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Abstract

This study investigates the functional corresporddretween porescale hydrodynamics,
mass transfer, pore structure and biofilm morphpldgying progressive biofilm colonization
of a porous medium. Hydrodynamics and the struatfileth the porous medium and the
biofilm are experimentally measured with 3D pagditilacking velocimetry and micro X-ray
Computed Tomography, respectively. The analysiades on data obtained in a clean porous
medium after 36 h of biofilm growth. Registratiohtlee particle tracking and X-ray data sets
allows to delineate the interplay between poroudiome geometry, hydrodynamic and mass
transfer processes on the morphology of the dewreddpofilm. A local analysis revealed

wide distributions of wall shear stresses and cotmagon boundary layer thicknesses. The
spatial distribution of the biofilm patches uncaethat the wall shear stresses controlled the
biofilm development. Neither external nor internedss transfer limitations were noticeable

in the considered system, consistent with the exsepply of nutrient and electron acceptors.
The wall shear stress remained constant in thaityadf the biofilm but increased

substantially elsewhere.

Keywords:. biofilm; three-dimensional porous medium; thremeinsional Particle Tracking
Velocimetry; X-ray micro Computed Tomography; wallear stress; concentration boundary

layer thickness; biofilm morphology
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1 Introduction

Biofilms are communities of bacteria attaching degteloping on surfaces embedded in a
matrix of extracellular polymeric substances (ERS) persistently developing in
environmental, medical and industrial settinggadnous media such as soils, many
prokaryotic microorganisms develop a sessile Medhat allows them to better cope with
their environment (Griebler and Lueders 2009). Adilons are ubiquitous in porous media
systems, their relevance stretches over a wideerahgpplications spanning from the
bioremediation of contaminated aquifers (Meckenstial. 2015), fixed bed trickling filters
(Gujer and Boller 1986, Morgenroth et al. 1996, &tdt al. 2014) or membrane filtration
systems (Baker and Dudley 1998). For all thesefit applications, biofilm formation can
have a positive or detrimental impact. Therefordarstanding biofilm development in
respect to the local geometry of the pore netwibik porescale hydrodynamics and mass
transfer processes is a prerequisite for optinddilbn control. The investigation of these
processes requires access to wall shear stresses@eentration boundary layer distributions
(Eberl et al. 2000, Picioreanu et al. 2000) basetboally resolved flow and structural

information.

The development of biofilms in porous media is @cpss involving a wide range of scales,
from micro- over meso- to macroscale (Battin eR@D7). For instance, microscale
hydrodynamics were shown to control the initiaheliment of individual bacteria or
particulate matter to surfaces (Rusconi et al. 2&b&lu et al. 2014). The macroscale is the
scale relevant for the integrated understandirgrger engineering or natural systems (e.qg.,
reactors, aquifers). The mesoscale links the m&no-the macroscale, as it is the scale at
which flow and mass transfer interact with and mkethe biofilm structures (Eberl et al.
2000). The focus of this study is the mesoscajmious media or porescale. The processes

that drive growth of biofilms are complicated by ttomplexity of the pore space in which
4
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they grow in natural porous media, and by the faeklmechanisms between pore clogging
from biofilm growth and solute transport (to deliveutrients and carry away wastes). Subtle
changes to the pore structure have been reportafteitt pore velocities and characteristic
length scales (i.e. pore radii) by orders of magtet(Seymour et al. 2004, Holzner et al.
2015). Porous media can be considered as netwbdamnected three-dimensional
roughness elements or corners representative .odalg or filters but also of many other

pore-scale environments in which biofilms develop.

Biofilm development in porous structures resultvrbighly diverse and complex phenomena.
For instance, the growth of biofilms was identiftednduce the formation of preferential
flow paths, while the interplay between biofilm gith, detachment, decay and lysis was
numerically shown to cause the intermittent shgftori these flow paths (Bottero et al. 2013).
Locally, the intricate geometry of the pore netwarkd the evolving flow field during biofilm
growth influence competition between bacterial camites, as slow growing or non-EPS-
producing bacteria can outcompete fast growingRB$producing ones (Coyte et al. 2017,
Nadell et al. 2017). Various studies of biofiimrfmation at the porescale mainly considered
porous media with two-dimensional pore-networkbegiexperimentally (Drescher et al.
2013, Qian et al. 2017) or numerically (Kapellogle®2007). The use of new imaging
methods such as Optical Coherence Tomography (@IBWs linking biofilm formation to
local hydrodynamic conditions and overall systemiggenances (Xi et al. 2006, Wagner et al.
2010a, Derlon et al. 2012). OCT allows imagingltiadilm physical structure at the meso-
scale. But OCT can also be combined with fluid flemdeling to study flow dynamics (Gao
et al. 2014, Weiss et al. 2015). However, the patieh depth of the OCT’s signal is limited
to around 2 mm in biofilms, which restrains the laggtion of OCT for monitoring biofilm
formation in 3D porous media. Another relevant mdtis magnetic resonance imaging

(MRI). MRI has been used to investigate transpat@sses in progressively bioclogged 3D



109  porous media at the pore (Seymour et al. 2004 )patite Darcy scale (Codd et al. 2011).

