the structural heterogeneity of
the porous medium considered or by different degrees of saturation for partially saturated
porous media. Additionally, several authors have also reported increasing exponents of
the superdiffusive regime of the MSDs for porous media or fracture networks exhibiting
increasing degrees of heterogeneity (Meyer and Bijeljic, 2016; Kang et al., 2017).

The results presented here were obtained for 4 different time points during the early
stages of the bioclogging process. Due to the observed exponential evolution of the hyd-
rodynamic quantities in the bioclogged system, the CTRW presented here could be pa-
rametrized for any time point whithin the duration of the experiment (i.e. the bacterial
exponential growth phase). Note, however, that the described exponential evolution of
the parameters of the CTRW could not go on indefinitely. Hassanpourfard et al. (2015);
Bottero et al. (2013) experimentally and numerically respectively showed that for late bio-
clogging stages, the exponential development of the biofilm reaches a steady state (in terms
of biofilm surface coverage or porosity, medium permeability etc.). Bottero et al. (2013)
pointed out that this steady state was the result of biomass decay and detachment balan-
cing biofilm growth. The presented CTRW does not allow to capture transport processes
for late bioclogging stages, which still remains to be addressed.

Interestingly, the propagators obtained in Seymour et al. (2004, 2007) exhibited a sub-
stantially stronger peak for very small displacements than in the data presented in Figure
2.5. This could be partially atributed to the fact that the Péclet number of the data
obtained with 3D-PTV can be considered to be infinite, as the diffusion experienced by
the tracer particles is negligible, meaning that diffusive displacements are not captured
in the data presented here. Another aspect lies within differences intrinsic to the experi-
mental approaches used in both studies. Due to the fact that the 3D-PTV method used
in this work only samples the effective porosity, the completely stagnant or so-called dead
end pores are not being sampled. Additionally, the MRM method used by Seymour et al.
(2004) samples flow within the biofilm as well, whereas here the tracer particles used are
too large to penetrate the submicroscopic channels (Stoodley et al., 1994) of permeable
biofilms (note that biofilms might have volumetric porosities of up to 90% (Wagner et al.,
2010)). This might indicate that for low Péclet numbers common in porous media, the
permeability of the porous biofilm itself might substantially influence transport of solutes
(Davit et al., 2013; Deng et al., 2013). This was also shown to be the case for permeable
benthic biofilms substantially contributing to transport and reaction processes in gravel
bed streams (Aubeneau et al., 2015, 2016; Li et al., 2017).
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2.5 Conclusion

In this work, we successfully monitored in 3D the progressive increase of anomalous trans-
port with progressive biofilm growth. We observed an exponential evolution of different
hydrodynamic quantities consistent with exponential growth kinetics of the biofilm. A two
parameter gamma, distribution provided a remarkable description of the bulk and the high
tail of the velocity distribution. The shape parameter « representing the connectivity of
the medium allowed to account for a shift from a mainly parallel arrangement of pores
towards a more serial one, which is consistent with the observed formation of stagnation
zones and preferential flow pathways. A correlated continuous time random walk based on
a stochastic relaxation velocity model allowed to capture quantitatively the evolution of
the first two spatial moments and the third moment qualitatively. Altogether these insights
allow to describe and model the temporal influence of sessile biological activity on mass
transport processes in porous media. We anticipate that the approach introduced here
could also be applied to model transport in other porous media where the heterogeneity is
either inherent to the original pore structure or develops dynamically as a consequence of
physico-chemical processes.
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Abstract

X-ray tomography is a powerful tool giving access to the morphology of biofilms, in 3D
porous media, at the mesoscale. Due to the high water content of biofilms, the attenuation
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coefficient of biofilms and water are very close, hindering the distinction between biofilms
and water without the use of contrast agents. Until now, the use of contrast agents such
as barium sulfate, silver-coated micro-particles or 1-chloronaphtalene added to the liquid
phase allowed imaging the biofilm 3D morphology. However, these contrast agents are
not passive and potentially interact with the biofilm when injected into the sample. Here,
we use a natural inorganic compound, namely iron sulfate, as a contrast agent progressi-
vely bounded in dilute or colloidal form into the EPS matrix during biofilm growth. By
combining a very long source-to-detector distance on a X-ray laboratory source with a Lo-
rentzian filter implemented prior to tomographic reconstruction, we substantially increase
the contrast between the biofilm and the surrounding liquid, which allows revealing the 3D
biofilm morphology. A comparison of this new method with the method proposed by Davit
et al. (2011), which uses barium sulfate as a contrast agent to mark the liquid phase was
performed. Quantitative evaluations between the methods revealed substantial differences
for the volumetric fractions obtained from both methods. Namely, contrast agent - biofilm
interactions (e.g. biofilm detachment) occurring during barium sulfate injection caused a
reduction of the biofilm volumetric fraction of more than 50% and displacement of biofilm
patches elsewhere in the column. Two key advantages of the newly proposed method are
that passive addition of iron sulfate maintains the integrity of the biofilm prior to ima-
ging, and that the biofilm itself is marked by the contrast agent, rather than the liquid
phase as in other available methods. The iron sulfate method presented can be applied
to understand biofilm development and bioclogging mechanisms in porous materials and
the obtained biofilm morphology could be an ideal basis for 3D numerical calculations of
hydrodynamic conditions to investigate biofilm-flow coupling.

3.1 Introduction

Biofilms are ubiquitous sessile microorganisms embedded in a self-produced matrix con-
sisting of extracellular polymeric substances (EPS) (Hall-Stoodley et al., 2004). The EPS
matrix protects biofilms from their environment, so that they persistently develop and
survive in industrial, natural or biomedical settings (Costerton et al., 1999). In water sa-
turated soils, most microorganisms develop sessile lifestyles (Griebler and Lueders, 2009).
Biofilms are of high interest in this context, because of their natural contribution to the
bioremediation of aquifers (Meckenstock et al., 2015) or to reactive barriers (Blowes et al.,
2000), to microbial enhanced oil recovery (Lappin-Scott et al., 1988) or to the sequestra-
tion of carbon dioxide (Ebigbo et al., 2010; Mitchell et al., 2013). However, the growth
of biofilms in porous media and the consequent bioclogging of the pore spaces (Baveye
et al., 1998) can also be detrimental as it can lead to the clogging of groundwater recharge
wells (Bouwer, 2002) or deep geothermal systems (Sand, 2003). It can also lead to an
enhanced non-Fickian spreading of solute contaminants in groundwater (Seymour et al.,
2004), substantially complexifying the modelling and upscaling of mass transport in these
systems (Davit et al., 2010; Golfier et al., 2009; Kapellos et al., 2010; Orgogozo et al., 2010;
Pintelon et al., 2009; von der Schulenburg et al., 2009).

Biofilms have been described as microbial landscapes (Battin et al., 2007) stretching over
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a large range of spatial scales (Milferstedt et al., 2009) ranging from the micro- (individual
cells), to the meso- (biofilm patches scale) or to the macroscale (reactor, aquifer scales).
Accordingly, different experimental methods have been developed to investigate processes
at different scales, from optical or confocal microscopes to characterize microscale deve-
lopment of biofilms in flow cells (Stoodley et al., 2005) or microfluidic devices (Rusconi
et al., 2010), to studies using soil columns (Cunningham et al., 1991; Taylor and Jaffé,
1990) and characterizing the influence of biofilms on bulk system (macro-scale) properties
(permeability reduction, dispersion, degradation rates of solutes etc.).

The mesoscale, which is the scale of interest in this study, is the scale where the bio-
film structure is being shaped by the interplay of the hydromechanical and mass transfer
processes. In porous media, this scale approximately corresponds to the pore-scale. Many
investigations for porous media at that scale were performed using optical systems (Dupin
and McCarty, 2000; Kone et al., 2014; Paulsen et al., 1997; Sharp et al., 1999; Thullner
et al., 2002; Vayenas et al., 2002), but were limited to 2 dimensions. Lately, Optical Co-
herence Tomography (OCT) (Derlon et al., 2012; Wagner et al., 2010b; Xi et al., 2006)
stood out as a very powerful method to investigate these processes at the mesoscale for
many different systems. However, OCT uses low coherent light in the visible range and the
opacity of 3D samples limits the penetration depth. Therefore, OCT cannot be used for
3D porous media samples. Magnetic Resonance Imaging (MRI) is a great tool to obtain
both flow and biofilm stuctural information, it is limited in spatial resolution (generally
resolution coarser than 50 pm) which makes it difficult to access the exact liquid and bi-
ofilm phases from the transverse relaxation times (T2) (Graf von der Schulenburg et al.,
2008; Seymour et al., 2004; Wagner et al., 2010a; Vogt et al., 2013).

In the last few decades, X-ray microtomography (X-ray pCT) became a standard tool for
imaging soil samples (Wildenschild et al., 2002; Wildenschild and Sheppard, 2013) and to
image biofilm structures in 3D soil-like samples. Differentiating the biofilm from the liquid
phase is a difficult task when using X-ray pCT due to the high water content of biofilms
and the consequently very close X-ray attenuation coefficients of water and biofilms. As a
result, it is common to use chemical agents to increase the contrast between the biofilm and
liquid phases. Particulate barium sulfate (BaSO4) suspensions were used as contrast agent
to label non-biofilm colonized pores and imaged biofilm on a X-ray lab source (Davit et al.,
2011). Silver-coated 10 pm microspheres deposited at the biofilm surface revealed the
biofilm-liquid interface using synchrotron radiation (Iltis et al., 2011). Another approach
suggested was based on the use of 1-chloronaphtalene, an immiscible liquid with water, as a
contrast agent (Rolland du Roscoat et al., 2014; Ivankovic et al., 2016). Finally, numerical
pore-scale biofilm growth modeling was performed based on biofilm structures obtained at
different Reynolds numbers from X-ray synchrotron tomography using BaSO, as a contrast
agent(Peszynska et al., 2016).

All the described methods based on X-ray uCT to image biofilms either used a particulate
suspension or a chemical to mark the liquid phase that was introduced a posterior: in the
biofilm containing sample. The rationales behind the approach using particulate BaSOy4
suspensions is first, that the BaSOy4 particles are micrometer-sized and behave passively.
Second, that the biofilm inner channels are smaller than the micrometer-sized barium
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suflate particles (Stoodley et al., 1994) and therefore, that advection of the BaSO4 parti-
cles within the biofilm is negligible. However, these rationales remind largely untested so
far. Additionally, given that BaSQy is a relatively heavy compound (pgaso, = 3.62g/cm?),
sedimentation issues arise, which can be exacerbated by the aggregation of the particles
and then lead to motion blur artifacts. The use of additives such as xantham gum stabili-
zes these solutions but also change the rheological properties, potentially inducing biofilm
detachment (Davit et al., 2011). On the other hand, the approach based on silver-coated
microspheres (Iltis et al., 2011) suffered from the heterogeneous distribution of the silver-
coated microspheres and possible interactions between the dense microspheres suspensions
and the biofilm were not investigated. The 1-chloronaphtalene used as a contrast enhan-
cing agent (Rolland du Roscoat et al., 2014; Ivankovic et al., 2016) also has significant
drawbacks, since this liquid is immiscible with water. Therefore, the non-wetting phase
curvatures and contact angles may not contour exactly the interface with the aqueous bi-
ofilm phase. Additionally, it is not guaranteed that the capillary pressure requirements
to invade all unclogged pores are met. Finally, 1-chloronaphtalene is a powerful pesticide
whose interactions with biofilms have not been investigated yet.

In this study, instead of adding a potentially destructive contrast agent to the liquid
phase, we use iron sulfate (FeSQy), a non-toxic inorganic compound naturally present
in soils. FeSOy4 is commonly used in biofilm studies (Mdhle et al., 2007; Wagner et al.,
2010b; Blauert et al., 2015). The rationale behind this approach is that some biofilms
naturally exhibit high content of inorganic matter (e.g. mineral precipitates (Li et al.,
2005)). FeSOy4 is a compound naturally present in some aquifers and it can even be
artificially introduced to enhance the bioremediation of contaminants (arsenic, uranium)
by enhancing their precipitation (Anderson et al., 2003; Omoregie et al., 2013). Here, the
biofilm is cultured under the continuous addition of a solution containing FeSO4 that is
either bound in a dilute form within the EPS or forming colloidal matter on which the
biofilm can develop. Both iron and sulfate concentrations used in this study are in the
range of concentrations observed in the environment and in contaminated sites (Benner
et al., 2002; Teixeira et al., 2014; Weiner, 2013). In order to increase the contrast and
visualize the biofilm, we image the biofilm on a laboratory-based X-ray source using a
relatively large source-to-detector (STD) distance. The large STD was used to exploit
X-ray free space propagation in order to render visible refraction effects that take place as
the X-rays travel through the sample, a technique commonly known as propagation-based
phase contrast (PBI) (Paganin, 2006; Wilkins et al., 1996). In addition, a robust Fourier
filter which has the form of a Lorentzian function is applied as a digital pre-processing
tool to the acquired projections to enhance the contrast and to improve the signal-to-noise
ratio (SNR) (Beltran et al., 2010, 2011). The presented method allows to image the 3D
biofilm morphology in porous media at the mesoscale, using an X-ray lab source and a
non-destructive contrast agent.
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3.2 Materials and Methods

3.2.1 Porous media and Biofilm culturing

The porous media used in this study consisted of Nafion pellets (NR50 1100 EW, Ton Power,
Munich, Germany) of 2.5 mm diameter similar to coarse sand grains. This material has
similar physical and chemical properties to sand grains (e.g. particle size distribution or
ion exchange capacity) and its optical refractive index in the visible domain is similar
to that of water (Downie et al., 2012; Holzner et al., 2015). For the inoculation of the
media, the Nafion pellets were immersed for 24 h in an aerated batch containing 500 mL of
natural water sampled from a pond located on the ETH campus. After 24 h, a polymethyl
methacrylate (PMMA) tubular reactor (inner diameter 10 mm, length 160 mm) was wet
packed with the pellets and connected to the batch. A biofilm was cultivated for 7 days
using the setup shown in Fig 3.1A. A 500 mL feed solution made of tap water containing 1
g/L of glucose and 100 mg/L was used and changed every 48 h. A volumetric flow rate of 5
mL/min was set which corresponds to a Darcy velocity ¢ of 1.06 mm/s. The initial porosity
(volumetric fraction of the liquid phase) ¢ is ca. 40%, which yields an average pore scale
velocity v, ~ ¢/¢ = 2.65 mm/s and corresponding Reynolds number Re = ¢qd/v ~ 2.5 and
Péclet number Pe = gd/Dp,o ~ 1000. Upon biofilm growth, the porosity decreased by a
twofold factor, meaning that the average pore scale velocity doubled.

