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Abstract

Biofilm models are effective tools that allow the mathematical description of biofilm systems,
the prediction of their removal performance as well as their conceptual exploration. Models
have the advantage of being less resource and time consuming than laboratory experiments
and being more flexible regarding the scenarios that can be analyzed. Due to the high com-
plexity of biofilms, it is virtually impossible to develop a model that comprises all the phe-
nomena occurring within the biofilm. Simplifications are considered a substantial part of the
modelling process, and even the most comprehensive models developed until now make use
of assumptions and simplifications. Nevertheless, the vast majority of models fulfill their pur-
pose and are useful to both researches and practitioners (Wanner et al. 2006).

The decision on which model is better for which modelling task relies on the data available,
the level of understanding of the phenomena occurring in the system and the objective of the
modelling task. In the specific case of biofilms, a trade-off between microscale features and
global modelling results is often present. A more detailed description of the microscale features
does not necessarily lead to more compelling modelling results, and occasionally it can com-
promise the identifiability and the determination of relevant parameters. However, neglecting
microscale features can result in inaccurate representations of the system and thus the explan-
atory power of the model may be diminished. Depending on the system and its specific condi-
tions, the modeler is presented with a dilemma: Which microscale features are worth including,
which simplifications can be afforded and which simplifications are compulsory due to the
lack of information.

Two microscale features are of special interest in this work: microbial community composition
and dimensionality. Three biofilm systems were used to explore the impact that these two mi-
croscale features have on the global modelling results and on the model’s explanatory power:
A biologically active Granular Activated Carbon (bGAC) filter, a Moving Bed Bioreactor
(MBBR) and a Membrane Aerated Biofilm Reactor (MABR). An individual publication is
dedicated to each one of these systems. These systems were used to showcase alternative mod-
elling approaches and to illustrate the effect of choosing simple or more complex descriptions
of the microscale features of interest.

The first and second publication, P1 and P2 respectively, focus on the microbial community
composition. Publication P1 deals with DOC removal from WWTP effluents in a bGAC-filter.
Within the filter, DOC is removed by simultaneous adsorption and biodegradation, therefore a
suitable model should include both mechanisms. It proposes a model that integrates a tradi-
tional one-dimensional biofilm model with the ideal adsorbed solution theory that can be ap-
plied within the activated sludge model framework. A simplified microbial community com-
posed solely composed of aerobic heterotrophic bacteria is selected. The developed model is
able to describe the DOC breakthrough curves at different empty bed contact times and it also
shows the relative contribution of biodegradation and adsorption to the total DOC removal.

Publication P2 analyzes the behavior of heterotrophic bacteria in an MBBR reactor operating
as a Partial Nitritation/ Anammox (PN/A) system. It discusses the growth strategies that het-
erotrophic bacteria pursue when facing substrate scarcity. The effect of the yield-strategy is
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analyzed in two scenarios. In the first scenario a group of heterotrophic bacteria growing on
endogenous COD is investigated, whereas in the second scenario, external COD is allowed
into the system and a second group of heterotrophs (rate strategist) growing on the more avail-
able external COD is added. The competition between both groups over space, and electron
acceptor is assessed. In both scenarios the pursuing of the yield strategy seems to be crucial
for the diversity of the heterotrophic community. Effluent concentrations as well as hetero-
trophic produced dinitrogen gas is strongly affected by the growth-strategy that the hetero-
trophs selected, higher denitrification activities are observed when the yield strategy is se-
lected.

Finally dimensionality is the microscale feature of interest in the third publication P3. An
MABR reactor used for PN/A is modelled. Publication P3 compares a traditional one-dimen-
sional model and different pseudo two-dimension models that allow the implementation of
concentration gradients in the bulk liquid and the gas phase, individually and simultaneously
as well as in counter or parallel flow. The results show that the one-dimensional model under-
estimates the effluent’s total dissolved nitrogen concentration in comparison to the prediction
delivered by the pseudo two-dimensional models. Differences in the axial gradients in the bio-
film are also observed between the two evaluated modelling approaches. P3 also demonstrates
that the concentration gradients in the gas phase have a more significant impact on the model-
ling results than the concentration gradients in the bulk liquid.

The importance of the microscale features: microbial composition and dimensionality is ex-
plored. Alongside, the implications on the global modelling results, product of the simplifica-
tions of microscale features are investigated. In the case of microbial composition, although
more information has been made available due to the new experimental techniques (molecular
biology, imagining etc.) there are still disparities between what can be determined experimen-
tally and how this can be implemented into the existent modelling frameworks. In the case of
dimensionality, longitudinal gradients seem to be more influential than it was previously as-
sumed and need to be taken into account to better describe MABRs. The adequate level of
complexity required for a microscale feature and in general for a model should be decided
based on the modelling goals, the current understanding of the system and the available data.




Kurzfassung

Biofilmmodelle sind wirksame Instrumente, die die mathematische Beschreibung von Bio-
filmsystemen, die VVorhersage ihrer Abbauleistung sowie die konzeptionelle Erforschung die-
ser Systeme ermdglichen. Modelle haben den Vorteil, dass sie weniger ressourcen- und zeit-
aufwandig sind als Laborexperimente und dass sie hinsichtlich der zu analysierenden Szena-
rien flexibler sind. Aufgrund der hohen Komplexitat von Biofilmen ist es praktisch unmoglich,
ein Modell zu entwickeln, das alle im Biofilm vorkommenden Phanomene umfasst. VVereinfa-
chungen sind ein wesentlicher Bestandteil des Modellierungsprozesses. Selbst die umfassends-
ten Modelle, die bisher entwickelt wurden, treffen zahlreiche Annahmen. Dennoch erfillt die
uberwiegende Mehrheit der Modelle ihren Zweck und so bleiben sie sowohl fiir die Forschung
als auch fir die Praxis nutzlich (Wanner et al. 2006).

Die Entscheidung, welches Modell fiir welche Modellierungsaufgabe besser geeignet ist, héngt
von den verfiigbaren Daten, dem Grad des Verstandnisses der im System auftretenden Phano-
mene und dem Ziel der Modellierungsaufgabe ab. Im speziellen Fall von Biofilmen besteht
h&ufig ein Kompromiss zwischen microscale features und globalen Modellierungsergebnis-
sen. Eine detailliertere Beschreibung der microscale features fiihrt nicht notwendigerweise zu
verbesserten Modellierungsergebnissen und kann gelegentlich die Identifizierbarkeit des Bio-
films und die Bestimmung der relevanten Parameter beeintrachtigen. Die Vernachléassigung
von microscale features kann jedoch zu ungenauen Darstellungen des Systems fiihren und da-
mit die Aussagekraft des Modells verringern. Je nach System und seinen spezifischen Bedin-
gungen steht der Modellierer vor einem Dilemma: Welche microscale features sind es wert,
einbezogen zu werden, welche Vereinfachungen kann man sich leisten und welche sind auf-
grund des Mangels an Informationen zwingend erforderlich.

Zwei microscale features sind in dieser Arbeit von besonderem Interesse: die Zusammenset-
zung der mikrobiellen Gemeinschaft und die Dimensionalitat. Drei Biofilmsysteme wurden
verwendet, um die Auswirkungen dieser beiden microscale features auf die globalen Model-
lierungsergebnisse und die Aussagekraft des Modells zu untersuchen: Eine biologisch aktiver
granulierter Aktivkohle (bGAK) Filter, ein Moving Bed Bioreactor (MBBR) und ein Memb-
rane Aerated Biofilm Reactor (MABR). Jedem dieser Systeme ist eine eigene Verodffentlichung
gewidmet. Diese Systeme wurden verwendet, um unterschiedliche Modellierungsansétze vor-
zustellen und die Auswirkungen der Wahl einfacher oder komplexerer Beschreibungen der
interessierenden micro features zu veranschaulichen.

Die erste und zweite Veroffentlichung, P1 bzw. P2, konzentrierten sich auf die Zusammenset-
zung der mikrobiellen Gemeinschaft. Die Veroffentlichung P1 befasst sich mit der Entfernung
von DOC aus Klaranlagenablauf in einem bGAK-Filter. Innerhalb des Filters wird DOC durch
gleichzeitige Adsorption und biologischen Abbau entfernt, weshalb ein geeignetes Modell
beide Mechanismen bertcksichtigen sollte. Ein Modell wurde entwickelt, das ein traditionelles
eindimensionales Biofilmmodell mit der ideal adsorbed solution Theorie verbindet, die im
Rahmen der activated sludge models angewendet werden kann. Es wurde eine vereinfachte
mikrobielle Gemeinschaft ausgewahlt, die ausschliel3lich aus aeroben heterotrophen Bakterien




besteht. Das entwickelte Modell ist in der Lage, die DOC-Durchbruchskurven bei unterschied-
lichen Leerbett-Kontaktzeiten zu beschreiben und zeigt auch den relativen Beitrag von biolo-
gischem Abbau und Adsorption zur gesamten DOC-Entfernung.

Publikation P2 analysiert das Verhalten heterotropher Bakterien in einem MBBR-Reaktor, der
als partielle Nitritation/Anammox (PN/A) betrieben wird. Sie erforscht die Wachstumsstrate-
gien, die heterotrophe Bakterien bei Substratknappheit verfolgen. Die Auswirkung der yield
strategy wird in zwei Szenarien analysiert. Im ersten Szenario wurde eine Gruppe hete-
rotropher Bakterien untersucht, die auf endogenem CSB wachst, wéhrend im zweiten Szenario
den System externer CSB zugefuhrt wurde und eine zweite Gruppe heterotropher Bakterien
(rate strategists) hinzugefiigt wurde, die auf dem besser verfligbaren externen CSB wéchst.
Der Wettbewerb zwischen beiden Gruppen um Platz und Elektronenakzeptoren wurde unter-
sucht. In beiden Szenarien schien die Verfolgung der yield strategy ausschlaggebend fur die
Diversitat der heterotrophen Gemeinschaft zu sein. Die Abwasserkonzentrationen sowie der
von den Heterotrophen produzierte gasférmige Stickstoff wurden stark von der von den Hete-
rotrophen gewahlten Wachstumsstrategie beeinflusst, wobei hohere Denitrifikationsaktivitaten
beobachtet wurden, wenn die yield strategy gewéhlt wurde.

In der dritten Veroffentlichung P3 war die Dimensionalitit das microcale feature von Interesse.
Es wurde ein MABR-Reaktor modelliert, der fiir PN/A verwendet wird. In der Veroffentli-
chung P3 werden ein traditionelles eindimensionales Modell und verschiedene pseudo-zwei-
dimensionale Modelle verglichen, die die Implementierung von Konzentrationsgradienten in
der Flissigkeits- und der Gasphase ermdglichen, und zwar sowohl einzeln und gleichzeitig als
auch im Gegen- oder Parallelstrom. Die Ergebnisse zeigen, dass das eindimensionale Modell
die Gesamtkonzentration des gel6sten Stickstoffs im Abwasser im Vergleich zu den Vorher-
sagen der pseudo-zweidimensionalen Modelle unterschétzt. Auch bei den axialen Gradienten
im Biofilm wurden Unterschiede zwischen den beiden evaluierten Modellierungsansatzen fest-
gestellt. P3 zeigte auch, dass die Konzentrationsgradienten in der Gasphase einen starkeren
Einfluss auf die Modellierungsergebnisse hatten als die Konzentrationsgradienten in der Flus-
sigkeitsphase.

Die Bedeutung der microscale features: mikrobielle Zusammensetzung und Dimensionalitét
wird untersucht. AufRerdem werden die Auswirkungen auf die globalen Modellierungsergeb-
nisse untersucht, die sich aus den Vereinfachungen der microscale features ergeben. Im Fall
der mikrobiellen Zusammensetzung stehen mehr Informationen zu Verfligung, dank der neuen
experimentellen Techniken (Molekularbiologie, Imaging usw.), dennoch kann nicht alles, was
experimentell bestimmt werden kann, direkt in herkémmliche Modelle implementiert werden.
Was die Dimensionalitat betrifft, haben Konzentration Gradienten in der FlieBrichtung einen
groReren Einfluss als bisher angenommen und mussen berlicksichtigt werden, um MABRs
besser zu beschreiben. Das angemessene Mald an Komplexitét, das fiir ein microscale feature
und allgemein fir ein Modell erforderlich ist, sollte auf der Grundlage der Modellierungsziele,
des aktuellen Verstandnisses des Systems und der verfligbaren Daten entschieden werden.
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Figure P1. 5. Thumbnail of Animation 2. Advective fronts for the DOC Fractions a) SN,B and b)
SVG,U at evaluated EBCTs: 6, 12, 24, 33 min. X-axis covers from the Bulk Phase (BP) until the
Granular Activated Carbon (GAC).Y -axis is the filter depth with Y=0 as inlet and Y=hf as outlet.70

Figure P1. 6. Biomass concentration in the biofilm at three vertical compartments of the model: top,

middle and bottom as programed in the original process unit “Trickling Filter” from SUMO190©.
Here depicted for an EBCT of a) 6, b) 12, ¢) 24 and d) 33 MiN.......ccccovviiiiiiiiiiencceeseeeeens 73

Figure P1. 7. Predicted relative contribution of adsorption and biodegradation to the overall observed
DOC removal. Here depicted for an EBCT of a) 6, b) 12, ¢) 24 and d) 33 min. .......cccccevveveceennnn 74

Figure P2. 1.Nitrogen gas production by the denitrifier community for the Scenario 1 (no external
COD, CODex=0) as a function of the affinity constant KHB,BF (gCODgsr/m3), the maximum growth
velocity (d?) for 3 selected values of the growth yield (JCODx/gCODegr). HB2 uses NO2" as electron
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Figure P2. 2. Distribution of the heterotrophic biomass along the biofilm thickness for the Scenario
1 (no external COD, CODEex=0), for a selected affinity constant Kns,sr equal to 10 gCODsr/m? and
different selected values of the maximum growth wvelocity (d!) and the growth yield
(gCODx/gCODBF). HB2 uses NO2" as electron acceptor, while HB3 uses NOs™ as electron acceptor.

Figure P2. 3. Heterotrophic biomass quantity and composition for the Scenario 1. (no external COD,
CODex=0) as a function of the affinity constant KHB,BF (gCODgsr/m3), the maximum growth
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Figure P2. 4. Comparison of the nitrogen production by the denitrifier communities in the Scenario
2 (with external COD supply, CODex= 50 gCODex/m3) as a function of the growth vyield
(gCODx/gCODsk). For a for a selected affinity constant equal to 20 gCODsr/m? and maximum
growth velocity equal to 6 d. HB2 uses NO? as electron acceptor, while HB3 uses NO3™ as electron
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Figure P2. 5. Distribution of the heterotrophic biomass along the biofilm thickness for Scenario 1
(no external COD, CODEex=0), for a selected growth rate equal to 1.5 d* and different selected values
of the affinity constant and growth yield (gCODx/gCODsr). HB2 uses NOz™ as electron acceptor,
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Figure P2. 6. Distribution of the NO2- and NO3- concentrations along the biofilm thickness for
Scenario 1 (no external COD, CODEx=0), for a selected affinity constant equal to 10 gCODBF/m?3
and different selected values of the maximum growth velocity (d-1) and of the growth yield
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Figure P2. 7. Distribution of the CODsr concentration along the biofilm thickness for Scenario 1 (no
external COD, CODex=0), for a selected affinity constant equal to 10 gCODgsr/m?® and different
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Figure P3. 1.Traditional and multi-compartment modeling approaches. Where MO2 is the mass of
oxygen, G the airflow entering the system, SO2 is the concentration of oxygen in the inlet, A is the
total membrane area, Q is the wastewater inflow, JO2 is the oxygen flux trough the membrane, QR
is the recirculation flow, i is the compartment number and n the total number of compartments. Figure
P3.1B shows the traditional approach with one compartment for both biofilm reactor and membrane
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1. Introduction

Biofilms are the most widespread form of microbial organization, which can be found in sev-
eral environments ranging from geothermal fields to medical devices. Although biofilm for-
mation is often perceived as disadvantageous, biofilms have found extensive application in
drinking water and wastewater treatment. Various treatment processes rely on biodegradation
within a biofilm and take advantage of the unique conditions that biofilms have to offer e.g.
localized concentration gradients, cooperation between the microorganisms and more re-
sistance and tolerance to changes (Flemming et al. 2016).

Modelling is widely recognized as a powerful tool to investigate biological systems without
the constrained resources inherent to experimental set-ups. Modelling a biofilm system not
only allows the prediction of the overall system behavior but also provides a conceptual frame-
work for the understanding of the phenomena occurring within the system (Vannecke 2015).
In the last years the understanding of biofilms has increased, due to new experimental tech-
niques that allow the exploration and measurement of a wider range of biofilm characteristics.
Valuable insight into the structural heterogeneity of the biofilm has been gained thanks to new
imaging techniques such as: fluorescent in situ hybridization, fluorescent staining combined
with confocal scanning laser microscopy etc. Imaging techniques deliver interesting infor-
mation about the initial biofilm formation phases (attachment), spatial distribution of bacteria
and the extracellular polymer matrix, and the environment’s influence on the biofilm structure
(Lewandowski and Beyenal 2009). Alongside the imaging techniques new molecular technol-
ogies have also played a central role in the investigation of biofilm features. The application
of omics techniques has shed some light on biofilm community structures, metabolic profiling
and the biofilm genetic coding potential of biofilms (Franklin et al. 2015). The rise of such
experimental techniques has shifted the perspective, as more information about several biofilm
features has become available and as consequence, more complex models could be developed.

With increasing information, models can be enriched, however the development of unneces-
sarily complex models is risked. A more detailed descriptions of some biofilm microscale fea-
tures may be irrelevant to the macroscale results. Therefore, a careful consideration of whether
or not to translate all the new gained information into the model is needed. It is generally
accepted that both the modelling objectives (mainly directed to the macro scale result e.g. ef-
fluent concentrations), and the available data may serve as guideline for the definition of the
adequate complexity. Nevertheless a standardized process to find the right complexity level is
lacking and is hard to define (Hill 2006).

This work focuses on two microscale features that are crucial when modelling a biofilm sys-
tem: microbial community composition and dimensionality. It analyses the effect that these
microscale features have on the macroscale predictions as well as on the model’s explanatory
power. This thesis aimed to qualitatively describe the necessity of taking into account such
microscale features and the level of complexity that is required to obtain sound modelling re-
sults. Three currently relevant biofilm systems were selected for this purpose.

In the first, publication P1, a biologically active Granular Activated Carbon (bGAC) filter used
for the removal of DOC from a Wastewater Treatment Plant (WWTP) effluent is modelled. P1
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investigates the combination of biodegradation and multi-component adsorption. Given that
the biofilm is formed by a highly complex community that influences the mass transfer from
the bulk liquid into the GAC surface, P1 deals with the microbial community composition as
a relevant microscale feature. Taking this into consideration, the following research hypoth-
eses for P1 were proposed:

e There is an adequate way to include biological degradation into a multi-component ad-
sorption model for DOC removal.

e The implementation of a simplified microbial community is sufficient to predict the
experimentally observed removal of DOC via adsorption and biodegradation.

e Such a model is able to provide interesting insights about the contribution of adsorption
and biodegradation to the total DOC removal and the possible interactions between the
two removal mechanisms.

Publication P2 studies a second biofilm system: a Moving Bed Biofilm Reactor (MBBR) for
the treatment of municipal wastewater through a Partial Nitritation Anammox (PN/A) process.
In P2 the microbial community composition was also the targeted microscale feature. The
functional diversity of the heterotrophic community, the ecological adaptations they undergo
under substrate-limited conditions and how a common kinetic model can reflect it, led to the
research hypotheses for P2:

e Growth strategies that microbial communities undergo when faced with substrate-lim-
ited conditions modify the microbial community structure as well as the macro model-
ling results.

e The vyield strategy plays an important role in the behavior of heterotrophic bacteria
growing in fully autotrophic systems.

e The current modelling framework is able to reflect such ecological adaptations.

Finally, in publication P3 a Membrane Aerated Biofilm Reactor (MABR) used for the treat-
ment of municipal wastewater through PN/A was analyzed. Dimensionality was in P3 the mi-
croscale feature of interest. The mismatch between the longitudinal heterogeneity observed
experimentally in MABRs and the traditional modelling approaches that represent all phases,
i.e. bulk liquid, biofilm and gas phase as homogeneous, brought me to the formulation of the
research hypotheses for P3:

e In fully autotrophic MABRS, concentration gradients in the bulk liquid but especially
in the gas phase have a significant impact on the biofilm micro features, especially on
the community composition and thus on the global modelling results.