110 Wagner et al. (2010b) used MRI to study the linknleen the biofilm formation in a tubular
111 reactor and its influence on the 3D velocity disition. Results from MRI imaging revealed
112 that biofilm patches could resist maximum localastsresses up to seven times higher than
113  the mean ones. However, several aspects limit a gjighlication of MRI to study of biofilm
114  formation in porous media: access to device, cbteoapparatus and use of dedicated flow-
115 cells adapted to the MRI, etc. Despite recent meggs, the availability of experimental

116  methods to provide information about both the poaksflow and biofilm development in

117  fully 3D porous media remains limited.

118  Experimental data on porescale biofilm properties laydrodynamics are also required to

119  validate numerical models developed to predictilomoformation in porous media. A

120 parameter of interest is the biofilm shear strergtie resistance of biofilms to shear exerted
121 by the surrounding fluid. The biofilm shear strdnt experimentally challenging to measure
122  and vary with the growth conditions and bacterpkt Yet, many models often use a default
123 value of the biofilms shear strength that may reotdpresentative of their biofilms, thus

124  highlighting the need for direct measurements ofilon shear strength in 3D porous media.
125  This is reinforced by the wide distributions of filim shear strengths mentioned in recent

126  studies (e.g. Stewart (2014)), which can be atiedbto the natural heterogeneous distribution
127  of material properties of biofilms (Stewart andrikizn 2008), but also to the distribution of
128  wall shear stresses exerted by fluid flow on bin§ilas a consequence of velocity gradients in
129  the biofilm vicinity (Stewart 2014). Additionallyhe wall shear stresses exerted on the

130  biofilm are very often roughly approximated basedfwe initial hydrodynamic conditions

131 (Derlon et al. 2008, Blauert et al. 2015), thusamtounting for the effect of the biofilm

132 formation on the flow, which increases the uncattaof the assumed biofilm shear strength.
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The goal of this paper is thus to experimentallyestigate the influence of porescale
hydrodynamics and mass transfer processes (sfalgifizvall shear stress and concentration
boundary layer distribution functions) on biofilneveelopment in a transparent 3D porous
media. A biofilm was grown in a 3D porous medium36 hours under a constant volumetric
flow rate with nutrients and electron acceptorspdied in excess. The hydrodynamics were
measured at the porescale with three-dimensiomtatlestracking velocimetry (3D-PTV) in a
clean porous medium and after biofilm growth. Ttracture of the porous medium, along
with the morphology and spatial distribution of thiefilm were obtained with X-ray micro
Computed Tomography (X-ray uCT). The novel combamaof hydrodynamic and structural
data permit direct measurements of the feedbackamesms between biofilm patch
development and the fluid dynamics at the poredcadmswer the following research

guestions:

* How does the growth of the biofilm depend on thealavall shear stress and local
mass transfer processes?
* What is the influence of the growing biofilm on therescale hydrodynamics (pore-

scale velocities, wall shear stresses and condemtfaoundary layer thicknesses)?

2. Material and M ethods
2.1 Porous medium

The porous medium used in this work consists ofdwgbellets (lon Power, Munich,
Germany), a material with physico-chemical progsrgimilar to that of sand grains (Downie
et al. 2012). The diametdy of the pellets is roughly monodisperse and distedaround 2.5
+ 0.5 mm. Nafion is an iono-polymer whose optiedtactive index can easily be matched
(RIM) with aqueous solutions yielding models ofnsparent soil (Downie et al. 2012). Here,

a decent RIM was obtained with a glucose conceotraif 11 % w/v (see Supplementary
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Information 1 for a detailed analysis concerning tifractive index matching optimization).
The Nafion pellets underwent three times the foifgnareatment allowing optimal
transparency. Approximately 20 g. of pellets wéesated up at 65°C for 1 h while stirred at
200 rpm under reflux. Afterwards the pellets weaveled for 30 min at room temperature and

stored overnight at 4°C.

2.2 Biofilm cultivation

The 11% wi/v glucose solution used as a growth nmedliuthis study was prepared with tap
water. In order to enhance the growth of the hétepdic biofilm cultivated in this

experiment, nitrogen and phosphorus were addedhtolar ratio C:N:P of 1000:1:1. This low
ratio is due to the high glucose concentration west not only serving as a carbon source but
also provided the refractive index matching wita Mafion grains. Nitrate (NaN{pwas here
serving both as nitrogen source and electron ascephosphorus was added a$iRO, and
NaHPOy-2H,0accounting for 1/3 and 2/3, respectively, of thtaltphosphorus molecular

ratio, yielding inflow concentrations of 8.14 mg B/L and 18.9 mg P&-PIL.

The mixed species bacterial inoculum used in tiidyswas isolated from the Chriesbach
River (Dubendorf, Switzerland, Desmond et al. (2D1Bhe frozen bacterial inoculum
contained in (2 mL) Eppendorf tubes was added 6D of the growth medium. It was then
incubated for 20-24 h at 30°C and stirred at 200 yntil reaching midlogarithmic phase
(ODg0p 0.52 + 0.096). The incubation procedure was rejuktiiree consecutive times for the
bacteria to adapt to the synthetic carbon sour¢keofrowth medium. For the last incubation
cycle, the Nafion grains were added to the growgdiom to allow initial bacterial
attachment. Upon the incubation, a custom built PMidw-cell (38 x 38 x 16 mnT) was

wet packed with the inoculated Nafion grains. Bstttontaining 10 L of growth medium
were connected to the flow cell with silicon tubifVR, Dietikon, Switzerland) previously

washed with 70% v/v ethanol and thoroughly rinséith @Weionized water. The growth
8
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medium was replaced every 12 h and spiked withmD®@f the inoculum. A peristaltic pump
(Ismatec, Glattbrugg, Switzerland) was used t@satlumetric flow rate of 10 mL/min. As
illustrated in Figure 1 (a), a syringe was used bsbble trap as well as to dampen the
pulsatile flow created by the peristaltic pump.rali¢ and oxygen concentration were sampled
in the effluent every 12 hours and revealed a batterial activity but no actual nutrient

limitations (4.41 = 0.67 mg NON/L and 4.84 + 0.55 mg 4L respectively).