(A) Flow (B)

Aeration Tubular
System reactor

X-ray

H;0 + Glucose Peristaltic Tubular

+ FeSO, Pump reactor STD Detector

Figure 3.1: (A) Schematic of the experimental setup used for the biofilm culturing as
well as the region of the tubular reactor used for biofilm imaging. (B) Schematic of the
configuration used for the X-ray scans where the distances SOD and STD represent the
source-to-object (SOD) and the source-to-detector distance (STD).

3.2.2 Contrast agents

A concentration of 100 mg/L of the contrast agent used in this study FeSO4x7(H20) (cor-
responding to 56 mg/L FeSO4 (20.6 mg/L Fe and 35.4 mg/L SO4) or 0.37 mmol/L FeSOy)
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was continuously added to the feed solution during the biofilm growth. The concentrati-
ons of both iron and sulfate compounds are in the range of concentrations observed in the
environment (Benner et al., 2002; Teixeira et al., 2014; Weiner, 2013) or used for other
experimental work (Blauert et al., 2015; Mohle et al., 2007; Wagner et al., 2010b). At that
concentration and for the initial pH observed in this study (pH ~ 7), the iron should be still
soluble. However, the oxidation to Fe(III), which is less soluble and tends to form colloids,
should occur quite rapidly (Weiner, 2013). In fact, iron flocs formed a few hours after the
start-up of the system. Therefore, the inlet tubing was carefully set close to the water
level, to limit the circulation of the flocs and to enhance their settling. The biofilm grown
here exhibited a brownish color typical of iron oxides. Before the X-ray measurements, a
volume of water corresponding to 8 times the initial pore volume was injected through the
flow cell to ensure that no biofilm unbound iron was remaining in the liquid phase.

To investigate the influence of the colloidal and flocculated iron on porous medium
flow and to monitor deposition of colloids inside the medium, we performed a control
experiment. In that experiment, a FeSO4 containing solution was recirculated through
a packed tubular reactor with identical conditions as those stated above, but without
inoculation.

In order to compare the results obtained from this new approach with an already exis-
ting method, we followed the approach presented by Davit et al. (2011), using a particulate
Micropaque@®) (Guerbet, Zurich) BaSOy4 suspension as a contrast agent that was introdu-
ced into the liquid phase after the growth of the biofilm. BaSO4 suspensions are used
to image biofilms in porous media because of the high attenuation coefficient of barium.
Another advantage is that the BaSO, particles are micrometer-sized and should therefore
be physically size excluded from the EPS matrix (Stoodley et al., 1994). Micropaque®)
suspensions have a particle size distribution close to 1 pm (according to the manufacturer
of the product, 25% < particles larger than 2 um, 20% < 0.5um an average diameter
of 1.25 pwm). These suspensions also contain additional stabilizing agents (e.g. xanthan
gum, polydimethylsiloxane (PDMS) or sodium citrate etc.) that prevent the aggrega-
tion and sedimentation of the particles but strongly influence the rheological properties of
the suspension. Plouraboué et al. (2004) showed that the Micropaque@®) barium suflate
suspensions exhibited a viscosity much higher than water and a shear-thinning behavior
similar to that of blood (see Fig 1.b in Plouraboué et al. (2004)). Here, a Micropaque(®)
suspension of 0.1 g/mL BaSO4 concentration was injected in the tubular reactor at 10 %
of the volumetric flow rate applied during the biofilm culturing in an attempt to avoid
forced detachment due to the injection of the contrast agent. Due to dispersion and di-
lution effects, the distribution of the BaSO4 in the reactor was inhomogeneous after 1
pore volume. Therefore, 2 times the initial pore volume of the tubular were injected to
completely saturate the tubular reactor with the suspension. Although the injection was
done carefully and at a flow rate 10 times smaller than the one used for water, significant
biofilm detachment was visually observed during the injection.
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3.2.3 X-ray imaging

Table 3.1 provides an overview of the different imaging conditions and image analysis
approaches for the four datasets obtained from three different scans performed in the
frame of this work. A first scan was performed with the sample containing the biofilm
stained with FeSO, only. For this scan (used to obtain the FeSO4 and LFeSO,4 datasets),
the source-to-object distance (SOD) was of 130 mm and the source-to-detector distance
(STD) was set to the largest possible distance, 2330 mm (see Fig 3.1. B). As mentioned
previously, this fairly large STD distance was chosen to enhance the refraction effects
occuring as the X-rays travel through the sample. The custom made tomographic setup
was equipped with a microfocus X-ray tube (Viscom XT9160-TDX) and a 40 x 40 cm? flat
panel detector (Perkin Elmer XRD 1621) with 200 x 200 um? pixels. Since biofilms weakly
absorb X-rays, the source had to be operated at a voltage of 50 kV and and a focused
electron beam current (FEC) of 190 pA. 1441 projections with a field of view (FOV) of
1.85 x 1.85 em? were gathered at 0.25° angle steps with two frames per projection at a
resolution of 9 um. For the second scan (BaSO, dataset), the same sample was used (see
Table 3.1). The SOD distance was unchanged and the STD distance was reduced to 1017
mm, which would correspond to a reasonable distance for standard X-ray attenuation-
based imaging. The voltage was set to 80 £V and the FEC to 120 pA. 1441 projections
with a FOV of 4.3 x 4.3 em? were gathered at 0.25° angle steps with three frames per
projection at a resolution of 21 pwm. The difference in resolution between both scans is due
to the fact that the SOD stayed constant and the STD decreased, reducing the physical
magnification. For the last scan (control dataset LControl), the settings were the same as
for the first one. Due to the rather low contrast of the projections and variations in the
source intensity the projections were normalised to reach a reasonable contrast in the 3D
volume. This pre-processing and the reconstruction were performed on in-house developed
software tools based on filtered back-projection (Feldkamp et al., 1984). The scanning
times were of ca. 3 hours.

3.2.4 Image analysis
Image Preprocessing by means of a Lorentzian filter

A key step for the results produced with the FeSO4 data is the application of an image
processing Lorentzian filter in Fourier space to each radiographic projection before tomo-
graphic reconstruction. To evaluate the utility of the Lorenztian filter, the data from the
first scan was reconstructed with and without applying this filter (LFeSOy4 resp. FeSOy
datasets) and also applied to the control dataset (LControl, see Table 3.1). The filter pre-
sented here substantially reduces noise and enhances contrast. It is based on the original
work of Paganin et al. (2002) where it was initially developed as a method to retrieve
phase-and-amplitude information from inline propagation-based X-ray holograms using
monochromatic beams and specifically for single-material samples. Here, the monochro-
maticity and single material assumptions are discarded and the algorithm is used strictly
as an image processing tool, which exploits its high numerical stability under the presence
of noise. This stability was shown in previous studies to greatly improve the contrast and
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Table 3.1: Information relative to the different scans and datasets used in this
work as well as the corresponding details concerning the data analysis.

Dataset FeSOy LFeSOy4 BaSOy4 LControl
Tubular reactor Nr 1 1 1 2
Scan Nr 1 1 2 3
Biofilm Growth Yes Yes Yes No
Contrast agents FeSO4 FeSO4 FeS0O4&BaSO4 FeSO4
Source to detector distance (mm) 2330 2330 1017 2330
Scan details 50 kV, 190 nA 50 kV, 190 pA 80 kV, 190 nA 50 kV, 190 nA
Scan resolution (um) 9 9 21 9
PI‘OJP:C'CIOII 1Mage processing - Lorentzian filter - Lorentzian filter
prior to reconstruction
Image filtering 3D curvature-driven 3D curvature-driven 3D curvature-driven
prior to segmentation ) diffusive filter diffusive filter diffusive filter
. VG Max surface Seeded region growing algorithm VG Max surface
Segmentation approach - . & VG Max surface .
determination .. determination
determination
Registered dataset No Yes Yes No

the signal quality both in simple projection imaging as well as tomography (Arhatari et al.,
2010; Beltran et al., 2010, 2011; Burvall et al., 2011; Gureyev et al., 2006; Mayo et al.,
2003; Myers et al., 2008). The Lorentzian filter used here has the following form:

IFﬂt —F 1

akil+ i {IRad}] 30

Here, I®% is the acquired radiographic image at a particular orientation. I'!' is the filtered
image once the Lorentzian filter is applied to I®?d. The symbols F and F~! are the forward
and inverse Fourier transforms. k| = (k;, ky) are the transverse Fourier space coordinates
reciprocal to the real space coordinates r; = (z,y). In other words, the operation in
Eq. (4.23) is as follows: (i) Take the Fourier transform of the image %3¢ which in this
case serves as input data; (ii) multiply the result by the Fourier space Lorentzian function
@ and; (iii) take the inverse Fourier transform thus attaining the filtered image IF';
(iv) perform the tomographic reconstruction using the backprojection method mentioned
earlier. The filter was implemented as a Matlab®) routine available from (DigitalRocks,
2017). The non-negative real valued constant « is an important parameter of the filter. Tt is
important to mention that in the original form of the algorithm (see Paganin et al. (2002)),
the value of o was known a prior: since it is meant specifically to deal with only single
material specimens. However, for our purposes, we use it as a tuning parameter that may
be adjusted according to how much noise one desires to remove without over-blurring key
features (edges) in the reconstructions. To obtain a good estimate of « we use a strategy
that takes a raw projection image from the CT set which is used as reference and then
graphically compared to a filtered image. An example of this strategy is seen in Fig 3.2.
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Here, we have an unfiltered radiographic image 1?4 in Fig 3.2A and a Lorentz filtered IF!t
version of the same image in Fig 3.2B and 3.2C obtained with values of o of 1.5-107% and
with 1.5 - 1075, respectively. In this work, an a value of 1.5 - 10~% was used. In Fig 3.2D,
gray value profiles of images (A), (B) and (C) across the same horizontal line are shown
enabling a graphical comparison. These profiles show how the blue curve corresponding to
(B) displays significantly less noise than the red curve corresponding to (A). In addition to
noise reduction we see that the blue profile corresponding to (B) also follows the same trend
than the red one. This is illustrated more clearly in the inset showing a magnified region of
the profiles. For the other value of a (o = 1.5-107%), both (C) and (D) (black), the effect
of the over-blurring is evident. The balance of noise reduction and trend matching provides
us a qualitative, yet clear visual indication whether our value chose for « is neither over-
nor underestimated.

The effectiveness of the Lorentzian filter from a tomographic perspective is illustrated
in Fig 3.3. Here, we show tomographic slices of the same region with (A) and without (C)
applying the Lorentzian filter before reconstructing. From this example it is evident that
applying the Lorentzian filter prior to reconstruction greatly improves the visualization of
the biofilm/water interface in the tomographic reconstruction. Fig 3.3B and 3.3D show
gray value profiles labeled P1 and P2 clearly illustrating a reduction of noise. Boundaries
still remain well defined after the application of the Lorentzian filter.

L
450

200 400 600 800 1000
Pixel distance (-)

Figure 3.2: (A) raw projection image (unfiltered). (B) Lorentz filtered image of (A) using
a =1.5-10""7. (C) Lorentz filtered image of A using a = 1.5- 1078, The same dynamic
range was used for (A), (B) and (C) for the sake of comparison. (D) displays horizontal
normalized profiles at the location of the dashed line in (A), and (B) and (C) as well as
for additional values of o. The inset shows a magnification of the gray value profile at the
center of the tubular reactor. The scale bar in (A) is also valid on (B) and (C).