¢ A one-dimensional model is sufficient to conceptually evaluate the magnitude of these
effects.

These three modelling exercises aim to highlight the effect that microscale features: microbial
composition and dimensionality can have on macroscale or global modelling results. They also
show how rather simple modelling approaches can be implemented to include relatively com-
plex microscale features without sacrificing mechanistically meaning but rather strengthening
it.
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The present thesis is divided into two parts: Part I: Synopsis and Part 1I: Publications. The
Synopsis presents the theoretical background and gives an overview of the fundamental con-
cepts and terminology required for the understanding of this work. Likewise, it presents a gen-
eral discussion that explores the relationship between the three publications and places them a
more general modelling context. Finally, it draws some general conclusions from the results
delivered by the three publications and proposes prospective future work. The second part
contains the scientific publications that form the cumulative part of this dissertation as listed
below:

Publication P1: Acevedo, V., Kaiser, T., Babist, R., Fundneider, T. and Lackner, S. (2021) A
multi-component model for granular activated carbon filters combining biofilm and adsorption
Kinetics. Water Research 197, 117079.

Publication P2: Acevedo, V. and Lackner, S. (2022) Are K-strategists yield-strategists in dis-
guise? An example from autotrophic nitrogen removal. Biotechnology and Bioengineering, 1
11

Publication P3: Acevedo, V. and Lackner, S. (2019) Membrane Aerated Biofilm Reactors —
How longitudinal gradients influence nitrogen removal — A conceptual study. Water Research
166, 115060.
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2. Background

2.1. What s a Biofilm?

Biofilms have been known since the 17™" century when the Dutch scientist Antoni van Leeu-
wenhoek observed for the first time a microbial film growing on the surface of teeth, however
only until lately this form of bacterial organization started being deeply investigated, due to
the apparition of new optic and molecular techniques, which enabled a closer look. Biofilms
are often defined as a group of microorganisms growing on a surface in a permanent manner
and held together by a polysaccharide matrix (Flemming et al. 2016, Hall-Stoodley et al. 2004),
the polysaccharides that form this matrix are known as Extracellular Polymer Substances
(EPS) and are produced by the bacteria living within the biofilm. Although biofilms sustain
the existence of millions of cells, bacteria take up only around 1 to 2% of the total biofilm
volume, with water being the main constituent (Quan et al. 2021). Despite the dominant role
that the water fraction has, the behavior of sessile bacteria i.e. bacteria growing in biofilms
differs greatly from the behavior of those living in planktonic states. Studies have shown that
bacteria living in biofilms have a specific phenotype in regard to velocity of growth and gene
transcription. In addition they possess specialized mechanisms to attach/detach themselves
onto/from surfaces and are able to form structured environments (Donlan 2002). Flemming et
al. (2016) pointed out several biofilm properties specific to biofilm structures that are unlikely
to occur under planktonic conditions. The presence of the EPS matrix fosters the formation of
substrate gradients along the biofilm depth and thus the diversity of the community thanks to
the formation of several metabolic niches. Alongside localized gradients, the EPS matrix con-
fers the microorganisms’ resistance/tolerance to antibiotics, acts as a sorbent for external nu-
trients and retains enzymes allowing external digestion. Social interactions as well as synergic
relationships are also stimulated within biofilms. Figure 1 as taken from Flemming et al. (2016)
is a graphical review of the properties mentioned above.

Localized Sorption Enzyme retention Cooperation Competition Tolerance and resistance
gradients

Provide habitat Resource External digestion Synergistic Continuous The biofilm as a fortress
diversity capture system micro-consortia regeneration

Figure 1. Schematic representation of the biofilm characteristics (Flemming et al. 2016).
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2.2. Fundamentals of Biofilm Modelling

Biofilm models can be classified into different categories depending on the method used to
solve the differential equation system that represents the processes occurring within the bio-
film: pseudo analytical, analytical and numerical. Due to the high complexity of biofilms ana-
Iytical solutions are only possible for very simplified versions of the systems, as consequence
numerical methods are state of the art. Numerical models can be further classified into one-
dimensional (1D) two-dimensional (2D) numerical and three-dimensional (3D) (Boltz et al.
2010). This chapter introduces the fundamental aspects common to all biofilm models and
focuses on the 1D dynamic model as it is the most relevant to this study. A more comprehen-
sive overview of other important biofilm models in the wastewater context can be found in the
work of Wanner et al. (2006).

2.2.1.Model Phases

A biofilm model can be divided into three different phases: substratum, biofilm and bulk liquid,
occasionally in specific applications a gas phase can also be included. Each of the phases is an
independent compartment that interacts with others through an interface. The individual mass
balances of each substance in each phase and the boundary conditions defined by the nature of
the interfaces conform the differential equation system, which mathematically describes a bio-
film process. Figure 2 shows a scheme of the basic phases that have to be taken into account
in a basic biofilm model.

Flow Direction

Substratum

Biofilm % Bulk Liquid

iy

— — e — e — e — — — — — — — — — ——

2
2
2
2
2
2
2
i
oy
oy
oy

AL L Lt L g

z
Figure 2. Schematic respresentation of the phases involved in a basic biofilm model. Sirepresents
the concentration of a dissolved substance i and Xi the concentration of a particulate substance i.
The yellow line is the concentration gradient of si troughout the layers.
The substratum is the surface onto which biofilm attaches and grows. Depending on the spe-

cific application it can be seen as an impermeable or as a permeable boundary, likewise the
substratum can be considered inert or reactive i.e. transformation processes take place in it. If
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the substratum is impermeable and inert, there is no mass transport between it and the biofilm
and the corresponding boundary condition is written as follows:
s, aX;

R @

where Siis the concentration of the dissolved substance i and X; is the concentration of the
particulate substance i; z represents the direction of biofilm growth

In the majority of the biofilm systems used for wastewater treatment the substratum belongs
to this category. A prominent example of this are MBBRs. In such systems the carriers act
solely as support for the biofilm and do not allow substance exchange beyond its limits. If the
substratum is permeable or semi-permeable, the net flux of a given substance that crosses the
substratum in any direction (from or to the biofilm) is different to 0 and should be modelled
accordingly. MABRs are an example of a biofilm system with a semi-permeable substratum.
In these systems the membrane serves as support of the biofilm and simultaneously allows the
transport of air into the biofilm.

The biofilm is a porous matrix composed of a solid and a liquid phase. Bacteria and all other
particulate substances are part of the solid phase whereas the liquid phase is a mixture of water
and dissolved substances. The control volume for the mass balances is defined by the biofilm
thickness, which, depending on the specific conditions, may be constant or variable. The easi-
est way to approach the modelling of a biofilm is to consider it homogenous and flat; however,
the morphology of biofilms varies greatly and the decision of introducing more complexity in
the model in terms of geometry and heterogeneity depends on the final aim of the study. 1D
models account for heterogeneity along the biofilm thickness through the numerical discreti-
zation of the biofilm into different layers. In each layer, the concentration of particulate and
dissolved substances is the same at any point in the space i.e. each layer is represented as a
completely mixed reactor, the number of layers becomes then a key parameter in the modelling
of the biofilm. An insufficient number of layers may result in modelling results that greatly
deviate from experimental measurements, especially in multi-species biofilms (Boltz et al.
2011). Multi-dimensional models often offer a better representation of the biofilm morphology
but are in turn more time and data intensive.

The liquid phase above the biofilm is known as the bulk liquid. The bulk liquid acts as supplier
of nutrients and as receptor of the substances produced within the biofilm. The bulk liquid is
mostly considered as a completely mixed reactor and is modelled accordingly. The bulk liquid
can also exchange biomass with the biofilm through either attachment (fixation of planktonic
biomass onto the biofilm) or detachment (separation of biomass from the biofilm). For reactors
in which biomass has to be removed to control biofilm thickness or to avoid blockage, model-
ling approaches to detachment are of great importance and have to be adapted to each specific
configuration. Depending on the quantity of biomass that is suspended in the bulk liquid, this
phase can also be biologically active and in consequence the reactor can be regarded as a hybrid
process.

In between biofilm surface and the bulk liquid is located the diffusion boundary layer (DBL).
This layer is an either stationary or laminar flow region, where the mass transport from the
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bulk liquid into the biofilm can only occur due the diffusional forces created by the concentra-
tion gradient across it. The DBL is contained in the hydrodynamic boundary layer (HBL),
which is the region where a gradient in the flow velocity is observed due to the non-slip con-
dition ( flow velocity at a solid boundary is zero) (Bishop et al. 1997). Both boundary layers
are closely related and the effective transport occurring within the DBL is highly correlated to
the flow regime and thus to the HBL. Turbulent regimes foster the mass transfer and lead to a
reduction in the concentration gradient, on the contrary low velocity flow increases the differ-
ence in the concentration between biofilm and bulk liquid (Boltz et al. 2011). The diffusive
transport that takes place within the DBL can be represented trough the flux expression in
equation (2)(Stewart 2012):

D

DBL

] =k, (Sp, — Sgr); kL = (2)

Where ] is the flux of a substance trough the DBL, kv is the mass transfer coefficient composed
of D: diffusion coefficient and LpsL: the DBL thickness. SsL is the concentration at the bulk liquid
and Ser the concentration at the biofilm surface.

The thickness of the boundary layer is one of the most influential parameters in biofilm systems
and a proper description of the gradients within the boundary layer is of vital importance to
obtain good modelling results. At low flow velocities, the DBL can be assumed to be parallel
to the substratum. In contrast, at high flow velocities the DBL adopts the biofilm geometry.
Although, the simplification that the mass transport resistances are concentrated exclusively in
the DBL delivers satisfactory modelling results, in cases of intermediate flow regimes and
complex biofilm structures, it does not suffice. In such instances the convection might play an
important role in the mass transfer and therefore the calculation of the velocity flow filed in
the bulk face is essential (Picioreanu et al. 1999).

2.2.2. Model Scales

Although the global modelling results of a system are the product of the interactions of all
phases, generally a differentiation between macro and microscale results is made. On the one
hand the results related to the bulk liquid and to the system as a whole are known as macroscale
results. On the other hand, the modelling outcomes associated to the biofilm, its morphology
and its spatial organization are known as microscale results. Macroscale results typically com-
prise biomass accumulation, biomass loss and removal/ production rates referred to the com-
plete system. These results come from a global mass balance between influent and effluent and
can be easily compared to experimental measurements, additionally production/removal rates
are a key parameter for reactor design. In many applications only macroscale results are rele-
vant or even measurable and therefore microscale results are subordinate to them. Frequently
certain levels of inaccuracy of the microscale results are accepted as trade-off for obtaining
good macroscale results. Lewandowski and Boltz (2011) and Eberl and Wade (2020) recognize
the antagonism between macro and microscale results and the challenges that the current mod-
elling practice faces to reconcile them. The appearance of new techniques and methods that
allow the closer exploration of the microscale features often expose disparities between the
experimental microscale measurements and the microscale results delivered by the models. It
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is generally accepted that in a sufficiently big system divergences in the microscale do not
greatly affect the macroscale results and thus such divergences can be allowed. Nevertheless,
the question whether such deviations constrain the explanatory power of the models and the
possibilities to investigate complex theoretical scenarios still remains. The decision about the
level of complexity and the desired accuracy of the microscale results is intertwined with the
dimensionality of the model, its objectives, the experimental set-up and the available compu-
tational power.

Time plays also an important role in the modelling of biofilm systems. The traditional differ-
entiation between steady-state and dynamic model is also applied in this context, however due
to the various processes that occur within a biofilm reactor and the disparity between their
dynamics can lead to virtually mixed states. Processes related to the biofilm (growth, decay,
attachment, detachment) have characteristic times that range between 10°and 107 seconds. In
contrast, mass transport processes such as convection and diffusion range between 10-3and 10
seconds (Picioreanu et al. 2000). In practice, this means that during the same period of time
the bulk liquid concentrations may undergo changes and recover while the biofilm structure,
e.g. biofilm thickness, remains the same. In this case, it could be assumed a steady-state con-
dition for the biofilm phase and dynamic conditions for the bulk liquid. Systems of differential
equations that have such an imbalance in the dynamics of the components are known as stiff
systems. In order to avoid instability in the calculation of results, special numerical methods
are required. All current software uses numerical solvers capable of dealing with this kind of
differential systems, nevertheless the simulation of very complex systems may still be subject
of instability, inconsistencies and special care needs to be taken to assure that the results ade-
quately represent the reality.

2.2.3.The One-Dimensional Dynamic Model

The 1D dynamic model can be regarded as the most sophisticated amongst the low dimension-
ality models. As its name indicates it represents the system in one dimension, this one dimen-
sion being the biofilm thickness, under the assumption the steepest concentration gradients
occur in this direction and that the biomass in the biofilm can be assumed as a continuum. Such
a model allows the user to include as many substances (dissolved or particulate) and as many
bacterial species as the modelling task requires. The model does not define the nature of the
transformation processes, which makes it very flexible and easy to adapt to numerous micro-
bial kinetics. It most conventional formulation is implemented in the software AQUASIM
(Reichert 1994). The present chapter explains the fundamentals of this model based on the 1D
multi-species model first published by Wanner and Gujer (1986).

Modelling a biofilm requires the inclusion of three parameters related to the volume occupied
by the biofilm: biomass density (pi), volume fraction (f;) (each specific to a given microbial
species) and the biomass displacement velocity with respect to the substratum (u). The biomass
flux (gi) can be written using these three parameters as shown in equation (3)

9:(t,z) = u(t, 2)pifi(t, z) (3)

where t is the time and z the biofilm thickness.
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The mass balance for each of the microbial species also needs to be expressed in terms of these
parameters as seen in equation (4)

of 1 g,

E = Unet,ili — E oz (4)

where pnetiis the net/observed specific growth rate of a microbial species i.

In order to determine u, the definition of flux gi from equation (3) has to be integrated into the
mass balance presented in equation (4). Considering that u is a parameter that describes the
behavior of the entire biomass, the summation of the mass balance of each microbial species i
has to be made. Conducting these operations and rearranging terms equation (5) arises:

af‘ Zunmﬁ Zﬁ af‘ 5)

where n is the total number of microbial species in the system.

Two further definitions need to be implemented for the model to be complete. Equation (6)
shows that the sum of all the volumetric fractions should be equal to 1, as expected. Equation
(7) defines the net growth rate of the total biomass 1. as the weighted average of the specific
net growth rates in relation to the volumetric fraction; the value of i,,.; depends on the time
and on the location (z) along the biofilm thickness.

n n
def I/l

2,/ v ©

=0 1=0

Tnee (6, 2) = D s (6,2) fi(6,2) @
i=0

If we assume that the volumetric fraction (fi) remains constant with time and along the biofilm
thickness and thus ofi/ot and of; /0z are zero the substitution of equations (6) and (7) in equation
(5) gives the change of the velocity of biomass displacement along the biofilm thickness. Equa-
tion (8) presents its differential form as well as the result of the integration over the biofilm
thickness i.e. from z=0 to z=L+.

Ly
integrating it becomes (¢, 2) = j Moot (t,2)dz (8)

0
When the integral for u described in equation (8) is evaluated at the substratum-biofilm inter-
face (z=0) and considering an impermeable substratum, equation (1) holds, and the velocity u
must be equal to zero. In the case of the biofilm-bulk liquid interface (z=L¢) a term that accounts
for the biomass exchange velocity (o) between bulk liquid and biofilm is required. In this way
equation (8) becomes equation (9) at the bulk liquid biofilm interface.

Ly

u(t, Lf) = f Mhet (t,2)dz + o(t) 9
0

ou(t,z)

az = Hnet
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Analogously to the case of microbial species, a mass balance has to be written for all the sub-
stances in the system. The mass balance includes a term representing the production/consump-
tion rate of any substance i (ri) and a term that describes the flux of substance from or into the
system (ji). Equation (10) summarizes the mass balances of a dissolved substance S;.

aSi(t,Z)_ (t ) aji(t,Z)
ac 7 3z

The first Fick’s law states that the flux of a substance is proportional to a concentration gradient
and that both are related through a proportionality constant, in this case the specific diffusivity
of the substance in a given fluid (D;). This law can be used to express the substance flux be-
tween biofilm and bulk liquid. Equation (11) shows its mathematical expression.

. aS(t,Z)
Jit,z) = —Dila—z

As already mentioned in section 2.2.1, 1D models have to account for a mass transfer boundary
layer to be able to properly represent the concentration gradient that occurs between the fully
mixed bulk liquid and the biofilm surface (z=L¢). The mass transfer boundary layer constitutes
the first spatial boundary condition of the mass balance presented in equation (10). Equation
(12) mathematically describes this external mass transfer resistance.

0S;(t,Lr) _ Dgyy
0z  Lg.D;

where Ll is the thickness of the mass transfer boundary layer, BL indicates the location of the
boundary layer and DsLL the diffusivity of a substance i at the boundary layer.

(10)

(11)

(5:(t,BL) — S;(¢t,L)) (12)

The second boundary condition is evaluated at the substratum-biofilm interface (z=0) and here
equation (1) holds and the flux ji equals zero at that location.

The consumption/production rate (ri) is left open so the model remains flexible and can be
adapted according to the requirements of each specific system. Typically, this rate is coupled
to the microbial growth rate of a species that uses the substance as substrate or produces it as
part of its metabolism. Stoichiometric coefficients such as the yield relate the growth kinesics
with the production/consumption rate of each substance Si.

2.2.4. Biokinetic Model: Activated Sludge Model

In addition to the description of the physical processes in a system, a model for the represen-
tation of the biochemical processes that occur within the biofilm, e.g. biomass growth, sub-
strate consumption etc., is also required. In the wastewater modelling practice, the Activated
Sludge Models (ASM) are widely accepted and applied, as it was the case of the publications
that conform this work.

ASMs were developed in the late 80s by a special task group of the international water associ-
ation. The main objective was to find the simplest model able to predict in a satisfactory man-
ner the performance of activated sludge systems where organic matter oxidation, nitrification
and denitrification take place. For this purpose, COD was selected as the adequate parameter
to quantify organic matter in the models. A fractionation of the COD was proposed depending
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on its solubility and biodegradability, likewise a fractionation of the nitrogenous matter was
also introduced. The bacterial community present in the activated sludge was initially divided
into autotrophic nitrifying and heterotrophic biomass, aiming to match the biological processes
of interest. Additionally, a series of transformation processes where considered: biomass
growth and decay, hydrolysis of organic matter and ammonification of organic nitrogen. Each
process represents a biochemical reaction and relates trough stoichiometric coefficients the
concentration of reactants and products that take part in the reaction. As well, a kinetic expres-
sion is assigned to every process. One characteristic of the ASMs is the matrix notation used
for summarizing the information contained in the model. This representation form is composed
by two main elements: a stoichiometric matrix and accompanying rate vector. The compo-
nents/substances are listed in the matrix columns whereas the transformation processes in the
rows, and the matrix cells are then filled with the corresponding stoichiometric parameters.
The rate vector has the same number of rows as the matrix and lists the kinetic expressions of
the transformation processes. The ASML1 is the first and simplest model of the ASM family, it
was characterized by a one-step nitrification and denitrification reactions and a first order ki-
netics decay. After the publication of the ASM1, several modifications / new models have
appeared with the aim of extending the biological processes or improving the representation
of the existing ones. The ASM2 model introduced biological phosphor removal while in the
ASM3 model the decay concept was replaced with the endogenous respiration one, to take
advantage of the newest knowledge about storage substances and its role in the microbial me-
tabolism (Henze et al. 2006).

The ASM framework achieved not only the completion of comprehensive models, but it also
created a common platform for all the users to extend or to adapt the existing models depend-
ing on the specific system needs. Despite ASMs successful implementation and the application
of the basic concepts in new models, some drawbacks have been also recognized. The funda-
mental mechanisms of the transformation processes are not completely understood and the
processes descriptions included in the models correspond rather to the assumptions and sim-
plifications made in order to obtain a good fit between the predictions and the observed data.
This leads to a lost in the explanatory power of the models and might be detrimental for the
extrapolation of the model to less conventional applications (Hauduc et al. 2013). Other authors
also argue that with a growing number of biochemical processes to be considered, the com-
plexity of extending and calibrating the models increases and additional supporting tools
and/or fundamental changes in the model structure may be needed (Sin and Al 2021).

2.3. Biological Processes

This section shortly presents the biological processes relevant to this work. The focus lays on
two processes: Nitrogen removal trough Partial Nitrogen/Anammox (PN/A) including denitri-
fication sustained by organic substances produced by decay processes within the biofilm, and
DOC removal in bGAC-filters for the treatment of WWTP effluents.