Figurel
2.3 Three-Dimensional Particle Tracking Velocimetry

The three-dimensional particle tracking velocimé8®-PTV) method applied in this work
allows for detection and tracking of flow parti¢ttacers, which move faithfully with the
porewater. Tracking the position of tracer parggbeovides data on velocity and acceleration
along flow trajectories. This method was develofestudy turbulent flows (Hoyer et al.
2005) and was lately adapted to study flows in psmmedia (Holzner et al. 2015). In order to
perform 3D-PTV measurements, the flow cell was eated to a 120 mL syringe mounted on
a syringe pump (Lambda Vit-Fit, Lambda, Baar, Seriand). The volumetric flow rate was
set to 10 mL/min, yielding a Darcy velocigyof 0.27 mm/s. The estimated Reynolds number
wasRe=(q dy/ v= 0.5, wherev is the kinematic viscosity of the glucose aquesnlation { =
1.33 € m?s at 20 °C). The tracer particles were composdhliofescent Red Polyethylene
Microspheres (Cospheric, Santa Barbara, CA USA) witlensity of 1 g/cfrand with a
diameterdr of ca. 70 um (> 90 % between 63 and 75 pm) wededtb the growth medium

to create a suspension. As these patrticles areatigutuoyant, inertial effects are not of

concern and the particles follow the flow reliafijolzner et al. 2015).

For each 3D-PTV measurement, the tracer particieatration added is of 0.02 g/L,
corresponding to a volume fraction of 0.002%, whglow enough to ensure that particle-

particle interactions were not of concern. The faszent tracer particles were illuminated
9
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with a 100 W pulsed Nd:YLF lasex € 527 nmDarwin Duo, Quantronix, Hamden, USA).
Figure 1 (b) shows the setup used for the 3D-PTpéarents. The flow cell was imaged
from both the front and back sides with a Photrastéam SA5 with a resolution of
1024x1024 at 50 frames per second (fps) using an implgees providing 4 stereoscopic
views. Between 30 and 200 particles were trackedrame, yielding ca. 1data points for
every measurement (4549 and 4193 trajectoriehéotitne points T=0and T=36 h
respectively) and 3D particle locations with anuaecy of ca. 50 um (Holzner et al. 2015).
Assuming stationarity of the porescale flow andleeting structural changes induced by
biofilm growth during 3D-PTV experiments (ca. 30npian estimated average inter-particle
distance of ca. 50 um was obtained. Additionalrimi@tion about processing of the 3D-PTV

data and extraction of the wall shear stressegaitadle in the Supplementary Information 2.

2.4 X-ray micro-tomography

Biofilms form porous structures (up to 90 % porgsi{¥Wagner et al. 2010a) with high water
content and densities very close to that of wdatkus, the application of X-ray micro-
tomography to biofilm imaging requires the additafrcontrast agents. Here, we follow the
approach presented by Davit et al. (2011) and ssespension of 0.05 g/mL barium sulfate
(BaSQ) particles (Micropaque, Guerbet, Ziurich, Switzedpas a contrast agent that
emphasizes the porespace free of biofilm. Dawl.€2011) noted the occurrence of biofilm
detachment occurring during the Bagi@ection. Carrel et al. (2017) suggested to use ir
sulfate (FeS@) as a contrast agent by continuously adding it éddibbfilm during culturing
and thus avoiding detachment. However, this apreaald not be applied here without
negatively affecting the RIM. Therefore, Ba§fas used as a contrast agent. In order to
minimize biofilm-contrast agent interactions, thgection of the BaS©was done over 12 h at

a volumetric flow rate 500 times smaller than thengh flow rate.

10
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X-ray uCT scans of the biofilm samples were perfxirat the Swiss Federal Laboratories for
Materials Science and Technology (EMPA, Dubenddwfitzerland) on a custom-built
scanner equipped with a tungsten microfocus sowittecone-beam configuration and a 40 x
40 cnf flat panel detector. Four frames of 1441 projettioere acquired over 3 hours at a
voltage of 80 kV and focused electron beam cumédl5 pA. Reconstruction was
performed as presented in Carrel et al. (2017).rékelution of the obtained tomograms was
of 27 um. A first scan was imaged prior to the atien of the contrast agent, in order to
obtain the structure of the initial porous mediasekond scan was imaged after the injection

of the contrast agent in order to obtain the hiofiloated porous media.

