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Abstract

Porous media can be found in many technical as well as natural systems. Especially
in the field of water treatment porous media are used within many purification steps.
Their application ranges from the retention of particulate matter, to the adsorption of
soluble compounds, and the settlement of microorganisms to enhance biodegradation.
In many cases the operation is aligned with accumulations (e.g. biological or particulate
origin) within the porous media, which can have a significant burden on the hydraulic

properties and ultimately, on the process performance.

Imaging methods offer the possibility to dynamically resolve accumulation processes
within porous media to gain a better understanding of these processes. However, the
3D-structure of porous media is only accessible to few imaging devices. In the present
dissertation, magnetic resonance imaging (MRI) was used as it is an in-situ, non-
invasive method that is not limited in penetration depth. A benefit of MRI aligns in the

possibility to conduct flow measurements besides of structural images.

By means of MRI accumulation processes within porous media were addressed in
respect to the specific application and current questions. Namely these are: (I) How
does biofilm grow under alternating water level and how does biofilm effect the water
retention? (chapter 2); (II) How is particulate matter retained once water is pumped
into aerobic granular sludge (AGS) systems? (chapter 3); and (Ill) How is particulate
matter retained by granulated activated carbon (GAC) filters and how does it influence

the local flow field? (chapter 4).

In chapter 2 the biofilm growth under alternating water level was addressed. The
approach allowed to visualize all four fractions (biofilm, porous media, water, air)
dynamically and spatially resolved. Biofilm was found to preferentially grow within
permanently wetted areas, mainly next to the contact points between two spheres or
between sphere and glass column. To a lower extend biofilm was found on the free
surface of spheres or within the void space. The water retention was increased due to
biofilm growth after drainage events. Vice versa, more entrapment of air was found
after the flushing events. Further, the connectivity within the liquid phase increased
during the experiment indicating that biofilm might enhance diffusive transport

processes under partially saturated conditions.



Chapter 3 addressed the transport and retention behavior of particles once they enter
into aerobic granular sludge (AGS) systems. The results indicated that the size of
particles governs their fate within AGS systems. Particles in the nanometer range were
able to penetrate and immobilize within the biofilm. Overall the nanoparticles were
immobilized near the surface and did not penetrate deeper than 300 pum. Particles in
the micrometer range were retained at the surface of aerobic granules and
accumulated within the voids. Due to the size of these accumulations, particles were
to a large extend not in contact with the aerobic granules and thus, not attached. During
the following aeration cycle of AGS systems, those particles will be redistributed
together with the AGS itself and become available for the whole biomass for

attachment and degradation.

Chapter 4 deals with the retention of suspended solids (SS) onto a granulated activated
carbon (GAC) filter and its impact on the local flow field. During the top-down filtration,
SS were retained above and within the GAC filter. The stepwise addition of wastewater
allowed to observe the buildup of a deposit layer, redistribution within the porous media
as well as changing inflow points and the occurrence of higher velocities. The
occurrence of preferential inflow points revealed that the deposit layer did not cover
the entire surface. Further, the ongoing accumulation within pore throats and the
compaction of SS indicated potential ways to increase the pressure loss. Channeling
was observed from the start of the experiment. With an equivalent velocity of 28.8 m/h
the measurement is 2.3 times higher than assumed by applying an average filter
velocity of 5 m/h, even when taking the porosity (40%) into account (12.5 m/h). The
equivalent velocity further increased up to 100.8 m/h at the end of the experiment.
Overall the filtration process remains unfavorable due to the compaction and ongoing

pore blockage, which have the potential to drastically increase the pressure loss.

Overall the results highlight the suitability of MRI to resolve processes dynamically
within porous media. Through individually chosen image analysis, parameter setting
and experimental procedure it was possible to visualize the multi component systems
in each case. Further, the results reveal unique observations of deposition
mechanisms within porous media that extend the current knowledge and may serve

for the optimization of the corresponding real scale applications.



Zusammenfassung

Porose Medien finden sich in technischen oder naturlichen Systemen wieder. Speziell
in der Wasser- und Abwasseraufbereitung sind porése Medien weit verbreitet. So
werden Festbettfilter gezielt zum Rlckhalt von partikularen Stoffen verwendet, dienen
der Adsorption von gelosten Stoffen, oder fungieren als Aufwuchsflache fur
Mikroorganismen, um den biologische Abbau zu verbessern. Wahrend dem Betrieb
kommt es innerhalb der porésen Medien zu Ablagerungen, die einen mafigebenden
Einfluss auf die hydraulischen Eigenschaften und damit einhergehend auf die Leistung

dieser Verfahren nehmen kdénnen.

Mithilfe bildgebender Verfahren lassen sich detaillierte Aufnahmen der
Ablagerungsvorgange anfertigen. Diese dienen der qualitativen Prozessaufklarung
realer Systeme und kdnnen zu deren Optimierung herangezogen werden. Aufgrund
der 3-dimensionalen Struktur sind porése Medien nur wenigen bildgebenden
Verfahren  zuganglich. In der gegenwartigen Dissertation wurde die
Magnetresonanztomographie (MRI; engl. Magnetic Resonance Imaging) verwendet,
aufgrund der Moglichkeit Aufnahmen in-situ, zerstorungsfrei und ohne
Tiefenlimitierung anzufertigen. Zudem lassen sich mithilfe der MRI neben strukturellen

Aufnahmen auch Stromungsmessungen durchfihren.

In der gegenwartigen Arbeit wurde sich im Detail mit den folgenden drei Themen
befasst: (I) Dem Aufwuchs von Biofilm auf ein pordses Medium unter alternierender
Wasserverfugbarkeit; (II) Dem Verbleib von Partikeln innerhalb von granulierten
Belebtschlammbecken wahrend dem anaeroben Fillen des Reaktors; (l1ll) der
Abscheidung von Partikeln innerhalb von granulierten Aktivkohlefiltern und der
einhergehenden Veranderung des Strémungsfeldes.

In Kapitel 2 wurde das Wachstum von Biofilm unter zyklischen Entwasserungs- und
Bewésserungsphasen thematisiert. Der Versuch erlaubte die Visualisierung aller vier
Bestandteile (Biofilm, poréses Medium, Wasser und Luft). Es zeigte sich, dass der
Biofilm hauptsachlich an Porenhalsen aufwuchs, die permament Flissigkeitsbedeckt
blieben. Zu geringerem Ausmal3 wurde der Bewuchs von Hohlraumen oder freier
Oberflachen festgestellt. Durch das Biofiimwachstum wurde die Wasserrickhaltung
nach Entwésserung erhoht. Im Gegenzug erhéhte sich ebenfalls der Einschluss von

Luft nach zyklischer Wasserzufuhr. Zusatzlich konnte eine erhéhte Konnektivitat der



Wasserphase nachgewiesen werden. Dies deutet darauf hin, dass der Biofilm
Stofflibergangsprozesse in teilgesattigten porésen Medien durch den Ruckhalt von

Wasser verbessert.

Kapitel 3 thematisiert den Transport und Rickhaltemechanismen verschiedener
Partikelgruppen innerhalb von porésen Medien aus granuliertem Belebtschlamm. Im
Falle der aeroben Granula wurde gezeigt, dass der Ruckhalteprozess von Partikeln
grolRenabhangig ist. Die Partikel im Nanometerbereich waren in der Lage die aeroben
Granula zu penetrieren. Gleichzeitig fand eine Immobilisation innerhalb des Biofilms
statt, wodurch die Nanopartikel an der Oberflache des Biofilms immobilisierten und
nicht tiefer als 300 um eindrangen. Die Partikel im Mikrometerbereich konnten zu
einem Grol3teil abgefangen werden und sammelten sich in den HohlrAumen zwischen
den aeroben Granula an. Ein Eindringen der Partikel in den Biofilm wurde nicht
festgestellt. Aufgrund der GroRRe der Anhaufungen wird deutlich, dass diese
Uberwiegend nicht direkt an den aeroben Granula anhaften, sondern sich vielmehr in
den Hohlraumen ansammeln. In der darauffolgenden BelUftungsphase des
Reaktorbetriebs werden Partikelansammlungen mitsamt den aeroben Granula
aufgewirbelt, wodurch die Partikel der gesamten Biomasse zwecks Anhaftung und

Abbau zur Verfiigung stehen.

In Kapitel 4 befasst sich mit der Riuckhaltung von partikularen Stoffen (SS; engl.
suspended solids) auf einem granulierten Aktivkohlefilter (GAC; engl. granulated
activated carbon). Bei abwarts gerichteter Durchstromung wurden SS sowohl auf als
auch innerhalb des GAC-Filters zurtickgehalten. Durch die schrittweise Zugabe von
SS konnte der Aufbau des Filterkuchens, Umschichtungen im porésen Medium als
auch Anderungen der Einstromwege und FlieRBgeschwindigkeiten detailliert erfasst
werden. Das Auftreten von bevorzugten Einstromwegen hebt hervor, dass die
Deckschicht nicht die komplette Oberflache bedeckte, und SS tiefer in das porése
Medium eingetragen wurden. Neben der Bedeckung des Filters, zeigte eine
zunehmende Blockade von Porenhalsen und Komprimierung von SS moégliche Grinde
fur die schnell ansteigenden Druckverluste auf, die in realen oder pilot-Anlagen
beobachtet wurden. Channeling war bereits vor Beginn der Filtration prasent. Hier
zeigt sich das mit einer Aquivalentgeschwindigkeit von 28.8 m/h, der GAC Filter
weitaus schneller durchstromt wird wie erwartet. Die Grundannahme einer mittleren
FlielRgeschwindigkeit von 5 m/h bzw. 12.5 m/h (inklusive Porositat), wurde um den
Faktor 2,3 dbertroffen. Mit zunehmender Filtrationsdauer wurden die
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Channelingeffekte deutlicher. Nach 3.75 h wurde eine Aquivalentgeschwindigkeit von
68.4 m/h gemessen, die nach 7.75 h auf 100.8 m/h anstieg. Insgesamt ist der
Filtrationsprozess aufgrund des rasch zu erwartenden Druckanstiegs nachteilig,
weshalb eine separierte und vorgeschaltete Filtration plausibler fur die Prozessfihrung

erscheint.

Die Ergebnisse verdeutlichen die Eignung der MRI zur Prozessaufklarung von
Ablagerungsprozessen in porésen Medien. Mithilfe der MRI war es moglich,
Multikomponentensysteme durch die Auswahl der Aufnahmeparameter und
weitergehender Bildanalyse zu visualisieren und zeitlich nachzuverfolgen. Weiterhin
stellen die Ergebnisse einzigartige Abbildungen der Ablagerungsvorgange dynamisch
dar, die das bestehende Wissen erweitern und zur Optimierung grof3technischer

Prozessablaufe beitragen kdnnen.
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homogenously along the height of the granular sludge bed. The accumulation of MCPs
in experiment 2 is mainly affected by the geometry of the flow path. The amount of
accumulated WWPs in experiment 3 decreases sharply within the first millimeters. .47

Figure 4-1: Experimental setup of the MRI experiments. In each cycle 0.2 L of
pretreated wastewater were added to the GAC packed column. The upper 1.5 cm and
liquid phase above the GAC filter were investigated in time and spatially resolved
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Figure 4-2: Image analysis of 3D measurements. Datasets recorded with the lowest
(3.75 ms) and highest (15 ms) echo time were used. After image processing both

datasets were merged and further rendered for 3D visualization only....................... 57
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Figure 4-3: Normalized 2D-images show the GAC filter structure and the accumulation
of SS. With ongoing addition of wastewater, SS accumulation is dominantly observed

at the bulk — GAC interface, resulting in a deposit layer. ............cccccvveiiiiiiiniiiiiiiiiiens 58

Figure 4-4: Rendered 3D images and height profiles of the experiment afterOL; 3.2 L
and 6.4 L of wastewater passed through the GAC filter. Particles accumulate above
GAC filter by formation of a deposit layer. In addition, the accumulation of SS the GAC
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Figure 4-5: 2D sagittal flow images revealing flow profiles within the bulk liquid above
the GAC filter. The accumulation of SS causes redistributions of GAC and accumulated
SS at the top of the GAC filter aligned with changing inflow points into the GAC filter.

Formation of channeling can be recognized. ..........ccccccoviiiiiiiieeee 60

Figure 4-6: Axial flow maps before (I), after 3.0 L (Il) and 6.2 L (Ill) addition of
wastewater. Corresponding volume flow distributions are presented in (IV) as
probability density and (V) cumulative density function. Characteristic values of Table
4-2 (mode and equivalent velocity) are highlighted within the diagram. The
accumulation of SS promotes channeling effects and leads to higher equivalent
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Chapter 1. Fundamentals

1 Fundamentals

1.1 Porous media in water treatment

Packed bed filters are applied within several purification steps in water treatment due
to their simple design and operation. The treatment is adapted from nature as water is
purified by passing through river banks or soils (Crittenden et al. 2012). Dependent on
its integration, the treatment may serve the following purification purposes in water
treatment (Crittenden et al. 2012, Gujer 1999, Jekel and Czekalla 2016):

e to retain suspended solids

e to retain colloids and lower turbidity

e to reduce microbial content

e as habitat for microorganisms ongoing with biological degradation of chemical
compounds

e as adsorbent material for dissolved chemical compounds

Dependent on the aim of the treatment step a variation of operation and filter material
can be found. The porous media may consist of sand, lava rock, pumice, gravel,
plastic, or granular activated carbon (Crittenden et al. 2012). Further, a combination of
materials is possible in dual media filters. Due to operational cost, the height potential
between inlet and outlet is commonly used as driving force to create a flow in top-down
direction. Treatments are further divided in respect to their filter velocity. Slow sand
filtration (0.06 — 0.3 m/h) aims at removing suspended solids, turbidity,
microorganisms, and allows for sufficient time for biological degradation (Gujer 1999).
The development of a “Schmutzdecke” is aligned with the ripening during slow
filtration. In here, the major fraction of suspended particles, microorganisms, and
colloids is retained due to the “Schmutzdecke” at the filter surface (Gujer 1999).
However, within urban areas higher throughputs and more compact designs are often
required. To increase throughput, rapid filtration with filter velocities of 6 — 15 m/h is
applied, which primarily aims at decreasing the amount of suspended solids (Gujer
1999). In here, particle retention is achieved throughout the whole filter height via deep
bed filtration (Crittenden et al. 2012, Gujer 1999). During operation microorganisms
can settle on the filter material and lead to the formation of biofiims. Due to the
biological degradation of chemical compounds the formation of biofilms is often seen
as a desirable aspect (Crittenden et al. 2012, Gujer 1999, Jekel and Czekalla 2016).
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However, in both cases the hydrodynamic conditions are altered during operation and
may require backwashing to a certain extend (Crittenden et al. 2012, Gujer 1999, Jekel
and Czekalla 2016).

In the following, the mechanisms of particle filtration within porous media are further
outlined in chapter 1.2. In addition details on the biofilm growth onto porous media are
provided in chapter 0. Finally, imaging methods to study alterations within porous
media (i.e. biofilm growth or particle retention) are introduced and an overview on
applications is provided (chapter 1.5).
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1.2 Particle retention in porous media

Overall the particle retention within porous media can be divided into transport (chapter
1.2.1) and attachment processes 1.2.2. Further, the retention of particles results in

filtration mechanisms which are outlined in chapter 1.3.

1.2.1 Particle transport towards porous media

For simplification purposes the fundamental transport processes are reduced to a
single patrticle in the liquid which is introduced within an applied flow field. The flow
field within packed beds in wastewater treatment is typically laminar. This implies that
flow usually follows streamlines. The first step of retention is the transport from the
liquid phase towards the surface of the porous media. For the case that particles strictly

follow a streamline, scenario (a) and (b) are plausible transport scenarios:

Straining (a) occurs if a particle is too large in diameter and retained by the smaller

pore throat. In that case, the pore throat might be entirely blocked.

Interception (b) becomes relevant if particles pass a porous structure on a streamline

which is located close enough to get attracted by surface forces.

If the density of the particle is higher than of the liquid, the particles will not entirely
follow streamlines (Crittenden et al. 2012). Thus, the scenarios (c), (d), and (e) are

plausible:

Inertia (c) may cause the transport towards a porous structure as particles are not able
to follow a streamline. The difference in trajectory can lead to a collision between
particle and packed bed. The effect can be increased by applying higher average filter

velocities.