Segmentation

Since two different contrast agents were used, it was not possible to define one segmentation
procedure and apply it to all datasets so that a single approach was defined for each contrast
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Figure 3.3: Slices from the FeSO4 (A) and LFeSO4 (C) datasets. For the sake of com-
parison, both images were normalized with 0.4 % of the pixels saturated. The two red
resp. blue arrows indicate the location and direction at which the gray value profiles are
extracted. The scale bar represents 1 mm. Gray value profile for the first (P1, (D) and
the second location P2, (B)). The profiles are labeled with the different phases observed.

agent. After reconstruction of the LFeSO, dataset, the image contrast was enhanced so
that the Nafion grains were mostly saturated. A curvature-driven diffusion filter was then
run in Avizo®) (5 iterations and standard parameters: sharpness = 0.9, anisotropy =
0.6), reducing the noise while preserving the edges. Fig 3.4A shows a slice (located at the
middle of the stack) obtained after the filtering and Fig 3.4C (red) shows the 8 bit gray
value histogram obtained for the whole stack. On that histogram, the peaks corresponding
to the liquid and Nafion phases are clearly identifiable. The liquid phase peak exhibits
a strong shoulder on its right side, that corresponds to the biofilm phase. The overlap
between the liquid and biofilin regions as well as the strong tail exhibited by the biofilm
shoulder are due to the heterogeneous gray value distribution of the biofilm region (see Fig
3.4A). In order to segment these two regions, we assumed two overlapping peaks for the
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biofilm and the liquid phase and fixed a threshold at the inflection point located between
the liquid phase peak and the biofilm shoulder. The determination of this inflection point
is related to some uncertainty (see Fig 1. in the Supplementary Information). We therefore
performed a simple sensitivity analysis by defining three different thresholds at the center
and lower resp. higher end of the shoulder region. These thresholds are illustrated in
purple, resp. yellow and green in Fig 3.4C). The gray values used for the sensitivity
analysis correspond to ca. 10% of the central gray value (purple). For all threshold values,
a thresholding was performed in VG Max@®). Then, a closing operation was done in order to
fill in small voids that are considered as noise from each phase. A region growing algorithm
was used to identify disconnected segments of biofilm or liquid (e.g. pores in the biofilm or
floating biofilm bits) that were merged into the surrounding phase. Since we observed the
formation and displacement of air bubbles during the flushing out of the remaining iron or
the injection of BaSOy, the air bubbles were segmented and merged into the liquid phase.
The result of this segmentation is shown in Fig 3.4D).

Pixels (-)

8 bit gray value (-)

Figure 3.4: Middle slices (filtered prior to segmentation according information in Table
3.1) for the LFeSO4 (A) and BaSO4 (B) datasets. The corresponding 8 bit gray value
histograms are shown in C) for the BaSO, (blue) dataset and for the LFeSO, (red) dataset
after contrast enhancement and application of the 3D curvature-driven diffusive filter. For
the LFeSO, dataset, the vertical dashed lines in yellow, purple and green correspond
to isosurface values of 64, 73 and 82 used for the segmentation and the corresponding
sensitivity analysis. The peaks corresponding to the different phases are annotated. (D)
and (E) show the segmented datasets where the solid, liquid and biofilm phases are color
coded in white, blue and green respectively. The scale bar represents 1 mm.

Fig 3.4B shows a slice (same location than for Fig 3.4A, in the middle of the stack) of
the BaSO, dataset obtained after application of the same 3D curvature driven filter. The
corresponding histogram of the BaSO4 dataset (see Fig 3.4C, in blue) shows a peak for the
Nafion grains (central peak) and two additional peaks for the biofilm and the liquid phase.
As it it shown in Fig 3.4B, due to the high attenuation of BaSOu, this dataset exhibited
some beam hardening artifacts. These artifacts were overcome in the segmentation by
using the ImageJ implementation (Leemann et al., 2010; Muench, 2015) of a seeded region
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growing algorithm (Adams and Bischof, 1994) providing satisfying segmentation of the
solid phase (see Supplementary Information for details). The liquid and biofilm phases
were then obtained by thresholding after using the segmented solid phase as a mask. Fig
3.4. E shows the corresponding segmented result. A sensitivity analysis was performed for
that thresholding and is presented in the Supplementary Information. Finally, the control
sample was imaged and segmented following the same approach as for the LFeSO, dataset.

Registration of the two different datasets

A registration (volumetric image alignment onto a single coordinate system) of the two
different tomograms was performed in order to compare locally (e.g. conditional proba-
bilities) the volumetric fractions obtained from the different datasets. To begin with, the
resolution of both datasets was matched. Then, a coordinate alignment process was per-
formed in Matlab@®) on the solid phases, because these are the most similar phases in
both datasets. Here, the ¢mregister function with default parameters was used for finding
and optimizing an affine geometric transformation minimizing a mean square error metric.
The optimization of the registration was performed using a regular step gradient descent
method. All the results and analyses presented in the following were obtained from the
registered datasets.

3.3 Results

Fig 3.4. (A) and (B) show slices of the LFeSO4 and BaSO4 datasets obtained after filtering
with a 3D curvature-driven filter. On both images, the biofilm is visible (light gray zones
in JA) and the darkest ones in (B) but it seems that there is substantially more biofilm
on image (A). The biofilm gray values in (A) exhibit an important heterogeneity. On this
image, it is possible to identify darker zones belonging to the liquid phase and lighter ones
to the biofilm. Fig.3.4 (D) and (E) show the corresponding segmented slices where the
segmented biofilm phases obtained with both contrast agents roughly overlap. However,
on both the pre-processed (Lorentzian when used and 3D curvature-driven filtering) and
segmented images, some biofilm regions locally do not match. Fig 3.5. shows 3D renderings
of the solid phase (Nafion grains) and the segmented datasets which reveal that the volume
fraction of the biofilm (green) is much smaller for the BaSO4 dataset. Qualitatively, the
biofilm appears more patchy for the BaSOy4 than for the LFeSO,4 dataset. For the latter,
the biofilm exhibits complex corrugated shapes that are more interconnected. It appears
that greater detail of the biofilm morphology is resolved when LFeSO, is used as a contrast
enhancing agent.

Fig 3.6. shows volumetric fraction profiles along the streamwise direction for the LFeSOy4
and for the BaSO4 datasets. The average total volumetric fractions obtained are given in
the legend. The profiles obtained for the solid phase of both samples show a very good
overlap and have volumetric fractions that are relatively close, at about 60% of the whole
volume of the sample. The oscillations of these values present a wave length of ca. 2.5
mm approximately corresponding to the grain size diameter, indicating that there is some



Chapter 3 59

Figure 3.5: Three-dimensional renderings of the solid phase (left), of the sample imaged
with FeSOy4 (center) and barium suflate (right) as a contrast-enhancing agents.

degree of order in the packing. While there is a good matching for the volumetric fractions
profiles obtained for both solid phases, it is not the case for the remaining phases. For
instance, the biofilm fraction obtained for the LFeSO, dataset is about three times larger
than for the BaSO,4 dataset. The shaded region is delimited by the lower and higher
thresholds used for the sensitivity analysis. Over the whole column, the biofilm volumetric
fraction obtained with FeSOy is consistently larger than for the BaSO4 dataset (about
twice as much).

To study how the phases overlap in 3D space, we locally computed the conditional
probabilities of the phase overlap between the two different datasets, e.g. the percentage of
a first phase corresponding to the same phase in a second one (P(A | B) = P(BNA)/P(B))
(see Table 3.2). With more than 90 % in both cases, the overlap is very good for the solid
phases. Again, the remaining phases exhibit substantial differences. For the biofilm phase,
the intersection of voxels identified as biofilm in both BaSO4 and LFeSO, datasets only
correspond to ca. 25% against ca. 70% for the opposite case. This indicates two different
aspects: first that locally the volumetric fraction of the biofilm obtained for the LFeSOy4
dataset is substantially higher than for the BaSO,4 dataset. Secondly, as biofilm patches
detached upon the BaSOy injection, they might have reattached or filtered at some other
locations within the column where there is no biofilm visible in the LFeSQO4 dataset.

Table 3.2: Conditioned probabilities that a given phase in the FeSO4 data locally belongs
to the same phase in the BaSO4 data computed for the solid (S), liquid (I.) and biofilm
(BF) phases for the registered Lorentz filtered FeSO4 and BaSO4 datasets.

Conditional probability Percentage

P(SBaso, | SLreso,) 93.85
P(SLFeso, | SBasoy) 08.18
P(LBaso, | Lrreso,) 88.20
P(Lireso, | LBasoy) 54.25
P(BFBaso4 | BFLF&SO4) 24.74
P(BFLrreso, | BFBaso,) 72.57
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Figure 3.6: Profiles of the volumetric fractions (S: solid, L: liquid, BF: biofilm) obtained
for the different datasets (BaSOy4: small dashes, FeSOy: longer dashes). The shaded region
is defined by the results obtained for the threshold sensitivity analysis. For the sake of
clarity, the results of this sensitivity analysis are not added to the liquid phases. The
average volumetric fractions (in percent) for the different phases (Solid Vg, Liquid Vi,
Biofilm Vpg) obtained with the two different contrast-enhancing agents is given in the
legend.

The control sample was treated in the same way than the FeSO4 data set, except for the
fact that it was not inoculated with the bacterial inoculum and that no growth medium
was added for the 7 days. The image processing (filters, reconstruction and segmentation)
used was also the same as the one used for the FeSOQ,4 data set. The aim of this control was
to estimate the concentration of colloidal FeSOy4 in the biofilm itself. For the control, a
colloidal volumetric fraction of about 10% was obtained, indicating that the iron equalled
ca. 54% of the volumetric fraction of the biofilm. This indicates that the inorganic content
of the biofilm cultivated here is fairly high.

3.4 Discussion

In this study, the combination of a non-destructive contrast agent, a long STD and Lo-
rentzian filtering revealed intact 3D biofilm morphologies in porous media. This particular
combination of contrast agent and imaging tools borrowed from phase contrast imaging
allowed to substantially reduce noise and improve the contrast of the sample containing
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materials with small attenuation coefficient differences.

The different volumetric fraction obtained for the BaSO4 and FeSO4 contrast agents
could be explained by the following reasons: uncertainty related to the segmentation or the
registration, partial volume effects due to the different imaging resolution and interactions
between the BaSO,4 suspension and the biofilm (e.g. penetration or invasion of the biofilm
and biofilm detachment upon the introduction of the contrast agent). The volumetric
fraction obtained for the biofilm is sensitive to the threshold considered, but in all cases
stays consistently higher than the BaSO4 volumetric fraction. The good agreement of
both the average volumetric fractions and volumetric fractions profiles of the solid phase
illustrated in Fig 3.6. allows us to rule out the uncertainty related to the registration or the
partial volume effects as a main cause for the mentioned substantial differences. Therefore,
penetration of the smallest BaSOy particles within the biofilm and biofilm detachment (as
illustrated schematically in Fig 3.7.) appear to be at the root of the differences observed.
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Figure 3.7: Schematic of biofilm detachment mechanisms during BaSO, injection.

About 20% of the BaSOy particles used have a diameter smaller than 0.5 um and are
smaller than the largest biofilm pores expected (Stoodley et al., 1994). In the present case,
it is realistic to assume that a portion of the smallest BaSO4 particles could enter the
biofilm channels (see Fig 3.7.) and therefore labelling the parts of the biofilm as liquid.

As mentioned earlier, biofilm detachment was observed during the injection of Ba5Oy
(see Supplementary Information). This observation was already noted previously in anot-
her study (Davit et al., 2011). We estimated the average wall shear stress exerted by
the BaSO,4 suspension on the biofilm assuming a power law fluid flowing in a simplistic
representation of an average pore in our system. Although the flow rate was 10 times
smaller during the BaSO, injection than the growth flow rate, we found ca. 3 times higher
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wall shear stresses in the BaSO4 injection stage due to the high viscosity and shear thin-
ning properties of the BaSO4 suspension and (see Supplementary Information). Given the
extremely wide range of shear rates taking place in the actual porous medium (Holzner
et al., 2015), locally the wall shear stresses ratio might be significantly higher, causing the
detachment observed. In such a case, the rheological properties of the BaSO,4 suspension
should not be neglected.

Derlon et al. (2008) and Rochex et al. (2009) showed that biofilm form stratified struc-
tures and that the biofilm resistance to shear or shear strength (Stoodley et al., 2002)
is dependent on the wall-normal location within the biofilm. Mdhle et al. (2007) showed
that by increasing the biofilm shear strength, high concentrations of iron in biofilms had
a positive effect on the biofilm stability. Here, lower shear strength regions of the biofilm
probably detached upon BaSQOy injection and the basal layers with higher shear strength
remain attached. Abrasion of biofilm by particles is another known detachment mecha-
nism (Derlon et al., 2008). It is not excluded that BaSO,4 particles-biofilm interactions
also contributed to the detachment observed. Fig 3.7. illustrates the different mechanisms
potentially causing the detachment. The shear and abrasion induced detachment explain
the differences in the overall and local biofilm volumetric fractions observed. In Table
3.2, the low probability of the biofilm phase obtained with BaSOy4 to also belong to the
biofilm phase obtained with FeSO4 might also point to the deposition or filtration of some
detached biofilm patches further upstream within the column.

Table 3.3 summarizes key points on which the method by Davit et al. (2011) and the
method presented here can be evaluated. The FeSO,-based method allows to image biofilms
in porous media using a non-toxic and non-destructive contrast agent on a X-ray lab source
with movable detector. The combination of long STD and Lorentzian filter allows to
substantially increase the signal to noise ratio. As mentioned earlier, the colloidal fraction
observed for the control dataset (LControl) is not negligible. Nevertheless, the detected
biofilm fraction in the LFeSO4 experiment is much higher which confirms that the higher
volumetric fraction observed in the latter case is due to biological activity, either due to
the biofilm itself or to precipitation induced by bacterial activity, (e.g. iron oxidation,
sulfide salts production, see Blowes et al. (2000) and Weiner (2013)). The BaSO4-based
method provides clear contrast between the different phases but interactions of the BaSOy
suspension with the biofilm induce substantial biofilm detachment. In both cases, some
uncertainty remains related to the segmentation, which could however be quantified.

Table 3.3: Evaluation of the presented method and another existing one for
imaging biofilms in porous media.