The reconstructed tomograms exhibited beam-hardariifacts which were attributed to the
polychromatic nature of X-rays, the high absorptoefficient of Barium and the non-
homogeneous distribution of the contrast agentiwith These artifacts were mostly localized
near the outermost sides of the anisotropic flolv €aerefore, a central region of sufficient
visualization quality was cropped and used forctmal analysis, where the artifacts were
weaker (with dimensions of 2020 x 16 mm, i.e. 25% of the total flow cell volume).
Contrast enhancement of the different materiathéntomographic image was effectuated
using FIJI (Schindelin et al. 2012). A non-localandilter was then run in Avizo (Thermo
Fisher Scientific, Hillsboro, Oregon, USA) to impsothe signal to noise ratio. Segmentation
was done using Avizo and consisted of watershechsrtation refined with morphological
operations (closing of the solid grains and thédilbmas well as opening of the air bubbles).
The air bubbles that entered the flow cell durimg injection of the contrast agent were
assigned to the liquid phase. Objects smaller tfavoxels were discarded before the final
data evaluation. The procedure presented in Péeehdret al. (2012) was used to measure
pore radii along the skeleton of the void spaced{ahal information concerning the image

segmentation is available in the Supplementaryriné&ion 3). Bounding boxes fitted to the

11
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segmented biofilm patches allowed to extract geomigatures of the patches such as their
aspect ratio, which was obtained by dividing thrgéat axis of the bounding box by its

smallest axis.

2.5 Registration

The X-ray segmented data set and the 3D-PTV t@jestwere registered (e.g. transformed
into one coordinate system) in order to allow alaavestigation of the biofilm - flow
coupling. The registration was performed using st@m registration algorithm. In a first step,
the Lagrangian 3D-PTV flow information was mapp@dacEulerian grid of 81 um size,
corresponding to three times the resolution ofXkray data. The resolution of the X-ray
tomograms (27 pum pixels) was decreased accordinglyre ease of calculation (binning
based on voxel averages). Consecutively, a limaastormation was obtained by a discrete
pseudo - digital volume correlation maximizing théowing criterion:

Yoo = ZmZnZo[VX(m + i'n +j10 + l )][Vp(m,n,o )]
e ZmZnZO[VP(mJ n,o )]

wherei, j, andl are the components of the displacement vda{oy,|), Vx is the segmented
liquid phase of the volumetric X-ray data set &pds the amount of 3D-PTV Lagrangian
data mapped on the Eulerian grid. The fijabbtained for the different data sets were of
88.67% for the clean porous media and of 76.78%h®bioclogged packing. The
uncertainty related to the registration can bermefitto partial volume effects due to the
decreased resolution of the tomograms and to theracy of the 3D-PTV. Figure 2 (a-d)

allows assessing the quality of the registration.

Figure 2

12
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2.5 Calculation of local wall shear stress and eatration boundary layer
thickness

The registered data provided the basis for a lacalysis of hydrodynamic and mass transfer

processes. A first variable of interest is the \ghkar stress,, defined ag,, = ,uZ—:lwhereu

is the dynamic viscosity of the fluid aéﬁlthe velocity gradient defined by the velocity

magnituder and the vecton normal to the triangulated faces of the solid ph&&afion

grains) or to the biofilm surfacén] = 0). In order to evaluate this velocity gradient, the
Lagrangian data was first binned on an Euleriad gfil00 pum mesh size. As the
interparticle distance of the 3D-PTV data was ofs¢apum on average, the Eulerian velocity
field obtained after binning was not perfectlydd, i.e. there were empty voxels which were
not sampled by any fluid particle. The velocitydjemts were then interpolated linearly from
the Eulerian velocity field on the normal of théidsurface (Nafion grains or biofilm)—that
is for all surface patches where velocity inforraatwas available—thus providing access to
the wall shear stress distribution. Velocity predilwithin pores typically exhibit parabolic
profiles (de Anna et al. 2017). The accuracy ferwhall shear stress was estimated at 8% by
comparing both a linear and a quadratic interpatatif the velocity profile to obtain two
different approaches for determining wall sheagsstr The comparison between the two
interpolation methods indicates that the spatisblgion of the velocity map was sufficient to
retrieve wall shear stress with satisfying accur&te that,, was approximated assuming a
no-slip boundary condition at the biofilm surfaceldhus, non-permeable biofilms. However,
several authors showed that biofilms are permeatdehave networks of submicroscopic
channels (Davit et al. 2013, Stoodley et al. 1994)ce the permeability of biofilms is
generally fairly low (Deng et al. 2013), we infeat its influence on the approximation of the
wall shear stresses is negligible. A second vagiabinterest that allows assessment of the

interplay of mass transfer conditions on biofilnvelepment is the concentration boundary

13
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layer thicknesg.. The mass transfer coefficielt = D, /5 indicates the rate at which
substrate or electron acceptors diffuse over tine@atration boundary layer thickneggrom
the bulk of the pore network towards the surfacthefgrain. Therefore, nutrient limitations
are less prone to occur for small concentratiombauy layer thicknesses. In order to
estimatej., we firstly consider that it is linked to the hgdfic boundary layer thickneggas
5. = &8,/Sc*/3, where the Schmidt numb&c = v/D expresses the ratio of momentum
diffusivity (v) to mass diffusivity D). The thicknesse% ando, are commonly defined as
lengths stretching normally from the substraturthi99th percentile of fully developed
concentration or velocity profiles respectively.reledue to the intricate substratum
geometries and velocity profiles, the hydraulic haary layer thickness, is approximated by

considering the length scale associated with mtdediffusion of momentum as induced by

shear a$, = /V/z_:l . This means that the concentration boundary ltyeknesss; is

proportional tor,, /2. Strictly, at locations with negligible biofilm ¢hboundary layer
thickness should be very small because no appte@abstratum gradient is present. This
implies that using this approach we likely overasties in such locations. In the
comparative analysis below, we are interestederdtiminant factors that control biofilm
growth. Hence, our approach provides an estimatieeolocals that will develop after

biofilm has grown in a given location.