Sedimentation (d) can become important for large particles with a significant higher
density than water. The sedimentation velocity can be described according to stokes’

law.

Diffusion (e) due to Brownian movement particles can randomly move independent of
the streamlines. The process becomes relevant with decreasing diameter. For particles

larger than 1 um drag forces become restrictive and allow to neglect diffusion.

In addition, electrostatic attraction and hydrodynamic conditions (turbulence) can
transport particles towards the porous media. However, these can be neglected within

the field of water treatment.
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Figure 1-1: Transport processes towards the surface of a porous media after
Sutherland and Chase (2011). Particles can be transported towards the surface of a
porous medium due to straining (a), interception (b), inertia (c), sedimentation (d),
and diffusion (e). Often several transport mechanisms are occurring simultaneously.

Overall, the above listed transport processes do not necessarily exclude each other.
Thus, particles are likely affected by several of the mentioned transport processes at

the same time (Crittenden et al. 2012).

1.2.2 Particle attachment at porous media

After a transport towards the porous media, particles have to be attracted to ensure an
attachment. In here attracting forces in form of van der Waals forces and repulsive
forces in form of electrostatic forces counteract each other. The resulting force can be
described according to the DLVO theory and results in two characteristic minima. The
first minimum at very short distances is irreversible due to the strong attracting force.
However, a repulsive maximum must be overcome to bring particles close enough.
The second minimum is characterized by a much lower energy barrier to overcome
and lower attractive forces. Therefore, particles can be disconnected by shear forces,
which allow for a reversible attachment process (Anlauf 2019, Crittenden et al. 2012).
In water treatment most particles possess negative surface charges which result in
strong electrostatic repulsion. Possibilities to lower electrostatic repulsion and thus, to
improve attachment of particles are the addition of positive charged flocculent or an
adjustment of pH-Value towards the isoelectric point.
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1.3 Filtration mechanisms

Dependent on the particle size, flow velocity, concentration of particles and pore size
different filtration mechanism occur. In addition, the dominant effect may change with
ongoing filtration time. With ongoing particle deposition not only the interaction
between particle and porous medium have to be considered but also the particles can
retain themselves by creating a deposit layer. The characteristic filtration models are

described below:

(a) Sieve filtration occurs when the particle size is in a similar size range than the
pore throat. Thus, pore throats might be completely blocked leading to a strong
pressure drop (Anlauf 2019). Even though, sieve filtration is unlikely to be
completely avoided the extend should be reduced by preconditioning of particle
size and/or avoiding typical particle size close to the dimension of the pore
throat.

(b) Depth filtration is often desired for packed bed filters, as the particle depositions
are distributed over the whole filter height which allows for a higher loading per
cycle (Altmann et al. 2016, Jekel and Czekalla 2016). The mechanism is favored
by using coarse porous materials compared to the particle sizes.

(c) Cake filtration is occurring at the filter surface. In here, particles form bridges
over pore throats that still allow for a flow to pass through the pore (no entire
blockage). Ongoing patrticle retention is taking place by the particles itself. The
process is preferred in many engineering applications, as the pressure drop
increases less than compared to other filtration mechanisms. Further, the filter
cake can be taken off at specific height to lower the pressure drop. Cake
filtration is favored by applying very low filtration velocities in water treatment
(Crittenden et al. 2012, Gujer 1999, Jekel and Czekalla 2016). Industrial
applications take advantage of pretreatments like agglomeration and/or slurry
conditioning (Anlauf 2019).

(d) In some cases intermediate filtration mechanisms develop. Such filtration
processes possess a stronger pressure drop with time than cake filtration but a
lower than deep bed filtration (Anlauf 2019).
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distinguished. If none of the above mentioned filtration mechanisms is dominant,
intermediate filtration might occur.
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1.4 Biofilms and porous media

1.4.1 Biofilm growth within porous media

In a first approach bacteria in porous media could be reduced to its cell size of typically
0.2 — 1 um. However due to the biological activity, ongoing with reproduction of cells
and excretion of extracellular polymeric substance (EPS), it becomes clear that the
occupation of porous media by microorganisms is influenced by several aspects,

retention mechanisms being one aspect among others.

In natural or engineered systems microorganisms are often exposed to harsh or
fluctuating conditions in form of shear, nutrient supply, water availability or temperature
(Tecon and Or 2017). A common response of bacteria to stressful conditions is surface
attachment and the production of EPS, which lead to the formation of biofilms
(Flemming and Wingender 2010). With commonly 75 — 90 % the EPS matrix far
exceeds the volumetric content of cells within biofilms (Costerton 1999). The EPS
matrix is composed of polysaccharides (40 - 95 %), proteins (< 1 - 60 %), nucleic acids
(< 1-10 %), lipids (< 1 - 40 %), inorganic compounds and humic substances
(Flemming and Wingender 2010). Overall, the EPS matrix offers multiple
advantageous for microorganisms located within a biofilm compared to a planktonic

life-style.

Some functions of EPS are (Flemming and Wingender 2010, Or et al. 2007a, Tecon
and Or 2017):

e enhancement of adhesion to surfaces,

e aggregation of bacterial cells enhancing symbiotic effects,

¢ enhancement of mechanical stability and protection against shear forces,
e retention of water and enhancement of desiccation tolerance,

e protective barrier against predators or antimicrobial agents,

e storage of nutrients,

e sorption of compounds and enzymatic activity.

Within porous media alterations of the hydraulic properties are commonly observed
due to the growth of biofilms. Dependent on the application differences in the extend
of biofilm coverage can be found. Biofilms within soil typically consist of a few
micrometer thick biofilms with web like structures close to grain-grain contact points

(Or et al. 2007a, Tecon and Or 2017). On the other hand an extensive growth of biofilm

7
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is observed in technical system which can lead to a recognizable pressure drop or
even clogging of the systems, similar to filtration processes (Kim et al. 2010, Pintelon
et al. 2012, Volk et al. 2016).

In regard of the pore size accumulation several forms of biofilm coverage are known
and may affect the hydraulic properties of a porous media in different ways. Possible

scenarios are:

(a) an accumulation of biofilm within the void space. A wide accumulation of biofilm
within porous media is often observed in lab-scale experiments under ideal growth
conditions (excess nutrient supply, and low to moderate flow velocities). The growth
may lead to the occurrence of channeling with high shear forces present or a complete

clogging of the system (Kim et al. 2010, Pintelon et al. 2012).

(b) surface coverage of biofilm over the porous media. A surface coverage as dominant
growth mechanism is tendentially enhanced within porous media with a coarse grain

size or a general growth limiting factor (Kim et al. 2010, Tecon and Or 2017).

(c) pore throat coverage of biofilms. The grain-grain contact points may deliver a
geometrical advantage for the growth of biofilms (low bridging distance, low shear

forces or shelter).

(d) discontinuous coverage of biofilms. A discountinous coverage may be present if
strong heterogeneous conditions prevail (e.g. oxygen, nutrient supply, shear forces,

geometrical restrictions) (Carrel et al. 2018).

(e) streamer formation. The formation of streamers is typically observed at high shear
forces or turbulent conditions. The streamer formation may represent competitive

advantages due to an enhanced mass transfer (Valiei et al. 2012).
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Figure 1-3: Potential ways of biofilm coverage With.iniporous media: (a) void space
coverage; (b) surface coverage; (c) pore throat coverage; (d) discontinuous
coverage; (e) streamer shaped growth.
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Overall, the structure of a biofilm on the mesoscale is largely affected through the flow
velocity in terms of mass transfer and shear forces, nutrient and oxygen availability
and geometrical conditions of the solid interface biofilms attach on. It should be pointed
out that the simultaneous occurrence of several growth mechanisms is likely and may
lead to intermediate growth structures. Further, a dominant growth structure may

change due to local conditions and during initial stages of biofilm growth.

1.4.2 Aerobic granular sludge

Aerobic granular sludge (AGS) represent a special case. In here, the spherically
shaped biofilm itself form a porous media during the settling phase. Within the
engineered system, the growth of aerobic granules is favored by anaerobic feeding,

high shear stress and withdraw of excess sludge.

Overall the AGS-technology has several competitive advantages over the commonly

applied activated sludge process:

e The whole biological treatment can take place within one reactor due to a
seguencing batch reactor design. Thus, investment costs for the build up as well
as operational costs (pumping costs) can be saved.

e Due to the size and microbial density a higher turnover per volume can be
realized. Ongoing is a higher settling velocity of AGS compared to activated
sludge. Thus, the settling time can be reduced, leading to shorter process

intervals.
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e The AGS-technology fulfills advanced treatments as the removal of
phosphorous and nitrogen sources can be realized in parallel (Derlon et al.
2016, HaskoningDHV 2020, Wilén et al. 2018).

Structure of aerobic granules

Due to the size of aerobic granules in the range of a few millimeters, different zones
within aerobic granules ongoing with varying consortia of microorganisms develop

Figure 1-4.

The aerobic zone (outer area) of AGS is supplied with oxygen during the aeration
phase. In here, the biological oxidation of organic substances and the nitrification of
ammonia take place. Organic substances are typically summarized in form of a
parameter that measures the oxygen uptake during the oxidation of organic
substances (termed Chemical oxygen demand COD).Through process design the
growth of slow growing microorganisms like phosphate accumulating organisms
(PAOSs) and glycogen accumulating organisms (GAOSs) is favored (de Kreuk and Van
Loosdrecht 2004). The accumulation of PAO/GAOs has several advantages.
PAO/GAOs increase the stability and compactness of AGS (de Kreuk and Van
Loosdrecht 2004). Further, PAO/GAOs possess a lower metabolic yield, which lowers
the amount of biomass that has to be disposed (Maurer et al. 1997). Especially the
growth of PAOs is beneficial as they are able to take up phosphorous from the liquid

phase, which improves water quality.

With increasing depth, the oxygen availability becomes lower. The area that is no
longer supplied with dissolved oxygen during aerobic phase is called anoxic zone. As
dissolved oxygen is not available, microorganisms have to use other electron
acceptors as for example nitrate or nitrite (termed NOXx). Generally those
microorganisms are called denitrifiers. The purpose of a permanently anoxic zone
aligns in the simultaneous denitrification within the anoxic zone combined with a
nitrification within the aerobic zone (Derlon et al. 2016). Thus, not only ammonia but
also NOx can be degraded during an aeration phase. Also phosphate and glycogen
accumulating organisms are found in the anoxic zone. Due to their ability to perform
denitrification, they are called DPAOs/DGAOS.

10



Chapter 1. Fundamentals
aerobic layer

COD +0,—CO; + HZO e oxidation of COD
y A e nitrification
NH4+ _{_’/02_) ) ¢ fixation of phosphate

anoxic layer
e denitrification
o fixation of phosphate

|
|

anaerobic layer

Figure 1-4: Sketch of an aerobic granule. Within the specific zones (aerobic, anoxic
and anoxic layer) specific consortia of microorganisms settle and allow for the
degradation of carbon, nitrogen and phosphorous sources within one treatment
(After Wilén et al. (2018)).

Aerobic granules in sequencing batch reactors

The growth of biofilms in form of AGS is favored by the circumstances realized within

sequencing batch reactors. One cycle consists of three phases (Figure 1-5).

During the anaerobic feast phase, the AGS are settled at the bottom of the reactor,
where they form a porous medium. Wastewater enters the reactor from the bottom.
Simultaneously, water is discharged at the top of the reactor (Figure 1-5a). Typically
50% of the reactor volume is exchanged during one anaerobic feeding phase (Wilén
et al. 2018). The anaerobic feeding favors the growth of PAOs and GAOs as they are
able to take up easy biological degradable chemical oxygen demand (COD) without
the presence of an electron acceptor (de Kreuk and Van Loosdrecht 2004). Slowly
biodegradable COD is further metabolized into Polyhydroxyalkanoate (PHAS) that are
stored within the cell. The energy is taken from stored glycogen (Maurer et al. 1997).
In the case of PAOs the microorganisms are also able to gain energy from the release
of phosphorous which is internally stored in form of poly-phospate (Maurer et al. 1997,
Pereira et al. 1996).

Due to the aeration within the following famine phase, the AGS is dispersed over the
whole reactor (Figure 1-5b). Heterotrophic microorganisms are able to degrade the
remaining COD under now aerobic conditions. Once COD is degraded,

microorganisms will degrade ammonia. Even though, the outer areas of aerobic

11
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granules are supplied with oxygen, the inner part remains permanently anoxic.
Denitrifying microorganisms take up NOx as an electron acceptor, thus enabling a
simultaneous nitrification/denitrification process (de Kreuk et al. 2005, Pronk et al.
2015b). Under the availability of electron acceptors, GAOs and PAOs metabolize
PHAs into glycogen. Especially, PAOs are able to take up phosphorous from the liquid

phase and to internally store it as poly-phosphate.

The settling phase is started by turning off aeration. Due to the density difference of
aerobic granules and water, the AGS settles down Figure 1-5c. While settling a porous
medium out of aerobic granules forms at the bottom of the reactor. In regular intervals,
but not at every cycle, excess sludge is taken off from the reactor. Water is discharged
with the following anaerobic feeding phase. If NOx remained in the liquid it will be
degraded by denitrifiers, as new easy biodgradable COD is supplied with the next step

of anaerobic feeding (Rocktéschel et al. 2013).

(a) feast-phallse (anaerobic condition)

I: effluent
II: sludge withdrawal
lll: feed

@ IV: aeration

1}
v

pl— —+K pla—

Figure 1-5: Biological treatment via AGS within sequencing batch reactors. Within
the feast-phase (a) fresh wastewater enters from the bottom and COD is taken up
by anaerobic metabolizing microorganisms. Within the famine-phase (b) the
metabolization is taking place under aerobic conditions. During settling (c) the AGS
settles at the bottom of the reactor while forming a porous medium after
HaskoningDHYV ( 2020).
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1.5 Imaging techniques for the visualization of deposition

processes within porous media

To dynamically visualize processes within porous media certain requirements are

beneficial:

e The possibility to resolve the whole porous media within 3d without depth
limitation, which allows to resolve differences within the structure of the porous
media and to allocate structure related differences. Hence, UV-VIS light based
methods are not considered due to their limited penetration depth.

¢ A high resolution to resolve processes on the pore scale. Beside the resolution,
the grain size of the porous media is of interest.

e Adequate contrast to differentiate between different fractions of the porous
media.

e A non-invasive method to avoid impairment of the porous material or

microorganisms.

1.5.1 MRI
Background:

MRI is an imaging method based on nuclear magnetic resonance (NMR). The method
IS selective for isotopes that possess an intrinsic magnetic moment (so called NMR -
active nuclei). Once NMR — active nuclei are exposed to a magnetic field, their energy
levels split up according to the number of nuclear spin states. For imaging purposes
commonly H is used due to its high physical sensitivity and ubiquitous appearance in
organic and many inorganic systems. In case of 'H-NMR, two energy levels exist due
to nuclear spin %2 the population of which can be calculated according to the Boltzmann
equation. The spin state parallel to the outer magnetic field is energetically slightly
preferred resulting in a macroscopic magnetization vector along the direction of the
magnetic field. The system is brought into excitation by applying a radio frequency
pulse at the Lamour frequency. During excitation, the populations of the energy levels
are brought out of thermodynamic equilibrium observable in an alternation of the
resulting macroscopic magnetization vector. Ongoing with time, the magnetization
returns into the thermodynamic equilibrium, a process named relaxation. Relaxation
starts immediately after the excitation. Two main phenomena are known, the

longitudinal (T1-) and the transversal (T2-) relaxation. Both are substance specific and

13
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therefore well suited to create image contrast in MRI. Further, a contrast can be
enhanced through addition of paramagnetic ions (Paramagnetic relaxation
enhancement). A tomograph typically consists of a superconducting magnet,
responsible for the magnetic field, which is further homogenized by a shim system.
Further, a radiofrequency coil is used for excitation. The same coil can be used for
receiving the signal. However, commonly a separate more sensitive receiving coil is
preferred. The localization within the sample is achieved by magnetic field gradients.
The obtained data points (arranged within the so called k-space), are finally transferred
into a cartesian coordinate system by applying a Fast Fourier transformation. Detailed
descriptions of MRI are provided in several textbooks (Blumich 2000, Callaghan 1993,
Kimmich 2012, Westbrook and Talbot 2018).