2.3.1. Partial Nitritation/ Anammox
PN/A exploits two metabolic pathways of the nitrogen cycle. The partial oxidation of NH4*
until NO2 and the further reduction of NO>™ to dinitrogen gas using NH4* as electron donor.
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For the first part Ammonium Oxidizer Bacteria (AOB) are responsible while Anaerobic Oxi-
dizing Bacteria (AnAOB) also known as Anammox are in charge of the second part.

The implementation of PN/A processes in a biofilm-based configuration requires the simulta-
neous existence of aerobic and anoxic zones within the biofilm. In an aerobic zone oxygen is
available as free molecule, whereas an anoxic zone oxygen is present bound in a compound
such as NO. and/or NOs". To achieve the coexistence of both aerobic and anoxic zones, the
oxygen penetration depth must be carefully controlled trough a regulated air supply.

A major challenge of single stage PN/A systems is the suppression of Nitrate Oxidizing Bac-
teria (NOB). NOB utilize oxygen as electron donor to oxidize NO2 to NOs", competing with
AOB over oxygen and with AnAOB over NO2" . An imbalance in the amount of NOB with
respect to the other microbial groups may result in the failure of the system, therefore it is vital
to repress their growth. Two main strategies are accepted to control NOB growth: adjustment
of SRT and restriction of the dissolved oxygen concentration. In biofilm systems, it is unfea-
sible to use the STR as NOB control strategy due to near to complete biomass retention onto
the carrier. Nevertheless, substrate gradients within biofilmd make the DO control strategy a
suitable approach for NOB suppression. Adequate DO concentrations can be obtained either
by assuring low DO concentration in the bulk phase i.e. real time DO controlling or through
intermittent aeration coupled with NH4" availability (Regmi et al. 2014, Wang et al. 2019).
Low DO levels are the only way to create anoxic zones in which AnAOB can survive avoiding
reversible inhibition by the DO. Free ammonia (FA) and free nitrous acid (FNA) inhibition is
also recognized as a successful strategy for NOB suppression. It is known that once the FA
and FNA concentrations surpass a given threshold 0.08-0.82 mg /I for FA and 0.06-0.83 mg
/I in the case of FNA, the growth of NOB slows down whereas the growth of AOB remains
practically unaffected (Cao et al. 2017). Such FA and FNA concentrations can be easily at-
tained under side stream conditions due to the high ammonia concentrations that the
wastewater from the dewatering process has, however under mainstream conditions the use of
FA/FNA NOB control strategy is less viable due to the low ammonia concentrations present
in the municipal wastewater.

Alongside NOB suppression, maintenance of suitable conditions for AnAOB is another critical
factor for a PN/A system to work properly. The main obstacles are inhibition caused by dis-
solved oxygen and NO> and the potential biomass washout caused by the characteristic long
doubling time of AnAOB (7-14 d) (Strous et al. 1998). These restrictions are dealt with by
taking advantage of two special features of biofilm systems: the substrate gradients that are
formed along the biofilm thickness and the virtually infinite SRT. These features allow bio-
films to support microorganism within a wide range of growth rates, both slow growing
(AnAOB) and fast growing microorganism (NOB, AOB) have a chance to survive (Lackner et
al. 2014).

Although PN/A are considered fully autotrophic processes, the presence of heterotrophic bac-
teria subsisting on solely the decay products and the organic compounds produced by the au-
totrophic community has been reported (Agrawal et al. 2017, Persson et al. 2017). Therefore
denitrification processes play an important role in the total dissolved nitrogen removal ob-
served in PN/A systems. In biofilm systems, depending on their configuration ( co and counter-
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diffusion) the heterotrophic community can affect the system’s performance differently
(Lackner et al. 2008b). Denitrification is a sequential process in which NOs™ is stepwise re-
duced until N2, as showed in equation (13). Each of these steps is mediated by a specific en-
zyme and requires the presence of an electron donor, typically organic matter but not exclu-
sively.

NO3 — NO2” — NO — N0 —» N2 (13)

Denitrifying bacteria are classified in different groups according to their functional capabili-
ties. Bacteria that have the complete set of enzymes and thus are able to fully reduce NO3 to
N2 are known as canonical denitrifiers whereas microorganisms that can only carried out the
reduction from NO:" to N2 are known as partial denitrifiers. Some bacteria have truncated re-
duction paths and reduce NO3z/ NO2 only until nitrogen oxides NO/N20O, such organisms are
referred as incomplete denitrifiers. Finally bacteria capable of reducing the NO and N2O to N>
are grouped as nitrogen oxide reducers(Lu et al. 2014). Understanding the functional diversity
of the denitrifier community is of vital importance in PN/A processes, due to the role it plays
as either sink or source of N>O emissions, the competition for electron acceptors (O2, NO2)
with other bacterial groups (AOB and AnAOB) and the competition for space in the case of
biofilm.

2.3.2. Removal of Residual DOC

WWTP effluents contain residual DOC that cannot be biologically removed during the con-
ventional treatment, but that can be potentially biodegraded in advanced treatment systems
such as bGAC-filters (Fundneider et al. 2021, Simpson 2008) or even in the receiving water
bodies. The degree at which such residual DOC can be used by microorganisms varies depend-
ing on its quality i.e. its bioavailability and its energy content (Eiler et al. 2003). DOC in
WWTP effluents is a highly heterogeneous mixture of different organic compounds and thus
its characterization can be challenging. As consequence the determination of DOC biodegra-
dability and the involved metabolic pathways is not trivial. Wang et al. (2014) quantified the
biodegradability of the several WWTP effluents (using a dark 5 days bioassay) and concluded
that only 20-30% of the DOC was biodegradable. Additionally, they found a strong correlation
between the molecular weight of the DOC fraction and its biodegradability.

Although direct heterotrophic activity, i.e. consumption of organic matter as electron donor
and conversion of DOC into biomass, is the most common metabolic pathway for biological
DOC removal, several experiments have shown that the co-metabolic transformation of DOC,
especially of organic micropollutants (OMP), can be relevant in the wastewater context. Dur-
ing co-metabolic processes DOC is transformed alongside the main metabolism of the micro-
organism, and can thereby be modified or completely biodegraded (Fetzner 2011). In contrast
to the case where DOC is used in the main metabolism, in co-metabolism DOC does not serve
either as energy or carbon source. Both heterotrophic and autotrophic co-metabolism processes
have been observed. Helbling et al. (2012), Rattier et al. (2014) and Margot et al. (2015) found
that some OMPSs, such as acetaminophen and naproxen seem to be removed by AOB via co-
metabolism, whereas other OMPs like paracetamol, gabapentin, diclofenac are rather related
to the denitrification co-metabolism activity.
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2.4. Biofilm Processes in Wastewater Treatment

The fundamental principle of biological water treatment is the accumulation of active biomass
within the system and its retention during a sufficiently long period. In order to avoid biomass
washout, it has to be assured that the amount of produced biomass is at equilibrium with the
amount wasted from the system. To achieve the required Sludge Retention Time (SRT), pro-
cesses that use suspended biomass rely mainly upon the recirculation of a portion of the pro-
duced sludge, while the remaining part of the biomass is taken out and further treated. In con-
trast to suspended sludge systems, biofilm systems have the advantage of achieving biomass
retention due to the irreversible attachment of the biomass to a surface, this permanent attach-
ment makes biofilm systems independent from separation processes downstream, in contrast
to most the suspended sludge counterparts. Biomass concentrations of approximately 10-60
gVSS/L can be achieved in biofilm systems whereas in suspended sludge systems concentra-
tions of 3-8 gVSS/L are to be expected (Lewandowski and Boltz 2011). High biomass concen-
trations result in smaller reactor volumes but also can lead to mass transfer limitations for the
transport of substrate and nutrients from the bulk phase into the different biofilm layers. This
dichotomy is central to biofilm applications and might be decisive for some operational aspects
depending on each specific system. Traditionally, biofilm systems are preferred for the treat-
ment of effluents with high volumetric flows but low concentrations of the substance of inter-
est. Under such conditions the ability to retain biomass within the system becomes valuable in
comparison to suspended sludge processes (Van Loosdrecht and Heijnen 1993).

Depending on the way the biofilm is brought into the reactor different system configurations
can been used. Decisive is, whether the biofilm grows in a fixed or mobile carrier. On the one
hand, in fixed bed reactors the biofilm grows onto an immobile carrier within the reactor and
the influent flows through the bed. This flow configuration may cause the appearance of lon-
gitudinal concentration profiles along the bed as the reactor acts as a plug-flow. On the other
hand, in fluidized bed reactors the mobile carrier material (and the biofilm) are fully mixed in
the reactor (Rittmann 1982). Fluidized bed reactors often achieve fully mixed conditions and
can be regarded as continued stirred tank reactors (CSTR). Due to this high degree of mixing
fluidized bed reactors are believed to have higher mass and heat transfer rates between the bulk
liquid and the biofilm (Wang and Zhong 2007).

Ticking filters are one of the first known applications of biofilm-based processes, they domi-
nated the German wastewater practice from the late 19" century onwards before activated
sludge systems came and replaced them around 1950 (Seeger 1999). Over the years, new tech-
nologies arose and improved various features such as biofilm surface area, mixing conditions
etc. In the late 1980s there was as breakthrough with the emergence of the Moving Bed Biofilm
Reactor (MBBR) concept, a process that takes the best of both biofilm-based and suspended
sludge system. Section 2.4.1 is dedicated entirely to this process. Lately hybrid systems, re-
ferred as integrated fixed-film activated sludge (IFAS), that combine suspended sludge and a
biofilm have been gaining importance. Normally, IFAS systems use a fixed or mobile biofilm
carrier to augment the treatment capacity of an activated sludge system and have the advantage
of leveraging existing resources. The simultaneous presence of biofilm and suspended sludge
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separates the reactor into two different environments, which may be advantageous for the sub-
sistence of all the microbial groups required to efficiently perform nutrient (Boltz et al. 2009).

Granular sludge can be also considered as a biofilm system due to the heterogeneous biomass
distribution observed in the granules and the diffusion limited mass transport (Hubaux et al.
2015). Traditionally granular sludge is encountered in anaerobic processes such as digesters
and up flow anaerobic sludge bed reactors, however full scale applications of aerobic granular
systems have been also successfully developed (Campos et al. 2017). Aerobic granular systems
have been applied for nutrient removal of municipal wastewater and PN/A for the treatment of
effluents generated during the sludge dewatering (Boltz et al. 2017).

This chapter addresses only the three biofilm systems of interest for this work: MBBR, Mem-
brane Aerated Biofilm Reactors (MABR) and biologically active filters. Each section focuses
on a specific system and its application, likewise the most significant modelling aspects are
also explored.

2.4.1.The Moving Bed Biofilm Reactor (MBBR)

A Moving Bed Biofilm Reactor is a reactor configuration in which biomass grows attached to
mobile carriers that move freely within the reactor and are kept within the system by built-in
retention structures. The mobile carriers are designed to enhance biomass retention, provide
larger specific surface areas for growth, prevent clogging and backwashing (@degaard 2006).
Various mobile carrier types have been developed since the apparition of MBBRs, the carries
differ in specific area, geometry, dimensions (height, diameter) and maximal achievable bio-
film thickness. The presence of carriers leads to a high biomass density (biomass per unit re-
actor volume) within the system. In addition the use of carriers makes the system very compact
with high conversion rates allowing so the system to have low hydraulic retention times and to
be space-saving (Revilla et al. 2016).

Aerobic and anoxic/anaerobic processes can be implemented in MBBRs. In the case of aerobic
processes, the delivered air aids the mixing and simultaneously supplies the biofilm with oxy-
gen. In the case of anoxic/ anaerobic processes mechanical mixing is required.

MBBRs are normally modelled as CSTR i.e. the concentration of any compound can be con-
sidered the same in any location of the reactor as well as in the reactor’s outlet. This assumption
also implies that all carriers behave the same and that an equivalent biofilm that grows onto all
of them. Regularly, zero-dimensional (diffusion-free) and 1D models are preferred and used
more often for engineering purposes. As explained in chapter 2.2.3, 1D models assume that
the biofilm has a homogenous structure parallel to the substratum, but in contrast it shows
gradients transversal to the substratum. As a consequence, concentration gradients are ne-
glected in the parallel direction but considered as dominating in the perpendicular one. If the
substratum is inert, as is the case of MBBR’s carriers, this corresponds to a so called co-diffu-
sional biofilm and the concentration profiles along the biofilm thickness look like the ones
depicted in Figure 2.

To account for the biofilm heterogeneity perpendicular to the substratum, the biofilm is divided
into various layers and each of those are treated as a CSTR. The biofilm that grows on the
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carriers is represented through a singular surface that has an area equivalent to the total area of
all the carriers with the reactor, and that holds the same amount of biomass that all the carriers
(Barry et al. 2012). The simplest modelling approach of an MBBR corresponds then more or
less to the trivial application of the 1D biofilm model. To investigate operational features of
MBBRs such aeration configuration, filling ratio (carrier volume in relation to total volume)
and mixing more elaborated models are required as for instance computational fluid dynamic
simulations coupled with biokinetic models (Wang et al. 2021).

2.4.2. The Membrane Aerated Biofilm Reactor (MABR)

MABRSs differentiate themselves from other biofilm reactors in their substratum. MABRs do
not use a conventional substratum but instead they have a semi-permeable membrane that acts
as biofilm support and simultaneously supplies oxygen/air through it. As consequence, at the
membrane-biofilm interface, diffusive mass transfer takes place. While the electron acceptor
(oxygen) diffuses in the direction of the biofilm surface, the electron donor (e.g. NH4*, COD
etc.) is in turn supplied via the bulk liquid and diffuses in the opposite direction i.e. from the
biofilm surface to its base. This particular configuration of the concentration gradients is
known as counter-diffusion and is responsible for the MABR’s main features: singular micro-
bial community organization, mass transport limitations at high biofilm thickness and profiting
of the boundary layer, due to the resistance to the mass transport imposed by the boundary
layer to the substrate supplied by the membrane (Nerenberg 2016). Figure 3 is a scheme of the
phases and concentration profiles in a counter-diffusional biofilm e.g. an MABR. It is notice-
able that in contrast to a co-diffusional biofilm a fourth phase: the gas phase is added to the
biofilm system and that the substratum acts as a semi-permeable membrane. These features are
key when modelling an MABR and must be added to the traditional 1D model to properly
describe a counter-diffusional biofilm. Due to counter-diffusion the zones of the biofilm with
the highest activity expand from the surface (in the case of co-diffusional biofilms) to the whole
biofilm thickness, thereby creating a particular microbial community structure. Several activity
niches are formed along the biofilm thickness enabling the growth of different bacterial groups
at different locations of the biofilm. One of the most interesting applications that profit from
such a microbial structure is the simultaneous nitrogen and COD removal. In such an MABR,
at the biofilm base, oxygen concentration is the highest whereas COD concentration is the
lowest, which gives nitrifying bacteria an advantage to develop. At the biofilm base both oxy-
gen and ammonia are available for nitrifying bacteria but the competition over oxygen with
heterotrophic bacteria is less due to the COD scarcity. The distribution of the substrates along
the biofilm thickness brings the heterotrophic bacteria to grow in the layers near to the biofilm
surface, protecting the bacteria that grow in the inner layers (nitirifiers) from shear and chem-
ical stress (Martin and Nerenberg 2012). Likewise, the stratification of the biofilm can be ben-
eficial for the implementation of PN/A processes. Nitrifying bacteria can grow in the inner
(aerobic) zone of the biofilm and produce NO2 for AnAOB to reduce it in presence of NH4™.
At the same time, AnAOB can grow in the outer part of the biofilm where oxygen concentra-
tion does not reach inhibitory levels and NH4* concentration is the highest. Various studies
have experimentally verified the capacity of MABR system to support PN/A processes (Bunse
et al. 2020, Gilmore et al. 2012), however two shortcomings still need to be addressed: the

28



accumulation of NOB in the inner biofilm layers that may prove difficult to reverse and the
over exposition to shear and chemical stress that ANAOB may face on the biofilm surface.

In counter-diffusional biofilms, the biofilm thickness has a different effect on the substrate-
fluxes than the one it has on conventional co-diffusional biofilms. At the beginning an increase
in the biofilm thickness stimulates the mass transport from the membrane lumen and the bulk
liquid into the biofilm due to higher microbial activity. However, after a certain thickness is
reached, the activity in both outer and inner biofilm layers decreases due to limitation of the
substrate that is supplied from the other side of the biofilm. In order to maintain the activity at
an appropriate level the biofilm thickness should be carefully dealt with. Another difference
from conventional biofilms is the role that the mass transfer-boundary layer plays in the sys-
tem. Normally, as the biofilm thickness increases the boundary layer excerpts a greater re-
sistance against the substrate transfer from the bulk liquid. In an MABR, however, the bound-
ary layer may help to retain substrate supplied by the membrane within the biofilm. Under
substrate non-limiting conditions in the bulk liquid the boundary layer might benefit the bio-
film activity (Nerenberg 2016).
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Figure 3. Schematic representation of the model phases and the concentration profiles in the
z-direction (biofilm thickness) for a counter-diffusional biofilm.

The existence of an additional phase in the system, in this case a gas phase, requires also a
further modelling formulation. At the interface between the gas and the membrane lumen a
thin film is formed analogous to the mass transfer boundary layer at the biofilm-bulk liquid
interface. However, the mass transfer resistance exerted by this gas-film can be neglected. The
transfer of the oxygen/air through the membrane is driven by a concentration gradient across
the membrane, the flux generated by this gradient can be mathematically described as in equa-
tion (14).

p P
M
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where Joz is the oxygen flux through the membrane, H is the Henry coefficient, SMG is the
gas/membrane partition coefficient, p is the partial pressure of the gas, Sozmis oxygen
concentration at the membrane-biofilm interface, P is the membrane permeability and tm the
membrane thickness

As equation (14) shows, the resistance is defined mostly by the physical properties specific to
the membrane. On the other hand, the concentration gradient is greatly influenced by the pres-
ence of the biofilm on top of the membrane (Pellicer-Nacher et al. 2013). Due to oxygen con-
sumption by anaerobic microbial processes within the biofilm, oxygen concentration at the
membrane-biofilm interface (Soz2m) is lower than in the case of a clean membrane (without
biofilm); this low concentration enlarges the gradient and ultimately the oxygen transfer profits
from it (Martin and Nerenberg 2012).

2.4.3. Biologically Active Filters

Biologically active filters (BAF) are central to the drinking water treatment (Basu et al. 2016)
and have become more relevant for the wastewater treatment, especially for the removal of
micropollutants(Zhang et al. 2017). The term biologically active filter is typically understood
as fixed bed of a carrier material on which a biofilm is able to grow. Sand, plastic media,
granular active carbon (GAC), anthracite amongst other are normally used as filter media.
BAFs are used in several applications ranging from removal of natural organic matter (NOM),
sulfates, NOs", iron ions and recently OMP (Zhu et al. 2010). In most of the applications the
media can be regarded as inert and does not play any role in the treatment other than supporting
the biofilm. GAC however, is a noticeable exception of this. This section focuses exclusively
on the biologically active filters using GAC as supporting media also known as bGAC-filters.

In contrast to other filter media, GAC has the ability of binding numerous substances onto its
surface and thereby contributing to their removal. The exceptional adsorption capacity of GAC
Is of greater interest in many applications than its ability to support biological growth. Nor-
mally the adsorption performance of the GAC is prioritized over the biofilm establishment. A
long operation time leads to GAC saturation, however biofilm profits from it by adapting itself
to the environmental conditions and in doing so, getting more specialized. Despite this appar-
ent contradiction, synergies between the biological and adsorptive removal have been ob-
served. Many authors have found that the presence of a biofilm within GAC-filters may help
to extend the life span of the GAC. Biodegradation of NOM is one of the mechanisms respon-
sible for the positive effect that the biofilm has on the adsorptive removal. NOM tends to block
the pores of the GAC and in consequence hinders the removal of other compounds such as
OMP. When a biofilm is present on the GAC surface, it degrades a part of the NOM decreasing
the blockage of the pores and prolonging the duration of the GAC. Alongside the enhanced
performance, the simultaneous occurrence of biological and adsorptive removal increases the
system robustness and improves its response to fluctuations in the influent (Ross et al. 2019).
Biofilm growth on the GAC surfaces presents some disadvantages such as the accumulation
of biomass that may eventually clog the filter bed generating a high pressure drop along it. In
addition, the release of pathogens into the effluent, negative competition with adsorption for
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specific compounds and enhanced transfer of antibiotic resistance genes cannot be excluded
(Olmstead and Weber 1991, Zhu et al. 2020).