3. Results
3.1 Registered data

Figure 2 presents the results of the registeredP3W-and X-ray data for the central region of
the flow cell for the initial clean porous medium=£ 0 h) in (a) and after 36 h of biofilm
development in (b). Figure 2 (c) and (d) are latase-ups of (a) and (b). The tracer particle
trajectories in Figure 2 are color-coded with tedoeity magnitude, illustrating the

14



326 intermittency of velocities along trajectories tygli of porous media flows (de Anna et al.
327 2013). The increasingly darker coding of the velesialong trajectories reflects the average
328 velocity increase. Additionally, biofilm growth inded substantial changes on the flow field

329  (compare Figure 2 (a) and (b)), which is restridtetewer channels.

330 In Figure 2 (b) biofilm patches are distributecbetween Nafion grains. Note that in Figure 2
331 (b), the flow information is not distributed homag®usly. This could either be caused by
332 flow tracers not sampling stagnation zones or bee#ue view of the particles was obstructed
333 by biofilm patches. The close-ups in Figure 2 (@ &I) show local changes of the flow field
334 upon biofilm growth. The biofilm patches illustrdtan Figure 2 (d) exhibit a high aspect ratio
335 and an orientation approximately aligned with thi&al flow direction. Upon biofilm growth,
336 the channel on the left of the central grain presgm Figure 2 (d) appears to be clogged,
337 indicating that growth of a biofilm patch in a paesults in local obstruction of the flow,

338  which consequently is compensated by significadrdgynamic changes. Figure 2 (e) and (f)
339  present triangulated meshes of the biofilm patghmesented in the close-ups and bounding

340 boxes fitted to each individual patch to extracifibn size and aspect ratio.

341 3.2 Influence of biofilm growth on porescale st#ts

342 In order to quantify the influence of biofilm grdwbn the porescale hydrodynamics, we

343  conduct a statistical analysis on relevant varmblech as the distributions of average

344  porescale velocities, pore radii, wall shear segsand concentration boundary layer

345 thicknesses in the clean and bioclogged porousumnedtigure 3 presents the probability

346  density functions (PDFs), which can be conside@dhalized continuous histograms for the
347 listed variables in the presence and absence binbid-igure 3 (a) presents the PDF of the

348  velocity magnitude for the clean and biocloggedopsrmedium. Upon biofilm growth, there
349 is aslight increase of the average velocity asdlastantial increase of the variance, as seen in

350 the greater frequency in low and high velocitiesafly PDF tailing). These increased tailings
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are typical of flow fields for pore networks of nreasing heterogeneity (Morales et al. 2017,
Siena et al. 2014). This indicates that the groviaiodilm affects the pore structure and leads
to the formation of preferential flow paths (incsed velocity tails) and slow velocity zones
(increased low velocity tail of the PDF). The impatthe biofilm on the pore structure is
further confirmed by Figure 3 (b) showing the prmadii distribution for the clean and
bioclogged packings. With biofilm growth, the avgggore radius decreases from 0.41 mm
to 0.33 mm. Note that these distributions havexqorential tail typical of pore radii

distribution in porous media (Holzner et al. 2015).

Figure3

The wall shear stress distributions obtained agsgated in Figure 3 (c) and span a range of
over two orders of magnitude. With biofilm growthe pore space is reduced and average
velocity increased due to mass conservation, whéavall shear stresses increase
substantially. Figure 3 (d) shows the distributodithe concentration boundary layer
thicknessesg, for the clean and bioclogged porous media. Asrseqguence of the wall shear
stress increase observed previously, the concemtradundary layer thickness decreases

accordingly.

3.3 Local statistical analysis

In this section, we consider the distributions afiables describing the geometry of the pore
network and the local hydrodynamics presentedguiré 3. Of interest is the investigation of
how these variables locally influence the biofilmape themselves changed by the developing
biofilm. We consider all the points of pore netwsrkkeleton (see Figure 2c¢) and investigate
whether biofilm patches develop in their vicinityithin a distance of one pore radius). This
allows us to understand how locally flow and maasdfer influence biofilm development.

For the initial time point (at 0 hrs of biofilm gkbh), this distinction is performed with

hindsight for Nafion faces on which biofilm will delop (BF,0) or those on which it will not

16



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

(N,0). For the bioclogged data (at 36 hrs of biofdrowth), the distinction is made by
classifying surfaces with observable biofilm deysi@nt (BF,36) or Nafion grain surfaces

that remained uncolonized (N,36).

Figure4

Figure 4 (a) and (b) show the PDFs of the poreseateity magnitude in the vicinity of the
developing biofilm (BF) and on uncolonized chanr{@&l} before and after biofilm growth.
The PDFs do not show appreciable differences, atitig that the porescale velocities do not
directly influence the biofilm development. Figutéc) and (d) show a similar comparison
for the pore radii before and after biofilm growttere, a noticeable difference emerges, as
the pore radii where the biofilm initially developee on average smaller than in channels
where no biofilm grows. Additionally, the pore reidi the biofilm vicinity after 36 h of

growth show a substantial shift in distributiong$ggure 4, d) toward smaller overall pores,
particularly in the vicinity of the biofilm. Thisugigests an increase of the biofilm specific
surface area, which is a key parameter for thenesibn of mass transfer characteristics

within biofilms (Horn and Lackner 2014).