Application:

MRI is well suited to study the growth of biofilm within porous media (Neu et al. 2010).
Several systems and materials have been used for their growth including porous
foams, randomly packed beds or glass columns (Graf von der Schulenburg et al. 2008,
Seymour et al. 2004, Wagner et al. 2010). Due to its ability to directly measure flow
profiles, MRI was used to investigate alterations in the flow profile aligned with the
growth of biofilm (Graf von der Schulenburg et al. 2008, Lewandowski et al. 1992,
Manz et al. 2003, Seymour et al. 2004, Wagner et al. 2010). For example, Seymour et
al. (2004) showed that anomalous flow distributions develop due to the growth of
biofilm within porous media. In addition, the hydrodynamic conditions on the biofilm
can be assessed to estimate shear forces and evaluate sloughing events (Wagner et
al. 2010). However, guantifying the biofilm might be challenging as water is the by far
largest component of the EPS matrix which might cause a slight contrast between
biofilm and surrounding bulk phase (Neu et al. 2010). The contrast is potentially
influenced by the biofilms properties like compactness, chemical composition, and its
binding capacity to water (Herrling et al. 2017, Lewandowski et al. 1992, Seymour et
al. 2004). To enhance contrast between water and biofilm, the MRI parameters
(Repetition- and Echotime) can be adjusted, or diffusion weighted imaging can be
applied (Kirkland 2017, Seymour et al. 2004). Further, the addition of paramagnetic
ions represents an alternative. Several studies used the alteration of relaxation due to
the accumulation of paramagnetic ions within EPS to study their mass transfer
processes. For example, studies have investigated the adsorption of copper, iron,
macromolecules, MRI-contrast agents or nanoparticles into the MRI matrix (Bartacek
14
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et al. 2016, Herrling et al. 2017, Phoenix et al. 2008, Ramanan et al. 2013, Ranzinger
et al. 2016). In addition, the self-diffusion of water molecules can be measured with
NMR. Herrling et al. (2017) highlighted that the self-diffusion within the EPS matrix
correlates with its compactness and density. Overall MRI presents many features of
interest to study biofilms. Nevertheless, the resolution remains the main drawback of
the method. An alternative view is provided when the system is assessed without
spatial resolution. Due to the shortening of T-relaxation it is also possible to indicate
biofilm growth within packed beds or real soil samples (Hoskins et al. 1999, Kirkland
2017).

Within the field of particle deposition/ filtration mechanisms these features are also
helpful. Filtration mechanisms have been observed within randomly packed beds,
hollow fibers, flat sheet membranes, or spiral flow membrane modules (Arndt et al.
2017, Bristow et al. 2020, Buetehorn et al. 2011, Schuhmann et al. 2018, Sederman
and Gladden 2001). Besides the localizations of depositions, key advantages of
NMR/MRI are the ability to measure flow profiles and to investigate the compaction of
compressible particle layers aligned with the change of T»-relaxation (Adebayo and
Bageri 2020, Mikolajczyk et al. 2018).

1.5.2 X-ray computed tomography
Background:

Computer tomography (CT) is based on the diffraction of x-rays. The general set-up
consist of a source of x-rays, a sample that is to be imaged, and detectors that convert
the incoming x-rays into electronic signals (Kumi et al. 2015, Ritman 2004). For the
purpose of 3D visualization either the sample or the scanner (x-ray source and
detectors) have to be rotated. Further, the image projection is possible through the
filtered back projection which is based on the radon transformation (Hounsfield 1973).
The emitted x-rays experience attenuation while passing through the sample. Further,
the x-rays interact with the electrons of an atom via absorption or scattering. Therefore,
the ratio of attenuation correlates with the atomic number ongoing with the number of
electrons. Thus, the atomic number is mainly affecting the contrast between different

materials.
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Application:

CT finds applications within the field of biofilm growth as well as particle deposition.
The visualization of biofilms demands for the addition of contrast agents (Carrel et al.
2017, lltis et al. 2011, Peszynska et al. 2016). A differentiation was possible by using
small particles that enhance the attenuation within the liquid phase (lltis et al. 2011).
Further, the addition of iron was evaluated. However, the incorporation of iron within
the EPS matrix showed to be not sufficient to allow for a differentiation of fractions
(Carrel et al. 2017). Therefore, Carrel et al. (2017) applied a high iron sulfate
concentration to enhance the attenuation of the liquid phase. In regard of harmful
radiation it is uncertain how microbial growth is affected under permanent exposure
(Peszynska et al. 2016). To the author's knowledge, no complete cultivation was
performed within a CT-scanner. Commonly, samples were imaged before the
inoculation and at the end of the cultivation. Overall, micro computed tomography
allows for a higher spatial resolution than MRI. Therefore it has been used to couple
structural findings with growth models (Carrel et al. 2018, Peszynska et al. 2016).
Besides simulation, studies combined CT images with MRI to reveal flow profiles
(Mikolajczyk et al. 2018). An alternative method represents three-dimensional particle
tracking velocimetry based on tracing of neutrally buoyant fluorescent tracer particles
and illumination from a monochromatic light source (Carrel et al. 2018, Holzner et al.
2015). However, as the approach is light based, the porous media has to be

transparent.

As harmful radiation is not restrictive for most filtration processes more studies can be
found within this area. Studies observed the particle depositions/accumulation in terms
of deep bed and surface filtration (Al-Abduwani et al. 2005, Chen et al. 2008, Gaillard
et al. 2007, Godinho et al. 2019, Mikolajczyk et al. 2018). In here, flow induced drilling
events within filter cakes and redistributions within the porous media were observed.
In addition, the coupling with simulations and MRI was undertaken to delineate flow
profiles (Chen et al. 2010, Mikolajczyk et al. 2018). Besides a high spatial resolution,
time-lapse imaging with a sampling frequency in less a second is possible (Godinho et
al. 2019). Thus, Godinho et al. (2019) were able to closely monitor failures within filter

cake formation.
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1.5.3 Neutron computed tomography
Background:

The usage of neutrons for imaging purposes represents a complementary method to
x-rays. Similar to x-ray computed tomography, the set-up consists of a neutron source,
a sample that is to be imaged, a detector that converts the signal, and a rotating
component (either sample or source and detectors) (Lani and Zboray 2020, Strobl et
al. 2009). Due to the zero net charge, neutrons strongly interact with the atomic
nucleus. A strong attenuation can be found for light elements (mainly hydrogen).
Further, it is also possible to differentiate between isotopes. Only poor attenuation is
observed for many metals. Therefore, metal containers up to several centimeters thick

can be penetrated by neutrons (Lani and Zboray 2020, Strobl et al. 2009).

Application:

Neutron computed tomography presents an alternative method. However, the
availability of neutron sources is limited and thus, the method is only applied at some
specialized facilities worldwide (Strobl et al. 2009). The method is of interest as it allows
for a complementary perspective to u-CT, especially in terms of contrast generation.
By now, some fundamental works revealed its potential for particle deposition in
packed beds and biofilm growth within soils (Bianchi et al. 2018, Selamet et al. 2013,
Zheng et al. 2018). Especially the high resolution in combination with good contrast
between air and liquid allows to observe processes at partially saturated conditions
(Zheng et al. 2018).
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2 Investigation of Biofilm Growth within a
Monodisperse Porous Medium under Fluctuating
Water Level Assessed by Means of MRI (Published
in MDPI Water)

2.1 Introduction

Microorganisms can be found in natural, as well as engineered, partially saturated
systems. Examples include the vadose zone, irrigated agriculture, and aerated
biofilters. As a crucial part of the ecosystem, microorganisms are involved in the
utilization of carbon sources, guaranteeing water quality, the removal of pollutants, the
promotion of plant growth, and the regulation of greenhouse gas emissions within
natural soils (Brussaard 2012, Tecon and Or 2017). Their abundance and activity vary
depending on the physical environment. Fluctuations in temperature, water, and
nutrient availability, combined with geometrical restrictions, require microorganisms to
be highly adaptable (Or et al. 2007a, Tecon and Or 2017). A common response of
microorganisms to stressful conditions, such as fluctuating water levels, is the
production of extracellular polymeric substances (EPSs) and surface attachments,

which lead to the formation of biofilms (Flemming and Wingender 2010).

Due to the often non-negligible amount of biofilm that covers the void space, alterations
in the hydraulic properties of the porous medium occur. Possible reasons for this
include: (1) structural changes via pore size accumulation, (1) the high water-holding
capacity of EPS matrices, (Ill) changes in soil wettability due to surface coverage, and

(IV) alterations in the water—air—surface tension (Or et al. 2007a, Zheng et al. 2018).

It has been commonly reported that the EPS matrices of biofilms increase water
retention and reduce evaporation, as well as saturated and unsaturated hydraulic
conductivity (Bozorg et al. 2015, Roberson and Firestone 1992, Volk et al. 2016, Zheng
et al. 2018). Despite these observations, the role of the fragmentation of residual water
is relevant for diffusive transport processes on many scales. At low water contents,
EPS are associated with the dispersion of nutrients by bridging between isolated water
clusters, leading to an enhanced liquid phase connectivity (Or et al. 2007b, Roberson
and Firestone 1992, Tecon and Or 2017). However, experimental studies on the impact

of EPS accumulation on transport processes within partially saturated porous media
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are rare. One such study was conducted by Chenu and Roberson (1996), who
addressed this field by conducting diffusion experiments. An alternative approach is

the direct visualization via suitable imaging methods.

The interplay of biofilms, porous media, and hydraulic properties has mainly been
assessed in completely saturated conditions. The imaging methods of choice include
X-ray microtomography (Carrel et al. 2018, Iltis et al. 2011, Peszynska et al. 2016),
neutron-radiography (Zheng et al. 2018), magnetic resonance imaging (MRI) (Graf von
der Schulenburg et al. 2008, Metzger et al. 2006, Seymour et al. 2004, Vogt et al.
2013), and optical methods on porous microfluidic channels (Bozorg et al. 2015,
Karimifard et al. 2021, Sharp et al. 2005, Valiei et al. 2012). The field of biofilm growth
within partially saturated porous media is almost unexplored.

The more stringent requirements associated with imaging partially saturated porous
media might be the cause of this. We propose that an ideal method requires: (I) a
sufficient resolution to accurately resolve the pore spaces, (Il) no depth limitation to the
three-dimensional visualization of the entire porous medium, (Ill) adequate contrast to
differentiate the phases (e.g., water, biofilm, air, and solid material), and (IV)
noninvasiveness of the method in order to avoid the impairment of the porous material
or microorganisms. As none of the aforementioned imaging methods fulfill all

requirements, compromises have to be made.

The current study aimed at highlighting MRI as a suitable tool to visualize biofilm
accumulation within unsaturated porous media. MRI has the benefits of being an in-
situ, noninvasive method that is not limited in penetration depth. A bed of randomly
packed glass spheres with sizes of 2 + 0.1 mm were chosen as a porous medium to
allow for pore-scale visualization. In a previous study, the initial water retention of a
packed bed of 2 mm glass spheres showed the most homogeneous dispersion of free
water, mostly between pore throats (Ranzinger et al. 2020a). The hypothesis of this
study was that a homogeneous distribution of free water would deliver rather equal

starting points for biofilm growth.

The focus of this study was to: (I) visualize all fractions within the porous medium
(water, air, particles, and biofilm) in a time-resolved manner, (1) identify preferential
spots of biofilm development and accumulation within the porous medium, and (lll)
characterize ongoing changes within the liquid phase in the form of quantity and

connectivity.
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2.2 Materials and Methods

2.2.1 Experimental Setup and Procedure

A schematic of the experimental setup is depicted in Figure 2-1. The 2 mm glass
spheres were placed inside a glass column with an inner diameter of 14 mm and a
length of 200 mm. An O-ring and a piece of mesh (size 0.7 mm fabric) were positioned
at the lower part to avoid the blockage of the inlet. The height of the packed bed of
glass spheres was approximately 90 mm. The field of view was positioned at the middle
of the glass column and covered 22.5 mm along the height of the glass column. The
glass column was installed inside a 200 MHz magnetic resonance tomograph (Bruker
BioSpin GmbH, Rheinstetten). The cultivation setup was an open system that was
connected using the tube lines. Drainage/flushing events were conducted in alternating
order by temporarily switching the peristaltic pumps on and off. Furthermore, turning
off the peristaltic pumps sealed the corresponding tube line. Thus, the integration of
valves was avoided. Flushing is depicted in Figure 2-la. Here, a peristaltic pump
sucked water from the feed solution. Once the sample was filled with water, the pump
circulated water until the end of the flushing sequence. The drainage of the sample
(Figure 2-1b) was conducted by one peristaltic pump pushing air through the sample.
Gas breakthrough was recognizable at the outlet once the sample was drained. The
drainage/flushing sequence lasted 30 min in total. Approximately 15 min was needed
to fill/drain the sample entirely, followed by 15 min of mixing to ensure a homogenous
nutrient distribution within the porous medium (Figure 2-1c). In between the
drainage/flushing sequence, a break of 30 min was applied. Breaks were used for
image acquisition. For 3D images, the time for image acquisition was elongated to 1 h

once per day.
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Figure 2-1: Experimental setup of the MRI experiments. Flushing (a) and drainage (b)
events were conducted in alternating order. The timing of work flows is highlighted in (c). In
the flushed and drained conditions, both pumps were turned off to acquire images in a static
state.

2.2.2 Cultivation

The sample was inoculated with Bacillus subtilis precultures grown at 37 °C overnight
in Luria broth (LB) medium. Twenty milliliters of preculture was added to the feed
solution at the beginning of the experiment. Bacillus subtilis was chosen as it is
abundant in natural soils and able to incorporate iron within the EPS matrix. The feed
solution consisted of 1 L of tap water enriched with 1 g/L of acetate (originating from
sodium acetate) and 2 mg/L of Fe3* (originating from iron(lll)chloride) as a contrast
agent for the growing biofilm. The tap water of Karlsruhe contained the following
concentrations of ions (mg/L): Ca (112), Na (11), Mg (9.7), Si (5.4), K (1.7), P (<0.01),
Fe (<0.01), and Mn (<0.005). More information on constituents is accessible from the
homepage of the Stadtwerke Karlsruhe website (https://www.stadtwerke-karlsruhe.de)
(accessed on 9/11/2020). At day 6, the sample was positioned within the MRI and
further monitored over a period of 7 days, resulting in an experiment period of 12 days.
The timing of the drainage and flushing events was kept constant over the whole

experiment, as described in the previous section.

The relevant cultivation period for the MRI measurements was based on a preliminary
experiment. Here, samples were cultivated under permanently saturated conditions to
additionally assess the growth by means of optical coherence tomography (OCT). A
detailed description of the cultivation is provided in Appendix 2-1. Only the OCT data

of the preliminary experiment are shown in the present study.
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2.2.3 Optical Coherence Tomography (OCT)

A spectral domain tomograph (GANYMEDE |, Thorlabs GmbH Dachau, Germany) was
applied to monitor the biofilm growth on the glass spheres. B-scans were obtained with
a resolution of 2.1 um x 8 um (x- by -z) in water (n = 133) and an A-scan average of 4.
Detailed information on the working principle and applications in biofilm research are

provided in Wagner and Horn (2017).

In the current study, the acquisition of C-Scans was limited because of the curvature
of the glass columns. Furthermore, optical refractions interfered when measuring the
biofilm in partially saturated conditions. Therefore, the measurements were feasible
only with constantly saturated probes. The conditions and setup for the cultivation

under permanently saturated conditions are described in Appendix 2-1.

2.2.4 Magnetic Resonance Imaging (MRI)

MRI experiments were conducted within a 200 MHz super-wide bore magnet equipped
with an Avance HDIII console (Bruker BioSpin GmbH, Rheinstetten, Germany). The
probe was an MICWB 40 with a 20 mm birdcage. For imaging, gradients of up to 1.5
T/m were available. The multi-slice—-multi-echo (MSME) pulse sequence was chosen.
The parameters of the MRI experiments are listed in Table 1. Different parameters
were chosen for 2D and 3D measurements. The parameters were kept constant over
the whole experimental period and no changes in acquisition parameters were

conducted between drained and flushed conditions.

Table 2-1: Acquisition parameters of MRI experiments.