Biofilm and GAC interact on the microscale in various manners that are still only partially
understood. It has been theorized that the synergetic effect between biodegradation and ad-
sorption relies substantially on bioregeneration. Two possible mechanisms to explain biore-
genation have been suggested, the first one proposes that the substances adsorbed on the GAC
surface are degraded by the action of exoenzymes originating in the biofilm. The products of
this degradation are believed to become available for the microorganism for biodegradation. A
part of the biodegradation products can again be readsorbed onto the GAC. The second theory
states that once a critical biodegradation rate is reached the concentration gradients may get
reversed and the mass transport would occur in the opposite direction i.e. from the GAC into
the biofilm and desorption may take place. In this way some of the desorbed substance may
become available for the biofilm (Sirotkin et al. 2001).

Removal in bGAC-filters is a dynamic process that is believed to be divided into three stages.
In the first stage adsorption on the GAC surface is fully responsible for the DOC removal in
the system, whereas biodegradation does not play a substantial role in the removal. In this early
stage the biofilm establishes itself on the GAC and thus the DOC removed via biodegradation
is still negligible. Once the biofilm is fully established the second phase begins, where biodeg-
radation and adsorption occur in parallel. In this stage the GAC saturation starts happening.
Finally, in the third stage the effect of adsorption is very little due to the high saturation degree
of the GAC and so the biological removal dominates. Figure 4 presents a theoretical DOC
removal curve over time, and indicates the three removal stages and the contribution of ad-
sorption and biodegradation in each stage. The yellow line indicates the adsorptive DOC re-
moval whereas the black line represents the biological DOC removal. Figure 4 also shows that
in water treatment applications, there is a fraction of the DOC that cannot be removed, neither
by adsorption nor by biodegradation (orange arrow) and it sets a limit to the maximum achiev-
able removal. This description of removal development in a bGAC filter over the time is a very
simplified one and intends only to explain the macroscale observations.
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Figure 4. Schematic representation of the DOC removal in a bGAC-filter. Adapted from
(Simpson 2008).

Modelling a bGAC-filter implies the combination of a biofilm and an adsorption model. Ad-
sorption is an equilibrium process where individual states depend on the pair adsorbent (GAC)/
adsorbate (DOC) and the environmental conditions of the systems such as temperature, pH etc.
Typically, these equilibrium states are studied at a constant temperature and describe through
mathematical expressions known as adsorption isotherms. Isotherms illustrate the equilibrium
relationship between the concentration of the adsorbate in the fluid phase (ceq) and the amount
of it on the adsorbent surface, also known as load (deq). A general expression of an adsorption
isotherm looks as presented in Equation (15).

Qeq = f(ceq,T) ; T = constant (15)

The mathematical function f can differ for each specific system. There are several recognized
expressions for adsorption isotherms and the decision which one suits the system better can
only be taken by fitting experimental results. The Freundlich isotherm (Equation (16)) has been
proved to be suitable for systems using active carbon for the treatment of wastewater and
drinking water. On the one hand, it has the advantage of satisfactorily describing the medium
concentration range but on the other hand it fails to represent the saturation effect as well as
the linear behavior observed at very low concentrations (Worch 2021).

Qeq = chlq (16)
where K is is the Freundlich constant and n is the Freundlcih coefficient.

The Freundlich isotherm is a single-component expression that describes the adsorption of an
individual dissolved component. However, wastewater is considered a multi-component solu-
tion and should be modelled as such. For this purpose, the Ideal Adsorption Solution Theory
(IAST) is often applied. This theory accounts for the competition for adsorption sites between
the various components of the solution. In multi-component solutions the equilibrium loading
of each component (Qeq,i) is a function not only of the respective liquid phase concentration
(Ceq,i) but it also depends on the equilibrium concentrations of all the other components. The
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IAST allows the calculation of a multi-component isotherm in terms of the parameters of in-
dividual isotherms, it assumes that the liquid phase as well as the solid phase (GAC) can be
considered as ideal solutions. Additionally, the GAC surface is believed to be available for all
components equally. On the basis of the IAST an adsorption analysis can be conducted. This
analysis divides the DOC into different fictive fractions according to their adsorbability and in
doing so, overcomes the problem of the unknown composition of the DOC and allows the
application of the IAST.

IAST determines the solutes distribution between the liquid phase and the GAC surface using
the spreading pressure term (i) resulting from the Gibbs isotherm. @i can be defined as a
function of the mass specific surface of the adsorbent (Am), the gas constant (R), and the tem-
perature. It can also be written in terms of the single-component concentrations in both the
liquid phase and GAC as shown in Equation (17). For Equation (17) to hold, it has to be as-
sumed that all the components in the system are assumed to have .

0
i

0

= f ::l—édclo = (17)

0 1

T[iAm
RT

where 7i is the spread pressure and is given by the difference between the surfaces tension of
the water-GAC and component-solution interfaces.

The IAST introduces the molar fraction on the GAC surface (zi) to associate the concertation
in the liquid phase of each component (c;) with its correspondent equilibrium concentration in
a single-solute system (c?). Likewise, it uses ziand the adsorbed concentration of the solute in
a single-solute system (q?) for the determination of the system the total adsorbed concentration
(gr). The mathematical expression of these relationships is given by Equation (18). These ex-
pressions constitute the fundament of modelling adsorption of multi-component systems and
are widely applied within the drinking water practice and in a lesser extend in the wastewater
practice.

N -1
c; =cz;and qr = [Z Z—gl (18)
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3. Discussion

The Occam’s razor principle translates into a fundamental modelling premise “ A model should
be as simple as possible, and only as complex as needed” (Wanner et al. 2006). The ASM
models were developed on this basis and are, after almost 20 years, still state of the art. ASM
models prioritized the accuracy of the macroscale results over the exact and comprehensive
representation of the microscale features of the system. As result of this compromise, ASMs
predict the most important macroscale features of a wastewater system fairly well: effluent
concentrations, sludge production and oxygen consumption, although other characteristics of
the system like microbial diversity, concentration gradients around/within flocs are not fully
portrayed. Despite the several simplifications that the ASM models contain, they still have a
substantial explanatory power. Many experimental observations can be explained by the use
of ASM models, moreover operational strategies and knowledge of the system can be gained
from them. Biofilm models were developed under the same modelling premise as ASM models
and the compromise between simplicity and explanatory power is equally valid for the biofilm
models, if not of greater importance. Due to the temporal disparity of the modelling develop-
ment and the technical possibilities to accurately measure different biofilm properties such as
biomass composition, thickness, morphology etc., assumptions regarding the microscale char-
acteristics needed to be done to obtain satisfactory macroscale results. With the advances in
experimental and computational techniques, more information about biofilm systems can be
gathered, and the question of whether or not to include all the available information into the
model arises. How simple is too simple and vice versa how complex is too complex? The
decision of which level of complexity is adequate for the model depends on the objective of
the modelling task as well as on the available information. The objective serves as main guide-
line for the decision-making process while the available information acts more as constrain of
the model (Wanner et al. 2006). | explored two decisive microscale features of a biofilm sys-
tem: microbial community and dimensionality and examined the level of complexity of the
model in the relation to the understanding of the system and the obtained insights.

3.1. Microbial Community Composition

One of the most important modelling decisions is the definition of the microbial community
that on the one hand, can be successfully represented (information constraints e.g. Kinetic pa-
rameters) and on the other hand that needs to be included so the system is appropriately de-
scribed. This is a tipping-point during the modelling. It dictates the biochemical processes that
are going to take place within the system and in consequence it limits the model to a certain
extend. Appropriately choosing the microbial community that has to be implemented into a
model not only depends on the a priori knowledge of the composition but it also depends
strongly on the available kinetic and stoichiometric information. In addition, measurements of
the substances that play a role in the microbial metabolism are vital when deciding how to
describe the microbial community. My first research hypotheses deal with the adequate repre-
sentation of the microbial community that grows on the GAC surface of a bGAC-filter, and
some of the central factors that have to be taken into consideration when implementing a bio-
film into a GAC adsorption model.
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The first publication P1 focuses on the need of having a simplified microbial community as a
reasonable compromise for attaining the objective of assembling two complex preexisting
models. P1 aimed to construct a multi-component model able to describe the simultaneous
biological and adsorptive removal of DOC in bGAC-filters. The resulting model from P1 is a
combination of two well established models: a one-dimensional biofilm model and a multi-
component adsorption model. When combining these two models several challenges appeared.
The composition of the microbial community was one of the most prominent issues aside from
the role that the biofilm played in the mass transfer between the bulk liquid and the GAC.

The composition of the biomass that grew on the bGAC-filters that | used for the modelling
exercise in P1 was known, so the question of whether or not to use a multi-species biofilm
model had to be asked. Figure 5 shows the relative abundance of the bacteria phyla found in
the backwashing sludge from three bGAC-filters treating a WWTP effluent (0GAC-filter 1,
bGAC-filter 2, bGAC-filter 3) and the relative abundance found in the activated sludge from
the correspondent WWPT (WWTP). In Figure 5 can be observed that all the sampes contained
bacterial phyla typical to WWTP, like Nitrospira, Proteobacteria, Planctomycetes,
Armatimonadetes and Actinobacteria.
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Figure 5. Microbial community composition of the sludge in the backwash water of three bGAC-
filters at different points in time (Provided by Dr. Laura Orschler).

Altough the results in Figure 5 provided information about the microbiological composition of
the system, it is still very difficult to directly incorporate molecular biology information into
the traditional models, as was the case of P1. Altough the taxonomic composition of the
microbial community in P1 is to a certain extend known, | decided to not include all the species
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present in the biomass and rather to include a simplified version of it that serves to the goblal
objective of succsesfully representing the cocurrent biological and adsoprtive DOC removal
and of properly describing the influence of the EBCT on the bGAC-filter performance. For
this pourpose and to keep the model as identifiable as possible, | selected a biofilm featuring
only one heterotrophic species that uses DOC as electron donor and oxygen as electron accep-
tor and follows a Monod kinetic law. It allowed me to focus on the model structure and the
role of the biofilm in the mass transport. Although the information shown in Figure 5 gives
insight to the composition of the microbial community present in the bGAC-filters, it does not
provide enough information about the functionality of the different members of the commu-
nity, which is the key input needed to develop a traditional biochemical model. In addition, the
biodegradation of the DOC remaining in WWTP’s effluents involves complex processes,
which mechanism are not yet fully understood. For the specific case of micropollutants is been
observed that their biodegradation is linked not only to the main metabolism of heterotrophic
bacteria but also to co-metabolic processes of both heterotrophic and autotrophic bacteria,
which makes the accurate representation of the biochemical processes within the biofilm even
more intricate. Taking advantage of the molecular biology data would require more targeted
measurements directed to the functional bacterial groups rather than the specific species pre-
sent in the biofilm.

As suggested before, the impracticability of including such information derives in part from a
mismatch between what it is meant by microbial composition in a model versus what it means
in the microbiological context. In the traditional ASM modelling framework the focus is on
the functionalities of the microbial community rather than on the actual species that can be
identified. In other words, in a model, bacteria are classified by the specific biochemical pro-
cesses they take part in, whereas the composition (relative abundance) obtained by the molec-
ular biology techniques is a pure taxonomic classification as in the case of Figure 5.Further
molecular techniques such as transcriptomics, metabolomics etc. answer to the questions of
what the bacteria are capable of, and how they behave at a given time and, therefore they may
give a better insight of the microbial community from the modelling point of view. Although
these omics techniques provide essential qualitative information about microbial communities,
there is still a significant knowledge gap regarding how to transform such kind of data into
physiological parameters relevant for the traditional mechanistic models e.g. affinity constants,
maximum growth rates etc. (Prosser 2015). The work of Vieira-Silva and Rocha (2010) is a
compelling approach to calculating physiological parameters from genomic data. The contri-
bution explores the possibility of calculating the maximal growth rate of bacteria and archaea
using information derived from their genomes. Nevertheless, the presented approach seems to
be subjected to the bias of culture methods that tend to select fast growing strains. More re-
search is needed to expand the model to bacteria growing in suboptimal conditions e.g. natural
biofilms, substrate-limited conditions.

In addition to the estimation of physiological parameters, it is still challenging to incorporate
the dynamics and the spatial dimension of the communities into the omics data. Most of the
studies analyze the microbial community at a specific point in time and location, which only
reflect a transitory state of the community and are difficult to link with the actual state of the
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system. Overcoming this so called “ temporal and spatial heterogeneity” requires time and cost
intensive measuring campaigns that continue to be somewhat impractical (Prosser 2015).

Despite the various open questions, some studies recognize the importance of including mo-
lecular biology data into the modelling, however they also acknowledge that the current ASM
framework is not yet ready for it (Sin and Al 2021, Vannecke 2015). Sin and Al (2021) argue
that traditional ASM models seem unable to keep up with the new information and data inflow
and even consider that they have reached their limits. They also propose a methodology for the
explicit integration of molecular biology results into a relatively traditional ASM model
scheme. The authors propose the introduction of dynamic metabolic pathways into the model
that otherwise is based in the assumption of fixed metabolic pathways. The information pro-
vided by the metagenomics and metatranscriptomics data can be used to predict the metabolic
state of the system and to adjust the model accordingly. The application of machine learning
techniques is suggested for linking the traditional model structure and the molecular biology
data. Although this seems to be a promising approach, | expect the amount of data needed to
appropriately train a data-driven algorithm to be the bottleneck to the practical implementation
of this concept, as the collection of omics information from microbial communities continues
to be laborious.

In the same way, McDaniel et al. (2021) explore different potential applications of the omics
data in the water engineering field. The authors summarize some studies aiming to integrate
molecular biology data within traditional modelling frameworks. Especially interesting is the
contribution of Weinrich et al. (2019). In this work the conventional model for anaerobic di-
gestion ADM1 was extended by combining it with a Flux-Balance-Analysis, which allows the
prediction of intracellular fluxes and it opens the possibility to calibrate the extended ADM1
model using omics data. Likewise in their work Reed et al. (2014) developed an interesting
method to quantify the production of genes relevant to the nitrogen cycle in marine environ-
ments (nitrate reductase (narG), nitrite reductase (nirK) amongst others) by modifying the tra-
ditional Monod growth expression. The authors introduced a thermodynamic factor that ac-
counts for the chemical energy and a second factor that incorporates the gene abundance. The
model is divided into functional groups associated to a metabolic pathway and to its related
genes reconciling in doing so, molecular biology information and a traditional modelling
framework (comparable to the ASM one).

The developed model uses a very simplified version of the microbial community, however, it
serves as a proxy for the DOC removal that cannot be attributed to adsorption and for the mass
transport phenomena caused by the existence of a biofilm on the GAC surface. | expected that
the DOC removal attained by the modelled biofilm corresponds to the biological DOC removal
measured in the filters. Likewise, the modifications to the concentration gradient of all the
DOC fractions should be comparable to the ones that took place in the bGAC-filters. Figure
P1.2 compares the results delivered by the model with the experimental measurements from
the pilot bGAC-filters. A good agreement between the experimental and simulated effluent
DOC concentrations can be observed, as well as the capability of the model to describe the
effect that the EBCT has on the bGAC-filter performance. In Figure P1.3 the breakthrough

37



curves of the different DOC fractions are presented. Figure P1.3 was used to validate the ra-
tionality of the model structure and to evaluate the behavior of the DOC fractions depending
on its absorbability and/or biodegradability. The effect of the temperature on the biodegradable
fractions is very clear. Likewise, desorption of the better adsorbable fractions can be observed
when the WWTP effluent was diluted i.e. the DOC concentration in the bulk phase was lower
than the one on the GAC surface. The model also enabled the tracking of the distribution of
the DOC removal as shown in Figure P1.7. The distribution observed in the figure corresponds
to the description proposed by Simpson (2008) and is explained in chapter 2.4.3. At the begin-
ning of the operation adsorptive removal dominates until the biofilm is sufficiently developed
and starts contributing to the removal, until virtual saturation of the GAC is reached. During
this phase both biodegradation and adsorption take place simultaneously. Once the GAC is
nearly saturated, the biofilm is responsible for the majority of the observed removal. Depend-
ing on the EBTC, biodegradation sets in earlier. At short EBCTSs the effect of biodegradation
on the global DOC removal becomes noticeable earlier than in the case of long EBCTSs. This
may suggest that short EBCTSs are beneficial for the biofilm development, which contradicts
previous findings reported in the literature. Longer EBCTSs are believe to foster the biofilm
growth due to the longer exposure of the biofilm to the substrates and the possible interactions
between the adsorbed DOC and the biofilm (Fundneider et al. 2021, Terry and Summers 2018).
The observed behavior in the model can be explained by the fact that at lower EBCTSs the filters
receive a higher flow and thus a higher DOC mass is available for the bacteria to grow. In
consequence the biofilm develops faster and its contribution to the removal can be seen earlier.
This deviation is a drawback resulting from the simplification of the microbial community and
points towards the necessity to better model the potential interactions between the adsorbed
DOC and the biofilm. Despite of the various simplifications that the model developed in P1
encompasses, it is a satisfactory first approach to the modelling of simultaneous biodegradation
and adsorption of DOC from a WWTP effluent. It establishes a methodology to connect a
biofilm and a multi-component adsorption model. It also lays a strong foundation for the in-
clusion of individual micropollutants and for the potential extension of the microbial commu-
nity for it to include more species and better represent the actual diversity of it. The fact that
the model is built within the ASM framework is also advantageous for the perspective inclu-
sion of the model and bGAC-filters into plant wide models.

The issue of the microbial composition in P1 constitutes a typical case where simplification is
needed despite the fact that a deeper understanding of the system is available. Some authors
have discussed the relationship between complexity and understanding in a modelling context.
They theorized that the complexity of a model increases along with the understanding of the
system and that the modeller can make the decision of either keeping a simplified model while
continuing to expand the understanding of the system and thereby attainig “eclegant simplicity”
or to try and develop a model as complex as possible, risking in doing so a state of
“hypercomplexity” where models do not add to the knowledge of the system (Schwartz et al.
2017). Considering the results of P1, I argue the complexity level that a model is able to achive
is defined not only by the understanding of the system, but it is determined to a great extend
by the useful information that is accesible to the modeler. The amount of scientific knowlegde
that exists about a system and the posibility of capturating it in a model is limited by an
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information gap. Figure 6 is a schematic representation of the concept presented by Schwartz
et al. (2017) and the explained information gap. New discoveries about a system and its
underlying mechanims do not directly translate into usable information for the models since
the gathering of information (especially in the microscale) continues to be restrictive, time and
resource consuming. Additionally, it is difficult to know beforehand which parameters are go-
ing to be needed for the perspective models and the measurements may be disconnected from
the parameters required by the model. Closing this information gap requires a stronger feed-
back between the modelling and the experimental research and a better use of the model ex-
planatory power, considering that models do not have the sole purpose of reproducing experi-
mental data but also of contributing to the general understanding of a process.
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Figure 6. Comparison of the concept presented by (Schwartz et al. 2017) and the proposed
relationship between information, understanding and complexity.

If the information gap cannot be bridged by means of experimental measurements specific to
the system, sometimes it my be convenient to transfer some of the parameters from well-
studied comparable systems or to use established/ accpeted values. As it was the case in P1,
accurate kinetic information related to biofilm consortia is still lacking and therefore in many
cases the best available information is still the one stemming from the activated sludge systems.
On the one hand, this lack of information occurs due to the difficulties to measure some of the
required biofilm parmeters. On the other hand, the so called pure culture paradigm plays also
a conceptual role.

Most of the microbiological knowledge built until now, is based mainly on the pure culture
paradigm. A species is cultivated in a chemostat under perfect mixing conditions and its be-
havior is determined on the basis of the experimental results. Kinetic parameters, metabolic
pathways amongst other specific characteristics of bacteria are studied through pure cultures.
The information gathered using such an experimental set-up is valuable and has been vital in
the development of microbial applications, however the extent to which these findings can be
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compared and extrapolated to the behavior of natural communities and in special of biofilms
remains under discussion. Several works from the medical field recognize the limitations of
planktonic cultures and the bias that they might have caused in the understanding of microbi-
ological phenomena (Wolcott and Ehrlich 2008). The essential critique to this paradigm is that
culture conditions usually differ greatly from those bacteria would experiment in nature. Suf-
ficient supply of substrates and nutrients, controlled pH, sufficient water activity, absence of
interactions are the rule in planktonic cultures and the exception in natural environments. Rel-
evant information about secondary metabolites, communication, cooperation and competition
may get lost due to the optimal growth conditions used in pure/planktonic cultures (Nai and
Meyer 2018). The research hypotheses of the second publication P2 originate from this fact,
the way microorganisms interact and behave in rich environments and in suspended cultures
greatly deviates from the behavior in biofilms under limited-substrate conditions. Yet, the
guestion remains of whether these differences in behavior have an important effect on the mac-
roscale modelling results. Moreover can these differences be explored using the current mod-
elling framework? One interesting feature of microorganism growing in structured environ-
ments under substrate limiting conditions is their ability to cooperate and select the common
good over their individual fitness. Bacteria under such conditions are believed to undergo the
so called yield strategy. Bacteria would rather increase their growth yield and trade it for a
decrease in growth rate, which may be considered as indirect passive cooperative behavior. In
contrast, bacteria growing at a high growth rate at the expense of their growth yield are believed
to be rate-strategists and are associated with rich substrate environments and planktonic con-
ditions (Kreft and Bonhoeffer 2005b).