Figure5

The distributions of the wall shear stress valugsioed for the surface of the clean Nafion
grains (solid lines) and for the surface of theceas biofilm (dashed lines) are shown in
Figure 5 at a time prior to biofilm growth (a) aaftler biofilm growth (b). Although the
distribution of wall shear stresses is wide witk anthout biofilm presence, a strong
difference between the two types of surfaces ixeable. From these data it is possible to
note that the maximal wall shear stress for th&asas that will not be colonized by the
biofilm are about twice as large as those whereerasiofilm is found at 36 hr. Substantial
differences are also observed for the concentrémumdary layer thicknesses depicted in

Figure 5 (c) and (d). No biofilms were observeddtonize or develop in the high wall shear
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stress regions, despite the small concentrationdemy layers present there, corroborating
that wall shear stress controls biofilm developmerhe present experiment. We conjecture
from these data that too small pores do have seffti¢lux of nutrients to sustain biofilm
growth. Mainly, diffusion is the mechanism for netit mass transfer, which can be limiting.
Too large pores experience high shear, which vepnet to be hydrodynamically
unfavourable for biofilms to become establishe@sBmably the high wall shear detaches

nascent colonies and thus prevents significant fid® developing.

3.4 Morphology of the biofilm patches

Figure 6 (a) shows the PDF of the biofilm patclesihich follows a power law distribution,
where the probability approximately decreases wi¢hinverse of the size. Figure 6 (b) shows
the correlation of biofilm patch sizes with avergogee radii of the clean porous medium in
which the patches grew over the course of the @xget. The biofilm patch size increases
with the pore radii, which is expected since th#filsh patches are confined by the radii. The
largest biofilm patches are found for average rafdd.47 mm, slightly larger than the average
radius of the porous mediurtr{) = 0.41 mm, where the angular brackets denote erage
performed over all measured radii). The largesi eggpear to be associated with rather small
biofilm patches. The wide distribution of the blofipatch sizes indicates that there is no
simple direct relation between the patch size aedobre radii. Figure 6 (c) shows the PDF of
the biofilm patches aspect ratio, which is widelstabuted and displays a rather high average
indicating that elongated shapes are not atypiteglre 6 (d) shows the correlation of biofilm
patch size to aspect ratio, indicating that theimaksize of the biofilm patches decreases
with increasing aspect ratio. The PDF of the bmofthickness, defined as the distance
between the biofilm faces to the closest graindarsepresented in Figure 6 (e). The wide
range of biofilm thicknesses observed reflectgpdehiness of the biofilm morphologies
visible in Figure 3 (e) and (f). Finally, Figurgf depicts the correlation of biofilm thickness
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with initial wall shear stress, showing that thexmaal biofilm thickness tends to decrease

with increasing wall shear stresses.

Figure 6
3.5 Relation between porescale velocities and radii

Figure 7 shows joint PDFs of the normalized velpaitd of the normalized pore radius for
the clean porous medium (a) and the bioclogged unedb). Holzner et al. (Holzner et al.
2015) conjectured the dependence of the maximumspale velocity,, on the pore radius

according to the power law:
U = Vo (1p/10)%, —2< a <2

wherev andrg represent characteristic velocities and pore rathié exponent is a
parameter reflecting the pore network geometrysaretches from -2 for a completely serial
pore arrangement (few pathways through which wedarflow) to 2 for a completely parallel
one (many equally probably pathways for water @avjl The limits to this power law scaling
are indicated in Figure 7 as a dashed-dotted alaslaed line. The white circles show the
conditional average af'<v> onrp /<rp> and the continuous line shows a power law fitted t
the conditional average. The fitted exponent iedats imbedded text in the figures. The
width of the joint PDFs of /(v) andr, /( 1p) increases with biofilm growth, but are found
within the scaling corresponding to completely jatar serial pore arrangements. The
exponents measured decrease from 0.257 to 0.G&&tireg how the pore arrangement

changes from parallel towards more serial withibofrowth.

Figure?7
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4. Discussion
4.1 How does the growth of the biofilm depend anltcal wall shear stress and

local mass transfer processes?

The overarching goal of this study is to providpersmental evidence allowing to delineate
the influence of porous medium geometry, flow arasatransfer processes on the formation
of biofilms in a 3D porous medium. The results aled indicate that, in 3D porous media
representative of some natural and engineeringssstbiofilms are exposed to wide
distributions of wall shear stresses and conceatrdtoundary layer thicknesses. Biofilm
especially tends to develop in low wall shear stregions (Figure 5 (a) and (b)). After 36 h
of growth, results from X-ray pCT and 3D-PTV reezhthat biofilm formation occurred in
the regions of low shear stresses, while no or i@mbiofilm formation was observed in the
regions of high shear stresses. Conversely, massfér did not seem to play any role,
consistent with presence of nutrient and electemeptors in excess. Had mass transfer been
a key variable, we would expect less biofilm toelep in the regions where the
concentration boundary layer is thick (see Figue)@and (d)). It is important to note that this
differs, but does not conflict with, studies on tesia adhesion to clean surfaces, which are
found to preferentially accumulate in high shegiars (Rusconi et al., 2014). Those studies
focus on the initial adhesion of biofilm forminglise while the current work concentrates on
biofilm development of uniformly attached cells @hgrains surfaces, which we observe is

shaped by the local hydrodynamics.