MSME 2D MSME 3D
repetition time [sec] 15 0.5
echo time [sec] 0.01 0.01
field of view (x, vy, 2) . 1§ X 24 . 15 x 15 x 24
[mMm x mm x mm] (6 slices in y-direction)
matrix size (X, Y, z) 128 x 6 x 192 64 x 64 x 128
voxel size (x, Y, z) 125 x 125 .(200 Fm §I|ce 234 x 234 x 188
[Lm x pm x pm] thickness in y-direction)
number of averages [-] 4 1
measurgment time 1248 34:08
[min:sec]
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2.2.5 Image Analysis

The image analysis was performed by using Avizo 2021.1 (Thermo Fisher Scientific,
Waltham, MA, USA) and self-written scripts in Matlab R2018b (Math-Works, Natick,
MA, USA). For the 3D image analysis, the exterior material was used for noise
adjustment and removed from the dataset. The binary images were obtained by setting
athreshold at 3000 out of 21° intensity values. The firstimage, taken on day 6 in flushed
condition, served as a reference. Here, the threshold separated the water-filled void
space from glass spheres (solid material). For visualization purposes, the glass

spheres were superpositioned onto the other images.

For each measurement, the water content was quantified by keeping the threshold
value constant at 3000. After that, clusters of the liquid phase, as well as enclosed

cavities smaller than 10 voxels, were removed.

Furthermore, the connectivity function defined liquid clusters by using a neighborhood
connectivity of 26 in a 3D matrix. For the connectivity analysis, the specific Euler

number xv, as suggested by Vogel and Roth (2001), was calculated according to:

_ N-C+H
Xv = v

[mm™~3] (eq.2-1)

where the number of isolated objects is N, the number of redundant connections is C,

the number of completely enclosed cavities is H, and the volume of the sample is V.
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2.3 Results
2.3.1 Dynamics of Water Content

Figure 2-2 shows 2D images taken on days 6, 9, and 12. The upper row (a) shows the
sample in the flushed condition, while the lower row (b) displays the sample in the
drained condition. To enhance readability, the following statements refer to four

regions of interest (ROI) that are highlighted in Figure 2-2.

MRI obtains a signal from water molecules. Therefore, water-containing voids deliver
a signal that is typically indicated in grey (Figure 2-2al). Regions indicated in white are
the result of susceptibility artifacts, which appear close to the interface between
different fractions. These are observed at the interface between the glass spheres and
water or between entrapped air and water. However, the local entrapment of air may
vary with the time and cycle. In addition, the occurrence of susceptibility artifacts can
be aligned with the entrapment of small air bubbles. The glass spheres, the entrapped
air, and the exterior components do not contribute to the signal and appear black. In
Figure 2-2al, the void space is almost completely filled with water.

(N (1 ({L1))
day: 6 day: 9 v day: 12

@ =
flushed ~

o
&
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(b)

drained ~

mm]
o
P
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Figure 2-2: Two-dimensional MRI images displaying the normalized signal intensity in the
flushed (a) and drained (b) conditions on days 6, 9, and 12. (a) Biofilm growth can be
recognized in the form of dark regions appearing next to contact points of glass spheres. For
further clarification, view the highlighted animation. (b) Water retention increases within the
porous medium due to the growth of biofilm. Regions of interest (ROIs) that reveal occurring
changes are highlighted in red.
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After the drainage of the sample, most of the void space was filled with air and delivered
no signal (Figure 2-2bl). Water could still be found in pore throats between particles or
between particles and the column wall (Figure 2-2bl; ROI 1). Only a few pores retained
larger amounts of water. A relatively high amount of water retained in pores can be
seen in Figure 2-2bl; ROI 2.

At day 9, more water was retained within the porous medium (Figure 2-2bll). The area
of ROI 1 retained water almost completely on day 9, whereas changes in ROI 2 were
not significant. At day 12, ROI 2 also retained relatively high amounts of water. Both
ROIs 1 and 2 retained larger amounts of water than the rest of the porous medium,

indicating a heterogeneity in the water retention.

Overall, the water content in the flushed condition did not significantly alter (Figure
2-1all and alll). However, the entrapment of air was locally recognized and is further

indicated in the animated version.

2.3.2 Biofilm Growth

The growth of biofilm appeared as dark regions between glass spheres or between
glass spheres and the column wall (Figure 2-2). For example, a cross-comparison of
ROI 1 over days 6, 9, and 12 highlights the developing pore throat coverage of the
biofilm along z (compare Figure 2-2, row a, ROI 3). For clarification, the authors
encourage viewing the animation provided in the Supplementary Materials (animated
version). Two locations of biofilm growth were identified in the sample: biofilm
accumulated in pore throats, either between two particles or between a particle and a
column wall (compare Figure 2-2, row a, ROI 3); additionally, a biofilm coverage of
pores was punctually observed (compare Figure 2-2, row a, ROI 4). The biofilm can
also be recognized in the drained condition on days 9 and 12 (see Figure 2-2, row b,
ROI 1).

Optical coherence tomography (OCT) images (B-scan; xz-plane) provide a closer look
at the biofilm situated on the glass spheres next to the column wall (Figure 2-3).
Furthermore, they highlight which stages of biofilm growth were accessible by means
of MRI. Data were provided from a separate experiment conducted under entirely
saturated conditions. On day 0 (before inoculation), the smooth surfaces of three glass
spheres were visible (Figure 2-3a). On day 6, small biofilm colonies situated on the
surface of the glass spheres were recognized (Figure 2-3b); in addition, the inner edge

of the glass wall, recognizable as a curvilinear line, became visible. After 14 days, the
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biofilm had grown between the glass wall and the particle surface (Figure 2-3c). The
biofilm structure was fluffy. Additionally, cavities were found within the mesoscopic
biofilm matrix. Overall, more biofilm was recognized between the glass column and the
spheres than at the contact points between the glass spheres (Figure 2-3c). However,
from the MRI perspective, only the former case, where a distinct biofilm covered the

voids between particles and the column wall, was accessible due to the resolution.

(a)
day: 0

(b)
day: 6

(c)
day: 14

Figure 2-3: OCT B-Scans acquired from a previous experiment under permanently saturated
conditions. (a) Three glass spheres before inoculation. (b) After 6 days, biofilm could be found
on the particle surface in the form of small colonies. (c) Biofilm covered the voids between the
particles and the column wall after 14 days. A biofilm as distinct as in (c) was accessible by
means of MRI.

2.3.3 Analysis of Liquid Phase
Figure 2-4 shows processed 3D MRI datasets. For the sake of clarification, the glass
spheres and column wall have been superpositioned in the 3D rendering. The

distinction between the void space and glass spheres was performed based on Figure

2-4al. The air is visualized as transparent regions.

An increase in the air entrapment was found at days 9 and 12 (compare Figure 2-4,
row a). The increase in water retention after drainage is shown in Figure 2-4, row b.
On day 6, most of the water was found close to contact points, while only a few pores
were completely filled with water (Figure 2-4bl). The cluster visualization of the liquid
phase (Figure 2-4cl) shows many isolated clusters (i.e., many clusters with different

colors.
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Figure 2-4: Processed 3D images on days 6, 9, and 12 (a) in the flushed condition, (b) in the
drained condition, and (c) analyzed for liquid clusters. Solid material (glass column; porous
medium) is superpositioned and displayed in grey. The liquid phase is presented in blue. Air
is removed from the visualization (transparent areas). Based on row b, the liquid phase was
analyzed for connectivity and divided into isolated liquid clusters. Each color represents a
separate liquid cluster. Please note that more liquid clusters than colors are shown in (c);
therefore, one color might also represent multiple isolated liquid clusters.
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On day 9, the enhanced water retention led to the formation of a dominant cluster (red)
(Figure 2-4cll). The cluster partly covered the width and reached from the top to the
bottom of the dataset (Figure 2-4cll). On day 12, almost the complete liquid phase was
covered by one cluster (dark blue) (Figure 2-4clll). Figure 2-5a displays the total water
volume over time in under drained and flushed conditions, respectively. In addition, the
largest cluster in the flushed condition is shown. The percentages below are in relation

to the water content on day 6 after flushing.

The water content in the flushed condition successively decreased from 100% to
72.6% (1236 to 897 mm?3) (Figure 2-5a). The water retention in the drained condition
increased from 16.7% to 42.6% (206 to 526 mm?3) over the duration of the experiment.
At the same time, the volume of the largest cluster increased from 1.8% to 38.8% (22
to 479 mm3). Furthermore, the largest cluster covered 11% of the total retained water
at day 6, but 91% on day 12. In addition, the volumetric Euler number confirms that the
connectivity increased (Figure 2-5b). The volumetric Euler number was below 0 at the
beginning of the experiment. This can be explained by the often ring-like shape of the
retained water along the pore throats between two particles or between a particle and
the column wall (Appendix 2-2), which contributes a value of 0 to the volumetric Euler
number (see Equation 2-1). Furthermore, the presence of a few larger clusters with
more redundant connectivity led to an overall slightly negative Euler number. Over the
experimental period, the volumetric Euler number further dropped, indicating a higher
connectivity. The drop in the Euler number can be explained by the creation of more
redundant connections due to an increase in the water content and the aggregation of
liquid clusters (evidenced by the decrease in the total number of clusters) (Figure 5b).
The measurement in the drained condition on day 8 conspicuously does not fit the

trends observed.
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Figure 2-5: Quantification of water content (a) and the total amount of liquid clusters Neiuster,
as well as the volumetric Euler number yxy (b) over time. Water content decreased in the
flushed condition, while water retention in the drained condition increased. Furthermore, the
connectivity of the liquid phase in the flushed condition increased, as indicated by the volume
of the largest cluster (a) and the volumetric Euler number (b).
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2.4 Discussion

2.4.1 Applicability of the MRI Approach

The current study showed the applicability of MRI as a noninvasive and non-depth-
limited method for visualizing the four fractions of a porous medium (water, air, particle,
and biofilm). A compromise has to be made regarding the resolution, as the resolution
hampers the quantification of the biofilm. An increase in resolution is possible when
considering a smaller sample diameter, higher magnetic field strength, and a higher
number of replications for averaging. For example, Caizan-Juanarena et al. (2019)
achieved a resolution of 30 pum x 30 um x 30 um on granular bioanodes when using
MRI.

An advantage of the method is that only small amounts of contrast agents are
necessary. As reported in previous MRI studies, paramagnetic ions can enhance the
contrast between the biofilm and liquid phase (Graf von der Schulenburg et al. 2008,
Nott et al. 2001, Ranzinger et al. 2016, Seymour et al. 2004). Furthermore, the addition
of low iron dosages has been reported to promote biofilm formation (Hu et al. 2016,
O'Toole and Kolter 1998, Peulen and Wilkinson 2011).

2.4.2 Biofilm Growth under Fluctuating Water Level

In the literature, complex biofilm morphologies have been reported in saturated porous
media. In general, these can be described as the surface coverage of particles, cluster-
like biofilm structures filling complete voids (Peszynska et al. 2016), and biofilm
colonies growing as streamers between pore throats (Valiei et al. 2012), as well as
intermediate structures (Carrel et al. 2018). In saturated porous media, restrictive
nutrient and oxygen supply, as well as local shear rates, must be considered (Carrel
et al. 2018, Rittmann 1993, Rockhold et al. 2002). The availability of water becomes
an additional restriction in partially saturated porous media (Or et al. 2007a, Tecon and
Or 2017). In the present study, preferential spots for biofilm growth were found mainly
between the pore throats of two particles or between a glass sphere and the column
wall. Biofilm clusters filling voids were observed to a lesser extent. No distinct biofilm
was recognizable at the glass sphere surface. However, this outcome does not mean
that no biofilm grew on the glass sphere surface. As the pore throats retained water in
the form of pendular rings, these regions were identified as preferential spots for biofilm
growth. Similar web-like structures of EPS that connect single particles were identified

in real soil samples (Chenu 1993, Tecon and Or 2017).
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Compared to most studies, the size of the glass spheres and the resulting void space
in our study were larger. This may have influenced the extent of biofilm growth. The
biofilm in our study had to grow larger to achieve bridging between particles or to cover
whole voids, which also affected its resistance to hydrodynamic conditions (i.e., shear)
or other physical constraints. Within randomly packed beds of a smaller particle size,

the coverage of whole voids might become more pronounced.

2.4.3 Impact of Biofilm on the Liquid Phase

In accordance with the literature, it was shown that biofilm enhances water retention
(Bozorg et al. 2015, Volk et al. 2016, Zheng et al. 2018). Potential ways biofilm may
affect water-holding properties include: (I) structural changes via pore size
accumulation, (1) the high water-holding capacity of the EPS matrix, (Ill) changes in
soil wettability due to surface coverage, and (IV) the alteration of water—air—surface
tension (Or et al. 2007b, Zheng et al. 2018). With the present imaging approach,
phenomena could be directly assessed and visualized. The usage of a randomly
packed bed consisting of monodisperse 2 mm glass spheres revealed structural
changes due to the blockage of pore throats. Thus, the entrapment of water above the
pore throats played the most dominant role. In addition, the entrapment of air also
increased when flushing the sample. Certainly, the usage of smaller particles and the
application of lower matrix potentials would drastically reduce the amount of water

entrapped above bioclogged throats.

However, Tecon and Or (2017) pointed out that the connectivity of the liquid phase is
relevant for transport processes on all scales. As a result of the increased connectivity
due to the aggregation within one continuous top-to-bottom liquid cluster, the transport
processes may have been enhanced in partially saturated conditions. Nevertheless, in
completely saturated conditions, the biofilm at the pore throats would hamper transport
processes. Overall, this is in agreement with the findings of Chenu and Roberson
(1996), who achieved a faster diffusion of glucose through artificial EPS-amended clay

compared to pure clay for various matrix potentials.
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2.5 Conclusions

32

MRI was a suitable analytical tool for visualizing the growth of biofilm within a
partially saturated porous medium. This approach allowed us to differentiate
and quantify the liquid, gaseous, and solid phases after flushing and drainage
events. In addition, the biofilm fraction could be visualized but not quantified in
the current state.

The biofilm grew preferentially in pore throats that remained permanently wetted
in the flushed and drained conditions. Biofilm also filled voids to a lesser extent.
The biofilm did not grow distinctly enough to be recognized on the free surface
of glass spheres by means of MRI.

As a result of the usage of coarse monodisperse 2 mm glass spheres, the
blocking of pore throats by biofilm was determined as the dominant water
retention mechanism. With the ongoing biofilm accumulation, most of the water
was entrapped above the bioclogged throats. In addition, a higher entrapment
of air was found when flushing the sample.

Ongoing biofilm accumulation led to an increase in the connectivity of the liquid
phase. Therefore, the transport of nutrients may potentially be enhanced in
partially saturated systems. However, in completely saturated conditions the

blocking of throats by biofilms would hamper transport processes.
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3 Transport and retention of artificial and real
wastewater particles inside a bed of settled aerobic
granular sludge assessed applying magnetic
resonance imaging (Published in Water Research
X)

3.1 Introduction

Within the last decade aerobic granular sludge systems for municipal wastewater
treatment have proved to be economically competitive compared to the activated
sludge systems (Giesen et al. 2013, Pronk et al. 2015b). By now, around 50 aerobic
granular sludge reactors have been set into operation in full scale for the treatment of
wastewater (HaskoningDHV 2020, Li et al. 2014). Despite these full scale plants only
little is known about the granulation process during municipal wastewater treatment as
well as the factors causing low or high effluent concentrations of particulate organic
matter (Derlon et al. 2016, Rocktaschel et al. 2015, Wagner et al. 2015, Wilén et al.
2018).