LFeSOy BaSO,4
Biofilm integrity non-destructive can cause detachment during BaSO; injection
Biofilm toxicity none, but high inorganic content biofilm none
Lab XCT requirements movable detector none
Imaging issues High signal to noise ratio Prone to beam hardening
Reconstruction requirements Lorenztian filter none

Segmentation Thresholding Combination of region growing and thresholding
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3.5 Conclusion

In this paper, we presented an innovative method to image biofilms in porous media combi-
ning iron sulfate as a contrast agent, a long STD and a Lorentzian filter. The non-toxic and
non-destructive contrast agent was continuously added to the biofilm during the biofilm
growth. The combination of using a large STD together with application of a Lorentzian
Fourier filter allowed to exploit refraction effects. The reconstructed data showed a sub-
stantial reduction in noise and an increase in the contrast between materials exhibiting
low attenuation coefficients differences, revealing the biofilm morphology. We found that
in the porous medium and for the present growth conditions, the biofilm exhibits complex
corrugated structures. We compared this method with an existing method using BaSOy4 as
as a contrast agent for the exact same sample and observed some differences in the biofilm
morphology obtained due to interactions between the biofilm and the BaSO4. Namely, due
to abrasion and shear detachment, more than 50% of the biofilm was washed out by the
contrast agent emphasizing the need for non-destructive contrast agents for biofilm imaging
in porous media. The method presented in this study delivers 3D biofilm morphologies in
porous media non-destructively on a X-ray lab source. Possible applications are studies
addressing the interplay between biofilms, their morphology and local hydrodynamic and
mass transport processes in realistic porous media models.
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Chapter

Supplementary material to Chapter 3

4.1 Segmentation of the LFeSO, data set

Fig.4.1 shows an extract of the histogram of the LFeSO4 data set after the Lorentzian filte-
ring and the pre-processing step (contrast enhancement and 3D curvature-driven diffusive
filter). The second derivative of the histogram is taken to determine the gray value that
separates the biofilm phase from the liquid phase (see Fig. 4.1, green curve). The facts
that the second derivative intersects several times the horizontal axis shows that there is
some uncertainty related to the inflection point determination. The yellow, purple and
green dashed vertical lines represent the three different 8 bit gray value thresholds of 64,
73 and 82 chosen in order to take this uncertainty into account. These three different
threhsolds allow to assess the uncertainty of the inflection point determination on the final
segmentation. Fig.4.2 shows contours of the interface between the liquid and biofilm at
the three selected gray values on a vertical cross section of the sample. Fig.4.2A) is used
as reference for an unobstructed view of the cross section. Fig. 4.2 B-D shows the contour
at gray value thresholds of 64, 73 and 82, respectively.

4.2 Segmentation of the BaSO, data set

Fig.4.3 shows the histograms of the BaSO4 data set (blue curve) and after substraction of
the solid phase segmented with the seeded region growing algorithm (dashed blue). Due
to the beam hardening artifacts caused by high attenuation of the BaSO4 suspension, the

73
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Figure 4.1: Extract of the gray value histogram for the LFeSO4 data set (red). The first
and second derivative of the histogram are shown in gray respectively dark green. The
yellow, purple and light green dashed vertical lines at 8 bit gray value of 64, 73 and 82
represent the uncertainty zone considering the inflection point determination.

Figure 4.2: A) raw image of the FeSO4 data set. B), C) and D) : biofilm phases obtained
for the FeSO,4 data set based on 8 bit gray value thresholds of 64, resp. 73 and 82.

gray value distribution corresponding to BaSOy4 occupied pores (i.e., liquid) was strongy
tailed. A threshold was visually defined for a value of 110 and a sensitivity analysis on
that threshold value was performed. Similar to Fig.4.2, Fig.4.4 shows a cross section of the
sample, with contours of the interface between the liquid and biofilm at three threshold
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gray values. Variation of the thresholded yielded in overall volumetric fraction variations
of 1.28%. Thresholds outside this interval have also been tried but lead to inconsistent
delineations of the biofilm-liquid boundary.

6
510 ' ' ' ' '
11
11
4.5F E
I BaSO, data set
11
4l 1 B'aSO4 data set .
1 - Nafion grains
35F 1 Th =102 4
1 - — = =Th=110
I " ~ = = = Th=118 J
—_ 3 1yl
-~ 1l
2]
v 25F 1 .
x
T 11
2F i 4
11
15k i1 Liquid i
’ 1
I Nafion
T Biofilm | | 1
1
051 1
L.
0 1
0 150 200 250

8 bit gray value (-)

Figure 4.3: Histogram of the whole BaSO, data set (blue) and after the substraction of the
solid phase obtained with the seeded region growin algorithm (dashed blue). The yellow,
purple and green vertical lines represent the 8 bit gray value threhsolds of 102, 110 and
118 used for the sensitivity analysis.

Figure 4.4: A) raw image of the BaSO, data set. B), C) and D) : liquid phases obtained
for the BaSO,4 data set based on 8 bit gray value thresholds of 102, resp. 110 and 118.
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4.3 Effect of the rheological properties of the BaSO,4 on the
wall shear stress

Here, we evaluate the influence of the rheological properties of the BaSOy4 suspension on
the wall shear stress induced on the biofilm during the injection of the contrast agent. In
order to do so, we consider a pore of diameter D of 2.5 mm representative of the average
pore size in the tubular reactor used in this study. We set the volumetric flow rate, so
that the Reynolds number obtained in this system is of 2.5 as for the tubular reactor. We
assume steady laminar flow and use cylindrical coordinates (R, 0, z). In that case, the wall
shear stress 79 is a function of the pressure gradient dp/dz and of the pore’s diameter D
(Irgens, 2014):

1

_ Lyl
4

dz

In this system, for the flow of the growth medium, the velocity profile is a parabolic function
of the radius Irgens (2014):

(4.1)

70

(r) 1 dp
v(r) = —

16nH,0 | dz
where R is the radius of the cylinder and we assume the growth medium to have the same

dynamic viscosity than water. The volumetric flow rate is obtained by integration Irgens
(2014):

(D? — r2) (4.2)

D4
TH20

™

dp
Q=151

Plouraboué et al. (2004) showed that the BaSO,4 suspension exhibit a shear-thinning. We
model the rheology of the suspension as a power law fluid with::

(4.3)

NBasos(¥) = KA1 (4.4)

where the dynamic viscosity n is a function of the shear rate 4. We use the data of
Plouraboué et al. (2004) to approximate the flow consistency index K = 0.048 and the
power law index n = 0.6592.

The velocity profile in pore is obtained combining the equation of motion in cylindrical
coordinates and the definition of the dynamic viscosity made in Eq.4.4 (for details, see

Irgens (2014)),:
W G e

For the BaSOy4 suspension, the flow rate is obtained after integration yielding:

D3 n D\ Y™
_ 4.
@="3 1+3n< 4K> (46)

dp

o) = 515 < dz

2(1+n)

dp
dz
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In the experiments, the volumetric flow rate used for the injection of the BaSO4 was 10
times smaller than during the biofilm culturing. For the pore considered here, the resulting
pressure gradient is 2.7 times larger for the BaSO4 suspension than for the growth medium.
As the wall shear stress scales linearly with the pressure gradient (see Eq.4.1), the increase
in pressure gradient results in an increase in shear stress by nearly a factor of 3 in the
presence of BaSO4. The corresponding streamwise velocity profiles are shown in Fig.4.5.
The gradients exhibited by the BaSOy velocity profiles are substantially smaller than for
the growth medium (H20). It has to be considered that for the shear rates observed, the
dynamic viscosity obtained using the power law fluid model is around 80 times higher than
for water, explaining the high wall shear stresses obtained despite of the small velocity
gradients. This increase of wall shear stress could explain the detachment observed.
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Figure 4.5: Velocity profile obtained for a flow in a representative pore for the growth
solution and for the BaSO4 suspension.

Moreover, it has to be noted that pore-scale velocities in porous media have an extre-
mely wide distribution (Holzner et al., 2015) and can deviate substantially from the mean
velocity and consequently, the ratio of mean shear stress values exerted on the biofilm by
the BaSO4 or the growth medium can be much higher than the factor of 3 obtained here.
In such a case, the rheological properties of the BaSOy4 should not be neglected as they
could substantially contribute to the biofilm detachment.



78 4.4 Biofilm detachment upon injection of the BaSQO, suspension

4.4 Biofilm detachment upon injection of the BaSO,
suspension

Fig. 4.6 shows an image of the biofilm tubular reactor before the BaSO, injection A)
and during the injection B) and C). The biofilm shows a reddish color typical of biofilms
with high iron oxides content. B) and C) show the heterogeneous distribution of the BaSy
concentration along the column shortly after starting the injection, as some pores are
saturated and others not, due to mixing and dispersion. During the injection, we visually
observed biofilm detachment and patches moving through the column. The black arrow
in Fig. 4.6 shows a biofilm patch that at early times was free of BaSO4 but at later times
it was not, which suggests sloughing or BaSO4 penetration into the biofilm between the
acquisition of the images B) and C).

Figure 4.6: A) Biofilm tubular reactor used in this study. B) and C) images of the biofilm
during the injection. The arrow is showing a biofilm patch beeing detached.

4.5 Theoretical derivation of the Lorentzian filter from first
principles

This appendix briefly reviews the theory phase retrieval (Paganin et al. Paganin et al.
(2002) method) in the context of propagation-based phase contrast imaging (PBI). It was
put to together with the aim of: (i) Assisting readers who are non-experts in the field
of coherent X-ray imaging with a brief summary therefore avoiding extensive literature
review; (ii) Re-derive Paganin et al. Paganin et al. (2002) single-image phase-retrieval
method and demonstrate that one can arrive at the same form by including polychromatic
effect from first principles and; (iii) Show how the method can adapted and utilized as an
image processing tool as a “Lorentzian Fourier filter".

We begin by stating the Transport-of-Intensity equation (TIE) Teague (1983). The TIE
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SOD =Ry ODD =R:

STD Detector

Figure 4.7: Schematic of the configuration used for the X-ray scans where the distances
SOD , ODD and STD represent the source-to-object (SOD), object-to-detector and the
source-to-detector distance (STD), adapted from Paganin et al. (2002).

is often used as starting point for paraxially-propagating monochromatic beams, which we
will later generalize by accounting for polychomaticity. It is a second order elliptic partial
differential equation that describes the local conservation of optical energy as wavefields
evolve from one plane z = Ry to another infinitesimally separated parallel plane z = Ras.
It has the structure of a continuity equation and can be viewed as such. The form is given
by

VJ_ : [I(I‘J_, E, Rl)VJ_¢(rJ_, E, Rl)] = —kaazI(I‘J_, E, 2) (47)
Here, I(r, E,R;) (with the aid of Fig. 4.7 is the wavefield’s intensity at the plane exiting
the sample z = Ry and ¢(r,, F,R;) is the wavefield’s phase at that same plane. The
cartesian coordinates r; = (x,y) are used to describe the field plane transverse to the
optic axis z. E = he/\ is the photon energy of the beam which has been kept arbirary for
the moment. k = 27/\ is the wavenumber and the term %I(rl, E, z) represents the first
order derivative of the intensity along the propagation axis z (see Fig 4.7).
For normally incident plane-wave illumination of an optically thin homogeneous object,
the intensity and phase at the contact plane z = R; is given by:

I(ry,E,Ry) =Igexp[—u(E)T(ry)] (4.8)

and

¢(I‘J_,E, Rl) = —ké(E)T<I'J_) (4.9)
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where, u(E) = 2kB(F) is the linear attenuation coefficient and §(F) is the decrement from
unity of the of complex refractive index n(E) =1 — §(F) + i8(F) (Als-Nielsen and Des,
2011). We emphasize that both quantities are dependent on the Energy F of the incident
X-radiation. T(r_) is projected thickness function of the object. Iy is the incident intensity
of the incoming beam. Substituting Eqs. 4.8 and 4.9 into Eqn. 4.7 then the left-hand-side
of the resulting expressions appears as:

—klyo(E)
u(E)
Now, the right-hand-side of Eqn. 4.7 can be approximated as the difference of two-closely

spaced intensity images, namely I(r,, E,Rg) and I(r,, F, Ry) separated by the object-to-
detector distance (ODD) Ry as depicted in Fig 4.7. That is,

Vi exp[—u(E)T(ry)] (4.10)

0 I(I‘J_,E,RQ)_I(I'J_,E,Rl)

—I I AR

0z (rl’ 72) Ro
Substituting Eqn. 4.8 into Eqn. 4.11 then equating to Eqn. 4.10 the intensity at the

detector plane (z = Rg) for an arbitrary F is given by:

(4.11)

 Red(E)
n(E)

I(r;,E,Ry) =1 [1 vi} exp[—u(E)T(ry)] (4.12)
One can make further simplifications by Taylor expanding the exponential term up to
first order in T(r, ) giving:

I(r1, E,Ry) ~ Iy + I [R25(E) - ,,L(E)vﬂ T(r1) (4.13)

The differential equation has now become linear in T(r;) and is considerably simpler.
Therefore, at this point it proves convenient to further generalize by taking accounting
for polychromatic radiation. This is done by integrating the intensity I(r,, E, Ro) at the
detector plane over all possible incoming X-ray energies of the source spectrum. All energy
spectrums of radiation sources, whether they are synchrotron, X-ray tubes, or free-electron
lasers have an associated spectrum distribution function h(E). This implies that every
photon E has an associated statistical number of counts h Als-Nielsen and Des (2011).
Therefore, the intensity at the detector plane accounting for polychromatic radiation is
given by the following integration:

[y 1(r 1, B, Ro)h(E)dE

e h(E)dE

IPOly(rJ_a RQ) =

(4.14)

Here, we have £ = E,,;, which is the lower bound corresponding to the lowest photon
energy and FE),,, which is the upper bound corresponding to the highest photon energy.
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Notice that the expression has been normalized by the total number of counts which is a
non-negative real valued constant 4 > 0, that is:

Emaax
/ WE)dE = 5 (4.15)
Emin

Upon substitution of Eqn. (4.13) of into Eqn. (4.14) the integral involving the differential
element dE only acts on 0(E) and p(E) thus enabling these integrals to be separated.
Hence, the expression for the intensity at z = Rs under polychromatic incident illumination
still remains linear

1" (r |, Ry) =T + Iy |Rodps — ﬂMVﬂ T(ry) (4.16)

Here, it is important to make note that now that 6(E) and p(E) have now become 637 and
i as a result of separating the integrals which contain the variable E. In essence, these
introduced terms are the weighted averages of 0(E) and p(E) over the range of energies
of the source spectrum of the beam. Also, like in Eqn. (4.15) these “weighted average"
integrals give non-negative real valued constants as defines below:

. [y §(B)h(E)dE
]‘/j Emaa:
[ W(E)dE
f max (E)h(E)dE
iy = SZmin 417
M j'EmaJ: h,(E)dE ( )

mzn

As a result one can now solve for T(r ) by Fourier transforming both sides of Eqn.
(4.16) then making use of the Fourier derivative theorem to give

Poly
T(r,)=TF"! %F g (s, Re) (4.18)
Radakd + fin Ip

where, F are F~! are forward and inverse Fourier transforms, respectively. k| = (kg, k)
are the transverse Fourier conjugate coordinates dual to ry = (z,y). The following Fourier
transform convention have been used:

Gk,p) = /g(rJ_) exp(—2mik, -r)dr,

g(ry) = /G(kj_) exp(2mik, -r)dk (4.19)
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where, G(k.) = F{g(r1)}. From here additional manipulations can be made to prove
that one can arrive at exact form of Paganin el al. Paganin et al. (2002) original single-
image phase-retrieval algorithm however this time including polychromatic effects. The
left hand side of Eqn. (4.18) can be separated into two terms:

T(r,)=F"!