The average of the wall shear stress distribugwasented in Figure 5 (a) and (b) in the
vicinity of the biofilm and at the surface of tharb grains shows a ca. 1.8 fold increase over
the course of the experiment (see Table 1). Thease of the maximal wall shear stress
measured is substantially higher (2.5) for the lgaaéns than at the biofilm surface (1.4).

Differences in the increase of the maximal valuessared for the biofilm compared to the
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bare grains suggests that there is a threshold streas in the system that the biofilm cannot
withstand. This would imply a biofilm shear or cehe strength of ca. 0.02 Nfmwhich is
on the lower end of biofilm shear strengths obsgesperimentally elsewhere (Stewart

2014).

Tablel

The largest biofilm patch sizes were found in parieidii close to the average radii, but the
wide distribution observed for the patch sizesrditlindicate that the local geometry of the
pore network was substantially influencing biofitlevelopment. The maximal thickness of
the biofilm patches decreased with increasing slalar stress, showing that for the given
porous medium and under the present growth comditithe wall shear stress played a

predominant role on controlling biofilm development

4.2 What is the influence of the growing biofilm tire porescale
hydrodynamics

The prevalence of low wall shear stresses in tbiaity of the biofilms could be attributed to
the impact of the growing biofilm on the poresdayelrodynamics. Coyte et al. (2017)
showed that the local development of a tiny biofdatch induced an additional pressure drop
at a given location of the pore network, which Heslin substantial non-local changes in the
overall flow field. In the present study, the floate was kept constant over the course of the
experiment. Invoking mass conservation and assuthatghe biofilm is homogeneously
distributed over a typical cylindrical pore (Thudinand Baveye 2008) would mean that the
average velocity would increase in an inverse catadrelation relative to the pore radius

(v «x Q/(mr?) (see dashed-dotted lines on Figure 7). Howeveheadata presented in this
study show, the biofilm is not homogeneously dtted at the grain surface. Furthermore,
even if the flow rate were kept constant such thefpressure gradient increased at the flow

cell scale, locally, it is possible to have zondéhwnly small pressure gradient variations. For
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similar pressure gradients, according to Poisesiiléev, the velocity is proportional to the
square of the radiug (e 72 see dashed lines on Figure 7), so that low velweigjons or
stagnant zones can form with biofilm growth. Thesesiderations suggest that predicting the
local impact of the growth of biofilm on the poratehydrodynamics is far from trivial, as

for example, porescale velocities could increasgearease with the pore radius variation.
The complex interactions between biofilm developtaemd porescale hydrodynamics is
illustrated by the radius-velocity relation presghin Figure 7. The experimental data
presented in this study shows that there is a foomaf high velocity regions, as also

indicated by the high velocity tails of the velgamhagnitude PDFs (Figure 3 a).
4.3 Significance

To our knowledge, our work is one of the first esipeental studies of the biofilm shear
strength in three-dimensional porous media. Itnpartant to note that the small wall shear
stress values obtained here are of the same drdeaignitude than values obtained elsewhere
for low Reynolds number flows (Nadell et al. 20806ng et al. 2014). If we consider
variability in shear strengths from different typgdiofilms, the direct measurements of wall
shear strength presented here are on the lowesfaradues reported in other studies (0.1 to
more than 10°000 N/fnas reported in Méhle et al. (2007), Derlon e{2008) or Stewart
(2014)). The ability of measuring in-situ the biofishear strength in 3D porous media opens
several research opportunities, namely to useaghpsoach for the validation of numerical

models.

Numerical models often rely on default values affibh shear strengths obtained from the
literature (Bottero et al. 2013, Pintelon et al12p Our results, however, underline the risk
associated with using generic values for the bioBhear strength, because these values

might relate to non-relevant growth conditions #mas overestimate this system parameter.
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The experimental method introduced in our studyvedl to access realistic biofilm shear
strengths in 3D porous media with an accuracy otiaB%. We suggest that this approach
can hence be used to validate assumptions maadefeerical models of biofilm formation in

3D porous media providing distributions of wall ahstress values local to the biofilm.

Given that both optical camera setups and laborateray scanners become more and more a
standard equipment of many laboratories, our agproffers a viable method to resolve the
geometry of the porous media in conjunction with biofilm morphology as well as
distribution of the local wall shear stresses.rifation of our method is that the X-rays
might inactivate cells of the biofilm, which woulthpact subsequent measurements of
biofilm morphology. In this study, we have analyzsdy one bioclogged state (T=36 h) and
we have not quantified this possible influence,chiitherefore remains a subject of future
work. Possible alternative methods, which wouldswter from this limitation, are based on
magnetic resonance microscopy adapting the appioacduced by (Wagner et al. 2010b) to
3D porous media or by combining 3D geometries olehifrom X-ray micro-tomography

with numerical studies of coupled flow and biofigrowth (Peszynska et al. 2016). Each of
these approaches (PTV-X-ray combination, magnetomance and X-ray - numerical
simulation combination) has its own strengths aedkmesses with respect to spatial
resolution, accuracy and assumptions made congebnifilm-flow coupling. The magnetic
resonance approach offers even finer (< 50 pum)adpasolution than the present approach
and does not require index matching or referenbetgeen flow and biofilm data because all
phases are extracted from the same data set. Hovitegenot trivial to distinguish between
flow in pore spaces and fluid inside biofilms besmabiofilms tend to be permeable and the
magnetic resonance signal also captures flow irtbieldiofilm (e.g. Seymour et al. 2004).
Numerical simulations based on X-ray geometriesroféry high resolution and accuracy.