Around 50 % of the chemical oxygen demand in municipal wastewater are dedicated
to particulate organic matter. The latter represents a crucial carbon source in municipal
wastewater treatment (Orhon and Cokgor 1997). Particulate organic matter has to
undergo hydrolysis before it can be metabolized to carbon dioxide and new biomass
by the microorganisms. The removal of particulate organic matter can be divided into
4 steps: (1) external transport to the biofilm surface, (Il) attachment of the particles, (l11)
hydrolysis of particulate organic matter and release of hydrolytic products, (1V) uptake
of these products by microorganisms (Boltz and Motta 2007, Li et al. 2018). Theories
about the removal of particulate organic matter in granular sludge reactors typically
assume that it attaches/adsorbs at the granule surface during the feeding phase (De
Kreuk et al. 2010, Pronk et al. 2015a). Overall, the degradation of particulate organic
matter takes several days (Benneouala et al. 2017). Thus, attachment is a prerequisite
to ensure that particulate organic matter can serve as a carbon source for aerobic
granular sludge systems and is not washed out with the effluent. To understand how
particulate organic matter behaves within a bed of settled granules during anaerobic
feeding, imaging techniques might be applied. Imaging techniques such as confocal
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laser scanning microscopy (CLSM), optical coherence tomography (OCT), and micro-
computer tomography (u-CT) are either limited by their penetration depth or by
exposing microorganisms to potentially harmful radiation (Adav et al. 2008, Bouma
2001, Li et al. 2018, Peszynska et al. 2016). Magnetic Resonance Imaging (MRI) is a
powerful and widely applied tool in biofilm research (Herrling et al. 2019, Neu et al.
2010). MRI is a non-destructive in-situ method with a spatial resolution down to some
tens of um. MRI offers the spatial investigation of the distribution of NMR active nuclei
(commonly *H), relaxation times, diffusional and advective transport. An image
contrast between water and biofilm is generated by their difference in the so-called
longitudinal (T;) and transverse (T,) relaxation times (Manz et al. 2003, Seymour et al.
2004). The image contrast depends on the biofilm properties, i.e., its compactness and
chemical composition. So far, MRI studies mainly focused on water diffusion and
distribution in biofilms, transport and fate of heavy metals, trace metals,
macromolecular substances and nanoparticles (Bartacek et al. 2016, Herrling et al.
2017, Phoenix et al. 2008, Ramanan et al. 2013, Ranzinger et al. 2016). In addition,
MRI can be applied to resolve the dynamics of the water distribution and structure of
the biofilm. Several studies explored biofilm development, its impact on fluid flow,
biomass distribution and shape as well as cohesive and adhesive strength in tube
reactors or porous media (Graf von der Schulenburg et al. 2008, Manz et al. 2003,
Seymour et al. 2004, Wagner et al. 2010).

The current study aims at exploiting the capabilities of MRI in order to assess the fate
of particulate organic matter during the anaerobic feeding phase of a granular sludge
bed. To our knowledge, mass transport studies have been limited to single granules
and/or did not resolve an entire granular sludge bed. The main objectives of this study
were thus: (I) to demonstrate the feasibility and applicability of MRI for the (structural)
characterization of granular sludge beds, (ll) to investigate the transport, loading and
retention behavior of particulate organic matter within a bed of settled aerobic granules
and (Ill) to demonstrate the dependence of the retention mechanism on the size of
particulate organic matter. Super paramagnetic iron oxide nanoparticles (SPIONs, d,,
= 38 + 10 nm) have been applied which resemble the colloidal fraction of particulate
organic matter. The results are supplemented by the investigation of artificial
microcrystalline cellulose particles (MCPs, d, = 1 — 20 pm) and real wastewater
particles (WWPs, d,, = 28 — 100 um) as models for particulate organic matter in the

micrometer range.
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3.2 Material and Methods

3.2.1 Aerobic granular sludge

Aerobic granular sludge was taken from a lab-scale sequencing batch reactor (SBR)
at Eawag. Samples were sieved to separate flocs from aerobic granules (d = 0.63mm).
The granule size allowed for a sufficient resolution of the voids between the granules.
The granules had a smooth surface and a typical size range of 1 to 2 mm. Granules
were send from Eawag (Dubendorf, Switzerland) to Karlsruhe (Germany): Approx. 200
mL of granules were filled in a bottle and filled up to the top with water. The glass was
placed in a styrofoam box together with ice, to keep the samples cooled. The maximum
delivery time was 2 days. Samples were stored in a fridge immediately after delivery.

MRI experiments were conducted within one week after delivery.

3.2.2 Preparation and characterization of particulate organic matter
Colloidal particles (SPIONS)

Superparamagnetic iron oxide nanoparticles (SPIONs) with a diameter d,, of 38 + 10
nm were utilized as reference for colloidal particles resembling the colloidal fraction of
particulate organic matter, (hanomag®-D-spio; Micromod Partikeltechnologie GmbH,
Rostock, Germany). SPIONs consist of iron oxide cores covered by an organic dextran
matrix. Large macromolecules consisting of dextran have been successfully applied in
hydrolysis experiments before (Confer and Logan 1997). SPIONs have a zeta potential
close to zero. Further, the particles showed no signs of agglomeration or
sedimentation. The iron oxide cores serve as paramagnetic tagging causing fluctuating
disturbances of the magnetic field. Hence, mainly transverse relaxation is enhanced
creating predominantly a T, contrast. Information about the applied particle
concentration and loading is given in Table 1. A detailed characterization of these

particles is given in Cuny et al. (2015).
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Table 3-1: Experimental conditions for the experiments. To meet the requirements

for MRl measurements, sample design and conditions differ from full- or lab-scale

application. Changes between experiments are explained in chapter 3.2.4.

experiment 1

experiment 2

experiment 3

applied particles

paramagnetically tagged?

mean particle diameter/

size range

average flow velocity

flow direction

dry mass

applied during

experiment
concentration

particle load:

applied volume | duration

dry mass
applied

additional particle load:

applied volume | duration

dry mass

applied

colloidal
particles
(SPIONS)

yes

38 £ 10 nm

0.78 m/h

top to bottom

13 mg

73.1 mg/L

37 mL | 37 min

2.7mg

140 mL | 140

min

10.28 mg

microcrystalline

cellulose
particles
(MCPs)

yes

1-20 pum

0.78 m/h

bottom to top

139 mg

1.0 g/L

80 mL | 80 min

80 mg

59 mL | 59 min

59 mg

real wastewater
particles (WWPS)

no
28 — 100 pm
0.39 m/h

bottom to top

155 mg

4.7 glL

24 mL | 48 min

113 mg

9mL | 18 min

42.3 mg
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Microcrystalline cellulose particles (MCPs) as model particulate organic matter

Cellulose is a major fraction of particulate organic matter in domestic wastewater as it
originates from toilet paper (Ruiken et al. 2013). A dispersion of the base product (Alfa
Aesar, Thermo Fisher Scientific GmbH, Karlsruhe, Germany) was sonicated and wet
sieved to collect a size fraction between 1 and 20 um. For paramagnetic tagging, MCPs
have been suspended in a 50 g/L ferrous sulphate solution under anoxic conditions.
After draining, the iron(ll) saturated microcrystalline cellulose particles were dried at
room temperature over night to allow for a complete oxidation of the often diamagnetic
iron(Il) to paramagnetic iron(lll). No mobilization of iron(lll) ions was recognized later

on.

Real wastewater particles (WWPSs)

Primary effluent wastewater of the pilot-scale wastewater treatment plant at Eawag,
Dubendorf (Switzerland) was collected to extract real WWPs. After centrifuging (3000
rom, 5 min) and decanting settled particles were collected and freeze-dried. Before
conducting the experiment, the freeze-dried particles were suspended in ultrapure
water, homogenized and wet sieved. A size fraction between 28 and 100 pm was

further used.

3.2.3 Experimental setup and procedure

A small sample design was necessary, to meet imaging requirements (sufficient signal-
to-noise ratio). The authors are aware that due to the small column diameter wall
effects have a larger impact on the process compared to commonly applied pilot and

full scale aerobic granular sludge reactors.

A schematic of the experimental setup is presented in Figure 3-1. The aerobic granules
were placed inside a glass column with an inner diameter of 14 mm and a length of
100 mm. The height of the bed of settled granular sludge was approximately 50 mm.
2 cm space were given at each end of the column to distribute the flow before reaching
the granular sludge bed. At the bottom glass spheres with a diameter of 2 mm
stabilized the granular sludge bed. An O-ring and a mesh (size 0.7 mm, fabric) were
positioned in between to separate the granules from the glass spheres. Both beds were
wet packed to avoid air entrapment. The glass column was installed into the 200 MHz

spectrometer and connected to a peristaltic pump (Ismatec, IPC, IDEX Health and
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Science GmbH, Wertheim, Germany) via polytetrafluoroethylene capillaries (inner

diameter: 0.75 mm; Duratec Analysentechnik GmbH, Hockenheim, Germany).

-4
waste

200 MHz spectrometer

100
& sample mm 50 mm granular
sludge bed
feed solution & peristaltic field of view
magnetic stirrer pump ;
O-ring & mesh

glass spheres

.8

|O OI

Figure 3-1: Experimental setup. MRI images were acquired along the first 22.5 mm of the
granular sludge bed, according to the flow direction.

The granular sludge bed was initially rinsed with tap water for 60 min with a volumetric
flow rate of 1 mL/min, corresponding to a flow velocity of 0.78 m/h. The particles were
pumped through the column during two loading phases (see Table 3-1). In between
the flow was turned off for image acquisition. The particle suspension (feed) was
positioned on a magnetic stirrer being continuously mixed to avoid particle
sedimentation. As channeling occurred at average velocities higher than 1 m/h, the

particle concentration was adjusted to ensure a moderate experiment duration.

3.2.4 Adjusted parameters between experimental runs

The artificial particles (SPIONs and MCPs) were paramagnetic tagged. Paramagnetic
tagging strongly enhances image contrast via paramagnetic relaxation enhancement.
Untreated particulate organic matter does not significantly alter the MRI signal, unless
it appears in a large concentration and geometric extensions e.g. in form of particle
layers. The occurrence of particle layers in experiment 2, lead to the conclusion that
paramagnetic relaxation enhancement is not necessary for micrometer sized particles
in large concentrations. Thus, no paramagnetic relaxation enhancement was
conducted in experiment 3. In addition, a larger minimum particle diameter has been

chosen for the WWPs to conclusively neglect penetration into the biofilm matrix.
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As channeling occurred at average velocities higher than 1 m/h, the particle
concentration was adjusted to ensure a moderate experiment duration. In addition, the
average flow velocity was adjusted in experiment 3 due to the channeling event in
experiment 2. In general, high concentrations of particles in relation to biomass were
necessary to allow for a clear detection of the transport behavior and differentiation of

particles and granular sludge (e.g. signal-to-noise ratio).

Flow direction and field of view were changed for experiment 1 due to the aim of
highlighting the granular sludge bed in contact with the bulk interface. Due to their

particle size SPIONs are staying suspended for weeks without any signs of settling.

3.2.5 Magnetic resonance imaging

The experiments were performed on a 200 MHz nuclear magnetic resonance
spectrometer (Bruker Avance HDIIl 200 SWB, Bruker BioSpin GmbH, Rheinstetten,
Germany). The superconducting magnet has a vertical bore of 150 mm and a
magnetic-flux density B, of 4.7 T. A 25 mm birdcage of the MICWB 40 series was used.
Gradients up to 1.5 T/m were available in all spatial directions (x, y, z). Multi-slice multi-
echo imaging (MSME) was performed in 2D and 3D as provided within Paravision 6.0.1
(Bruker BioSpin GmbH, Rheinstetten, Germany). A signal-to-noise study revealed that
a combination of T; - and T,-weighting is the most convenient. T; -weighted images favor
the so called longitudinal relaxation differences, while simultaneously, but to a smaller
extent transverse relaxation is occurring. Vice versa, the same applies for T,-weighted
images. T;-weighted images were used to differentiate between granules and the bulk
liquid. T,-weighted images were acquired to supplementary locate the added particles

within the bed of settled granules. Data acquisition parameters are listed in Table 3-2.
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Table 3-2: MRI data acquisition parameters. If not mentioned differently, the

parameter values apply to both 2D and 3D measurements.

T;-weighted T,-weighted
Repetition time (Ty) 500 ms 2000 ms
Echo time (zg) 5 ms 2D: 30 ms, 3D: 35 ms
Averages 2D: 16, 3D: 2 2D:4,3D: 1
Image matrix size 2D: 192 x 128
2D: zx-plane 3D: 192 x 128 x 128
Field of view 2D: 22.5 mm x 15 mm
2D: zx-plane 3D: 22.5 mm x 15 mm x 15 mm
Resolution 117 pm isotropic in 3D, in plane in 2D
Slice thickness 1 mm (only 2D)
Slice gap 2 mm (only 2D)
Scan duration 2D: 17 min, 3D: 4.5 h 2D: 17 min, 3D: 9 h

3.2.6 Data analysis and visualization

Data analysis was performed within Matlab R2018b (MathWorks, Nattick, MA, US)
using home-written scripts and Avizo 9.4 (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Graphical illustrations of the data analysis are provided in the
supporting information. Briefly, the 3D datasets recorded at the end of each experiment
have been segmented via interactive thresholding. In the T;-weighted images the shell
of the granules showed high signal intensity and appeared bright. These signals were
used to separate the granules from the background (e.g., bulk water phase). From T,-
weighted images the dark appearing particles were extracted. The resulting binary
datasets were combined, and an artificial color allocation was given to differentiate
between void space (black), granules (green) and particles (yellow). In addition,
granules and particles were assigned to the fraction of “granule + particle” (white) in
case of spatially overlapping signals (co-localization, see Appendix 4-1). It has to be
noticed, that the void space includes all voxels which have not been assigned to
granules or particles during thresholding. In particular, these are interpreted as water
filled pores and channels as well as the interior of granules (confer Ti-weighted images

in Appendix 4-1).
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Quantification has been achieved as follows: The volumetric fractions of each class
have been determined for a region of interest in 3D. As the wastewater particles were
also visualized (Ti-weighted images), image analysis was adapted to quantify the
fractions of granules, particles and void spaces correctly within the limitations of the

approach (see Appendix 4-2).
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3.3 Results
3.3.1 Experiment 1: Behavior of colloidal particles (SPIONS)

The aim of this experiment was to visualize and quantify the interaction of SPIONSs in
the bulk phase and the granular sludge bed. A set of MRI images shows the behavior

of SPIONSs in the granular sludge bed Figure 3-2.

experiment 1 () I (I (V) V)
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Figure 3-2: 2D MRI images (cross-sections) showing the distribution and sorption of
SPIONs within the granular sludge bed. T,-weighted images (a) allow for a differentiation
between granules and water filled pore space, while T,-weighted images (b) are more
sensitive to SPION concentrations (e.g. particle load). The presence of SPIONSs in the liquid
enhances mainly T,-relaxation, but markedly affects also the T;-contrast. Sorption of
SPIONSs to granules is indicated as their surface becomes visible in terms of “dark” rings in
T,-weighted images.

In Figure 3-2a, the T;-weighted images show the structure of the granular sludge bed.
Bulk liquid phase and granules can be distinguished based on their respective T;-
relaxation times. After applying the particle load, SPIONs were distributed within the
pores of the granular sludge bed as visible in Figure 3-2a after step Il. SPIONs enhance
the relaxation of the liquid phase. The result is a brighter appearing liquid phase and a
declined contrast between granules and liquid phase in T;-weighted images
immediately after the SPION injection (compare steps | and Il in Figure 3-2a). However,
the T,-weighted images are more sensitive for the detection of SPIONs due to the
inherent relaxivities of these SPIONs (Cuny et al. 2015). In T,-weighted images (Figure
3-2b, step Il) the enhanced relaxation causes the low signal intensity of the liquid
phase. In contrast to the initial image shown in Figure 3-2b (step 1), the liquid phase
can be distinguished from the granules in T,-weighted images.
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To study the interaction of the SPIONs with and within the granular sludge bed driven
by diffusion, flow was stopped. After 16 h without flow the pore space within the
granular sludge bed appears bright in T,-weighted images (Figure 3-2, step Ill), which
correlates to a low SPION concentration. The sorption of the colloidal particles to the
granule surface is visible as a “ring” of low intensity in the T,-weighted images in Figure
3-2b (step Il). In relation to the intensity of the granular sludge bed, the dark appearing
bulk liquid phase above the granular sludge bed (see Figure 3-2b, step Ill) indicates a
relatively high concentration of SPIONs. Without applied flow the SPIONs were not
deeply entering the granular sludge bed, as no concentration gradient within the
granular sludge bed is observed (Figure 3-2b, step Ill z = 0 — 14 mm). An additional
particle load was reestablishing the concentration of SPIONs within the pore space of
the granular sludge bed (compare Figure 3-2a and 2b, steps Il and 1V). By rinsing the
granular sludge bed (see Figure 3-2, step V), mobile particles were removed. The T,-
weighted image in Figure 3-2b (step V) shows residual SPIONs immobilized at the
granule surface (see “dark” rings). The liquid above and within the pore space exhibit
a similar signal intensity compared to the initial state indicating a low SPION
concentration in the bulk liquid (compare Figure 3-2a, steps | and V).

3.3.2 Experiment 2: Behavior of microcrystalline cellulose particles
(MCPs)

The set of T;- and T,-weighted MRI images in Figure 3-3 illustrates the behavior of

MCPs (d,, = 1 - 20 um) in the granular sludge bed. The formation of a channel through

the granule bed can be observed on Figure 3-3a steps | to lll aty = 10 — 15 mm. MCPs

are not recognizable in the T;-weighted images.