RQSMki + Unr RQngi + Unr Io

L . S(m)] ! L 5 {Imy(“’ Ro) } (4.20)

-~

where, d(k,) = F{1} is the Dirac delta. Using the Dirac delta sifting theorem the 1st
term on the right hand side reduces to:

_ 1 ~ exp(2mik -r) )~

Rodnkt + iy Rodp kT + fin

- (4.21)
1224
This makes Eqn. 4.20 become:

ﬂM IPOly(I‘J_ R2)

1—jayT(r)=F"! ————F ’ (4.22)
R25MkJ_ + Unm Iy

We recall the first order Taylor expansion Taylor expansion approximation of an expo-
nential function.

1—ayT(r,) ~exp [—anT(r,)] (4.23)

Making use of this approximation in “reverse" is the final step which leads to the proof
that Paganin et al. Paganin et al. (2002) original form can be obtained and can also be
applied to PBI images acquired with polychromatic radiation sources such as the one used
to collect the data for this study. The original form being

1 _ 1 1P (r | Ry)
T(ry)=——1In [F! TR~ F{ i (4.24)
1221%) M 41 0

Kmn
As intuitively predicted, this derivation reveals that all that is required to implement
the method in the context of polychromaticity is to replace the values of § and u with &y
and fip.
The algorithm is a simple convolution of the normalized intensity image with the Fourier

filter ak%ﬂ, where the value a = R;—I‘LM is known a priori and is the reason why the the
1
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method is stable under presence of noise. It is this feature which makes the algorithm
practically advantageous even as image processing tool, which we do in this study by

Pol
treating the collected PBI images as “unfiltered" radiographs (i.e. I?8d = Ty Ra) y(I“’RQ)) and
0

the retrieved images as “filtered" radiographs (i.e. IF!t = exp [—fnT(r1)]) as stated in
Eqn (1) in the main manuscript.
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Abstract: This study investigates the response between pore-scale hydrodynamics,
mass transfer, pore structure and biofilm morphology during progressive biofilm coloniza-
tion of a porous medium. Hydrodynamics and structural information are experimentally
measured with 3D particle tracking velocimetry and X-ray Computed Tomography, re-
spectively. Registration of the data sets allows to delineate the interplay between porous
medium geometry, hydrodynamic and mass transfer processes on the architecture of the
developing biofilm. A local analysis revealed wide distributions of wall shear stresses and
concentration boundary layer thicknesses. The spatial distribution of the biofilm patches
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revealed that the wall shear stresses controlled the biofilm adhesion, development and bi-
ofilm thickness. Neither external nor internal mass transfer limitations were noticeable in
the considered system, consistent with the excess supply of nutrient and electron acceptors.
The wall shear stress remained fairly constant in the vicinity of the biofilm but increased
substantially elsewhere. This points at the complex feedback of a developing biofilm on
the pore-scale hydrodynamics.

5.1 Introduction

Biofilms are communities of bacteria attaching and developing on surfaces and embedded
in a matrix of extracelluar polymeric substances (EPS) and persistently developing in
environmental, medical and industrial settings (Hall-Stoodley et al., 2004).

For all these different applications, biofilm growth can have a positive or detrimental
impact. Therefore an understanding of the development of these bacterial communities
in respect to the local geometry of the pore network, the pore-scale hydrodynamics and
mass transport processes is a prerequisite for optimal biofilm control. The investigation
of these processes requires access to wall shear stresses and concentration boundary layer
distributions (Stoodley et al., 1998; Picioreanu et al., 2000).

The development of biofilms in porous media is a process involving a wide range of scales,
from micro- over meso- to macroscale (Battin et al., 2007). For instance, microscale hyd-
rodynamics were shown to control the initial attachment of individual bacteria to surfaces
(Rusconi et al., 2014). The macroscale is the scale relevant for the integrated understan-
ding of larger engineering or natural systems (reactors, aquifers). The mesoscale links the
micro- and the macroscale, as it is the scale at which flow and mass transport interact with
and define the biofilm structures (Eberl et al., 2000). The focus of this study is the mesos-
cale in porous media or pore-scale. Growth of biofilms in this context is interesting due to
the complexity of the geometry of pore networks, yielding pore-scale velocities and length
scales (i.e. pore radii) ranging over orders of magnitude. Porous media can be considered
as networks of connected three-dimensional roughness elements or corners representative
of e.g. soils or filters but also of many other microscale environments in which biofilms
develop in natural or industrial settings.

Biofilm development in these structures was revealed to result in highly diverse and
complex phenomena by previous studies. For instance, the growth of biofilms was identified
to induce the formation of preferential flow paths and the interplay between biofilm growth,
detachment, decay and lysis was numerically shown to cause the intermittent shifting
of these flow paths Bottero et al. (2013). Locally, the intricate geometry of the pore
network and the evolving flow field during biofilm growth influence competition between
bacterial communities, as slow growing or non EPS-producing bacteria can outcompete fast
growing or EPS-producing ones (Coyte et al., 2017; Nadell et al., 2017). Most previous
studies on biofilm growth at the pore-scale considered mainly porous media with two-
dimensional pore-networks either experimentally (Drescher et al., 2013; Qian et al., 2017)
or numerically (Kapellos et al., 2007). The dynamics of biofilm development were shown
to be substantially different for 2D or fully 3D porous media (von der Schulenburg et al.,



Chapter 5 89

2009) and up to now, there still remains a lack of both experimental pore-scale flow and
structural information about biofilm development in 3D porous media.

Experimental data on pore-scale biofilm properties and hydrodynamics is also important
to validate or refine existing biofilm models. For instance many 1D biofilm models used
to quantify reaction rates in biofilm reactors (trickling filters, moving bed biofilm reactors
etc.) require information regarding the average biofilm thickness or specific surface area
(Boltz et al., 2010). 2D and 3D continuum models rely on another relevant parameter,
which is the biofilm shear strength, i.e. the resistance of biofilms to shear exerted by the
surrounding fluid (von der Schulenburg et al., 2009; Bottero et al., 2013). Biofilm shear
strengths values used in these models are often taken from the literature, thus calling for on-
site measurements in 3D porous media. This is reinforced by the wide distributions of shear
strengths mentioned in recent studies (e.g. Stewart (2014)), which can be attributed to the
natural heterogeneous distribution of material properties of biofilms (Stewart and Franklin,
2008), but also to the distribution of wall shear stresses exerted by fluid flow on biofilms
as a consequence of velocity gradients in the biofilm vicinity (Stewart, 2014). Additionally,
very often the wall shear stresses exerted on the biofilm are roughly approximated based
on the initial hydrodynamic conditions (Derlon et al., 2008; Blauert et al., 2015), thus not
accounting for the feedback of the biofilm on the flow, which increases the uncertainty of
the assumed biofilm shear strength.

The goal of this paper is to experimentally investigate the influence of pore-scale va-
riables relative to hydrodynamic and mass transfer processes (e.g. wall shear stress and
concentration boundary layer distributions) on biofilm development in 3D porous media.
A biofilm is grown in a 3D porous medium for 36 hours under a constant flow rate and
with nutrients and electron acceptors supplied in excess. The hydrodynamics are measu-
red at the pore-scale with three-dimensional particle tracking velocimetry (3D-PTV) in
a clean porous medium and after biofilm growth. The structure of the porous medium
and the morphology and spatial distribution of the biofilm are obtained with X-ray micro
Computed Tomography (X-ray puCT) after biofilm growth. This allowed to capture the
wide distributions of length scales, pore-scale velocities, wall shear stresses and concentra-
tion boundary layer thicknesses and unraveled the different contributions of these to the
morphology of the nascent biofilm. Underlying research questions are:

e In a porous medium with a wide range of pore radii, which are the pores preferentially
colonized by the growing biofilm?

e How does the growth of the biofilm depend on the local wall shear stress and local
mass transfer processes?

e Does the expected wide ranges of wall shear stresses occurring in porous media allow
to define a maximal biofilm shear strength? If it does, this new approach would
provide an indirect, non-invasive method to estimate shear strength that constitutes
an alternative with respect to invasive methods such as tensile strength tests (Mdohle
et al., 2007).

e What is the influence of the growing biofilm on the pore-scale hydrodynamics?
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5.2 Material and Methods

5.2.1 Porous Medium

The porous medium used in this work consists of nafion pellets (Ion Power, Munich, Ger-
many), a material with physico-chemical properties similar to that of sand grains (Downie
et al., 2012). The diameter dy of the pellets is roughly monodisperse and distributed
around 2.5 mm. Nafion is a polymer whose optical refractive index can easily be matched
(RIM) with aqueous solutions yielding models of transparent soil (Downie et al., 2012).
Here, a decent RIM was obtained with a glucose concentration of 11 % w/v. The nafion
pellets underwent three time the following treatment allowing to enhance transparency.
Ca. 20 g. of pellets were first heated up at 65°C for 1 h while stirred at 200 rpm under a
reflux cooler and then were cooled for 30 min at room temperature and stored overnight
at 4°C.

5.2.2 Biofilm Culturing

The 11% w/v glucose solution used as a growth medium in this study was prepared with
tap water. In order to enhance bacterial growth, nitrogen and phosphorus were added to a
molar ratio C:N:P of 1000:1:1. This low ratio is due to the high glucose concentration that
was not only serving as a carbon source but also provided the refractive index matching
with the nafion grains. Nitrogen was added under the form of NaNQOgs. Nitrate was here
serving both as nitrogen source and electron acceptor. Phosphorus was added as K;HPOy
and NaHoPOy4-2(H20) accounting for 1/3 resp. 2/3 of the total phosphorus molecular
ratio, yielding inflow concentrations of 8.14 mg NO3-N/L and 18.9 mg PO4-P/L.

The mixed species bacterial inoculum used in this study was isolated from river water
samples. The frozen bacterial inoculum contained in 2 mL Eppendorf tubes was added
to 100 mL of the growth medium incubated for 20-24 h at 30°C and stirred at 200 rpm
until reaching midlogarithmic phase (ODggg 0.52 + 0.096). The incubation procedure was
repeated three times for the bacteria to adapt to the synthetic carbon source of the growth
medium. For the last incubation cycle, the nafion grains were added to the growth medium
to allow initial bacterial attachment. Upon the incubation, a custom built PMMA flow-
cell (38 x 38 x 16 mm?) was wet packed with the nafion grains. 10 L growth medium
bottles were connected to the flow cell with silicon tubing (VWR, Dietikon, Switzerland)
previously washed with 70% ethanol and thoroughly rinsed with DI water. The 10 L growth
medium bottles were replaced every 12 h and were spiked with 100 mL of the inoculum. A
peristaltic pump (Ismatec, Glattbrugg, Switzerland) was used to set a volumetric flow rate
of 10 mL/min that was kept constant over the course of the experiment. As illustrated
in Figure 5.1 (a), a syringe was used as a bubble trap as well as to dampen the pulsatile
flow created by the peristaltic pump. Nitrate and oxygen concentration were sampled in
the effluent every 12 hours and revealed a high bacterial activity but no actual nutrient
limitations (4.41 4+ 0.67 mg NO3-N/L and 4.84 + 0.55 mg O /L respectively).
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Figure 5.1: Schematic illustration of the experimental set up used for biofilm culturing in
(a) and for the 3D-PTV measurements in (b).

5.2.3 Three-Dimensional Particle Tracking Velocimetry

The three-dimensional particle tracking velocimetry (3D-PTV) method applied in this work
allows to detect and track particle tracers, thereby providing among others, the position,
velocity and acceleration of the tracers along trajectories. This method was developed to
study turbulent flows (Hoyer et al., 2005) but was lately adapted to study flows in porous
media (Holzner et al., 2015). In order to perform the 3D-PTV measurements, the flow
cell was connected to a 120 mL syringe mounted on a syringe pump (Lambda Vit-Fit,
Lambda, Baar, Switzerland). The volumetric flow rate was set to 10 mL/min, yielding
a Darcy velocity g of 0.27 mm/s and an average interstitial pore velocity vp of 1 mm/s.
The corresponding Reynolds number was then with Re = vpdy /v = 0.5 still within the
validity of Darcy’s Law (Re < 10). Fluorescent Red Polyethylene Microspheres (Cospheric,
Santa Barbara, CA USA) with a density of 1 g/cm?® and with a diameter dp of ca. 70 pm
were added to the flow. As these particles are neutrally buoyant, inertial effects are not of
concern and the particles follow the flow reliably (Holzner et al., 2015).