In P2, | theoretically investigated the effect that the growth yield has on different features like
microbial composition, diversity and on the bulk liquid concentrations. | use a MBBR dedi-
cated to fully autotrophic nitrogen removal i.e. PN/A and analyzed the behavior of the hetero-
trophic community under various pairings of yield (YY) and growth rate (). To simulate differ-
ent levels of substrate availability, three scenarios with different values of the affinity constant
(K) were also studied. In doing so | was able to simulate instances where the heterotrophs acted
as yield strategists and as rate strategists, and | compare the implications of each strategy on
the macroscale results especially on the nitrogen gas production by the heterotrophic commu-
nity and on the microscale features more specifically the microbial composition/ diversity.

The first scenario was dedicated to a reactor operated in absence of external COD (CODex)
and focused on the competition of three different heterotrophic bacteria surviving on the same
scarce electron donor: the organic matter produced by the biomass decay (CODgs) .Figure P2.1
shows the production of nitrogen gas by the HB2 (using NO2" as electron acceptor), by the
HB3 (using NOs" as electron acceptor) and the sum of both contributions. It is clear, that the
nitrogen gas production depends highly on the yield and is almost insensitive to p and K. In-
terestingly enough HB2 do not produce N: i.e. do not grow unless a high yield is assigned to
the heterotrophic bacteria.

In scenario 1, the growth yield was determinant for the composition of the heterotrophic com-
munity. The diversity of the heterotrophic community may be closely related to the yield
growth as only at the highest yields a diverse biofilm was observed in the results. Figure P2.2
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shows the biomass concentration profiles along the biofilm thickness at different p-Y pairings
for a K equal to 10 gCODgr/m2. Variations in the concentration profiles can be observed,
higher values of yield result, as expected, in higher biomass concentrations and in a diverse
community, moreover the diversity of the community seems to depend exclusively on the
yield. The results shown in P2.2 suggest as well that the growth yield affects not only the
composition of the heterotrophic community but also its spatial structure.

| also analyzed the effect of the yield strategy, when the heterotrophic community growing on
CODgt faces the competition of a second heterotrophic community growing on a more abun-
dant substrate (CODex). | found that the growth yield positively affects the production of N>
by HB2, however it does not do so for the production of N2 by HB3. After a yield of approx.
0.35 gCOD/gCODgs the N2 production by HB3 slightly decreases and then stabilizes, which
in turn means that the best strategy for the community in terms of diversity would not be nec-
essarily the yield-strategy. Nevertheless, the total N> production reaches its maximum when
the yield takes the highest possible value. The well-known k-strategy and the yield-strategy
were also shortly compared in P2 on the light of the postulates of the microbial transition state
theory. This theory proposes a direct relationship between the affinity constant and the growth
yield, which implies that both k and yield-strategy are outcomes of the same adaptation strategy
to substrate limited conditions and should be probably investigated jointly rather than individ-
ually.

P2 used a traditional modelling set up to conceptually explore the implications of behavioral
changes in the heterotrophic microbial community on the macroscale results of a fully auto-
trophic process. | showed that the heterotrophic community pursuing a yield-strategy has im-
plications not only on the microscale (microbial composition and diversity) but also on the
macroscale features like N2 production and total dissolved nitrogen. The use of models to ex-
plore different hypothesis in relation to the growth strategies being pursued by the bacteria can
lead to interesting results and could strengthen the link between the modelling and the experi-
mental practice. In their work Costa et al. (2006) used the findings of the kinetic theory and of
their previous models to predict the existence of comammox (complete ammonium oxidation)
bacteria and their preference for the yield strategy. Moreover, they were able to propose dif-
ferent experimental set-ups with the aim to facilitate the isolation and further investigation of
such bacteria. Recently Kits et al. (2017) corroborated the hypothesis proposed by Costa et al.
(2006) by isolating Nitrospira inopinata. They found that Nitrospira inopinata have a high
growth yield, a low maximum rate of NH4* oxidation and a high affinity NH4*, which confirms
that they undergo the yield strategy.
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3.2. Dimensionality

The second studied microscale feature of this work is dimensionality. Dimensionality plays a
central role in biofilm modelling. An essential modelling decision is the selection of the num-
ber of dimensions that the model requires, 1D models find application in both research and
engineering contexts, whereas models with higher dimensionality are used especially for re-
search and educational purposes. High dimensionality models are very often used in the mi-
crobial ecology to explain biofilm structure an interactions between the microorganisms, how-
ever they are rarely applied in engineering contexts. (Wanner et al. 2006)

1D models assume that the concentration gradients along the biofilm thickness are steep
enough so that they dominate over the gradients in all other directions. However, longitudinal
concentration gradients in the bulk liquid and or in the gas phase can be found, likewise dif-
ferences in the biofilm along the length of the reactor are observed. This is valid especially in
the case of MABRS, where depending on the reactor specific configuration, pronounced con-
centration gradients might arise. Determinant for the apparition of such gradients are the mem-
brane configuration: flow through or dead-end as well as the presence or not of a recirculation
in the bulk liquid (Hibiya et al. 2003, Martin and Nerenberg 2012, Pankhania et al. 1999,
Shanahan and Semmens 2006). The second hypothesis of this work originates from these kind
of observations. In fully autotrophic MABRs, the longitudinal concentration gradients in the
membrane lumen and in the bulk liquid influence the biofilm microscale features (biomass
distribution), in such a way that macroscale results reflect it. | hypothesize that a low-dimen-
sionality model can be used to assess the magnitude of these effects. Publication P3 addresses
this problem by comparing a traditional 1D biofilm model with a pseudo 2D biofilm model.
This pseudo 2D model is composed of various fully mixed compartments connected in series,
which simulates the mixing conditions of a plug flow reactor in both gas and bulk phase. Figure
P3.1 alongside with Table P3.1 explains all the configurations explored. The model had the
flexibility to include the gradients individually or simultaneously in each of the phases (gas
phase and bulk liquid). In addition, the number of fully mixed compartments (n), was also
varied in the model.

The conceptual comparison of the model configurations demonstrated that the oxygen gradient
is the most influential gradient in terms of biomass distribution and in terms of the global
reactor performance. Figure P3.5 shows the distribution of the total biomass for all the studied
configurations alongside with their respective Total Dissolved Nitrogen (TDN) in the effluent.
Despite the differences in TDN between each configuration and the 1D model, the total bio-
mass distribution is very similar in all the cases, except for the apparition of NOB in the con-
figurations featuring only the oxygen gradient. The occurrence of NOB seems to logically pro-
voke an increase in the final TDN. When looking at the biomass distribution along the reactor
length (Figure P3.6), very different biomass distribution profiles can be seen. In the configu-
rations with an oxygen gradient the biomass composition varies greatly along the length,
whereas in the configuration with only a substrate concentration gradient (bulk liquid as PFR,
but gas phase as fully mixed reactor) the biomass distribution is nearly the same along the
reactor length and very similar to the biomass distribution predicted by the 1D model, being
the main difference the accumulation of particulate inert components. Table 1 summarizes the
most important results from the P3. It compares the modelling results of all configuration using
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the 1D model as a baseline. In Table 1 it can be seen that a substrate gradient alone (configu-
ration 5) has almost none effect on the TDN, however in combination with the oxygen gradient,
it seems to slightly counterbalance the effect of the oxygen gradient.

Table 1. Summary of the main results of Publication1. Comparison of the effect of longitudi-
nal gradients on the total dissolved nitrogen and the biomass distribution

Configuration n  Difference TDN Oxygen Substrate Biomass Distribution
) (mgN/L)  Gradient Gradient  (along the reactor
length)
2 3 76% 25.1 v X Heterogenous
2 5 113% 30.3 v X Heterogenous
3 3 30% 18.5 v v Heterogenous
3 5 -30% 9.9 v v Heterogenous
5 3 -1% 14.1 X v Homogeneous
5 5 -6% 13.4 X v Homogeneous
1D model — — 14.2 X X Homogeneous

Owith respect to the TDN from the 1D model

Inan MABR, the key to sustain the microbial communities that performed PN/A is the oxygen
penetration depth as demonstrated in several experimental studies (Casey et al. 1999a,
Schramm et al. 2008). Oxygen should not penetrate the entire biofilm so an anoxic zone is
established and adequate growth conditions for AnAOB are present. An excessive oxygen con-
centration would hinder AnAOB growth and the system would act rather as a nitrification sys-
tem. As discussed in P3, the airflow is crucial to obtain a good reactor performance and can be
set in relation to the incoming NH4* load, making in doing so oxygen the limiting substrate.
As consequence, it is to be expected that the influence of the oxygen longitudinal gradient
dominates over the influence of the correspondent substrate gradient, as | illustrated in P3.

The structure of the model also allowed the analysis of two flow arrangements: counter and
parallel flow. Flow arrangements did affect the performance of the modelled reactor, the par-
allel flow being the only arrangement that showed sufficient nitrogen removal. In other appli-
cations such as chemical reactors and heat exchangers counter flow arrangements has proved
to be advantageous, due to the re-localization of the concertation or temperature gradients in
such a way that the driving force of the transport (mass or heat) is bigger than the one occurring
in parallel flow. However, according to my observations this is not the case in MABR appli-
cations used for PN/A processes. When a counter flow arrangement is in place, the maximal
oxygen concentration occurs in one extreme of the reactor whereas the maximal NH4" occurs
in the other one, resulting in a lack of a growth niche for AOB. If AOB are not able to grow,
the whole nitrogen removal chain truncates and thus the MABR shows a poor performance. At
first glance, this finding may seem trivial. However, such a comparison between two flow
arrangements is not possible when using a traditional 1D model. Only by assuming the exist-
ence of longitudinal concentration gradients and by developing a model that is able to represent
them, the possibility of physically having two flow arrangements and of investigating them
opens. P3 also contributed to elucidate the effects of these flow configurations on the perfor-
mance of an MABR applied to PN/A.

A similar approach to attain higher dimensionality was used also in P1. The tricking filter
process unit on which the model is based, employs three different completely mixed reactors
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connected in series to simulate the longitudinal profiles along the bGAC-filter. Due to the fixed
bed characteristic of the bGAC-filters it is clear from the start that longitudinal profiles are
going to be present in the bulk phase, the GAC and the biofilm. DOC concentration and com-
position in the bulk liquid change considerably along the GAC-bed due to the preferential ad-
sorption of some of the DOC fractions and the asynchronous saturation of the different filter
bed areas. As a result of this, the time in which the microbial community fully develops its
composition, biofilm thickness etc. vary according to the location within the GAC-bed.

The use of a pseudo 2D model configuration proved in this case yet again to be sufficient to
reflect these longitudinal variations without introducing unnecessary complexity to the model.
As shown in Animation 1 and Animation 2 from P1, the data delivered by the model is suffi-
cient to reproduce the DOC advection fronts in the bGAC filters. These fronts show the profiles
of the DOC concentration along the filter length and across the biofilm thickness, moreover
desorption events can be observed in the two directions (filter length and biofilm thickness).

With regard to the microbial community composition the model was also capable of describing
the differentiated growth along the filter bed, however only in terms of the time at which the
biofilm was fully developed. Figure P1.6 in the supplementary material of P1 shows how the
biofilm in the top compartment of the filter bed reaches the maximal concentration (Xwg, sp)
biofilm concentration first, followed by the middle and bottom compartment. Due to the sim-
plification of the microbial community composition (inclusion of only one species) it is not
possible for the model to reflect the potential longitudinal profiles of the microbial community
composition. However, there is experimental evidence that microbial composition varies
strongly depending on the filter bed location. A closer look into Figure 5 reveals such differ-
ences in the microbial community composition. The relative abundance of the microbial spe-
cies in bGAC-filter 1, the one that is closest to the influent inlet, differs greatly from the one
in the bGAC-filters 2 and 3, which are further downstream with respect to the influent inlet.

The problem of dimensionality showcases that fundamental understanding of a system that
may be considered as settled science, does not always have a straightforward translation into a
model or even more it should not be necessarily included into it. As mentioned in the section
before (3.3), higher complexity cannot be achieved without sufficient information. Not all the
parameters that a model needs can be determined experimentally and not all of them can be
fitted using a model and parameter estimation procedures. It is clear that biochemical processes
take place in all the three dimensions of a biofilm, nonetheless as showed in P1 a pseudo 2D
model is capable of satisfactorily describe the most relevant macroscale results and to facilitate
other models to encompass more complexity in the microbial community as well in the influent
composition. In contrast, the result of P3 showed that in the case of MABR the simplest ap-
proach (1D model) neglects crucial system microscale features such as the longitudinal gradi-
ents, which may have a significant effect on the macroscale results and thus on the reactor
performance. In this case a pseudo 2D model seems to be more appropriate for describing the
phenomena occurring within the reactor.
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4. Conclusions

The focus of this work was the relationship between the microscale and macroscale features
when modelling a biofilm system, especially when a substrate is limited. On the one hand, it
is difficult to assess beforehand whether the inclusion of a microscale feature would signifi-
cantly impact the global modeling results, which are very often the priority. On the other hand
the inclusion of microscale features may be beneficial for the explanatory power of the model
and its mechanistic meaning.

For the bGAC-filter | demonstrated in P1 that a very simple representation of the microbial
community seems to be sufficient especially at early modelling stages. It allows the construc-
tion of a model capable of describing the removal of DOC as a simultaneous multi-component
adsorption and biodegradation. Moreover, it favors the development of a methodology on how
to combine these two processes (multi-component adsorption and biodegradation) and on how
to further extend the model for it to have more components and more microbial species.

In terms of dimensionality, the pseudo 2D- model in P1 proved to be sufficient for the investi-
gation purposes. Using this kind of model, DOC advective fronts were generated and a visual
representation of the DOC (and its fractions) concentration gradients along the filter bed and
along the biofilm depth, was generated. Through these results the modelled interaction of the
biofilm and the GAC can be easily explore and inconsistencies/ potential improvement points
can be recognized. On the one hand, a lower dimensionality approach i.e. 1D model would
have neglected the longitudinal gradients, yielding an oversimplified and incorrect model. On
the other hand a higher complexity model, i.e. a 3D model, would have required information
about the GAC and biofilm that was not available and would have taken the focus from the
simultaneous implementation of the multi-component adsorption and the biodegradation.

In P2 | illustrated the impact that the growth yield has on the composition and activity of a
heterotrophic community growing under fully autotrophic conditions (PN/A system). The re-
sults suggest that the diversity of the community highly depends on the growth yield, thus,
high yields being favorable for the coexistence of all the heterotrophic species sharing the
scarce substrate. The relationship between the k-strategy and the yield-strategy was shortly
discussed, and the need to investigate them as a whole rather than separate were also briefly
addressed. Due to the imbalance between understanding and information, the deliberate deci-
sion of keeping a model simple despite of having deep knowledge of the system can turn the
model into a more profitable tool. A simpler model or a model featuring elegant simplicity can
bring forward the understanding of the system. The use of simple conceptual models can serve
as guideline to the experimental practice of what to search for or where to focus more when
measuring. P2 is an example of such a situation. Despite of not including the latest biofilm
modelling theories like the Extracellular Polymeric Substances (EPS) theory, a simpler model
was able to shed light upon an ecological trait of the microbial community that may be worth
a deeper investigation and could probably help to find an explanation of some macroscale ob-
servations.

In the case of the MABR, the results of P3 conceptually showcase the impact that longitudinal
concentration gradients have on the macroscale results. My results suggest that depending on
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the specific reactor configuration a 1D model may not be sufficient to describe an MABR and
that a relatively simple pseudo 2D model can deliver better results. The 1D model predicted
lower total dissolved nitrogen concentrations than the ones predicted by the pseudo 2D model
in all the evaluated scenarios. In the worst case, the difference between the predictions was
threefold. Furthermore, the implementation of longitudinal gradients also showed an impact
on the gradients along the biofilm depth. The case study of P3 constitutes an example when
oversimplification may be risky in terms of explanatory power and quality of the predictions.

Throughout this work | also examined the relationship between the information available of
the system and the general understanding of the phenomena taking place in a system, and the
complexity level that a model (representing the system) may achieve. | argue that the achiev-
able complexity of a model is certainly related to the existing understanding but it is limited
by the usable information accessible to the modeler. As simplifications could be actively pur-
sued, they can be also forced upon the model if it is no capable to integrate the new information
or the produced information does not fit the model structure. | show for the case of the micro-
bial community in P1 that although a big amount of knowledge is available about the compo-
sition of the microbial community, it does not correspond entirely with the information re-
quired by the model and thus the translation of the knowledge into the model is not straight
forward.
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5. Outlook

This section is dedicated to give an overview of the potential future work that originates from
the contributions that composed this work. It also shortly discusses some research questions
that opened up while conducting this investigation.

For P1, the implementation of OMP removal into the developed model should be prioritized.
OMPs may be included into the model using the fractionation methodology applied for DOC,
however parameters of the individual adsorption isotherms of each OPM in the respective
wastewater matrix are a prerequisite. In addition, the difference between the orders of magni-
tude of DOC and OPM concentrations may be a challenge to overcome. In regard to the mi-
crobiological composition in P1, modifications are still required. The expansion of the micro-
bial composition to include microorganisms able to biodegrade OMPs should come along with
the introduction of OMPs into the model. Nitrifiers are believed to have the ability to co-me-
tabolize some OMPs parallel to their main metabolism, therefore the exploration of the influ-
ence of the nitrifier community on the biological removal of the OPMs may be worthwhile.
Including the nitrogen species into the model may as well increase its explanatory power in
terms of the final effluent quality. Regarding the dimensionality, the model presented in P1
represents in a very simplified way the GAC structure. A more complex representation of the
GAC may further enhance the model quality. The incorporation of a differentiated pore volume
(micro, meso, and macro) can be crucial when OMP concentrations are targeted with the
model.

For P2, several questions are still open with respect to the behavior of heterotrophic bacteria
in fully autotrophic systems. The relationship between the yield strategy and the EPS theory is
worth exploring experimentally. Is the yield strategy the preferred one when SMP are the only
carbon source? Has the yield the same influence on the composition and on the diversity of the
community if the postulates of the EPS are considered? Does the scarce carbon source and the
need of undergoing yield strategy influence the nitrogen conversion processes as well, for in-
stance is incomplete denitrification more likely to occur? Finally, yield and k strategy should
be studied together rather than individually in order to have a better understanding of the fun-
damental mechanism of the behavior of the heterotrophic community under substrate limited
conditions.

In the case of P3 experimental calibration and validation of the conceptual model is still re-
quired. Verification of the steepness of the longitudinal gradients is required to determine the
number of compartments that deliver the most realistic description of the longitudinal gradients
and of the system. The potential occurrence of biological processes in the bulk phase and its
implications on the macroscale results could be also looked into. Through the compartments
approach a heterogeneous biofilm (along the reactor’s length) in terms of biofilm thickness
and density can be also implemented. Finally, a multi-compartment model, like the one devel-
oped in P3, can become a tool for testing different operational strategies featuring targeted
longitudinal gradients in both bulk and gas phase.
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Abstract

Along with the rise of biological active granular activated carbon (bGAC) filtration as ad-
vanced treatment technology for wastewater treatment plant (\WWTP) effluents, the mathemat-
ical representation of such systems is gaining increasing importance. This work introduces a
model that describes the performance of bGAC-filters for Dissolved Organic Carbon (DOC)
removal from a WWTP effluent. The DOC removal within bGAC-filters is accomplished by
two mechanisms: adsorptive removal and biological transformation. An appropriate represen-
tation of the adsorptive removal requires the DOC to be divided into fictive fractions according
to its adsorbability. Likewise, a further DOC classification according to its biodegradability is
necessary. Modeling a bGAC-filter then becomes a multi-component adsorption problem, with
the simultaneous occurrence of DOC degradation within a biofilm. For dealing with this mod-
eling task, this work integrated the Ideal Adsorbed Solution theory into a traditional biofilm
model compatible with the Activated Sludge Model Framework. For the description of the
adsorption dynamics, a Freundlich isotherm for the equilibrium and a pseudo first order model
for the kinetics were selected. The biofilm consisted of heterotrophic bacteria able to oxidize
DOC using oxygen as electron acceptor. The correctness of the model was evaluated using
experimental data from a pilot plant. The predicted DOC breakthrough curve satisfactorily
fitted the experimental measurements for empty bed contact times (EBCT) of 6, 12, 24 and 33
min. Moreover, the model predicted the relationship between EBCT, DOC removal and
bGAC-filter lifespan. The developed model is the first that combines multi-component adsorp-
tion and biofilm Kinetics in a wastewater treatment context.