After the initial particle load MCPs accumulated below the granular sludge bed which
is indicated by the darker regions in Figure 3-3b (step Il; z = 0 — 3 mm). Further
accumulations of MCPs are visible along the channel at y = 10 — 15 mm (see Figure
3-3b, step II). In detail, MCPs are found at the granule surfaces or in void spaces
situated next to the channel. Nevertheless, the major part of the granular sludge bed
is free from MCPs (bright regions remaining in step Il compared to step | in Figure
3-3b).
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After the additional particle injection (see Figure 3-3b, step Ill) further particle
accumulation filled void space next to the channel and partially the channel itself, while
no (additional) particles distributed over the rest of the granular sludge bed. The
development of a preferential flow path at y = 10 — 15 mm through the granular sludge
bed was further confirmed by measuring flow (data not shown).

experiment 2 (0] (1 (1ry
(MCPs) initial state particle load add. particle load

(a)
T, - weighted

(b)
T, - weighted

y [mm]

Figure 3-3: 2D MRI images showing the accumulation of microcrystalline cellulose particles
(MCPs) in the granular sludge bed. T;-weighted images (a) allow for a differentiation
between granules and water filled pore space, while T,-weighted images (b) are more
sensitive to the particle load in form of low intensity signals. The granule bed reordered
during the particle load, and a flow channel formed. An accumulation of MCPs occurred
mainly near the inlet and along the flow channel (preferential flow path).

3.3.3 Experiment 3: Behavior of real wastewater particles (WWPSs)
Figure 3-4 illustrates the behavior of real WWPs (d,, = 28 - 100 um) inside the granular

sludge bed. To avoid immediate channeling as observed during the experiment with

MCPs (see section 3.3.2 above), the average flow velocity was lowered to 0.39 m/h.

Compared to the particles applied in the first two experiments (SPIONs, MCPs), WWPs
caused an additional image contrast in predominantly T;-weighted images (see Figure
3-4a, steps Il and IlIl). WWPs appear brighter than the granules. The WWPs appear
also more inhomogeneous in terms of signal intensity and are surrounded by some
susceptibility artifacts (black dots in bright layer Figure 3-4a, steps Il and lll). The T,-
weighted images are more sensitive to the WWPs. In Figure 3-4b the WWPs appear
dark because of a faster T,-relaxation whereas the granules and void space are similar

in signal intensity.
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Figure 3-4: 2D MRI images showing the accumulation of real wastewater particles (WWPSs)
within the granular sludge bed. In T,-weighted images (a) granules, water filled pore space
(low signal intensity) and particles (high signal intensity) are visible. The T,-weighted images
(b) display the particles more homogenously. Particles appear dark (low signal intensity)
whereas the water filled pore space and granules appear grayish (high signal intensity). The
particles accumulated mainly within a channeled void space of the granular sludge bed.

The WWPs show a similar behavior compared to the MCPs. An accumulation in the
void space and around the granule surfaces is observed after both injections (see
Figure 3-4, steps Il and IlIl). Particles distribute within the granular sludge bed in the
region of x =5 - 10 mm and z = 5 - 20 mm. The granular sludge bed was slightly
rearranged during both particle loadings as indicated in Figure 3-4a, step | compared
to Il and Ill. In this case the particles were slightly pushed through the granular sludge
bed. In Figure 3-4, step Il the additional particle load led to further infiltration of WWPs
along the height of the granule bed as well as accumulation at the inlet (z=5 mm, x =
3 —10 mm).

3.3.4 Comparison of particle distribution

In this section, 3D MRI datasets from the end of each experiment are analyzed and
compared. SPIONs (experiment 1) and micro particles (experiment 2 and 3) interact
differently with the granular sludge bed (Figure 3-5). The SPIONs penetrated into the
granules and remained immobilized/sorbed (white bars, Figure 3-5). Analysis of these
3D MRI datasets further revealed that SPIONs penetrated each granule independent
of its surrounding environment (e.g., packaging density, granule size). Sorption of

SPIONs occurred homogenously within the granular bed height (z = 3 — 13 mm) as
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presented in Figure 3-6, experiment 1. The penetration depth for SPIONs into the

granules was estimated to up to 300 + 50 pm.
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Figure 3-5: Volume fractions at the end of each experiment. SPIONSs are able to penetrate
the granules (white bars), while the WWPs and MCPs accumulate in the void space.

Due to the flow direction that’'s compacting the granular sludge bed, the granule content
in experiment 1 is the highest (=60% for “granule” and “granule + particle”) in Figure
3-5. The higher flow velocity in experiment 2 and the channeling event lead to a lower
granule fraction compared to experiment 3. In general, the “granule” fraction is
underestimated within this approach, due to lower signal intensities at the inner of the

aerobic granules.

Compared to the behavior of SPIONs, MCPs locate nearby granules (see Figure 3-5,
experiment 2) but do not penetrate the granules. In consequence, the fraction of
“‘granule + particle” (white color allocation) is below 1% in Figure 3-5 for MCPs
compared to approximately 34% for SPIONs. Since the WWPs are larger than the
MCPs no penetration of the larger particles into the granules is assumed. MCPs and
WWPs behave similarly in terms of spatial distribution. Moreover, micro particles
preferentially accumulate at lower parts of the granular sludge bed rather than
distributing equally within the void space due to advective and diffusive transport
processes as concluded from Figure 3-6, experiment 2 and 3. The distribution of MCPs
is mainly affected by the geometry of the flow path (Figure 3-6, experiment 2). Particles
gradually fill the void space along the channel, which causes a heterogeneous
distribution of MCPs. In addition, a deposit of settled MCPs on top of the granular
sludge bed was detected. The wastewater particle fraction (yellow) is sharply
decreasing within the lower part (z = 4 — 6 mm) of the granule bed (see Figure 3-6
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experiment 3). The low “particle” fraction for WWPs in Figure 3-5, indicates that most

particles are already retained at the glass spheres positioned below the granular

sludge bed (Figure 3-1). Almost complete particle retention was observed within the

first 20 mm of the granule bed (see Figure 3-6, experiment 3). Also, an additional

particle load or a higher flow velocity would release particles to the bulk phase atop the

granular sludge bed similar to the observations made in experiment 2.
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Figure 3-6: Particle distribution along height. In experiment 1 the SPIONs distributed
homogenously along the height of the granular sludge bed. The accumulation of MCPs in
experiment 2 is mainly affected by the geometry of the flow path. The amount of accumulated

WWPs in experiment 3 decreases sharply within the first millimeters.
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3.4 Discussion

3.4.1 Applicability of MRI

The results prove the applicability of MRI to study the fate and transport of particles
into and through a settled bed of aerobic granules. T;-weighted images were
successfully applied to resolve the structure of a settled bed of aerobic granules.
Colloidal (SPIONSs) as well as micro particles (MCPs, WWPs) were resolved in time

and space (x, Yy, z) by T,-weighted images.

Further processing and merging of 3D MRI data sets allowed for the determination of
the particle position inside the granular sludge bed. Some uncertainties remain in the
predictability of the granule and void space volume fractions. Because of their signal
intensity, the cores of the granules are assigned to the void space fraction. The
changes in signal intensity caused by diverse relaxation times within biofilms are
usually aligned with its properties (i.e. compactness and chemical composition). For
example, Bartacek et al. (2016) observed that the outer zone of aerobic granules has
a faster T;- and T,-relaxation than the inner core. The faster relaxation times might be
related to a higher amount of extracellular polymeric substances (EPS) and
microorganisms at the outer layers (Adav et al. 2008, McSwain et al. 2005, Wang et
al. 2005). Further, the presence of precipitates in granules was reported, which locally
fastened relaxation time (Herrling et al. 2017, Kirkland 2017). Nevertheless, advanced
image segmentation might improve the differentiation of void space and granule core

via shape validating tools as applied by Bégin et al. (2014) on nerve fibers.

3.4.2 Particle retention

The current study demonstrates that the retention mechanism of particulate organic
matter is size dependent. Retention of particulate organic matter in an aerobic granular
sludge reactor increases with decreasing influent wastewater particle size
(Schwarzenbeck et al. 2004). Our results show that colloidal particles distribute equally
within the granular sludge bed under applied flow. Thus, colloidal particles are able to
attach and penetrate granules. We hypothesize that the hydrolysis of colloidal particles
takes place within the granules and will lead to a rather uniform distribution of additional
substrate during the subsequent cycles of a SBR. Furthermore, the estimated
penetration depth up to 300 + 50 um suggests that the colloidal particles partially
immobilize within the anoxic zone of aerobic granules. Therefore, hydrolysis would

potentially release organic carbon to phosphorous accumulating and denitrifying
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microorganisms in the anoxic zone and contribute to the growth of stable and compact
granules (de Kreuk and Van Loosdrecht 2004, Layer et al. 2019, Pronk et al. 2015a).

Experiments with MCPs and WWPs support findings of Schwarzenbeck et al. (2004)
who concluded that the removal efficiency of micro particles seems critical. Recent
studies demonstrated that micro particles are not able to penetrate granules and are
retained at the granule surface (De Kreuk et al. 2010, Morgenroth et al. 2002, Pronk
et al. 2015a, Wagner et al. 2015). This study supports and extends this knowledge, as
the accumulation of micro particles inside the void space was directly visualized during
the feeding phase. Further particle accumulation leads to the formation of particle
layers. The patrticle layer thickness exceeds the particle diameter, which leads to the
conclusion that most of the particles are not attached to the granule surface but remain
available/mobile after the feeding phase. Overall, around 80% of the particulate
organic matter are in the micrometer range after a primary treatment step (Sophonsiri
and Morgenroth 2004). Therefore, a large quantity of particulate organic matter might
not necessarily be washed out with the effluent but stays distributed/remobilized over
the whole reactor within the (aerobic) mixing phase.

3.4.3 Influence of flow velocity on particle distribution

Average flow velocity through the granular sludge bed during the anaerobic feeding
phase is a particularly important strategic parameter. Experiment 1 showed that
convection is necessary to distribute the SPIONs over the granular sludge bed. Here,
a low flow velocity of 0.78 m/h allowed for a uniform distribution of particles within the
void space which is followed by sorption of SPIONs to aerobic granular sludge. The
impact of flow on the particle distribution is evident in the experiments utilizing MCPs
and WWQPs, respectively. Channels formed, that led to preferential flow and thus
advective transport of particles occurred. In experiment 2, high velocities inside the
channel lead to a transport of MCPs through the entire granular sludge bed. This
caused the sedimentation of MCPs on top of the granular sludge bed. In case of the
WWPs a reduced average velocity of 0.39 m/h was sufficient to retain the majority of
the particles within the first 20 mm of the settled bed of aerobic granules. However, for
the typical anaerobic feeding time of around one hour 0.39 m/h would be much too
low. Typically, average flow velocities range from 1 — 5 m/h for low strength wastewater
(Derlon et al. 2016, Li et al. 2014, Pronk et al. 2015b, Wagner et al. 2015). Channeling
has been reported on full scale reactors at average filter velocities from 3 to 3.3 m/h
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(Pronk et al. 2015b). Our findings indicate that channeling might also occur at average

filter velocities below 1 m/h. Hence, average filter velocities and volume exchange ratio

should be considered to minimize the risk of washing out particulate organic matter

during simultaneous fill and draw, as applied by Pronk et al. (2015b) on full scale

reactors.

3.5 Conclusions

50

MRI is a suitable analytical tool to visualize and quantify the transport and
retention behavior of colloidal (SPIONs) and micro particles (microcrystalline
cellulose particles (MCPs) and real wastewater particles (WWPSs) inside a
granular sludge bed. The combination of T;- and T,-weighted images allowed
for the localization of granules, void space and patrticles in all spatial directions
and over time.

The size of particles (colloidal or several micrometer large) governs their fate
within the granular sludge bed during feeding.

Colloidal particles (SPIONs) distributed equally in the void space during the
feeding phase. These also penetrate the granules homogeneously by up to 300
+ 50 um. As these particles are retained and immobilized inside the granules,
degradation will most likely occur delivering additional substrate even in anoxic
regions of aerobic granules.

Micrometer-sized particles of micro crystalline cellulose (model particles) as well
as real wastewater particles were affected by gravitation/sedimentation.
Particles accumulated within as well as on top of the granular sludge bed.
Results indicate that a large fraction of these particles remains mobile and might
be degraded in subsequent phases of a SBR cycle or might be discharged

causing constant or elevated effluent concentrations.
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4 Locally and time resolved imaging of particle
deposition within a granulated activated carbon
filter — Impact on the flow field (Submitted)

4.1 Introduction

Both phosphorous and micro pollutants (MPs) discharged into surface water can be
identified as threat to water quality (Brack et al. 2018, Eggen et al. 2014, Leaf 2018).
Accordingly, phosphorous and micro pollutants (e.g. diclofenac, benzene) are listed as
hazardous substances to the aquatic environment by the European water directive
(Council of the European Communities 1976, European Parliament and Council of the
European Union 2008). As the final barrier before pollutants enter into the aquatic
environment, wastewater treatment plants (WWTPSs) play an important role in the
sustainable development of natural water bodies. In Germany, several federal states
react to the problem by introducing higher requirements for the discharge of
phosphorous and implementation of advanced treatment methods for the removal of
MPs (Bornemann et al. 2012, Hillenbrand et al. 2016, Telgmann et al. 2020).

Amongst others, granulated activated carbon (GAC) is an advanced treatment method.
Dependent on the integration within the treatment, a GAC filter may fulfill several
purposes. Besides the use as adsorbent, the accumulation of biofilm allows for a
simultaneous biological degradation of slowly biodegradable substances. Recently,
Fundneider et al. (2021b) reported of an extended life span of 25 — 42% related to the
biological degradation within GAC filters. Further, the function of GAC as filter medium
is widely reported. In regard of the removal of suspended solids (SS), different
integrations of GAC filters within a treatment are reported: (I) GAC was used as a
pretreatment step to remove SS and to prevent fouling of micro-/ultrafiltration units
(Hamid et al. 2017, Im et al. 2019, Pramanik et al. 2014), (II) GAC filters were applied
as single filtration step (Altmann et al. 2016, Meinel et al. 2015, Telgmann et al. 2020),
(1) a separate filtration step was applied to remove SS before the GAC treatment
(Fundneider et al. 2021a, Knopp et al. 2016). These approaches highlight different
perspectives on the suitability of GAC as a filtration medium, which might be caused

by a lack of knowledge in the occurring filtration processes.
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However, some observations can be drawn from full and pilot scale. In general, the
filtration process and occurring headloss is influenced by characteristics like the grain
size of GAC, filtration velocity and SS concentration. Ongoing with the amount of SS
in the influent more frequent backwashing of GAC filters is required. However, the
backwashing frequency should be kept at a minimum as it is related to downtimes,
abrasion of GAC and additional energy requirements. Commonly GAC filters are
applied in top-down filtration. In here, most particles do not enter deeply into the GAC
filter, resulting in a strong headloss at the upper 30 cm (Altmann et al. 2016, Telgmann
et al. 2020). To gain detailed insights into the particle deposition within GAC filters and
related consequences, imaging methods might be applied. X-ray and nuclear magnetic
resonance (NMR) based methods allow to resolve the packed bed structure and
particle deposition in-situ in 3D (Al-Abduwani et al. 2005, Godinho et al. 2019,
Mikolajczyk et al. 2018, Ranzinger et al. 2020b). Besides a detailed localization of
particle depositions, recent studies were able to resolve flow induced particle layer
redistributions within deposit layers and packed beds via uCT (Adebayo and Bageri
2020, Godinho et al. 2019). A benefit of MRI is the possibility to measure flow
distributions within packed beds in addition to structural images (Graf von der
Schulenburg et al. 2008, Mikolajczyk et al. 2018, Seymour et al. 2004, Wagner et al.
2010).