For each 3D-PTV run, the tracer particle concentration added is of 0.02 g/L, correspon-
ding to a volume fraction of 0.002% low enough to ensure that particle-particle interactions
were not of concern. The fluorescent tracer particles were illuminated with a 100 W pulsed
Nd:YLF laser (Darwin Duo, Quantronix, Hamden, USA). Figure 5.1 (b) shows the setup
used for the 3D-PTV experiments. The flow cell was imaged from both the front and back
sides with a Photron Fastcam SAb with a resolution of 102421024 at 50 fps using an image
splitter providing 4 stereoscopic views. Between 30 and 200 particles were tracked per
frame, yielding O(10%) data points for every measurement (4549 and 4193 trajectories for
the time points T = 0 and T = 36 h respectively) and trajectories of an accuracy of ca.
50 pm (Holzner et al., 2015). Finally, invoking the stationarity of the pore-scale flow and
neglecting structural changes induced by biofilm growth over the time scale of the 3D-PTV
experiments (ca. 30 min) we obtain an average inter-particle distance of 50 ym which sets
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the spatial resolution of the PTV data.

5.2.4 X-ray microtomography

Biofilms form porous structures (up to 90 % porosity) (Wagner et al., 2010) with high
water content and densities very close to that of water. Thus, the application of X-ray
microtomography to biofilm imaging requires the addition of contrast agents. Here, we
follow the approach presented by Davit et al. (2011) and use a suspension of 0.05 g/mL
particular barium sulfate (BaSOy) particles (Micropaque, Guerbet, Ziirich, Switzerland) as
a contrast agent. Davit et al. (2011) noted biofilm detachment occurring during the BaSO4
injection. Carrel et al. (2017) suggested to use iron sulfate (FeSO4) as a contrast agent
by continuously adding it to the biofilm during culturing and thus avoiding detachment.
However, this approach could not be applied here without negatively affecting the RIM.
Therefore, BaSO4 was used as a contrast agent. In order to minimize biofilm-contrast
agent interactions, the injection of the BaSO4 was done overnight (12 h) at a volumetric
flow rate 500 times smaller than the growth flow rate.

X-ray scans of the biofilm samples were performed at EMPA on a custom built scanner
consisting of a tungsten microfocus source with cone-beam configuration and a 40 x 40
cm? flat panel detector. Four frames of 1441 projections were acquired over 3 hours at
a voltage of 80 keV and focused electron beam current of 125 pA. Reconstruction was
performed as presented in (Carrel et al., 2017). The resolution of the obtained tomograms
was of ca. 27 um. A first scan was imaged prior to the injection of the contrast agent, in
order to obtain the initial porous media and a second was imaged after the injection of the
contrast agent, in order to obtain the biofilm coated porous media.

The reconstructed tomograms exhibited beam-hardening artifacts which were attributed
to the polychromatic nature of the X-rays, the high absorption coefficient of Barium and
the non-homogeneous distribution of the contrast agent within it. These artifacts were
mostly localized near the sides of the anisotropic flow cell while for the central region good
quality could be obtained. Therefore, a central zone of the flow cell was segmented, where
the artifacts were weaker (with dimensions of 20 x 20 x 16 mm, i.e. 25% of the total
flow cell volume). A contrast enhancement step was effectuated using FIJI. A non-local
mean filter was then run in Avizo. Segmentation was done using Avizo and consisted of
watershed segmentation refined with morphological operations (closing of the solid grains
and of the biofilm and opening of the air bubbles). The air bubbles that entered the flow
cell during the injection of the contrast agent were assigned to the liquid phase. Biofilm
patches smaller than 10 voxels were considered to be noise and dropped for the analyses
presented hereinafter. Finally, the procedure presented in Pérez-Reche et al. (2012) was
used to perform a network analysis extracting the pore radii along the skeleton of the void
space.

5.2.5 Registration

The X-ray segmented data set and the 3D-PTV trajectories were registered (e.g. trans-
formed into one coordinate system) in order to allow a local investigation of the biofilm -
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flow coupling. The registration was performed using a custom registration algorithm. In
a first step, the Lagrangian 3D-PTV flow information was mapped on a Eulerian grid of
81 pm size, corresponding to three times the resolution of the X-ray data. The resolution
of the X-ray tomograms (27 pum) was decreased accordingly for the ease of calculation
(binning based on voxel averages). Consecutively, a linear transformation was obtained by
a discrete pseudo - digital volume correlation maximizing the following criterion:

- Zm Zn 20 [VX(m +1i,n +j,0 + l)] [Vp(m, n,o)]
it Yo Don 20 VP(Mm,m,0)

where ¢,j and [ are the components of the displacement vector D(i,j,1), Vx is the
segmented liquid phase of the volumetric X-ray data set and Vp is the amount of 3D-PTV
Lagrangian data mapped on the Euleria grid. The final r;;; obtained for the different data
sets were of 88.67% for the clean porous media and of 76.78 % for the bioclogged packing,
meaning that about 11.33% and 23.22% respectively of the 3D-PTV data was intersecting
with the X-ray data. The uncertainty related to the registration can be inferred to partial
volume effects due to the decreased resolution of the tomograms and to the accuracy of
the 3D-PTV. Figure 5.2 (a-d) allows to visually assess the quality of the registration.

(5.1)

5.2.6 Calculation of local wall shear stress and concentration boundary
layer thickness

The registered data provided the basis for a local analysis of hydrodynamic and mass
transfer processes. A first variable of interest is the wall shear stress 7, defined as 7, =

g—“ a velocity gradient

7 )g—g‘ » where p is the dynamic viscosity of the fluid and »
deﬁneg_by the velocity magnitude v and the vector n normal to the triangulated faces of
the solid phase (nafion grains) or of the biofilm and evaluated at their surface. In order to
evaluate this velocity gradient, the Lagrangian data was first binned on a Eulerian grid of
100 pm mesh size. As the interparticle distance of the 3D-PTV data was of ca. 50 ym on
average, the Eulerian velocity field obtained after binning was not perfectly filled, i.e. there
are empty voxels which were not sampled by any fluid particle.. The velocity gradients
were then interpolated from the Eulerian velocity field on the normal of the solid surface
(nafion grains or biofilm), providing access to the wall shear stress distribution. 7, is
approximated here assuming a no-slip boundary condition at the biofilm surface and thus,
non-permeable biofilms. However, several authors showed that biofilms are permeable and
have networks of submicroscopic channels (Davit et al., 2013). Since the permeability of
biofilms is generally fairly low (Deng et al., 2013), we assume that its influence on the
approximation of the wall shear stresses is negligible. Faces where not enough 3D-PTV
data was available to perform the required interpolation of the velocity gradient at the
grain or biofilm surfaces due to the presence of empty voxels were not considered.

A second variable of interest allowing to assess the influence of mass transfer conditions
on biofilm development is the concentration boundary layer thickness é.. The mass transfer
coefficient ks = Dg/d. indicates the speed at which substrate or electron acceptors diffuse
over the concentration boundary layer thickness §. from the bulk of the pore network
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towards the surface of the grain. Therefore, nutrient limitations are less prone to occur for
small concentration boundary layer thicknesses. In order to estimate d., we first consider
that it is linked to the hydraulic boundary layer thickness 6, as d. = d,/ Scl/3 where the
Schmidt number Sc = v/D expresses the ratio of momentum diffusivity to mass diffusivity.
The thicknesses 6. and ¢, are commonly defined as lengths stretching normally from the
substratum to the 99th percentile of fully developed concentration or velocity profiles
respectively. Here, due to the intricate substratum geometries and velocity profiles, the
hydraulic boundary layer thickness 4, is approximated by considering the length scale

associated with molecular diffusion of momentum as induced by shear as 6, = \/v/ g—z.

This means that the concentration boundary layer thickness d. is proportional to 7'1;1/2.

5.3 Results

5.3.1 Registered Data

Figure 5.2 presents the results of the registered 3D-PTV and X-ray data for the central
region of the flow cell for the initial clean porous medium (T = 0 h) in (a) and after 36
h of biofilm culturing in (b). Figure 5.2 (c¢) and (d) are local close-ups of (a) and (b).
The trajectories in Figure 5.2 are color-coded with the velocity magnitude, illustrating
the intermittency of velocities along trajectories typical of porous media flows (de Anna
et al., 2013). The increasingly darker coding of the velocities along trajectories reflects the
average velocity increase according to mass conservation due to the porosity reduction and
the constant flow kept. Additionally, biofilm growth induced substantial changes on the
pore-scale flow field (compare Figure 5.2 (a) and (b)).

On Figure 5.2 (b) heterogeneous biofilm patches are distributed in between solid grains.
Note that in (b), the flow information is not distributed homogeneously. This could either
be caused by flow tracers not sampling stagnation zones or because the view of the particles
was obstructed by biofilm patches. The close-ups (c¢) and (d) show local changes of the flow
field upon biofilm growth. The biofilm patches illustrated in (d) exhibit a fairly high aspect
ratio and an orientation approximately aligned with the initial flow direction. Upon biofilm
growth, the channel on the left of the central grain presented in (d) appears to be shut
down, indicating that the local obstruction caused by a the growth of a patch in a pore
implies non-local hydrodynamic changes. Figure 5.2 (e) and (f) present triangulations
of the patches presented in the close-ups and bounding boxes fitted to each individual
patches. The bounding boxes allowed to extract geometric features of the patches such as
their aspect ratio.

5.3.2 Influence of biofilm growth on pore scale statistics

In order to quantitatively describe the influence of biofilm growth on the pore-scale hydro-
dynamics, we conduct a statistical analysis on relevant variables in the clean and bioclogged
porous medium for the central region considered. Figure 5.3 (a) presents the probability
density functions (PDF) of the velocity magnitude for the clean and bioclogged porous
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Figure 5.2: (a) and (b) show the registered data 3D-PTV and X-ray of the central zone
of the sample prior to biofilm culturing and after 36 hours of biofilm growth. The solid
surfaces (nafion grains and biofilm) are here representing a color-coded (nafion grains in
gray and biofilm in green) Delaunay triangulation of the segmented X-ray data. (c) and
(d) show a local magnification of a pore before and after biofilm colonization. Note that
the black points in (c) represent the skeleton along which the pore radii were computed.
The colorbar in (d) shows the scale of the velocity magnitude color-coding used for (a)-(d).
The skeletons are not shown in (a), (b) and (d) for the sake of clarity. (e) shows the biofilm
patches illustrated in (d). (f) shows the same patches and bounding boxes from which the
aspect ratio of the patches were computed. Note that the biofilm patches of sizes smaller
than 10 voxels visible in (e) and removed in 5.2 (f).
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Figure 5.3: (a) shows probability density functions of the velocity magnitude for different
time points during biofilm growth. The probability density functions of the pore radii
are presented in (b) whereas (¢) and (d) show the probability density functions of the
measured wall shear stresses and of concentration boundary layer thicknesses for the clean
and bioclogged porous media, respectively.

medium. Upon biofilm growth, there is a slight increase of the average velocity and a
substantial increase of the high and low tailings of the PDF. These increased tailings are
typical of flow fields for pore networks of increasing heterogeneity (Siena et al., 2014; Mo-
rales et al., 2017). This indicates that the growing biofilm affects the pore network and
underpins the formation of preferential flow paths (increased high velocity tail) and slow
velocity zones (increased low tail of the PDF). The impact of the biofilm on the pore
network is further confirmed by Figure 5.3 (b) showing the pore radii distribution for
the clean and bioclogged packings. With biofilm growth, the average pore radius decreases
from 0.414 mm to 0.332 mm. Note that these distributions have an exponential tail typical
of pore radii distribution in porous media (Holzner et al., 2015).

The wall shear stress distributions obtained are presented on Figure 5.3 (c¢) and stretch
over more than two order of magnitudes. With biofilm growth, subsequent reduction of the
pore space and average velocity increase due to mass conservation, the wall shear stresses
obtained after biofilm growth increase substantially. Figure 5.3 (d) shows the distribution of
the concentration boundary layer thicknesses d,. for the clean and bioclogged porous media.
As a consequence of the wall shear stress increase observed previously, the concentration
boundary layer thickness decreases accordingly, meaning that on average, mass transfer
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Figure 5.4: (a) and (b) show the PDFs of the pore-scale velocity magnitudes for the clean
and bioclogged porous medium, whereas (¢) and (d) show the corresponding pore radii
PDFs. BF and N here indicates if the considered data is located in a one pore radius
distance to the biofilm or nafion grains.

was increased during biofilm growth.

5.3.3 Local statistical analysis

When considering the distributions of variables describing the geometry of the pore network
and the local hydrodynamics presented in Figure 5.3, it is interesting to investigate how
these variables locally influence the biofilm or are themselves changed by the developing
biofilm. Therefore, we distinguish between channels of the pore network in which biofilms
are present within a distance of one pore radius. For the initial time point, this distinction is
performed for nafion faces on which biofilm (BF) will develop or not (N). For the bioclogged
data, the distinction is done depending on whether biofilm had developped (BF) on the
channel or the nafion grains remained uncolonized (N).