1. Introduction

Granular activated carbon (GAC) filtration is an established treatment technology in the drink-
ing water sector. With the emergence of more stringent discharge regulations for wastewater,
the implementation of GAC-filters as advanced treatment for micropollutants and DOC re-
moval from municipal wastewater has become more important. An interesting feature of GAC-
filters is the development of a biofilm on the GAC surface and their transition to biological
activate GAC filters (bGAC-filters). Several studies have demonstrated that the presence of
such a biofilm may enhance the overall DOC removal as well as the removal of individual
micropollutants (Simpson 2008, Yapsakli and Cecen 2010).

Mass transfer processes in GAC-filters, adsorption equilibria and kinetics have been exten-
sively researched. Several models intending to predict the behavior of GAC-filters for remov-
ing organic substances have been published. Chang and Rittmann (1987) presented a model
able to describe the removal of a single component in a bGAC-filter, later on Kim and Min
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(1993) developed and compared two different modeling approaches for the removal of dis-
solved organic matter in a biofiltration system. More recently, Shim et al. (2004) provided a
review of the models that existed at the time and proposed a new modeling approach, that
successfully implemented backwashing of biomass from the GAC-filter bed in a single-com-
ponent system.

The interactions between wastewater, biofilm, GAC and the processes occurring within are
intricate and component specific, which makes mathematical modeling of such a multi-com-
ponent systems challenging. From the adsorption point of view, there are several models ca-
pable to describe the adsorption behavior of complex mixtures. The Ideal Adsorbed Solution
(IAS) theory first introduced by Radke and Prausnitz (1972) continues to be one of the most
frequently used approaches for describing adsorption in a multi-solute system, as the theory
can be applied in combination with any single-solute adsorption isotherm. The IAS theory or
extensions of it have been implemented along with conventional breakthrough models.
Nowotny et al. (2007) modeled the competitive adsorption between a set of micropollutants
and the background organic matter presented in a Wastewater Treatment Plant (WWTP) efflu-
ent. Similarly, Worch (2010) compared two model approaches capable of predicting break-
through curves of multi-component systems, specifically the competition for adsorption be-
tween micropollutants and Natural Organic Matter (NOM) in drinking water treatment;
Purschel et al. (2014) in turn, applied the same concept for modeling the NOM removal in
anion exchange resins. Schideman et al. (2006) proposed a model with three fictive compo-
nents for natural waters; this model is capable to describe several competition phenomena be-
tween NOM and micropollutants. Nevertheless, the models proposed in all these studies do not
account for biofilm growth onto the media surface, thereby neglecting the influence of the
biological processes on the filter performance, especially after long-term operation.

Although the mechanisms and the basic mathematical principles are well known for biological
and adsorption processes, a comprehensive modeling approach that incorporates both of these
concepts is still lacking. The modeling practice in the wastewater field is widely dominated by
the Activated Sludge Model (ASM) framework and there is agreement about the need of ex-
tending the current framework to include physicochemical models as for instance adsorption
(Batstone et al. 2012). However, until now, a standardized methodology for introducing ad-
sorption processes into the ASM-framework is not available.

This paper presents a mathematical model capable of describing the biological GAC- filtration
as advanced treatment stage for DOC removal in a municipal WWTP. To the best of our
knowledge, our model is the first attempt to combine a multi-component adsorption approach
with a biofilm model. The model was developed to be compatible to the ASM framework and
is therefore easy to implement and replicate.

2. Model Development

Figure P1.1a shows a schematic representation of a bGAC-filter and its main features. The
model describes the flow of wastewater through a fixed bed filter filled with GAC. The GAC-
particles are considered to be a rectangular prism instead of a sphere and their surface is able
to support the growth of a biofilm. In the same way, adsorbed components (q;) are considered
unavailable for the biological reactions and can be desorbed only if the concentration gradient
reverses in the X-axis. Mechanical dispersion in the X-axis was not taken into consideration.
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Figure P1.1 b shows the model’s X-axis divided into three different compartments: bulk phase,
biofilm, and GAC that are linked through diffusive mass transport.

The mass transfer resistances are connected in series and include the diffusion from the bulk
phase to the biofilm through a liquid boundary layer, within the biofilm and within the GAC-
particle. The vertical dashed lines in the figure mark points on the X-axis. These points indicate
the location of the interfaces between compartments and their corresponding abbreviations.

In the specific case of biodegradable substances, the consumption within the biofilm is also
considered. As a simplification of the mass transfer phenomena, the concentration of qi is as-
sumed to be homogeneous in the GAC-particle and to be located exclusively at the end of the
GAC compartment (at X = R). This means that the surface diffusion is not considered and
equation P1.1 holds:
9q;

== (P1.1)
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Figure P1. 1. a) Schematic representation of the modeled system, including the relevant
dimensions of the bGAC-Filter. b) Description of the compartments along the X-axis, and the
mass transfer and adsorption equilibrium assumptions made in the model. The upper part shows
the X coordinates of the interfaces between compartments, the middle schema shows the three
compartments in the X-axis: bulk phase, biofilm and GAC, it also includes the Liquid Boundary
Layer (BL) between the bulk phase and the biofilm. The bottom diagram shows the theoretical
concentration profiles of a non-biodegradable substance (Siv) and a biodegradable one (SiB)
along the X-axis. The concentration profiles are based on the assumption that Siv and Sis are
equally adsorbable and have the same diffusion coefficient
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Finally, Figure P1.1b also shows that the model uses several dissolved components differenti-
ated according to their adsorbability and biodegradability (Siu and Sig) whereas for the ad-
sorbed phase a lumped variable for the total adsorbed DOC concentration (qr) is introduced.
The dissolved and adsorbed variables are related through a multi-component equilibrium iso-
therm. The system is a non-steady state system, due to the accumulation of adsorbed DOC in
the GAC and the continuous growth of biofilm.

2.1. Fractionation of the Influent

The model is meant for predicting the behavior of the DOC concentrations during bGAC treat-
ment. Similar to the chemical oxygen demand (COD) fractionation in ASM type models
(Henze et al. 2006), the first step in developing this model was a fractionation of the DOC.
DOC was divided into several fictive fractions according to its biodegradability and adsorba-
bility. This step is the one that allows the model to describe a multicomponent adsorption.

Initially, the DOC was divided into two fractions depending on its biodegradability: biode-
gradable and non-biodegradable. Subscript B refers to the biodegradable fractions, whereas
subscript U refers to the non-biodegradable ones. According to this classification, the model
has two types of dissolved state variables Sigand Siu. Likewise, the DOC can also be divided
into fictive fractions according to its absorbability as described in the work of Johannsen and
Worch (1994). Using this adsorption analysis the AdsANA software (version 1.5) was devel-
oped (Worch 2016). AdsANA fits experimental data to a multicomponent Freundlich-Isotherm
based on the IAS theory. For the fractionation of DOC in municipal WWTP effluents, the use
of five fictive fractions is suggested (Fundneider 2020). As result of the fractionations, the
influent DOC in our model is represented by 10 different state variables, since both, the bio-
degradable and non-biodegradable DOC were also classified according to their adsorbability.

2.2. Mass Balances

To completely describe the GAC-system, an individual mass balance for the dissolved and
adsorbed components is required. In the same way, a single mass balance for each model com-
partment (BP, BF, and GAC) in the X-axis is needed. Equation P1.2 shows the mass balance
for the dissolved components in the bulk phase:

0Si Bp v 0S; pp ~D azsi,BP

ac oy DeriTonr (P1.2)

The right hand side of the equation P1.2 shows the advection term along the Y-Axis (filter
depth) and the diffusion through the liquid boundary layer. To be solved the equation P1.1
needs an initial condition, one boundary condition for the Y-axis and two for the X-axis. The
initial condition, the boundary condition for the Y-axis and one for the X-axis are given by
Siee (t=0, X,Y)=Sigr (t, X,Y=0) = Sigp (t, X=0,Y) =Si,0, respectively.

The second boundary condition in the X-axis corresponds to the mass transfer at the interface
between bulk phase and biofilm surface i.e. the liquid boundary layer (X=BL). It can be de-
scribed as follows:
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The area relevant to this boundary condition is the one from the biofilm (ABF).
Equation P1.4 describes the mass balance in the biofilm for the dissolved components:
aSi,BF =D azsi,BF
at BF 9x2

— VibioVibio (P1.4)

Where y; 50, is the biodegradation rate and the v; ,;, is the respective stoichiometric parameter.
Alongside with biodegradation, equation P1.4 includes the mass entering the biofilm from the
liquid boundary layer as well as the mass leaving to the GAC.

Equation P1.4 requires an initial condition and two boundary conditions for the X-axis. We
assume that at the beginning of the operation the biofilm is free from any substance Si and
hence the initial condition reads Sigr (=0, X,Y) = 0.

The first boundary condition at X=BL describes the flux of Si entering the biofilm:

0SiBr _ Dppi

Dgpi— .~ =My e (SisL = Sir) (P1.5)

As equation P1.5 states, the diffusion coefficient for the biofilm is lesser than in the bulk phase
and is decreased by an empirical factor (nsr). The area relevant to this boundary condition is
the one from the biofilm (Agk).

The second boundary condition is found at the interface between the biofilm and the GAC
(X=BF) and is written in equation P1.6:

0S;, Dp
Dgp,i a:F =Ehi (Si,BF - Si,R) (P1.6)

TTg

Here the diffusion has to be related to the porosity of the GAC particle and decreased by a
tortuosity factor, which reflects the heterogeneity of the GAC pores.The corresponding area to
this boundary condition is the thus internal GAC surface (Acac).

Finally, equation P1.7 shows the mass balance of the dissolved components in the GAC.

9SiGac _ 9%Sigac _ Vi aaViad —
ot GAC axz l,ad l,ad (P17)
Ui desVides

Yiaa» Vides are the adsorption, and desorption rates. The terms v; 44, V; 4.5 COrrespond adsorp-
tion and desorption stoichiometric parameters. Equation P1.7 is associated with one initial con-
dition and two boundary conditions in the X-Axis. Similarly to the mass balance in the biofilm
it is assumed that the GAC does not content any substance Si at the beginning of the operation
and hence Si,GAC (t=0, X,Y) = 0. Given that the GAC and biofilm have a common interface,
the boundary condition described in equation P1.6 must be also valid for equation P1.7. The
end of the GAC compartment (X=R) corresponds to an impermeable limit and the second
boundary condition should satisfy equation P1.8:
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— = 0 (P1.8)

Given that adsorbed components appear only in the GAC compartment, the mass balance has
to be conducted only in this compartment as shown in equation P1.9:

oqir _
at vi,des,q.yi,des + vi,ad,qyad (P1.9)

Here the rates (¥; 44, Viqes) are the same as in the equation P1.7, however the stoichiometric
parameters are specific for the adsorbed components and hereby different from the ones of the
dissolved components.

2.3. Adsorption Equilibrium and Kinetics

The mass balances in the GAC compartment (equations P1.7 and P1.9) require a kinetic ex-
pression that gives y.q4 i.€. the rate at which adsorption occurs. The Pseudo First Order (PFO)
model as described in Guo and Wang (2019) was used to describe the adsorption kinetics.
Equation P1.10 shows the PFO expression.

Yiaa = kpro(Qie — Gir) (P1.10)

Where g; . is the adsorbed concentration of a component i at equilibrium and g; . at a given
time t. PFO model requires as well an expression capable of predicting the adsorption equilib-
rium. In accordance to the fractionation methodology, the Freundlich-Isotherm was selected to
describe the adsorption equilibrium of the DOC-fractions onto the activated carbon. Equation
P1.11 is the mathematical expression of the isotherm:

n
Gie = Kri * Si,g (P1.11)

Where K ; is the Freundlich constant and n, is the Freundlcih coefficient. In the case of the
adsorbable components, instead of an individual gi [Mpboc/Mac], our model uses a lumped pa-
rameter gt [Mpoc/Mac] that represents the total adsorbed DOC concentration, equation P1.10
thus becomes:

Yaa = kpro(dre — qrt) (P1.12)

In order to calculate gt a multicomponent isotherm has to be applied. For this purpose and
according to the influent fractionation methodology, we selected the approach proposed by the
IAS theory. gr is given by single-component adsorbed concentrations (gio) calculated at a spe-
cific spreading pressure (¢ [Mi/MAC] ), which corresponds to the ¢ of the multicomponent
system. Additionally, the mass fraction of the adsorbed components (zi [-]) is also required.
The original 1AS theory defines zi as the molar fraction of the adsorbed components, however
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in this work the mass fraction for the components are fictive and the exact molar mass is un-
known. Equation P1.13 shows the expression used for calculating gr.

ar = |2, ] (P1.13)

q4iB+U

In order to solve equation P1.13, the IAS theory has to be combined with the Freundlich iso-
therm (equation P1.11). Assuming a constant ¢ , and the same nf for all the single solute iso-
therms we obtain equation P1.14:
ng

(P1.14)

nf

1
1 ne
¢ = _[ IiV=1 Si,B+UKf_{

After calculating the spreading pressure, it is possible to compute the term zi as described in
equation P1.15:

zZi = i 1
(ﬂ)ﬁ (P1.15)

Kf,i

For calculating the multicomponent isotherm, both biodegradable and non-biodegradable com-
ponents are treated as one according to their adsorbability (e.g Scgand Sc,u are considered as
one fraction).

2.4. Desorption Kinetics

Analogous to the case of the adsorption kinetics a first order kinetic rate is applied for describ-
ing the desorption of adsorbed components back into the bulk phase as presented in Sutikno
and Himmelstein (1983).

e
Ydes = kdesp_p(Z?=1Si,e - ?=1 Si,t) (P1.16)
p

Where S; . is the concentration of a component i at equilibrium and S; , at a given time t. In
correspondence to the lumped parameter gt the algebraic summation of the dissolved compo-
nents has to be used for the calculation of the desorption rate.

2.5. Biological Growth

The model assumes a simplified biofilm that is formed by only one microbial species, which
is capable of degrading DOC using oxygen as electron acceptor. Biodegradation takes places
within a multi-layer biofilm and follows a Monod type growth equation. Microbial growth and
biodegradation in the bulk phase were neglected. Biomass decay follows a first order Kinetic
and biomass detaches according to the biofilm detachment approach implemented in the pro-
cess unit “Trickling Filter” of the simulation software SUMO19 © (Dynamita 2020). Unlike
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other conventional biofilm models, this approach assumes a constant biofilm thickness (L)
during the whole operation period and let the biomass concentration increase until a maximal
concentration (Xug sp) is reached. Afterwards detachment starts and so Xug equals Xug,sp until
the end of the operation. Equation P1.17 shows the mathematical description of the processes
involved in the biological growth as implemented in SUMO19 ©.

Ly

aXHB S',B T'd
ot = bf (“maxm - bHB) de - (katt - _et) Apr * Xup

1
1+e(XHB=XHB,5P)

where: 14,; =

Although at the beginning of the operation GAC does not have biofilm on the surface, the
model assumes that biofilm is present on the external GAC surface from t=0 onwards. The
biodegradation rate presented in the mass balance of the dissolved components in the biofilm
(equation P1.4) corresponds to the term associated to the consumption of S; and thus equation
P1.18 holds:

Si,B

Vbio = :umaxSiB+—Kaffi (P1.18)

2.6. Stoichiometric Parameters

On the one hand, the stoichiometric coefficient v; ,;, is the same for all the biodegradable
components Sig and links the microbial growth of the heterotrophic biomass Xug with the
consumption of DOC as electron donor and oxygen as electron acceptor.

1

Vipio = (P1.19)

YuB,i

On the other hand v; .4 and v; 54 q link the concentration of the adsorbed components (qr) with
the concentration of the dissolved ones (Si). As the model assumes, that the adsorption takes
place in the pores of the GAC, for the transformation of gt into Si the GAC material density
(py) and its particle porosity (ep ) are required. In addition to that, z;is use for the allocation
of the lumped adsorbed variable gr to each individual Si.

(1—ep)]

Viaa = —Zi [PM e

(P1.20)
The parameter v; 4.5 can be similarly defined as v; .4 in equation P1.20. However, v; 4osmust
be positive, which indicates an increase in the dissolved concentration.

AS Vjaqq aNd v; ge5qlink gr directly with itself, they equal one. However, v; 4e5q Must be
positive, which indicates a decrease in the adsorbed concentration.
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2.7. ASM Framework Implementation

Analogous to an ASM model, the rates of all the transformation processes taking place in the
system (equations P1.11, P1.15 and P1.17) can be summarized in a Petersen-Matrix as showed
in Tables P1.1 and P1.2. Traditionally ASM models use COD as basic unit, however due to
the low concentration that characterizes WWTP effluents Total Organic Carbon (TOC) is the
preferred parameter for determining the organic matter content. Our model in consequence
uses TOC instead of COD and follows the methodology proposed in Henze et al. (2006)

Table P1. 1. Petersen-Matrix for the model developed in this work Part I: Rates used in the
stoichiometric model.

RATE UNITS
R1 kpro (CIT,e - qT,t) NG
ADSORPTION geac - d
R2 U Si So2 ¥ mgTOCx
BIODEGRADATION MAX S ¥ KarriSoz + Kagroz M m3 - d
R3 . n mgTOC
DESORPTION kdes—p<2 Sie — zsi,t> m3 - d

Pp i=1 i=1
R4 bypXup mgTOCx
BIOMASS DECAY 3 d
R5 ﬁ mgTOC
HYDROLYSIS OF EN- " Xup__ m3 - d
TRAPPED ORGANICS h (K + X ) HE
S XHB
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Table P1. 2. Petersen-Matrix for the model developed in this work Part II: Stoichiometric
parameters and elementary composition.

Si So2 ar XHB Xi Xs
mgDOC mgDOC mgDOC mgTOCx mgTOC mgTOC
m?3 m?3 Joac m3 m3 m?3
R1 (1—-¢p) 1
~Zi|PMm
€p
R20 _ 1 (iCOD, — iCODg;) 1
Y; Y
R3 [ (1—¢p) —1
Zi |Pm
€p
R4 fpiCODSi f fpiCODSi
iCODg; — iCODy iCODg; — iCODy
—fp
R5 1 -1
ELEMENTARY COMPOSITION
TOC 1 1-Y) (1—¢p) 1 1 1
Y;(iCOD, — iCODg;) Mg,

(*) R2 is only relevant for all the S; g components. In the cases of Siy components all the stoichiometric param-
eters for R2 equal zero. (**) this stoichiometric parameter is only valid for Si= Syg. For all other Si components,
this parameter equals zero.

3. Model Implementation

The model was implemented using the developing platform offered by SUMO19 © (Dynamita
2020). A new process model was generated based on the model’s Petersen-Matrix presented
in Tables P1.1 and P1.2. Additionally, the existing process unit “Trickling Filter” was modified,
so it can be employed as a bGAC-filter.

In the original “Trickling Filter” process unit, the filter is divided into three compartments
along the Y-axis and, likewise the biofilm is divided into an n number of layers (along the X-
axis). For modeling the advective transport, the vertical compartmentalization was kept as in
the original unit, whereas a further layer in the X-axis was added to represent the GAC. The
GAC-layer acts as supporting material of the biofilm and only adsorption and desorption pro-
cesses take place within. As mentioned in section 2.2, Acac and Asr were differentiated and
implemented in the corresponding mass transport processes. The biofilm model incorporated
in the original process unit “Tricking Filter” was maintained. This section explains the basic
principles of this particular biofilm model. Values of the biofilm parameters were, however,
adapted to the specific simulated system. Table P1.3 summarizes the input parameters used in
the modified process unit as showed in the SUMO19 © interface:
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Table P1. 3. Parameters used in the modified process unit “Trickling Filter” in the simulation

software SUM019 ©

Symbol Name Units Value Reference

Filter Settings

Ar Transversal area m? 0.02 (Fundneider 2020)
of the filter

he Filter bed depth m 2.5 (Fundneider 2020)

LRT Liquid residence min Variable ac- (Fundneider 2020)
time cording to

the EBCT

Biofilm and media parameters

Acacss GAC specific m?/g 1199 (Fundneider 2020)
surface

ry GAC grain radio m 7.2510* (Fundneider 2020)

n Number of bio- - 3 This work
film layers

LeL Boundary layer m 6 10° This work
thickness

L+ Biofilm thickness m 5.010° This work

XHB,sP Xns concentration  mgTSS/m? 4000 (Dynamita 2020)
set point

T GAC-tortuosity m3/m3 6 (Sontheimer et al. 1987)

Mass transfer in biofilm

Dboc Diffusivity of DOC  cm?/s 0.000056 (Kim and Pirbazari 1989)

A comprehensive description of the kinetic parameters and the process unit parameter used in
the model as well as the characteristics of the GAC are available in Table P1.6 in the supple-
mentary material.