Overall the most efficient treatment to reduce phosphorous discharge to low levels, is
seen in precipitation/ flocculation followed by a filtration step (Fundneider et al. 2020,
Telgmann et al. 2020). In here, an overlap can be found as a GAC filter can be used
as a filter medium to remove precipitated phosphorous in form of SS and MPs
simultaneously. The aim of the present study is to gain further insights into the filtration
process, to evaluate if a combination or separation of treatments is advantageous from
a pore scale perspective. Therefore, the present study used MRI to dynamically
visualize the deposition of SS onto a GAC filter. Further, real wastewater originating
from a secondary clarifier was loaded in steps of 0.2 L. In accordance to previous
studies, a pretreatment in form of a coagulation/flocculation step was applied to the
wastewater (Altmann et al. 2016, Telgmann et al. 2020). In detail, the aim of the study
was: (I) to reveal spatially and time resolved insights in the filtration process of SS onto
GAC and (ll) to investigate the impact of SS deposition on flow distributions within GAC

filters.
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4.2 Materials & Methods

4.2.1 Pretreatment

Wastewater was collected from the secondary clarifier effluent at the wastewater
treatment plant in Bruchsal, Germany. The plant is designed for a population
equivalent of 57.750. Initial concentrations were 14.9 mg/L dissolved organic carbon
(DOC), 0.03 mg/L phosphate and 2.2 mg/L total suspended solids (TSS). To increase
TSS content, 2 mg Phosphate (originating from potassium dihydrogenphosphate) were
added to one liter of wastewater and precipitated by the addition of 5 mg iron
(originating from iron(lil)chloride). During precipitation, the sample was stirred at 200
rom. For flocculation 100 rpm were applied. After pretreatment the wastewater
contained 8.4 + 0.5 mg/L TSS.

Granulated activated carbon (GAC) was obtained from Cabot Corporation, Boston,
Massachusetts, USA. The GAC type (NORIT© RB 0.8 C) was extruded and had a
cylindrical shape (d = 0.8 mm, I =3 mm). Moreover, the chosen GAC showed the least
artifacts and thus the best image quality. Previous to the experiments the GAC was
sieved, washed and stored for one week in demineralized water to ensure complete

outgassing of GAC.

4.2.2 Magnetic Resonance Imaging (MRI)

MRI experiments were performed in a 200 MHz superwide bore magnet equipped with
an Avance HDIII console (Bruker BioSpin GmbH, Rheinstetten, Germany). The probe
was a MICWB 40 with a 20 mm birdcage. For imaging, gradients up to 1.5 T/m were
available. The parameters of MRI experiments are listed in Table 4-1. Multi-slice-multi-
echo (MSME) was chosen for structure images. Multiple Echoes were recorded within

the 3D measurement. Tagging was applied for the sagittal flow images.
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Table 4-1: Acquisition parameters of MRI experiments.

Notation: Coarse Sagittal Axial Axial Sagittal 3D image
structure flow image structure Flow Map structure
image image image
Acquisition 17 min 12 min 17 min 12 min 1lh 9h
time: 4s 48 s 4s 48 s 8 min 6 min
Figure 4-5
Supporting + Figure 4-6  Figure 4-6
Data X . . .
provided in: V|de9 supportlng + . + . Figure 4-3 Figure 4-4
material video (Appendix) (Appendix)
material
Acquisition 0.25 h; 0.5 h; 0.5 h; 0.5 h; 1.0 h; 2.0 h;
interval: 0.2L 04L 04L 04L 0.8L 16L
Field of 15 mm, 15 mm, 15 mm, 15 mm, 15 mm, 15 mm,
view: -, -, 15 mm, 15 mm, - 15 mm,
x,v, 2) 22.5mm 22.5mm - - 22.5mm  22.5mm
Resolution: 117 pm, 117 pm, 117 pm, 117 pm, 59 um, 117 pm,
%V, 2) -, -, 117 pm, 117 pm, - 117 pm,
117 pm 117 pm - - 59 um 117 pm
Slice 400 400 400 400 400 N/A
thickness:
[um]
Ret‘i);tg:'on 2000ms  2000ms  2000ms  1000ms 2000 ms 2000 ms
Echotime: 5 s 15 ms 15 ms 5ms 15ms ~ >/>ms
... 15 ms
Averages: 4 3 4 3 16 1

4.2.3 Experimental setup

A schematic of the experimental setup is presented in Figure 4-1. The sample (height:
200 mm; inner diameter 14 mm) was wet packed with GAC to a height of approximately
100 mm. An O-ring and mesh at the bottom of the column served as supporting layer.
Further, the sample was connected using tubings and installed into the 200 MHz NMR
spectrometer. The sample was positioned within the spectrometer so that the field of
view covered the upper layer of the GAC as well as the bulk liquid above. For one
cycle, 0.2 L of pretreated wastewater were filled into a syringe. The syringe pump was
positioned above a magnetic stirrer to ensure fully mixed conditions within the syringe

during the cycle.

A filter velocity of 5 m/h was applied corresponding to a volumetric flow rate of 12.8
mL/min and a cycle time of 15.6 min. During a cycle, flow in either x-, y- or x-, z-direction
was measured. As two different approaches for flow imaging (Sagittal flow image and

axial flow map; see Table 4-1) have been chosen, these were acquired in alternating
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order every 0.4 L. In between cycles, structural images were acquired. As compromise
between image quality and data acquisition duration, coarse structure images were
acquired after every cycle of 0.2 L in sagittal orientation and every second cycle in axial
direction. 2D-images with higher resolution were obtained every 0.8 L. Further, 3D
images were only obtained overnight (every 1.6 L). Details of the applied

measurements and pulse sequences are provided in Table 4-1.
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Figure 4-1: Experimental setup of the MRI experiments. In each cycle 0.2 L of pretreated
wastewater were added to the GAC packed column. The upper 1.5 cm and liquid phase
above the GAC filter were investigated in time and spatially resolved image series.
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4.2.4 Image analysis

Image analysis was perfomed by using Avizo (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) and self-written scripts within Matlab (Math Works, Nattick,
Massachusetts, USA). In the following paragraph the analysis of flow distribution and

3D images are described in detail.

4.2.5 Processing of Flow images

For visualization purposes, the axial structure image and axial flow map were merged
similar to (Gladden and Mitchell 2011, Klotz 2019). All raw and merged images can be
found in the supporting information (Appendix 4-1). To distinguish the void space and
solid material (GAC and SS), a threshold of 4500 out of 21° intensity values (32768
values due to data format) was set. Further, a circle was manually defined, to
distinguish between exterior parts and GAC. Within the axial flow-map only
pronounced velocities above 0.1 cm/s were included. Values below 0.1 cm/s were
considered as noise and removed from the image. The images were merged according
to the following priority: (I) the highest priority was given to velocities > 0.1 cm/s of the
flow map; (1) solid components (GAC and SS) were implemented (dark grey); (Ill)
residual voxels within the drawn circle, that did not contribute to either GAC or a
measured velocity were attributed to a flow velocity of 0 cm/s (appear dark blue); (1V)

elements outside the circle were not included (appear black).

In addition, the measured flow distributions were classified. Overall 30 classes were
defined according to a class width of 0.4 cm/s. Thus, the total velocity range was 0.1 -
12.1 cm/s. To calculate the volumetric flow rate (Q) of each voxel its velocity in z-
direction was multiplied by the voxel size in x- and y-direction (= areal cross-section).

In respect to one class all volumetric flow rates were summed up.

The flow distributions are plotted as probability density functions (PDF) and cumulative
density functions (CDF) similar to (Carrel et al. 2018, Holzner et al. 2015). Further, the
points were used to fit the “Lognormal” and “LognormalCDF” function as provided
within Origin (OriginLab, Northampton, Massachusetts, USA).
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4.2.6 3D-image analysis:

From the 3D measurements, the datasets recorded at the lowest (3.75 ms) and highest
echotime (15 ms) were used for analysis purposes (compare Figure 4-21 and Ill). The
dataset obtained after an echo time of 3.75 ms (Figure 4-2I) allows to highlight GAC.
Further, a threshold of 4500 out of 21° intensity values was applied. In addition, the
connected objects smaller than 5 voxels in 2D were removed from the data set. The
highlighted GAC is presented in Figure 4-2II.

The dataset obtained from an echo time of 15 ms were binarized at the same value
(4500 out of 2%° intensity values). In respect to the fine structure of SS, the connected
objects were evaluated in 3D. Again all connected objects smaller than 5 voxels were
removed. The highlighted GAC + SS are presented in (Figure 4-21V).

After that images were merged to distinguish between GAC and SS (Figure 4-2V). In
here, a voxel was aligned to GAC if it was binarized in both images. If a voxel was only
binarized at a higher echotime, it was aligned to SS. Further, height profiles were
obtained from the merged datasets (Figure 4-2V). For visualization purposes images

were rendered in 3D (Figure 4-2VI).

M) (I
Tg: 3.75ms GAC highlighted

v) (V1)
rendered 3D image

(V)
GAC + SS highlighted

Figure 4-2: Image analysis of 3D measurements. Datasets recorded with the lowest (3.75
ms) and highest (15 ms) echo time were used. After image processing both datasets were
merged and further rendered for 3D visualization only.
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4.3 Results

4.3.1 Particle retention and GAC redistribution

Sagittal images (y = 7.5 mm) show the upper layer of the GAC filter (Figure 4-3). An
image of the GAC packing before the addition of wastewater is provided in Figure 4-3lI.
MRI obtains most of the signal from the hydrogen atoms of water molecules. Thus,
bulk liquid above the GAC filter as well as voids within the GAC filter appear grey.
Regions indicated in white are the result of susceptibility artifacts, which appear near
the interface between water and GAC filter. No signal is obtained from the GAC filter
and exterior components. Thus, they appear black. Further, the cylindric shape of the

GAC can be recognized (Figure 4-3I).
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Figure 4-3: Normalized 2D-images show the GAC filter structure and the accumulation of
SS. With ongoing addition of wastewater, SS accumulation is dominantly observed at the
bulk — GAC interface, resulting in a deposit layer.

After 1.6 L of wastewater were added, SS accumulation was determined on the bulk —
GAC interface (Figure 4-3ll, z =12 — 16 mm). The visualization of particles is influenced
by the dimension of flocs/particles (approximately 1-10 um), the plane resolution of the
MRI images (59 pm x 59 um x 200 pum), and paramagnetic relaxation enhancement
(through precipitation with iron). Overall, SS are only recognizable when present as
accumulations. Further, the SS accumulations appear darker than water. In addition,
their fluffy appearance is recognizable in terms of structure as well as diversity of signal

intensity (Figure 4-3Il, z = 12 — 16 mm).

After 3.2 L of wastewater were loaded, the occurrence of a deposit layer can be
recognized atop the GAC filter (Figure 4-3lll, z = 13 — 18). Further, a redistribution of
the GAC filter occurred. The redistribution is distinct in the area of z =12 — 18 mm and
x =0 -5 mm (compare Figure 4-311 and lll). In general, redistributions are aligned with
an increase in pressure until a disruption within the filter structure occurs (Godinho et
al. 2019). As seen in Figure 4-3IV and V more SS accumulated after loading 4.8 and
6.4 L, respectively. Moreover, the deposit layer appears darker and more compact,
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which indicates a compression of particles at the upper edge. Beside of the formation
of a deposit layer, SS are also retained within the GAC filter. For a more dynamic
perspective on the particle retention within the GAC filter, the authors encourage to

view the animations provided within the supporting information.

Rendered 3D images with corresponding height profiles are presented in Figure 4-4.
As explained in material and methods 3D images of an echo time of 3.75 and 15 ms
were merged (see Figure 4-2) for differentiation between GAC and particle
accumulations. Dashed lines mark the start and end, respectively, of the developing
deposit layer. In consequence, Figure 4-4ll-a does contain only 1 dashed line that

separates the fully developed GAC filter from the GAC — bulk interface.
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Figure 4-4: Rendered 3D images and height profiles of the experiment after 0 L; 3.2 L and
6.4 L of wastewater passed through the GAC filter. Particles accumulate above GAC filter
by formation of a deposit layer. In addition, the accumulation of SS the GAC filter is shown.
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The height profiles show the highest amount of SS at the bulk — GAC interface (Figure
4-4: row b; z = 13.5 — 18 mm). Successively, more SS can be found above the GAC
filter after 6.4 L passed. In addition, the height of the deposit layer increases from
approximately 5 to 6 mm compare Figure 4-4; row b and c. Further, the minima of

Vu,0 / V at z =14 mm indicates progressing pore blockage.

SS were also retained within the GAC filter. No clear trend within the GAC filter is seen
for the SS profile after 3.2 L were loaded (Figure 4-4; row b; z = 0 — 13.5 mm). Within
the GAC filter (z = 0 — 13.5 mm) Vg / V increased during operation from 9.8% (3.2 L)
to 12.9% (6.4 L). Vice versa, Vy,, / V within the GAC is lowered, starting from 40.5%
(O L) down to 36.8% (3.2 L) and 29.8% (6.4 L). In respect of Vy,, / V a redistribution of
the GAC filter is recognizable at 3.2 L, leading to a loosening of the GAC structure
(Figure 4-4; row b; z = 8 — 13.5 mm). Therefore, V4 / V is higher after 6.4 L (57.3%)
compared to 3.2 L (53.4%) (compare Figure 4-4; row b and ¢; z =8 — 13.5 mm).

4.3.2 Flow distribution above and within the GAC filter

In Figure 4-5 sagittal flow images are presented. In here, horizontal stripes are

implemented that allowed to derive flow profiles above the GAC filter.
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Figure 4-5: 2D sagittal flow images revealing flow profiles within the bulk liquid above the
GAC filter. The accumulation of SS causes redistributions of GAC and accumulated SS at
the top of the GAC filter aligned with changing inflow points into the GAC filter. Formation of
channeling can be recognized.

Within the upper part of the bulk liquid a laminar flow profile is recognizable in form of
a parabolic shape (Figure 4-51, z = 18 — 22 mm). Altered by the geometry of the GAC
filter, the flow profile changes at lower parts of the bulk liquid near the bulk — GAC
interface. A resistance can be recognized in the middle of the filter (Figure 4-51, z = 13
— 18 mm). Within the GAC filter the stripes are not recognizable. A deficit in visibility of
structures and contours becomes obvious when comparing Figure 4-3 and Figure 4-5,

which is aligned with the image acquisition under applied flow.
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After 1.6 L of wastewater were added, preferential inflow locations are recognizable
(Figure 4-5II; x =5 mm and x = 14 mm). In addition, the initial parabolic flow profile is
flatter and less distinct. At Figure 4-5llIl a dominant inflow spot is seen at x = 1 mm,
while an even flow distribution is recognizable over other areas. Also the highest
saturation stripe is affected by the preferential inflow spot (Figure 4-5IIl; z = 21 — 22
mm). After 4.8 L and 6.4 L of wastewater were loaded, a preferential spot is recognized
aty = 14 mm (Figure 4-51V and V).

Figure 4-6(I-11) shows axial flow maps. The GAC together with SS are superpositioned
inside these images for visualization purposes and appear dark. The raw images can
be found within the supporting information (Appendix 4-1). Figure 4-61 shows the initial
flow regime obtained at a height of z =5 mm. Within the flow map, low velocities along
z-direction are found. Most of the void space is labeled in dark blue corresponding to
low or no detected velocity along z-direction. Whereas some areas are labeled in cyan
or green corresponding to velocities of 1.5 to 3 cm/s. Further, the GAC structure is

clearly recognizable within the image (Figure 4-6l).
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Figure 4-6: Axial flow maps before (1), after 3.0 L (II) and 6.2 L (Ill) addition of wastewater.
Corresponding volume flow distributions are presented in (IV) as probability density and (V)
cumulative density function. Characteristic values of Table 4-2 (mode and equivalent
velocity) are highlighted within the diagram. The accumulation of SS promotes channeling
effects and leads to higher equivalent velocities.
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Overall an increasing amount of solid components (GAC and SS; dark grey) can be
recognized during the experiment (Figure 4-611 and Ill). After 3.0 L of wastewater were
loaded, higher velocities and less areas displaying markedly velocities are observed.
In general, channels within the GAC filter with a higher velocity developed locally.
Channeling further increases with successive loading of wastewater (compare Figure
4-61, Il and 11). The trend towards higher velocities is further shown in Figure 4-61V and
V. In here, the volume flow distributions in z-direction are plotted against probability
functions CDF (Q) and PDF (Q), respectively. Characteristic values are provided in
Table 4-2.

The mode of the volume flow distribution shifts from 0.7 to 1.3 and 1.7 cm/s. Further,
the equivalent velocity (the velocity at which 50% of the volume flow pass the image at
a higher/lower velocity) increases from (0.8 to 1.9 and 2.8 cm/s). The comparison of
mode and equivalent values further indicate the trend towards anomalous flow

distributions caused by the accumulation of SS.