Figure 5.4 (a) and (b) show the PDFs of the pore-scale velocity magnitude in the vicinity
of the nascent and developed biofilm patches and in the remaining channels. The PDFs
do not show any clear differences, indicating that the pore-scale velocity do not directly
influence the biofilm development. Figure 5.4 (c) and (d) shows the same comparison for
the pore radii. Here a noticeable difference emerges, as the pore radii where the biofilm
initially develops are on average smaller than the remaining ones. Additionally, the pore
radii in the biofilm vicinity after biofilm culturing show a substantial increase of very
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Figure 5.5: (a) and (b) shows the PDFs of wall shear stresses for the clean and bioclogged
porous medium. (c¢) and (d) presents the corresponding concentration boundary layer
thicknesses PDFs. BF and N here indicates if the considered data is located within a one
pore radius distance to the biofilm or nafion grains.

small radii (see Figure 5.4 (d)), indicating an increase of small-scale pore geometry in the
vicinity of the biofilm and therefore also, an increase of the biofilm specific surface area,
a key parameter for the estimation of mass transfer within biofilms (Horn and Lackner,
2014).

The distributions of the wall shear stress values obtained for the faces of the clean nafion
grains (solid) and for the faces at the base of the nascent biofilm are shown on Figure 5.5
(a) and (b). Interestingly, even if there is a fairly wide distribution in both cases, a clear
difference between the two types of faces is noticeable. Thereby, the maximal wall shear
stress for the faces that will not be colonized by the biofilm are about twice as large as the
faces at the basis of the nascent biofilm. This difference remains after biofilm growth, as
the distributions remain clearly different. Substantial differences are also observed for the
concentration boundary layer thicknesses depicted in 5.5 (c) and (d). No biofilm seems to
have colonized or developed in the regions of the smallest concentration boundary layers,
which also corresponded to the high wall shear stress regions. This shows clearly that the
wall shear stress controls biofilm development since smaller §. means faster mass transfer
rates, which would favor biofilm growth.
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5.3.4 Morphology of the biofilm patches

Figure 5.6 (a) shows the PDF of the biofilm patch size and (b) shows the distribution of
biofilm patch sizes as a function of the average pore radii of the clean porous medium in
which the patches grew over the course of the experiment. Interestingly, the biofilm patch
sizes seem to follow a power law distribution. The biofilm patch size increases with the
pore radii, which is expected since biofilm patches are confined by the radii. The largest
biofilm patches are found for average radii of 0.47 mm, slightly over the average radius
of the porous medium ((rp) = 0.41 mm). The largest radii appear to be associated with
rather small biofilm patches. The wide distribution of the biofilm patch sizes indicates
that there is no simple direct relation between the patch size and the pore radii. Figure
5.6 (c) shows the PDF of the biofilm patches aspect ratio and (d) shows the distribution of
the biofilm patch sizes as a function of the aspect ratio. The aspect ratio are also widely
distributed, with an average at 3.9. Figure 5.6 (d) shows that the maximal size of the
biofilm patches decreases with increasing aspect ratio. The PDF of the biofilm thickness is
presented in (e), where the biofilm thickness is defined as the distance between center of the
biofilm faces to the center of the closest grain faces. The wide range of biofilm thicknesses
observed reflects the patchiness of the biofilm morphologies visible in Figure 5.2 (e) and
(f). Figure 5.6 shows the distribution of the biofilm thickness as a function of the initial
wall shear stress. Interestingly, the maximal biofilm thickness measured decreases with
increasing wall shear stresses.

5.3.5 Relation between pore-scale velocities and radii

Figure 5.7 shows joint PDFs of the normalized velocity and of the normalized pore radius.
(Holzner et al., 2015) conjectured the dependence of the pore-scale velocity v on the pore
radius rp according to the power law:

Um = vo(rp/1r0)%, —2<a<?2 (5.2)

where vy and 7 represent characteristic velocities and pore radii. The exponent alpha
is a parameter reflecting the pore network geometry and stretches from -2 for a completely
serial pore arrangement to 2 for a completely parallel one. These power law scalings are
indicated on Figure 5.7 (a) and (b) as a dotted-dashed and a dashed line respectively.
The white circles show the conditional average of v/{v) on rp/(rp) and the continuous
line shows a power law fitted to the conditional average, whose exponent is indicated on
the top right corner of the respective figures. The width of the joint PDFs of v/(v) and
rp/(rp) increases with biofilm growth but are found within the scalings corresponding to
completely parallel or serial pore arrangements. The exponents measured decrease slightly
from 0.257 to 0.063, reflecting the influence of the growing biofilm on the pore network.
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Figure 5.6: (a) shows the PDF of the biofilm patch sizes in the porous media and (b)

the distribution of biofilm patch sizes as a function of the pore radius.

(c) shows the

distribution of aspect ratio and (d) the patch size distribution as a function of the aspect
ratio. (e) shows the distribution of the biofilm thickness and (f) shows the biofilm thickness
as a function of the wall shear stress.
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Figure 5.7: (a) and (b) show the joint PDFs of v/(v) and rp/(rp) for the clean and
bioclogged porous media. The dashed and dashed-dotted lines show power laws with
exponents of 2 and -2 respectively. The white circles are conditional averages of v/{v) on
rp/(rp) and the continous line is a regression of the conditonal average. The exponents of
the regression are indicated.

5.4 Discussion

5.4.1 Which variable does locally control biofilm development?

The overarching goal of this study is to provide experimental evidence allowing to delineate
the influence of porous medium geometry, flow and mass transfer on the growth of biofilm
in a 3D porous medium. The results obtained show that for geometries representative of
many environments in which biofilms develop, biofilms are exposed to wide distributions
of wall shear stresses and concentration boundary layer thicknesses. As it was shown in
Figure 5.5 (a) and (b), more biofilm developed in low wall shear stress regions and after 36
h of biofilm growth, the wall shear stresses observed in the regions were biofilm developed
stay clearly lower than the wall shear stresses observed in the remaining porous medium.
On the other hand, mass transfer did not seem to play any role, consistent with presence
of nutrient and electron acceptors in excess. If it would have had, less biofilm would have
developed in the high concentration boundary layer thickness regions (see Figure 5.5 (c)
and (d)).

The average of the wall shear stress distributions presented in Figure 5.5 (a) and (b) in
the vicinity of the biofilm and at the surface of the bare grains shows a ca. 1.8 fold increase
over the course of the experiment (see Table 5.1). The increase of the maximal wall shear
stress measured is substantially higher (2.5) for the bare grains than for at the biofilm
surface (1.4). The fact that the increase of the maximal values measured for the biofilm
and for the bare grains is not identical might indicate that there is a maximal shear stress
in the system that the biofilm cannot withstand. Here, this would imply a the biofilm
shear or cohesive strength is of ca. 0.02 (N/m2). Note that the biofilm shear strength
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Table 5.1: Average and maximal values of the wall shear stress measured at the location
of the nascent biofilm and at the surface of the biofilm as well as at the surface of the
solid grains at the start and end of the experiment. The distinction was here performed by
considering the data in one radius distance of the solid (nafion grains (N) or biofilm (BF)
faces). Ip stands for the increase factor between the initial corresponding value and the
value obtained after biofilm growth.
(rw) (N/m?) max(7,) (N/m?)
T=0h T=3h Ir T=0h T=36h Ir
BF  0.0037 0.0067 1.8 0.0152 0.0214 14
N 0.0065 0.0129 1.9 0.0391 0.0981 2.5

itself might also be distributed, as a consequence of the high physiological heterogeneity
exhibited by biofilms (Stewart, 2014).

The largest biofilm patch sizes were found in pores of radii close to the average radii, but
the wide distribution observed for the patch sizes did not indicate that the local geome-
try of the pore network was substantially influencing biofilm development. The maximal
thickness of the biofilm patches decreased with increasing wall shear stress, showing that
for the given porous medium and under the growth conditions considered, the wall shear
stress plays a predominant role on controlling biofilm development.

5.4.2 Local vs. Non-local mass transfer

The local growth of biofilm was shown in this study to induce non-local changes in terms
of hydrodynamics. A similar reasoning could be applied in terms of transport processes
as well. Previous studies distinguished between external and internal mass transfer, where
external refers to the local diffusion from the bulk through the concentration boundary
layer in the biofilm and internal to diffusion within the biofilm itself. In the present study,
neither non-local nor local mass transfer limitations did influence biofilm growth in the
current study due to their presence in excess. However, in the case of nutrient or electron
acceptor limitations and for a substratum exhibiting an intricate geometry as the one stu-
died here, mass transfer might substantially influence biofilm growth both on a locally and
on a non-locally. Locally, as in this study, biofilm growth will be defined by the diffusion of
nutrients over the concentration boundary layer (external mass transfer). Non-locally, bi-
ofilm growth enhances the formation of stagnation zones, so that mass transfer limitations
might also arise as a consequence of decreasing advection along these channels (non-local
mass transfer) and due to dispersive processes resulting in non-local concentration dif-
ferences in between channels. Furthermore, biofilm growth was shown to increase these
dispersive effects (Seymour et al., 2004).
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5.4.3 Influence of biofilm growth on the pore-scale radii and velocity
distributions

The fact that the wall shear stresses remain fairly low in the vicinity of the biofilms might
also be due to the impact of the growing biofilm on the pore-scale hydrodynamics. Coyte
et al. (2017) showed that the local development of a tiny biofilm patch inducing an additio-
nal pressure drop at a given location of the pore network can result in substantial non-local
changes in the larger scale flow picture. In the present study, the flow rate was kept con-
stant over the course of the experiment. Invoking mass conservation and assuming that the
biofilm is homogeneously distributed over a typical cylindrical pore (Thullner and Baveye,
2008) would mean that the average velocity would increase in an inverse quadratic relation
relative to the pore radius (v o< Q/(7r?), see dashed-dotted lines on Figure 5.7). However,
as the data presented in this study show, the biofilm is not homogeneously distributed at
the grain surface. Furthermore, even if the flow rate is kept constant and the pressure gra-
dient thus increases at the flow cell scale, locally, it is also possible to have zones with only
small pressure gradient variations. For similar pressure gradients, according to Poiseuille’s
law, the velocity is proportional to the square of the radius (v o< 72, see dashed lines on
Figure 5.7), so that low velocity regions or stagnant zones might form with biofilm growth.
These considerations suggests that predicting the local impact of the growth of biofilm on
the pore-scale hydrodynamics is far from trivial, as for example, pore-scale velocities could
increase or decrease quadratically with the pore radius variation. The complex influence
of biofilm development on pore-scale hydrodynamics is illustrated by the radius-velocity
relation presented in Figure 5.7. The experimental data presented in this study shows that
there is a formation of high velocity regions, as also indicated by the high velocity tails of
the velocity magnitude PDFs. But the pore radii decrease in the vicinity of the biofilm
and there was also a substantial increase of the low tail of the velocity PDF.

5.5 Conclusions

In this study, experimental pore-scale hydrodynamic and structural data as well as biofilm
morphologies in a progressively bioclogged porous medium are presented, with the aim of
delineating the influence of the geometry of a 3D porous medium, wall shear stresses and
mass transfer on the architecture of a growing biofilm. The main conclusions are:

e The maximal biofilm patch sizes are found in pores of average radii.

e The influence of wall shear stress and mass transfer on the growing biofilm could be
assessed locally and showed that for the complex geometry considered, wall shear
stresses and concentration boundary layer thicknesses are widely distributed.

e The wall shear stress measurements revealed that the attachment and development
of biofilm patches was controlled by the local wall shear stress. As a consequence,
the biofilm thickness decreased with increasing wall shear stress.
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e Mass transfer processes did not influence biofilm growth, which can be explained by
the excess of carbon source and electron acceptor so that neither external nor internal
mass transfer limitations occurred.

e A maximal biofilm shear strength for the current system could be estimated at about
0.02 N/m?.

Additionally, the development of biofilm substantially influenced the pore-scale hydro-
dynamics, as shown by the substantial increase of the average pore-scale velocities and
wall shear stresses as a consequence of the porosity reduction upon biofilm growth. The
developing biofilm also changed the connectivity of the pore network from on average more
serial to more parallel. Using this method, the growth conditions used in the current study
could be tailored to practical applications, providing key experimental data such as biofilm
thickness or specific surface area allowing to optimize models aiming at upscaling mass
transfer processes at the scale of a sand or trickling filter. Finally, with the fast pace of
development of 3D printing technology (in terms of printable materials, geometries and
scales accessible), the 3D printing of nafion (James et al., 2015) might soon allow simi-
lar investigations in other geometries (non-granular porous media, membrane feed spacer
channels) and at scales relevant for other practical applications.
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Chapter

Supplementary material to Chapter 5

6.1 Quantitative analysis of the refractive index matching

In the present study, an 11 % w/v glucose solution (anyhdrous D-glucose, VWR, Dietikon,
Switzerland) was used to provide the RIM. In order to determine the glucose concentra-
tion allowing to obtain an optimal RIM, we performed test series with spectrophotometer
cuvettes (1 cm depth) filled with nafion and saturated with aqueous solutions of different
glucose concentrations. A quantitative evaluation of the RIM was done by acquiring images
of nine straight lines located on the backside of the cuvettes. The images of the lines were
segmented and fitted by linear regressions. The metric allowing to evaluate the quality
of the RIM was defined as a scaled root mean square error (SRMSE) of the regressions
obtained:

SRMSE =

with y; being the position of the left extremity of the segmented line, §; the estimate
obtained from the regression and Cr a conversion factor (m/pixel) from image space to
object space.