4. Model Evaluation

Experimental data collected at the pilot plant described in Fundneider (2020) were used to
evaluate the developed model. The pilot plant treated the effluent of a conventional municipal
WWTP. The performance of the plant for advanced removal of DOC and organic micropollu-
tants was tested over a period of approximately three years. The pilot plant consisted of six
GAC-filters all of which showed evidence of biofilm formation and biological DOC removal.
The filters operated with different GAC types, pretreatments and EBCTSs. For the evaluation
of the model, the data from the filter that operated with Hydraffin-AR (Donau Carbon), cloth
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and membrane filtration (Mecana Umwelttechnik GmbH and Pall Corporation, respectively)
as pretreatment and EBCT ranging between 6 and 33 min were selected.

As first step for this modeling exercise, the DOC of the WWTP effluent was fractionated into
five fictive fractions using the adsorption analysis software AdsSANA version 1.5 (Worch
2016). Table P1.4 summarizes the Freundlich coefficients selected for the fractionation and
defines the DOC fractions implemented in the model.

Table P1. 4. Freundich isotherm parameters of the fictive fractions used in the DOC fractionation
of the influent of the bGAC-filters using Hydrafin-AR. (Fundneider 2020)Ks is the Freundlich
coefficient and nr the Freundlich exponent. Fractionation was conducted using the adsorption
analysis tool available in AdsANA.

Symbol Classification Kt N DOC
(- Absorbable) mgDOC] fmgDoC1™t  [-] Fraction

[ gGAC H m3 ] [%]

VG Very Good 32 0.25 13

G Good 18 0.25 37

M Moderately 11 0.25 20

P Poorly 3.6 0.25 10

N Non 0.0 0.25 20

It is important to note, that the fractionation resulted from an isotherm analysis, and thereby it
is specific not only for the wastewater but also for the GAC type used in the filter. In the same
way, the biodegradable fraction was determined using the results delivered in the experiments
conducted by Fundneider (2020). The author found that approximately 20% of the total WWTP
effluent’s DOC could be biologically removed by a pre-adapted biomass. Combining these
result with those from the absorption analysis (Table P1.4) we obtained the fractionation for
the WWTP effluent, i.e. the influent to the bGAC-filters as shown in Table P1.5

Table P1. 5 .DOC fractionation for the influent to the bGAC-Filter using Hydrafin-AR. The first
subscript stand for the adsorbability of the fraction and the second one for its biodegradability.
VG: Very Good, G:Good, M: Moderately, P:Poor, N:non, B: Biodegradable and U: Non-
Biodegradable

DOC Fraction DOC Fraction
(%] [%0]

Sves 2.6 Sveu 29.6

See 7.4 Seu 16.0

Sme 4.0 Smu 8.0

Sepe 2.0 Spu 4.0

Sne 104 Svu  16.0
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After fractionation, the model was tested with a bGAC-filter simulated as described in Table
P1.3 with an EBCT of 24 min. The kinetic constants of both adsorption and desorption (kero
and Kaes) processes were varied until a good qualitative agreement between the simulated and
experimental data was obtained. To validate the fitted parameters, two further bGAC-fiterls
were simulated with EBCTs of 12 and 33 min.

Figure P1.2 is a first visual inspection of the goodness of fit of the model, it compares the
results delivered by the model at three different EBCTs. For EBCTs equal to 12 and 24 min,
the simulated DOC concentration follows the trend of the experimental data, yet a difference
between modeled and experimental data can be observed between days 30 and 120. The Root
Mean Squared Error (RMSE) was 0.9 for these two EBCTSs. For an EBCT of 33 min the devi-
ation between experimental and modeling results during the starting phase becomes more se-
vere. Nevertheless, afterwards a good fit is obtained. The poorer overall fit of the model for an
EBCT of 33 min is reflected in a RMSE of 1.4. Given that Ls is a constant and biomass con-
centration is almost negligible at the beginning of the operation (see Figure P1.1 in the supple-
mentary material), the observed deviations between simulated and measured data suggest an
anomaly in the adsorptive removal modeling rather than in the modeling of the biological pro-
Cesses.

A possible explanation for this behavior is that the PFO kinetic model does not adequately
describe the initial stage of the adsorption. It has been shown that for complex systems a mixed
order model might better describe the adsorption kinetics rather than a simplified PFO model
(Guo and Wang 2019). Moreover, a Pseudo Second Order kinetic model is believed to be more
appropriate in periods when a rapid change in the concentration in the bulk phase due to the
adsorption occurs, as for instance in the initial adsorption stages (Marczewski 2010). Likewise,
Yao and Chen (2015) demonstrated for single solute systems that in the early stages the ad-
sorption follows a PSO-like kinetic rate, whereas at the late stages a PFO-like kinetic rate ap-
plies. It was not possible in the analyzed pilot plant to differentiate between the adsorptive
removed DOC and the biologically removed DOC. This makes the determination of suitable
adsorption kinetics difficult. The determination of the adsorption kinetics had to be based on
assumptions and relied on a fitting procedure. Thus, further research is required to improve the
model performance during the initial adsorption stages.

For all the evaluated EBCTs, approximately 20% of the total DOC is removed neither by bio-
logical nor by adsorptive processes and it breaks through shortly after the beginning of the
operation (first operation day). Subsequently, the concentration gradually increases and after a
certain time (depending on the EBCT), it flattens out. Due to the biological activity, in both
experimental and simulated data, the filters continue removing DOC even after the GAC is
saturated. Figures P1.2d to P1.2f illustrate the effect of the EBCT on the DOC removal and the
filter lifespan. The longer the EBCT the better the removal and the later the filters become
saturated.

In order to prove the rationality of the model structure, the breakthrough curves of the individ-
ual fictive DOC fractions were analyzed. The ratio between the effluent concentration Siand
the initial concentration Sio (Si/Sio) was used for a better visualization of the results. Figures
P1.3a to P1.3e depict the modelled Si/Sip for each DOC fraction at an exemplary EBCT of 24
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min. Figure P1.3a shows the non-adsorbable DOC fractions (Sn,uund Sn;g), it is clear that Sn,u
is completely inert and flows through the bGAC-filter intact. In contrast Sng is not removed
initially, but from approximately day 150 onwards, it starts being consumed by the biofilm.
Day 150 corresponds to the time when the biomass concentration Xug reaches the selected
Xug,sp I.€. the biofilm reaches the steady state. Figure P2.6 in supplementary material shows the
development of Xxg in the biofilm for all the evaluate EBCTs. The time at which the biofilm
is fully developed (Xus = Xus,sp) for each EBCT can be clearly recognized in this figure.
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Figure P1. 2. Evaluation of the modeling results. a), b), c¢), d) direct comparison of the simulated
and measured effluent DOC concentrations and e), f), g), h) comparison over the operation time
of the simulated and measured DOC effluent concentrations, for EBCTs equal to 6, 12, 14 and 33
min respectively.

Figures P1.3b and P1.3c illustrate the poorly and moderately adsorbable fractions (Se,u, Spp,
Sm,u, Sm,e), and Figures P1.3d and P1.3e the good and very good adsorbable fractions (Sg,u,
Sc.B, Sve,u, Sve,s). Similarly, to Figure P1.3a the point at which the biological removal starts
can be recognized as well as the strong effect of the temperature on the biological removal.
When the temperature decreases the biological removal decreases along with it. The occur-
rence of desorption is also recognizable in Figures P1.3a to P1.3e, when the Si/Sjo ratio takes
values higher than one. If the GAC is nearly saturated and the influent concentration decreases,
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desorption will occur. As shown in the Petersen-Matrix (Tables P1.1 and P1.2) the desorption
dynamics depend on the lumped adsorbed concentration (gr), which results in an equal desorp-
tion rate for all the DOC fractions. However, desorption stoichiometry depends on the adsorbed
mass fraction (zi), which is particular for each DOC fraction. This in turn causes that the good
adsorbable DOC fractions (Sve,u, Sveg, Scu, Scg ) tend to desorb more than the poorly ad-
sorbable ones (Smu, Swme, Spu, Spe). The dependency on z;i also guarantees that the non-
adsorbable DOC fractions do not desorb, as it is to be expected.
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Figure P1. 3. Effluent concentration to influent concentration ratios (Si/Sio) for the fictive DOC
fractions for an EBCT of 24 min. a) Non-adsorbable: biodegradable (Sn;8) and non-biodegradable
(Snxu) DOC fractions. b) Poorly adsorbable: biodegradable (Sps) and non-biodegradable (Spu)
DOC fractions. c) Moderately adsorbable: biodegradable (Sw;z) and non-biodegradable (Swm,u)
DOC fractions. d) Good adsorbable: biodegradable (S¢g) and non-biodegradable (Scu) DOC
fractions. e) Very good adsorbable: biodegradable (Sves) and non-biodegradable (Sveu) DOC
fraction and f) Total biodegradable (Stotal5) and total non-biodegradable (Stota,u) DOC fractions.

Finally, Figure P1.3f illustrates the breakthrough curves of the total biodegradable (Stota,g) and
the total non-biodegradable (Stota,u) DOC fractions. For the simulated systems, Fundneider
(2020) was able to experimentally observe the influence of the temperature on the removal of
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biodegradable organic micropollutants, however temperature effect on the total DOC break-
through curve was not as pronounced. This was also the case of the modeling results as Figure
P1.3f displays.

Animation 1 shows the advective-diffusive fronts for the total DOC in the bGAC-filters oper-
ated at the EBCTs of 6, 12, 24 and 33 min. In the color maps shown in Figure P1.4a, the Y-
axis corresponds to the filter depth and the X-axis to the model structure explained in Figure
P1.1. The color at any (X,Y) coordinate in the plots indicates the ratio between the DOC con-
centration at this coordinate (Spocxy) and its corresponding influent concentration (Spoc,o,x=o,
y=0). Red represents a ratio of 1 (no DOC removal) while dark green a ratio of 0 (complete
DOC removal). Additionally, Figures P1.4b and P1.4c show the progression of the DOC in-
fluent concentration and water temperature over an operation period of 700 days, respectively.
These two plots help to visualize how sudden influent concentration and temperature changes
affect the model behavior.
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Figure P1. 4.Thumbnail of Animation 1. a) Advective fronts for the DOC at evaluated EBCTs: 6,
12, 24, 33 min. X-axis covers from the Bulk Phase (BP) until the Granular Activated Carbon
(GAC).Y-axis is the filter depth with Y=0 as inlet and Y=hf as outlet. b) Time series for influent
DOC concentration and c) water temperature.

Animation 2 is built in the same manner as animation 1 and serves as a complement to it.
Animation 2 shows the advective-diffusive fronts of the non-adsorbable and biodegradable
(Sn,g) and the very good adsorbable and non- biodegradable (Sve,u) DOC fractions. In anima-
tion 2, for the Sn g fraction, it can be seen that regardless of the EBCT no removal occurs within
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the filter and thus in every location Sn,s/Sn,so equals one. In contrast, once the biomass con-
centration in the biofilm reaches Xug sp the biological removal begins and Sn,g/Sn,go Starts de-
creasing. Animation 2 shows that, the shorter the EBCT, the earlier the biological removal
starts, however after biofilm establishment, for the short EBCTs (6 and 12 min) higher
Sn,8/Sn,so are observed than for the long EBCTs (24 and 33 min). Short EBCTSs constrain the
adsorptive removal and therefore more DOC is available for the biofilm formation in the early
stages, however once the biofilm is fully developed the effect of the longer contact time be-
tween biofilm and substrate becomes dominating and causes a higher biological removal at
longer EBCTs. This confirms the experimentally observed influence of the EBCT on the bio-
logical removal; a longer EBCT promotes biodegradation due to the longer exposure of the
biofilm to the substrate (Terry and Summers 2018). This effect can be also observed for all the
other biodegradable fractions (Sig), yet not as clearly as for the Sn,g for which the effect of the
adsorption is suppressed.

The advective-diffusive fronts for the Sy u fraction showcase several other effects. Firstly, an
EBCT equal to 6 min results in no further removal of this fraction once the adsorptive capacity
of the carbon is depleted within the filter, as it is to be expected for a non-biodegradable DOC
fraction. Secondly, as already described before, bGAC-filters operated at longer EBCTs (until
a certain maximum EBCT) better utilize the GAC adsorption capacity and have therefore
longer lifespans. Finally, and most interesting, desorption can be easily inspected. As men-
tioned before, desorption can be recognized by the increase of Si/Sio above one. When the
DOC influent concentration (see Animation 1) abruptly decreases and again recovers, it forces
the Si/Sio to become higher than one. This is due to the temporary reversion of the concentra-
tion profiles on the X-axis (between the bulk phase and the biofilm surface) and the consequent
dissolution of already adsorbed DOC back into the bulk phase. Proportionally to this dissolu-
tion, grdecreases and some adsorption capacity is virtually regained. Thus, immediately after-
wards, Si/Sio decreases anew and the regained gr is used. Animation 2 displays a precise ex-
ample of this phenomenon for the bGAC-filter with an EBCT of 6 min in the period between
day 120 and 160. It is important to highlight that experimentally desorption is a highly complex
phenomenon, which depends on various parameters and processes that are not include in the
present model. Nevertheless, the overall outcome of desorptive processes is well represented
by the modeling approach described in this contribution.
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Figure P1. 5. Thumbnail of Animation 2. Advective fronts for the DOC Fractions a) SN,B and b)
SVG,U at evaluated EBCTs: 6, 12, 24, 33 min. X-axis covers from the Bulk Phase (BP) until the
Granular Activated Carbon (GAC).Y-axis is the filter depth with Y=0 as inlet and Y=hf as outlet.

The good agreement between the experimental and modeling results indicates that the assump-
tions made in regard of biofilm and adsorption dynamics, mass transfer processes, and DOC
fractionation, are plausible and apply for the analyzed process conditions. Moreover, this
model sets the basis for potential further extensions, which would be able to predict the removal
of individual organic micropolluntants and other remaining macropollutants, as for instance
NH4*, NO2 and NOs'.

5. Conclusions

The model presented in this contribution is the first attempt of implementing a multicomponent
adsorption process in combination with biofilm degradation into the ASM-Framework. The
developed model is capable of reproducing the DOC breakthrough curve of a bGAC-filter as
advanced treatment for a WWTP effluent.

The fractionation of the influent according to its biodegradability and adsorbability makes the
model more flexible and insightful. It also allows the future incorporation of specific fractions
e.g individual organic micropollutants.
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The implementation of the IAS theory along with the use of a lumped state variable (qr) for
the adsorbed components is a good approximation for modeling complex multicomponent mix-
tures, as in the case of WWTP effluents.

The simplified microbial community is able to accurately predict the DOC consumption.

The model accurately predicts the influence of the determinant parameter EBCT on the DOC
breakthrough curves. Its effect on both adsorptive and biological removal is observed.

Further research regarding the adsorption Kinetic rate, its implementation and parameters is
still required.

6. Supplementary Material

Table P1. 6. Activated carbon, biological removal, adsorption dynamics and mass transfer
parameters for the processes implemented in the model.

Symbol Name Units Value Reference
Activated Carbon Parameters
b Bed porosity - 0.51 (Fundneider 2020)
€p Particle porosity | - 0.63 (Fundneider 2020)
PB Bed density g/ms3 400000 (Fundneider 2020)
PM Material density | g/m3 2223000 | (Fundneider 2020)
Pp Particle density g/m3 822475 (Fundneider 2020)
Biological Removal Parameters
L+ Biofilm thickness | m 5e-6 This work
Kaft,poc Affinity constant | mgDOC/m?3 183 (Cecen and Aktas
of HB on DOC 2011)
bus Decay coefficient | 1/d 0.001 (Tijhuis et al. 1993)
Mmax @12°C Maximum growth | 1/d 0.025 (Velten et al. 2011)
rate of HB
Kaff,02 Affinity constant | mgO2/m?3 200 (Henze et al. 2006)
of HB on 02
OHB Temperature de- | 1/K 0.07 (Koch et al., 2000)
pendency coeffi-
cient HB
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Kx Hydrolysis half mgXBH-mgXS/d | 3.4 (Henze et al. 2006)
saturation
constant

Kn Maximum spe- mgXBH/mgXS 1 (Henze et al. 2006)
cific hydrolysis
rate

Yhs Yield of Biomass | mgXBH/mgDOC | 0.61 (Henze et al. 2006)
on DOC

iCOD,x Conversion factor | mgCOD/mgTOC | 3.2 (Henze et al. 2006)
for soluble TOC
into COD

iCOD,Si Conversion factor | mgCOD/mgTOC | 2.8 (Henze et al. 2006)
for Particulate
TOC into COD

fp Fraction of XI - 0.08 (Henze et al. 2006)
generated in bio-
mass decay

Adsorption dynamics

Kpro Pseudo first order | 1/d 0.1 This Work
kinetic constant

Kdes Desorption ki- 1/d 10000 This Work
netic constant

Mass Transfer Parameters

Dboc Diffusivity of cm?/s 0.000056 | (Kim and Pirbazari

DOC

1989)
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Figure P1. 6. Biomass concentration in the biofilm at three vertical compartments of the model: top,
middle and bottom as programed in the original process unit “Trickling Filter” from SUM019©. Here
depicted for an EBCT of a) 6,b) 12, c) 24 and d) 33 min.
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Figure P1. 7. Predicted relative contribution of adsorption and biodegradation to the overall
observed DOC removal. Here depicted for an EBCT of a) 6,b) 12, ¢) 24 and d) 33 min.
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P2. Are K-Strategists Yield- Strategists in disguise? An example from auto-
trophic nitrogen removal

Vanessa Acevedo Alonso, Susanne Lackner. In: Biotechnology and Bioengineering, 1- 11
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Abstract

The behavior of heterotrophic bacteria growing in systems with low or no external supply of
COD has become more relevant within the wastewater context. Growth strategies help to clar-
ify how bacteria behave and adapt to different environmental conditions. In the case of sub-
strate limited conditions, research has been mainly focused on the k-strategy, whereas another
important strategy: the yield strategy has not been explored intensely. Some authors have,
however, demonstrated the implications of bacteria pursuing the yield strategy when living in
structured environments and facing low substrate concentrations.

This work uses a one-dimensional biofilm model to study the influence of the affinity constant,
the maximum growth rate and the growth yield on the heterotrophic formation of dinitrogen
gas (N2) in a completely autotrophic Partial Nitritation Anammox (PN/A) system. The effect
of these parameters on the composition and the diversity of the heterotrophic community is
also evaluated. In a first scenario heterotrophic bacteria are allowed to grow only on the COD
produced by biomass decay. In a second step the competition with a second group of hetero-
trophs using external COD as electron donor is assessed. For both evaluated scenarios, the
results suggest that the yield plays a crucial role in the heterotrophic biomass and dinitrogen
gas formation.

Moreover in the case of the community diversity the yield seems to be the decisive parameter.
Finally, we conceptually compared the K and the yield strategy and give some insight to the
possibility of both either being closely related or even being the same strategy.

1. Introduction

Microbial communities in traditional biological treatment systems are traditional divided into
two groups: autotrophic and heterotrophic bacteria. Experimental evidence has demonstrated
that heterotrophic bacteria manage to survive in environments without external organic carbon
or, in other words, that autotrophic bacteria are able to support heterotrophic growth. In the
wastewater field, the experiments conducted by Rittmann and Brunner (1984) were one of the
first hints towards the existence of HB in systems without any external carbon source. Further
research proved the ability of autotrophic bacteria to synthetize complex organic molecules
through carbon fixation. These complex organic compounds serve as carbon source for the HB
present in such microbial communities (Barker and Stuckey 1999, Rittmann et al. 1994).