Table 4-2: Characteristic values of the volume flow distributions.

Operation time; Mode of volume flow Equivalent velocity

Loaded volume  distribution (50% quantile)
0.00h;0.0L 0.7 cm/s [25.2 m/h] 0.8 cm/s [28.8 m/h]
3.75h;3.0L 1.3 cm/s [46.8 m/h] 1.9 cm/s [68.4 m/h]
7.75h;6.2 L 1.7 cm/s [61.2 m/h] 2.8 cm/s [100.8 m/h]
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4.4 Discussion

4.4.1 Retention of SS in GAC filters is affected by local flow field

The current study provides temporal and spatially resolved insights into the occurring
filtration processes in GAC filters. Overall, the formation of a deposit layer and retention
within the GAC filter is recognized. Tendencies either towards deep bed filtration or
surface filtration were reported in previous studies (Benstoem et al. 2017, Telgmann
et al. 2020). Further, the findings are in alignment with pilot scale observations, which
reported of a major particle retention within the upper 15 cm of a GAC filter (Altmann
et al. 2016, Telgmann et al. 2020). In general, diverse parameters affect the retention

characteristics, including filter velocity, particle load, grain size and others.

In addition, the present study highlights the significance of the local flow field onto the
particle deposition. Sagittal flow images revealed that the inflow points into the GAC
filter vary with time. Further, the inflow points obscure the formation of a deposit layer
that completely covers the GAC filter. The transition to another preferential inflow point
was often aligned with redistributions of the filter structure at the top of the GAC filter.
The issue of redistribution might be even more distinct in real applications, as smaller
and less dense GAC particles are situated at the upper layer of GAC filters due to
stratification (Frank et al. 2015). Further, the presence of preferential inflow points
enhances the particle transport into deeper regions of the GAC filter. Regarding the
resulting pressure loss observed in real applications, additional insights can be drawn:
(I) pore coverage is significant especially at the top GAC layer; (ll) indications of SS
compaction are recognizable at the upper part. The combination of both potentially
acts self-reinforcing on the pressure loss, which is undesirable for a filtration process.
Due to the self-reinforcing action and occurring redistributions that prevent a pure
surface filtration, the authors would recommend to apply a pretreatment with

sedimentation or filtration.
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4.4.2 Impact of volume flow distribution on GAC

The current study shows the occurrence of channeling within GAC filters. Already
without SS accumulation channeling is present within the GAC filter. In our study with
an equivalent velocity of 28.8 m/h (= 0.8 cm/s), water passes the plane faster than
predicted by the average filter velocity (5 m/h), even when taking the porosity (40%)
into account (12.5 m/h). In here, the particle size distribution as well as the sample
geometry is determining the channeling extend. Overall, channeling effects become
more dominant with increasing heterogeneity (Blunt et al. 2013, Lehoux et al. 2016,
Scheven et al. 2005). Further, it should be considered that the equivalent velocity also
impacts the actual contact time for mass transfer processes. For instance, Liang et al.
(2007) highlighted within their simulations, that the overall removal efficiency

decreases at higher equivalent velocities.

With ongoing accumulation of SS channeling becomes more dominant. Such,
tendencies towards channeling are well known for the case of biofilm accumulation in
porous media (Carrel et al. 2018, Graf von der Schulenburg et al. 2008, Seymour et
al. 2004). In our study, an equivalent velocity of 68.4 m/h was found after 3.0 L of
wastewater was added, which further increased to 100.8 m/h after 6.2 L. Implications
on the adsorption process of MPs are roughly outlined in the following. As the volume
is transported through less pores but at a higher velocity, imperfect mixing (low
horizontal dispersion) as well as a decrease of the actual contact time (broad
longitudinal dispersion) are likely. In contrary, the concentration boundary layer will
decrease due to higher velocities and allow for a faster mass transport towards GAC.
Overall, we expect that the adsorption coefficient along height is lowered due to the
occurrence of higher equivalent velocities. However, as the patrticle retention is mostly
taking place within the upper 15 cm of a GAC filter (Altmann et al. 2016, Telgmann et
al. 2020), the equivalent velocity measured is not representative for the whole GAC
filter. Commonly mass transfer towards GAC only occurs at a fraction of the filter height
within the so called mass transfer zone. Regarding the sufficient MPs removal reported
in real scale applications, the effect is most likely compensated due to the total height
of GAC filters (Altmann et al. 2016, Bornemann et al. 2012, Karelid et al. 2017).
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4.5 Conclusions

MRI is a suitable tool to visualize SS accumulations within GAC filters. The
approach allowed for a spatially and time resolved observation of the filtration
processes and alterations of the local flow field.

The formation of a deposit layer above as well as SS accumulation within the
GAC filter can be quantified based on the MR images. Varying inflow points into
the GAC filter developed quickly indicating, that the deposit layer did not
completely cover the GAC — bulk interface. Further, compaction of SS and
redistribution at the top layer were aligned with changing inflow points.
Channeling was present within the GAC filter previous to the addition of
wastewater. The equivalent velocity of 28.8 m/h was 2.3 times higher than the
average flow velocity. The accumulation of SS further increased channeling. At
the end of the experiment an equivalent velocity of 100.8 m/h was measured.
Overall, the filtration using GAC seems unfavorable due to increasing blocking
and compaction of SS evident after 4 h and 8 h of filtration, respectively.
Therefore, the authors would recommend to apply a pretreatment with

sedimentation or filtration.
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5 Summary

The present dissertation highlights the suitability of MRI to visualize depositions within
porous media (e.g. through particle deposition or biofilm growth) spatially and time
resolved. A visualization of all fractions was possible by the combination of three
aspects: (1) individually chosen MRI-parameters (mainly Repetition and Echotime) to
create an adequate contrast; (II) addition of iron as contrast agents to modify the
relaxation time of the deposited fraction within the porous media; and (lll) individually

designed image processing.

Especially the usage of iron showed great potential as contrast agent. Even though,
the addition has to be considered individually in every case, the present study
highlights diverse ways of application for MRI experiments. The addition to the
substratum allowed for an accumulation within the biofilm matrix and thus to an
improvement of contrast for biofilm growth studies (chapter 2). Second the soaking
under anoxic conditions and later oxidization within cellulose showed great potential
for triggering particles (chapter 3). In here, advantage was taken from the water
solubility of iron(ll)salts. The later on oxidization lead to an immobilization of iron(lll)
within the cellulose particles. However, also manufactured particles consisting of an
iron oxide core showed great potential. An advantage is the narrow particle size and
broad choice of surface functionalization (chapter 3). Finally, the usage of iron(lll) as
precipitant for phosphorous and organic compounds created particles that were
trackable by MRI (chapter 4). Especially the last case represents a real scale
application as precipitation/flocculation steps are commonly applied within wastewater

treatment.

Chapter 2 highlighted the potential of biofilms to alter hydraulic conditions in respect to
the retained amount of water as well as air. Under alternating water availability, the
biofilm was found to preferentially grow at the contact points between two particles or
between particles and glass column that remained permanently wetted. Only to a
smaller extend the growth of biofilm was found within voids or at the surface of glass
spheres. With ongoing biofilm growth, the retention of entrapped water after drainage
events increased. Vice versa, the amount of entrapped air increased after flushing
events. Further the potential of biofilm to enhance liquid phase connectivity was shown.
Therefore, it is assumed that biofilm supports diffusive mass transport processes within

partially saturated porous media.
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Chapter 3 focused on the fate and retention of particles within settled beds of aerobic
granules. In here, particles of different size-ranges (e.g. nanometer or micrometer
range) were used. The SPIONs (20 nm in diameter) were not affected by
sedimentation. Thus, SPIONs were able to distribute homogenously within the bed of
aerobic granules during loading. Further, SPIONs were able to penetrate the biofilm-
matrix. However, SPIONS immobilized close to the surface of aerobic granules and
did not penetrate the aerobic granules deeper than 300 um. In contrast, sedimentation
played an important role in the retention mechanism of micrometer sized particles
(Chapter 3; Experiment 2 and 3). In here, the particles were retained outside the EPS
matrix. The retention in form of accumulations, highlighted that most of the particles
were not in direct contact with the aerobic granules. Thus, no adsorption to the aerobic
granules was possible for the majority of added particles. Therefore, micrometer sized
particles will become available within the following aerobic mixing phase within SBRs
where they become available for flocs as well as aerobic granules. Noteworthy is also
the second manuscript: Layer et al. (2020) of the project. In here, lab scale experiments
have been conducted to investigate the fate of particulate matter within anaerobic
feeding and aerobic mixing. The outcome indicates that most of the particulate matter
will attach to sludge flocs during the aerobic mixing phase. Due to the typical time for
biodegradation of particulate matter around 14 days, particulate matter is likely to be
partly degraded and further to be taken off with the regular withdrawal of excess
sludge.

Chapter 4 visualized the deposition of SS onto GAC filters. Within the top-down
filtration particles were retained within as well as above the porous media. The timely
resolved process allowed to visualize the buildup of a deposit layer above as well as
the particle deposition within the GAC filter. With ongoing time a successive blockage
of pores and a compaction of SS could be shown, that might have the potential to
drastically increase the head loss. Even though, a deposit layer formed on top of the
layer, the visualization of preferential inflow points highlighted that the deposit layer did
not cover the whole area of the GAC filter. The formation of a filter cake was mainly
obscured by the hydraulic conditions. During the filtration process a successively
increasing equivalent velocity was found. In detail the equivalent velocity increased
from 28.8 m/h (before loading of SS); up to 68.4 m/h (after 3.75 h of filtration) and 100.8
m/h (after 7.75 h of filtration). Therefore, channeling is largely enhanced through the

deposition of SS. As the contact time is affected by the equivalent velocity it is assumed
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that the adsorption performance towards the GAC is lowered due to the accumulation
of SS. In regard of the overall good performance in terms of SS retention and pollutant
adsorption in real scale applications, it is assumed that the effect is compensated due
to the total height of a GAC filter.

As chapter 3 and 4 both addressed the particle retention within porous media, cross
comparisons can be made. In both chapters, the transport of particles towards and
filtration within the porous media was highly influenced by the hydraulic conditions.
Further, pore-scale imaging revealed redistributions within the structure of the porous
media during the filtration experiment. The filtration efficiency can be influenced by the
inflow direction towards the porous media, applied filter velocity and characteristics of

the porous media (e.g. grain size, density, compressibility).

In wastewater treatment a density close to water is desirable for backwashing and
fluidization of the porous media. This aspect is applicable for GAC as well as aerobic
granules. However, for the filtration process a low density of the porous media is prone
for redistributions. Further, fluidization leads to stratification of the porous media due
to sedimentation processes. Therefore, the porous media will consist of larger and
denser grains at the bottom, while lighter and smaller grains can be found close to the
top.

Further, the inflow direction does significantly influence the space for redistributions. In
chapter 3 micro-particles entered from the bottom. In down-top direction the porous
media can be pushed upwards, loosened or elevated, which can cause strong
redistributions. For example, a preferential flow path was created due to flow induced
redistributions in experiment 2. In the following, particles deposited along it, while
others passed the porous media and deposited on top of the porous media. The risk
of particle breakthrough can be lowered by decreasing the flow velocity, as shown in
experiment 3. In here, the particles were largely retained at lower parts but were also

pushed through the porous media during the experiment.

The top down filtration direction (top-down filtration) restricts the expansion of the
porous media. Thus, it is more stable against particle breakthrough. However, due to
a more successive blocking of pores on top of the porous media and the development
of a deposit layer it is prone to develop a fast headloss. However, also redistributions
occurred in here and avoided the formation of a filter cake covering all pores to

completely retain particles before they enter the porous media. Due to progressing
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channeling effects, particles were also transported into deeper regions of the porous

media.

Overall the present study highlights the dynamic interplay between depositions (biofilm
growth and particle accumulation) and hydraulic properties within the porous media.
However, not only the depositing fraction is altered but also the porous media might
be redistributed due to the dynamically changing hydraulic conditions. Therefore, the
porous media should not be seen as a static system from the pore scale perspective,
but does also align to the local flow conditions
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6 Appendix

Appendix 2-1: Cultivation under saturated condition for OCT

measurements

The sample was inoculated with Bacillus subtilis pre-cultures grown at 30°C overnight
in Luria Broth (LB) medium. For the cultivation, a feed solution with the concentrations
shown in table S1 was prepared and autoclaved. The feed solution was constantly lead
into a beaker trough a peristaltic pump. This beaker was connected to the probes and
served as a reservoir for mixing, recirculation and oxygen input throug continuous

stirring. An overflow drain allowed the discharge of excess solution.

To start the cultivation, the beaker was innocultated with 5 mL of pre-culture. Then, the
mixture was pumped through the probes for 15 minutes to ensure a good distribution
of bacteria, followed by an one hour waiting period to allow for surface attachment.
This procedure was repeated a second time. During the following cultivation, the
probes were constantly fed from the beaker with an average filter velocity of 5.4 m/h,
resembling 0.6 mL/min. The probes were used as an indication of biofilm growth over

time and could be examined with OCT, because of the complete saturation.

Substances added to one liter of demineralized water for preparing the feed

solution.

Substance Concentration [mg/L]
Tryptophan 5
Phenylalanin 5
Thiaminhydrochlorid 0.67
ZnCl; 0.136
MnCl; 9.9
FeCl; 0.5
CaCl; 110
MgCl; 410
Glycerol 500
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Appendix 2-2: Visualization of liquid clusters

(1) (In (1)
day: 6 day: 9 day: 12

Liquid-
clusters

(a)

exterior

(b)

sliced

Visualization of liquid clusters. The same dataset is shown from an exterior perspective (a)
and sliced through the center (b). On day 6, ringlike structures of retained water can be

recognized. At day 9 a dominant cluster can be recognized, which covers contains almost
the complete liquid phase at day 12.
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Appendix 3-1. Image segmentation; analysis and direct

comparison

raw data segmentation

T; - weighted

overlap

T, - weighted

x [mm]

Data analysis of 3D MRI data sets. T;-weighted images were selected for granules via
thresholding, while T,-weighted images were selected for the particles. As the field of view
is the same the binary images can be directly merged and divided into volume fractions.
Void space is indicated in blue; granules are aligned to green; particles are illustrated in
yellow if they are located in the void space or in white when they spatially overlap with the
granule fraction.

raw data

3¢

segmentation

T; - weighted

overlap
of P,

T, - weighted

5 10 15 5 10 15
x [mm] x [mm]

Data analysis of the 3D MRI data sets for wastewater particles. The T;-weighted images
were selected for granules and particles because of their similar intensity range. T,-weighted
images were selected for the particles. Because of the limited selectivity in T;-weighted
images, it was not possible to quantify if wastewater particles overlap with granules.
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experiment 1 experiment 2 experiment 3
(SPIONs) (MCPs) (WWPs)

x [mm] x [mm]

3D data sets after quantification. 2D images out of the 3D data sets are shown For
visualization purposes. Regions of interest of approximately 1000 mm3 have been defined
(see red dashed rectangles) to quantify the aforementioned volumetric fractions in the
granulated sludge bed. In Experiment 1, SPIONs are able to penetrate the granules, while
MCPs and WWPs accumulate in the pore space in Experiment 2 and 3.

Appendix 5-1: Merging of structure and flow datasets.

U] ()] (1)

Oh;OL ‘ _ 3.75h; 3L » . 7.75h; 6.2 ‘
@ ¢ '
flow-map *: «
b)
structure
(c) i
merged

Comparison of raw image data of the flow-map (a), structure (b) and processed images (c).
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7 Nomenclature

AGS
CLSM
COD
EPS
GAC
GAO
LB
MCPs
MPs
MRI
MSME
NMR
OoCT
PAO
PHA
SBR
SPIONs

Nomenclature

Aerobic granular sludge

Confocal laser scanning microscopy
Chemical oxygen demand
Extracellular polymeric substances
Granular activated carbon
Glycogen accumulating organism
Luria broth

Microcrystalline cellulose particles
Micro pollutants

Magnetic resonance imaging
Multi-slice-multi-echo

Nuclear magnetic resonance
Optical coherence tomography
Phosphate accumulating organism
Polyhydroxyalkanoate

Sequencing batch reactor

Super paramagnetic  iron  oxide
nanoparticles

Suspended solids

Wastewater particle

Wastewater treatment plant

Micro-computed tomography
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