Figure 6.1 illustrates the approach used for the RIM quantification for saturation of the
cuvette with water in (a) and with a glucose concentration of 11% w/v in (b). In both
cases, the first images show the cropped straight line, the second the segmented straight

109



110 6.1 Quantitative analysis of the refractive index matching

line and the last one the left extremity of the segmented straight line and the corresponding
regression. A visual inspection of the RIM obtained for the 11% w/v concentration reveals
a very good matching, which is confirmed by the quantitative approach based on the
SRMSE. Figure 6.1 (c) shows the SRMSE obtained for different concentrations between
0 and 20 % w/v. As the figure shows, the minimal SRMSE was obtained for a glucose
concentration of 11 % w/v. Figure 6.1 (d) shows the evolution of the SRMSE during the
growth of the biofilm obtained using the same approach. Upon growth of biofilm in the
system, remained fairly constant, as it is shown by the obtained SRMSE in figure 6.1 (d).
The 11 % w/v glucose solution was therefore used as a working fluid.
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Figure 6.1: Cropped lines, segmented lines and corresponding linear regressions obtained
for glucose concentrations of 0 (a) and 11 % w/v (b). (¢) SRMSE values obtained for

different glucose concentrations. (d) temporal evolution of the SRMSE during biofilm
culturing.

6.1.1 Three-dimensional Particle Tracking Velocimetry

The Stokes Number of the particles, quantifying a possible role of inertia is defined as the

ratio between the particle response time scale tp = % ~ 1077 s with pr and pp
being the density of the fluid resp. the tracer particles and p the dynamic viscosity of the
fluid and the advective time scale (defined here as t4 = dy/vp =~ 1s), is O(10~7). This
confirms that inertial effects are not of concern and that particles follow the flow reliably.
For each 3D-PTV run, the tracer particle concentration is of 0.02 g/L, yielding a volume
fraction of 0.002%. At this low concentration, the average inter-particle distance is of
4.5 mm. Therefore, particle-particle interactions within the very dilute suspension can be
considered to be negligible. 0.2 ppm of surfactant (Tween, Cospheric, Santa Barbara, USA)
were added and allowed to avoid particle agglomeration. The tracer particle diameter to
nafion pellet diameter dp/dy is of ca. 35. For ratios of that order, filtration of tracer
particles can be assumed to be negligible (Sakthivadivel and Einstein, 1970).
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The fluorescent tracer particles were illuminated with a 100 W pulsed Nd:YLF laser
(Darwin Duo, Quantronix, Hamden, USA). A Photron Fastcam SA5 with a resolution
of 102421024 pixels operated at 50 fps in combination with an image splitter was used
to provide 4 stereoscopic views of particles within the porous medium. The redundant
stereoscopic views proved to be useful upon biofilm growth, as in some views, the particles
were obstructed by biofilm patches and two unobstructed views are sufficient to reconstruct
3D particle positions. In order to obtain an optimal distribution of the 3D-PTV data
throughout the flow cell, the flow cell was imaged from both sides. A red filter was
mounted on the camera objective. Each 3D-PTV measurement allowed to gather 10918
frames.

The data pre-processing consisted of a running image substraction with a lag of 50 images
and a high pass filter. An open source 3D-PTV software (PTV, 2017) was used to detect
the particles and the intersection of the epipolar lines allowed to establish correspondences
between the particles in the different stereoscopic views. To cope with the slight decrease
of the RIM due to biofilm growth, the tolerance to the epipolar line was set to twice the
particle diameters (Willneff, 2003), which corresponds to the SRMSE observed after 48
h of biofilm growth. Between ca. 30 and 200 particles were tracked per frame, yielding
O(10%) data points for every measurement (4549 and 4193 trajectories for the time points
T = 0 and T = 36 h respectively). The resulting accuracy of the raw particles coordinates
is of ca 250 um. In order to reconnect trajectories interrupted due to noise originating from
light scattering due to local variations in the optical refractive index of the nafion grains
or the biofilm, the particles were tracked in 6D position-velocity space (Haitao, 2008).
Subsequently, a Savitzky-Golay filter using a quadratic polynomial fitted to 21 frames was
applied to smooth Lagrangian trajectories in time (Saha et al., 2014). This filtering allowed
to increase the accuracy along the trajectories down to ca. 50 pm (Holzner et al., 2015).
Trajectories shorter than 21 frames or 1 mm total displacement were discarded. Finally,
invoking the stationarity of the pore-scale flow and neglecting structural changes induced
by biofilm growth over the time scale of the 3D-PTV experiments (ca. 1 h) allows to reduce
the average inter-particle distance to ca. 50 pm.

6.2 Segmentation and registration

Figure 6.2 (a) and (b) show slices of the raw data respectively the segmented data obtained
for the X-ray scan performed without the addition of contrast agent and reflecting the
initial state of the porous medium, prior to biofilm culturing. Figure 6.2 (c¢) and (d)
present similar slices obtained after the addition of the contrast agent, allowing to access
the biofilm morphology. In Figure 6.2 (e) and (f), 3D-PTV data was registered and added
superposed on the x-ray slices.

6.3 Information concerning the shear stress computation

Figure 6.3 (a) shows a close up of a pore body. The red arrows represent normal vectors to
the triangulated faces representing the surface of the nafion grains. Figure 6.3 (b) shows
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(a) (b) (c) (d)
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Figure 6.2: (a) and (b) show the raw and segmented slices obtained from the X-ray scan
performed without the addition of contrast agent. (c¢) and (d) show similar slices obtained
after the addition of the contrast agent. (e) and (f) show slices of the registered 3D-PTV
and X-ray data.

velocity color-coded particle trajectories obtained with 3D-PTV in the pore presented in
(a). The blue line is a normal vector of one the faces on which the velocity gradient
is evaluated to estimate wall shear stress. The black dots represent the location of the
pore medial lines. The Lagrangian or trajectory data presented in (b) is mapped on two
example transects on a grid of 100 um meshsize, providing a Eulerian flow field as presented
in Figure 6.3 (c). The wall shear stress is finally obtained by interpolating the velocity
gradient on the normal vectors of the solid surface faces based on the Eulerian flow field.
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Figure 6.3: (a) Close up of a pore with the surface of the nafion grain in blue and normal
to the faces obtained by Delaunay triangulation in red. (b) Nafion grains in dark gray,
velocity-coded Lagrangian flow data and location of the pore central lines in black. A
normal to one of the faces is shown in blue. (c¢) shows the Eulerian flow field obtained by
mapping the Lagrangian data on a grid of 100 pum meshsize.
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Chapter

Synthesis

7.1 Conclusion

This dissertation presents a pore-scale experimental investigation of the dynamics of biofilm
development in porous media. Experimental techniques were developed to investigate
progressive bioclogging in a three-dimensional porous medium.

The first part of this thesis shows that the progressive biofilm growth in a porous medium
substantially influences pore-scale hydrodynamics. In particular, different hydrodynamic
quantities such as the average pore-scale velocity magnitude, its variance or the velocity
correlation length were observed to follow an exponential increase, which was related to
the exponential bacterial growth. Additionally, the velocity magnitude probability density
functions presented strong high and low tailing, reflecting the increasing heterogeneity of
the pore network induced by biofilm growth. The bulk and the high tail of the pore-scale
velocity distribution was remarkably reproduced by a gamma distribution. The shape pa-
rameter « of the gamma distribution, which can be understood to describe the connectivity
of the porous medium, following the ad-hoc model based on theoretical considerations pre-
sented by (Holzner et al., 2015), decreased from 1.9 to 0.9. This decrease indicates that the
pore geometry changes substantially from a predominantly parallel pore arrangement to a
more gerial one. A correlated CTRW based on the gamma distribution and on a stochastic
velocity relaxation process provided a framework reproducing transport metrics obtained
experimentally. This stochastic model captured the mean and mean square displacements
measured with 3D-PTV remarkably and the conditional displacement PDFs qualitatively.
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The approach presented in the first part of this thesis could be extended to model transport
in other porous media whose heterogeneity are inherent to the original pore network or to
networks including a dynamic component as a consequence of physico-chemical processes
such as dissolution (Menke et al., 2015) or gas exchange (Klump et al., 2007).

The second part of this thesis presents a novel method allowing to obtain the spatial
distribution of biofilm patches in a 3D porous medium. This X-ray microtomography met-
hod is novel in two aspects. First, iron sulfate is used as a contrast enhancing agent and
it is dosed continuously during biofilm cultivation in order to be completely incorporated
within the growing biofilm. Iron sulfate was already added to growing biofilm to enhance
their optical properties in the frame of studies using optical coherence tomography (Wag-
ner et al., 2010; Blauert et al., 2015) but never for X-ray micro computed tomography. Due
to the relatively low density and corresponding attenuation coefficient of iron in the X-ray
domain. An additional tool allowing to substantially increase the contrast was required.
Therefore, an imaging method originally used to perform phase-retrieval with X-ray syn-
chrotron data was used. This method consisted in performing the imaging on the X-ray
laboratory source with a very long source-to-detector distance in combination with the ap-
plication of a Lorentzian filter implemented prior to the tomographic reconstruction. The
application of this commonly called "propagation” method provided a substantial noise re-
duction and contrast enhancement allowing to proceed to the segmentation of the biofilm,
solid and liquid phases. Additionally, the segmented results were compared with results
obtained another method based on the use of barium sulfate as a contrast agent (Davit
et al., 2011). This comparison revealed that the injection of the barium sulfate caused the
detachment of up to 50 % of the biofilm. The non-Newtonian rheological properties (i.e.
shear-thinning) of the barium suflate suspension were identified to be at the root of the
detachment observed.

Finally, the last part of this thesis introduced the combination of 3D-PTV and X-ray
micro-tomography to delineate the influence of the porous medium topology, the hydro-
dynamic and mass transfer processes on the development and the morphology of biofilms.
A biofilm was cultivated in a 3D porous medium for 36 h under a constant flow rate and
with nutrients and electron acceptors provided in excess. The hydrodynamic and mass
transfer processes were quantitatively accounted for by analyzing the distributions of the
wall shear stress 7, and of the concentration boundary layer thickness 6.. The growing bio-
film substantially influenced the pore-scale hydrodynamics. Interestingly, the experimental
measurements revealed that the wall shear stress controlled the location of the nascent bi-
ofilm patches, as the wall shear stress measured at these locations were significantly lower
than where biofilm did not develop. Additionally, upon biofilm growth, the wall shear
stress measured stayed fairly low in the channels colonized by biofilms whereas it increased
in the remaining ones. This indicates that locally, the biofilm induced a redirection of
the flow in channels that were not colonized. Neither external nor internal mass transfer
processes did seem to influence biofilm development, as biofilm developed in regions with
the highest concentration boundary layer thicknesses. This can be explained by the high
concentrations of nutrients and electron acceptors present in the feed solution.
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7.2 Suggestions for future work

There are different meaningful directions in which the work presented in this thesis could
be extended. To begin with, the results presented in the first part of this thesis highlighted
the need to investigate the role played by the biofilm permeability on flow within porous
biofilm and therefore as well on convective as on diffusive transport and and ultimately on
reaction processes within biofilms. Microscale measurements of diffusion processes within
biofilms suggests that the biofilm permeability can be highly variable (Stewart, 1998),
which is reflected in the multiscale nature of the transport problem within porous biofilms
(Davit et al., 2013), as flow occurs in sub-microscopical channels (Stoodley et al., 1994),
in between extra-cellular polymeric fibers and down to within the bacterial cells (Kapellos
et al., 2007b). Therefore, measurements of effective biofilm permeability allowing to link
efficiently micro- and macroscale transport are required. The estimation of such effective
permeability values could be performed by comparing results obtained from numerical mo-
deling to experimental data. In that sense, flow in the porous medium and within the
biofilm could be solved using Brinkman’s equations (Kapellos et al., 2007a; Deng et al.,
2013) applied to real three-dimensional geometries obtained with X-ray micro-tomography
(Peszynska et al., 2016). The transport problem could be solved numerically and subse-
quently, the permeability of the biofilm estimated by comparing experimental information
on the transport processes such as passive tracer breakthrough curves to the results of the
transport model. Additionally, the effective biofilm permeability obtained could then be
accounted for in macroscopic models such as multirate mass transfer (Dentz and Berko-
witz, 2003), dual-porosity (Orgogozo et al., 2013) or dual-continuum approaches (Porta
et al., 2015).

In the work presented in this thesis, the carbon source and electron acceptors were
provided in excess and neither chemical gradients nor nutrient limitations were imposed
on the systems. However, planktonic bacteria and biofilms are ubiquitously confronted to
chemical gradients (Hall-Stoodley et al., 2004; Stocker, 2012). This is very true in soils as
well (Or et al., 2007), as for instance biodegradation of pollutants is commonly accepted
to predominantly take place in very local reactive hot spots at pollutant plumes fringes
(Jobelius et al., 2011). Therefore, accounting for these ubiquitous chemical gradients on
reactive processes is paramount in order to accurately model reactions in the frame of
biodegradation processes (Meckenstock et al., 2015).

Finally, the porous medium considered in this study was formed from nafion pellets,
in order to achieve a refractive index matching with an aqueous solution. Therefore, the
structure considered was limited by the granular media available. However, recent techno-
logical advances in 3D printing (James et al., 2015) showed that nafion could be processed
and printed in order to produce versatile structures. Therefore, nafion could be used to
manufacture similar generic porous media models allowing to systematically vary parame-
ters relative to biofilm growth (hydrodynamic conditions, nutrients and electron acceptors
availablity etc.) for a given and fixed geometry and the structure of the medium and of
the biofilm image by X-ray uCT. Specific structural parameters that could be varied are
polydisperse size distributions of the granular material (only monodisperse was considered
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in this thesis), variable shape of the grain. Thereby, pore-scale hydrodynamics could either
be measured with 3D-PTV or solved for numerically. Additionally, the versatility of 3D
printing would not restrain to porous media mimicking soils, but models closer to practical
applications, such as membrane feed-spacer or catheters could then also be considered.
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