However, assumptions must be made, for example&getnimg the permeability of the biofilm
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or biofilm growth (e.g. von Schulenburg et al. 20B8ttero et al. 2013). There is therefore no
bestapproach but rather the optimal method shouldiosen depending on the specific setup

and research goal in mind.

5. Conclusions
This study presents experimental measurements @sgale hydrodynamics, porespace

structure and biofilm morphology in a progressivieigclogged porous medium with the aim
of delineating the influence of the porespace gepmwall shear stresses, and mass transfer
processes on biofilm growth. The local wall sheegss measurements revealed that the
attachment and development of biofilm patches wasrolled by the local wall shear stress.
Biofilm formation occurred in the regions of lowesdr stresses, while no significant amount
of biofilm grew in the regions of high shear stessBiofilms were found at local wall shear
stresses up to 0.02 N, which defines a maximalrsgteength of the biofilm in the porous
medium. Mass transfer processes played a secormarfpr growth, consistent with presence
of nutrient and electron acceptors in excess inregperiments. The development of biofilm
substantially influenced the porescale hydrodynapas shown by the significant increase of
the pore velocities and wall shear stresses, Inoerms of average value and variance. Given
that the flow rate was kept constant, the incredssrerage pore velocity is a consequence of
the porosity reduction upon biofilm growth. Howeyvgrowth was not homogeneous in space
and resulted in the clogging of certain pores st titie pore scale flow arrangement changed
from a predominantly parallel configuration towaedmore serial one. This is a manifestation
of the formation of preferential flow pathways hretbioclogged porous medium. We propose
that, based on this method, measured biofilm s$teangth could be used to validate models
used in numerical simulations of biofilm growthpgarous media. Furthermore, the growth
conditions used in the current study could be taddo provide experimental data for
practical applications that seek to optimize brofthickness or specific surface area and that
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upscale mass transfer processes to practicallyaelescales of sand or trickling filters.
Finally, with the fast pace of development of 3hping technology (in terms of printable
materials, geometries and scales accessible) DhgiBting of Nafion (James et al. 2015)
might soon allow similar investigations in otheogeetries (non-granular porous media,

membrane feed spacer channels) and at scalesnefevather practical applications.
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Table 1: Average and maximal values of the wall shear stresssured at the location of the
nascent biofilm and at the surface of the biofisnagell as at the surface of the solid grains at
the start and end of the experiment. The distinatvas here performed by considering the
data in one radius distance of the solid (Naficairgs (N) or biofilm (BF) faces)Istands for
the increase factor between the initial correspogaalue and the value obtained after

biofilm growth.

<ty> (N/n?) max(w) (N/mP)
T=0h T=36h d T=0h  T=36h !
BF 0.0037 0.0067 1.8 0.0152 0.0214 1.4
N 0.0065 0.0129 1.9 0.0391 0.0981 2.5

30



740

741

742

743

744

745

746

747

748

List of figures:

Figurel

Figure2

Figure3

Figure4

Figure5

Figure 6

Figure7

31



749

(@)

Peristaltic

Bubble Pump

Trap

W Feed

Waste Solution

(b)

Image
Splitter

* Laser

N /

[

Waste
Flow
Cell Bubble

Trap

E

Camera

750 Figure1: Schematics of the set up used (a) for biofilm gation and (b) for the 3D-PTV

751 measurements.

752

32



753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769
770
771
772
773
774
775
776
777
778

(a) (b) 0.025

(d)

. . 00
y(m) 0.008 oo (m) y (m) 0.008 x (m)

Figure 2: Registered 3D-PTV and X-ray data of the centrakzion the clean (a) and
bioclogged (b) porous medium. The solid surfacesfifw grains and biofilm) represent a
color-coded (Nafion grains in grey and biofilm iregn) Delaunay triangulation of the
segmented X-ray data. (c) and (d) show a local mfiaghion of a pore before and after
biofilm colonization. Black lines in (c) represehe skeleton along which the pore radii were
computed. The colorbar in (d) shows the scale ®f#&locity magnitude used for (a)-(d). The
pore skeleton is not shown in (a), (b) and (d)}ther sake of clarity. (e) shows the biofilm
patches illustrated in (d). (f) shows the samelpd@nd bounding boxes from which the
aspect ratio of the patches were computed. Obgactdler than 10 voxels visible in (e) are

removed in (f).
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continuous line is a power function fitted to tlwnditional average. The exponents of the
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Highlights:

Influence of shear and mass transfer on biofilm growth in porous media is studied
Wide distributions of wall shear stresses and CBL thicknesses measured

The wall shear stress controls biofilm initial attachment and growth
Our method allows estimating the biofilm shear for a substratum of complex geometry

Biofilm growth induces complex changes in the 3D pore-scale hydrodynamics