In the later years, the rise of molecular biology methods has helped to broaden the knowledge
about the interactions between different bacteria within completely autotrophic biofilms.
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Kindaichi et al. (2004) studied a nitrifying biofilm fed only with NH4*-N and found that ap-
proximately half of the biomass consisted of heterotrophs. Likewise, Nogueira et al. (2005)
evaluated the biomass composition in nitrifying biofilms and found that heterotrophic bacteria
accounted for 27% of the total biofilm. Matsumoto et al. (2010) were also able to find hetero-
trophs in nitrifying granules from a system operated without external carbon source. Such het-
erotrophic—autotrophic networks are also encountered in other than nitrifying systems. Their
existence has also been observed in Partial Nitritation/Anammox (PN/A) systems (Agrawal et
al. 2017) and enriched anammox and Nitrobacter cultures (Dapena-Mora et al. 2004, Ni et al.
2012, Vadivelu et al. 2006). The role of heterotrophic bacteria in fully autotrophic systems
dedicated to nitrogen removal has not been completely elucidated yet. The traditional under-
standing of denitrification as carried out by HB has been expanded by the discovery of the role
these bacteria play in the production and reduction of N20, including reductive pathways out-
side the denitrification pathway (Conthe et al. 2019). In addition, recent research has demon-
strate the potential of heterotrophs to perform dissimilatory nitrate ammonification, which con-
stitutes an interesting alternative pathway for the reduction of NO3s/NO>" in both natural and
engineered ecosystems. (van den Berg et al. 2017). Given the functional diversity of hetero-
trophic bacteria and the various ways in which these heterotrophs might impact fully auto-
trophic nitrogen removal processes, it is worthwhile to analyze those conditions under which
their diversity becomes relevant to engineered systems and how this diversity can be used to
even enhance such systems.

Studies that evaluate the importance of the growth strategies used by heterotrophic bacteria
under substrate-limiting conditions are still lacking, as pointed out by Merkey et al. (2009) . In
their study, they investigated heterotrophs that follow either the r- or K-strategy. Mathemati-
cally, this concept is represented through the affinity constant (K) and growth rate (u). Organ-
isms that behave like K-strategists have low K and p; In contrast, organisms are considered as
r-strategists when exhibiting high K and p. The findings from Merkey et al. (2009) suggested
that heterotrophs within a completely autotrophic biofilm are likely to be K-strategists; how-
ever, the results were not categorical. Besides the r/K-strategy, bacteria are believed to be able
to pursue the yield strategy. An organism that undergoes the yield strategy uses substrate more
efficiently for biomass production (higher biomass yield); however, as trade off the organism
has to have a lower specific growth rate. Microorganism growing under substrate limiting con-
ditions and in spatial structured environments are likely to select this kind of growth-strategy
(Kreft and Bonhoeffer 2005a, Kreft 2004). Experimental evidence of microorganism undergo-
ing the yield strategy has already been reported for different species such as yeast and Holoph-
aga foetida (Kreft 2004, MacLean and Gudelj 2006). Lipson et al. (2009) were able to find a
negative relationship between yield and growth rate in bacterial soil communities, however
they only identified organisms pursuing the r-strategy, in this case high growth rates at cost of
lower biomass yields.

Although the concept of K-strategy is established and well accepted in the wastewater model-
ling practice, several ecological studies do not completely support the K-strategy, as a sounding
trade-off, which bacteria are subjected to (Aksnes and Cao 2011). The lack of a satisfactory
mechanistic meaning of the affinity constant along with contradictory experimental observa-
tions, are the main reasons for challenging the current interpretation of the K-strategy. These
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studies do not completely disregard the validity and utility of the K-strategy, they encourage
instead an enhanced framework to understand the biological processes that underlay the dif-
ferent growth strategies or tradeoffs. In contrast, an exploration of the thermodynamic back-
ground of the yield-strategy has been conducted (Pfeiffer et al. 2001). According to the results
of this study, it could be argued that the yield strategy has a stronger mechanistic foundation.
Nevertheless, the conceptual implications of the yield strategy on the behavior of fully auto-
trophic systems has been largely overlooked in the wastewater field.

This paper uses a multi-species model for assessing the effect of the yield on the production of
N2 and heterotrophic biomass in a completely autotrophic PN/A system. We compare the in-
fluence of the yield, the maximum growth rate (1) and the affinity constant (K) on the behavior
and composition of a heterotrophic community growing solely on the COD produced due to
biomass decay within a biofilm. The competition with another heterotrophic group capable of
growing on external COD was explored as well. Lastly, we briefly compare the K- and yield
strategies and the implications of the appropriate understanding of the growth strategies that
bacteria pursue under substrate limiting conditions.

2. Methods

A one dimensional, multispecies, multicomponent model was implemented in AQUASIM
(Reichert 1994). The kinetic model used in this study is an extension of the standard ASM1
model. It includes a two-step denitrification carried out by Ammonium Oxidizing Bacteria
(AOB) and subsequently by Nitrite Oxidizing Bacteria (NOB). The model also considers the
conversion of NHs" and NO>" into dinitrogen gas by Anaerobic Ammonium Oxidizing Bacteria
(AnAOB). The classification of the heterotrophic community was made based on the electron
acceptors relevant to the global modelling results and intends to represent the functional diver-
sity of HB present in the system. The heterotrophic community was then divided into three
groups: HB1, HB2 and HB3, growing on different electron acceptors: Oz, NO.- or NOs', re-
spectively. Separated state variables were introduced for tracking the dinitrogen gas produced
by HB2 and HB3. All the three HB species were also allowed to grow on two different carbon
sources: endogenous COD (CODegr) and external COD (CODey). It has been observed that the
traditional ASM hydrolysis term from the AMS1 model is not suitable for autotrophic biofilm
systems with low to zero COD in the influent. Therefore an alternative approach is required
(Lackner et al. 2008a, Wan et al. 2019). For simulating the COD that is produced during bac-
terial decay, the approach introduced by Wan et al. (2019) was applied. This approach neglects
the hydrolysis of particulate/slowly biodegradable organics (Xs) and assumes that during de-
cay, the biomass is directly converted into readily biodegradable organics (Ss), i.e. into CODgr
in this work. This method was selected to guarantee that sufficient CODBF was produced
within the biofilm, at the location where it presumably happens. Thereby, the investigation of
the behavior of HB when growing in biofilms without external COD supply (influenced by
diffusion from the bulk liquid into the biofilm) could be specifically targeted. The Supplemen-
tary Information contains a comprehensive summary of the stoichiometric matrix, and model
parameters.

A Moving Bed Biofilm Reactor (MBBR) was modeled based on the operational conditions
described in Gilbert et al. (2014). The reactor’s conditions are similar to those expected in a B-
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stage reactor used within an A-B treatment scheme i.e. a reactor dedicated to the treatment of
wastewater with high NH4™ concentration as well as low COD concentration (previously cap-
tured under anaerobic conditions in the A-stage)(Liu et al. 2020). The conceptual MBBR was
modelled using the biofilm model provided in AQUASIM (Reichert 1994).The reactor had a
volume of 0.01 m3, a specific surface area of 800 m2/m3 and a maximal biofilm thickness of 1
mm. The influent flow was 0.02 m?/d, the initial influent NH4-N concentration was 100 gN/m3
whereas the initial influent concentration of the NO2-N and NOz-N where set to be zero. The
dissolved oxygen concentration in the bulk phase was selected to be 0.75 gCOD/m3, the tem-
perature was constant for all the experiments and set to 20 °C. These conditions ensured suffi-
cient nitrogen removal and activity of both heterotrophic and autotrophic communities.

Two different scenarios regarding COD were evaluated. In the first one the external COD
(coming with the influent) was selected to be 0 gCODex/m?3, in order to evaluate the behavior
of the heterotrophic community when growing solely on limited endogenous COD (CODgg).
A second scenario was designed to evaluate the impact of potential fluctuations in the perfor-
mance of pre-treatment stage that may result in external COD coming into the P/NA system.
This second scenario assumed a concentration of external biodegradable COD (CODex) equal
to 50 gCODex/m? to analyze under which conditions bacteria growing on a scarce carbon
source (CODBF) are able to equal or even outcompete bacteria growing on a relatively abun-
dant carbon source. The initial concentration of the CODgx was selected so a CODgr/CODEgx
near to 0.5 was achieved and the competition over the two carbon sources was still observable.
Table P2.1 summarizes parameters used in the studied scenarios.

Table P2. 1. Description of the modelling scenarios. Scenario 1 represents a situaion without
externa COD supply, while Scenario 2 tries to mimic the competition between 2 heterotrophic
groups when external COD is present

HB growing on
endogenous COD

HB growing on influent COD

Scenario | Influent COD Khg,sF MHB,BF Y Hg,BF KHg,Ex MHB,Ex Y Hg,
(9CODgy/m?3) (gCODBF‘> (dh (gCODx ) (gCODEx (d™) (gCODx)
m? gCODgr m? gCODL,
1 0 0.01,1,10 | (0.5-10) | (0.1-0.7) 10 6 0.67
2 50 0.01,1,20 | (0.5-10) | (0.1-0.7) 10 6 0.67

As shown in Table P2.1, several sets of combinations for pwg srand Ywe,gr of the HB growing
on CODgr were tested at three different substrate affinity constants K = 0.01, 1 and 10
gCODge/m3.In the scenario 2, the introduction of CODex resulted in the increase of the total
biomass within the system and an increment in the available CODgr. In scenario 1 the ratio
between CODgr and K was always lesser than, to maintain this condition, in the second sce-
nario the upper limit of K was set to 20 gCODgr/m?, ensuring in doing so the comparability of
the results obtained in both scenarios. The plausibility of the results was checked through the
mass balances of dissolved COD and total nitrogen. Combinations of pxggr and Yng gr that
led to inconsistent results in at least one scenario were discarded for all the scenarios. We
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defined all combinations of pxesrand Ywe gras inconsistent, for which the results presented a
deviation of more than 1% in the mass balances for either dissolved nitrogen or COD.

All the results presented in the figures refer to steady state conditions i.e. at the state when
the biofilm is fully grown and has reached the maximal biofilm thickness (1 mm) and the
state variables (concentrations) in both biofilm and liquid phase remain constant with time.

3. Results
3.1. Scenario 1: Fully Autotrophic Conditions

For tracking the activity of the heterotrophic community when growing on CODgr, the pro-
duction of nitrogen gas by each of the HB species was used as main indicator. Figure P2.1
depicts the fraction of the total nitrogen gas that was produced by the denitrifier community
(HB2 and HB3) and the contributions of each single species. Figure P2.1 includes the results
for the three evaluated K values and the minimum, maximum and the midpoint of the yield
(Yne,sr) interval: 0.1, 0.35 and 0.7 gCODx/gCODgr, respectively.

Figure P2.1 shows that the yield has a stronger influence on the total nitrogen production than
K. Once a minimum growth velocity is reached, p does not longer affect the nitrogen produc-
tion by the denitrifiers, for K = 0.01 and 1 gCODgr/m3. Nevertheless, when K takes the value
of 10 gCODgr/m3, u does affect the nitrogen gas production to a certain extent, as is to be
expected since the value of K is nearly the same as the available concentration of CODgF, and
therefore CODgr is less available to the bacteria than in the other two cases (lower values of
K). In the case of NO> reduction to N2 by HB2, only when the yield equals 0.7 gCDOx/gCODgk
HB2 showed activity and were able to overcome the competition of HB3 over the electron
donor (CODgk). In the scenario where K equals 10 gCODgr/m3, p moderately affects the pro-
duction of N2 by HB2. HB2 compete not only over their electron donor but also compete with
ANnAOB and NOB over their electron acceptor (NO2’). Due to this double competition, the p
from which HB2 are able to grow is higher at K=10 gCODgr/m? than at the other values of K,
where CODBF is more accessible and thus the competition over CODgr is lesser.

For the reduction of NOs™ to N2 the influence of the yield on the N> production seems to be
coupled with the value of the affinity constant K. At low values of the affinity constant (K=
0.01 gCODgr/m3) the highest amount of N2 is not produced at the maximum yield. Unlike the
case with HB2 , N2 production does not increase from a yield of 0.35 gCOD,/gCODgr onwards.
In this case, the electron acceptor (NOs’) becomes the limiting factor and hence HB3 cannot
profit from a more efficient utilization of CODgk.

At the highest affinity constant (K=10gCODgr/m3) and the maximum vyield (0.7
gCOD\/gCODgk), the N2 production by HB3 increases with p until a maximum and afterwards
it drops back and remains constant. Here HB3 profit of the CODgr scarcity, the unfeasible HB2
growth and the consequent abundance of NOs". Once HB2 reach a i from which they are able
to grow, HB3 do not dominate the biofilm any longer and a sort of equilibrium between these
bacterial groups is attained, allowing them to simultaneously grow. These results showcase the
dominating influence of the yield on the heterotrophic grow within completely autotrophic
biofilms.
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Figure P2. 1.Nitrogen gas production by the denitrifier community for the Scenario 1 (no external
COD, CODEex=0) as a function of the affinity constant KHB,BF (gCODsr/m?), the maximum growth
velocity (d1) for 3 selected values of the growth yield (gCODx/gCODsr). HB2 uses NO2  as
electron acceptor, while HB3 uses NO3- as electron acceptor.

Figure P2.2 depicts heterotrophic biomass over the biofilm thickness for the simulations with
K=10 gCODgr/m? at different values of p and Y. When p has a value of 1.5 d!, HB3 are the
only existent group of HB. This is in accordance with the results presented in Figure P2.1Fig-
ure P2. 1, where a minimum p for HB2 is observed. Once this p-threshold is passed and HB2
are able to grow, they do it exclusively at the highest yield value. Although HB2 profit from
high values of [, a high value of yield is still compulsory for HB2 to appear. A high yield is
apparently a must for the heterotrophic community to be diverse, i.e. for all the bacterial groups
to be present within the biofilm. A high biomass yield is characteristic of an efficient substrate
utilization. In a bacterial community this trait is crucial for the survival of all the bacterial
groups that share/ compete over a limited substrate. Our results show that the heterotrophic
community is only able to develop in a diverse way, at the highest value of the yield. This
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underlines the importance of the efficient utilization of a shared substrate (high yield) previ-
ously observed in other studies (Kreft and Bonhoeffer 2005a).

Although CODgr is available along the whole biofilm thickness (in-situ production due to bi-
omass decay), heterotrophic growth takes place mainly in the zone near to, but not directly at
the biofilm surface i.e. at Ls between 0.7 and 0.9 mm. The presence of NOs", NO2", CODgr In
addition to low oxygen concentrations enable the growth of both HB2 and HB3. Interestingly,
the aerobic heterotrophs (HB1) appeared only in extremely low quantities regardless of the
values of |, yield and K. This indicates a strong competition for oxygen with AOB and NOB
as well as a strong competition for CODgr and space with HB2 and HB3. Figure P2.6 in the
supplementary information depicts the NO3z™ and NO_ profiles along the biofilm thickness and
complements the information shown in this section. As mentioned before high values of the
yield foster the denitrification activity and the diversity of the heterotrophic community. In the
case of NOz™, the higher the growth yield the lower the concentration, due to the increased
activity of HB3. As seen in the Figure P2.6 of the supplementary information, the NOs™ con-
centration profile along the biofilm thickness is rather flat with a slight decrease at the biofilm
surface (biofilm thickness = 1mm). This corresponds to the biomass profiles showed in Figure
2. In contrast, in the case of NO2, the concentration remains nearly the same regardless of the
yield’s value. At higher yields the HB2 amount increases and so HB2 reduce the NO> other-
wise reduced by AnAOB (configuration with low yield values). Additionally, Figure P2.7in
the supplementary information shows the corresponding CODgr profiles. It can be seen that
the growth rate does impact the CODgr concentration. At high growth rates, CODgr concen-
tration is lower than at low growth rates. The shape of the profiles are in accordance to the
biomass distribution showed in Figure P2.2, near to the biofilm surface a peak can be seen
were the majority of the biomass is located (higher production of CODgr), whereas directly at
the surface a decrease is observed due to the lesser amount of biomass located at this point.
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Figure P2. 2. Distribution of the heterotrophic biomass along the biofilm thickness for the
Scenario 1 (no external COD, CODex=0), for a selected affinity constant Kuggsr equal to 10
gCODsr/m? and different selected values of the maximum growth velocity (d-1) and the growth
yield (gCODx/gCODBF). HB2 uses NOz2- as electron acceptor, while HB3 uses NOs- as electron
acceptor.

Figure P2.3 further supports the hypothesis that the yield plays a decisive role in the hetero-
trophic biomass composition, while K and p have only secondary roles. In terms of biomass
quantity, the influence of the evaluated parameters remains the same. The heterotrophic bio-
mass quantity only reaches 2% of the total active biomass. This does not correspond to the
observations in autotrophic systems, in which the heterotrophic biomass accounts for at least
20% of the total active biomass (Agrawal et al. 2017, Kindaichi et al. 2004, Ni et al. 2012).
The implementation of Extracellular Polymeric Substances (EPS) into the modelling has
proved successful for better predicting the amount of heterotrophic biomass that occurs in au-
totrophic systems (Azari et al. 2018, Liu et al. 2016b), however the EPS production and all its
related process were out of the scope of this work.
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Figure P2. 3. Heterotrophic biomass quantity and composition for the Scenario 1. (no external
COD, CODex=0) as a function of the affinity constant KHB,BF (gCODgr/m?), the maximum growth
velocity (d1) and the growth yield (gCODx/gCODsgr). HB2 uses NO2- as electron acceptor, while
HB3 uses NOs- as electron acceptor.

When exploring the adaptation strategies of bacteria to substrate limiting conditions, the pa-
rameters of the Monod kinetics (1 and K) occupy a central role in wastewater modelling prac-
tice, whereas the yield is commonly believed to be rather constant and its influence is often
disregarded. Merkey et al. (2009) already investigated the behavior of heterotrophic bacteria
growing in purely autotrophic biofilms in terms of growth velocity and affinity constant. They
found that when the values of K are sufficiently low, the utilization rate (analogous to 1) does
not influence the heterotrophic biomass production, which points towards the heterotrophic
bacteria pursuing a K-strategy to grow under substrate limiting conditions. Our study also pre-
dicted that at low values of K (0.01 and 1 gCODgr/m3), the effect that p has on both biomass
and N2 production can be neglected. In contrast to the results from (Merkey et al. 2009), we
highlighted the role of the yield and showed that even at low affinity constants, the yield is still
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a decisive parameter for N2 and biomass production. This major influence of the yield suggests
that the heterotrophic community undergoes the so-called yield-strategy to thrive when sharing
the scarce CODgr as carbon resource. Bacteria that follow the yield-strategy convert substrate
more efficiently into biomass at the cost of a reduced growth rate. At first glance, a negative
relationship between yield and growth rate may be counterintuitive since a positive relationship
between growth rate and yield is expected i.e. bacteria that grow faster are expected to use
substrate more efficient and produce more biomass per unit of substrate (Henze et al. 2008).
However, this is valid mostly for planktonic cells and it is subject to the metabolic state of the
bacteria. A microorganism growing at high rates may attain an off-balance state between anab-
olism and catabolism, in which energy, that otherwise would be used in biomass production
(high yield), is utilized for futile cycles/overflow metabolism.(Lipson 2015). There is a maxi-
mum growth rate from which the yield must necessarily decrease, so that bacteria are able to
sustain rapid growth rates. Likewise, it has been demonstrated that in biofilms with limited
substrate a trade-off between yield and growth rate exists. Kreft (2004) demonstrated through
an individual-based model that spatially structured systems like biofilms provide the necessary
conditions for a yield-strategist to survive. They also concluded that the concept of growth rate
(1) being a more crucial factor than yield is wrongfully carried over from observations in com-
pletely mixed reactors. In light of the results delivered by our modelling exercise, we hypoth-
esize that under the studied conditions, the heterotrophic community is likely to pursue a yield-
strategy, which allows HB to maximize N, and biomass production. Moreover, the use of a
yield-strategy seems to be the only way to achieve diversity within the microbial community.

3.2. Scenario 2: Heterotrophic Community Behavior in the Presence of CODkx

The behavior of HB growing on the scarce CODgr When facing competition by HB growing
on a more abundant external source of COD were also evaluated. The heterotrophic bacteria
growing on CODex were intentionally modelled as rate-strategists using the parameters tradi-
tionally used in the ASM1 (Henze et al. 2006). The combinations of parameters under which
the heterotrophic bacteria using CODgr were able to overcome this competition were explored.
Our results showed that the aerobic heterotrophs (HB1) using CODgr were able to grow in
small quantities in comparison with HB1 growing on CODEgx. Given that oxygen and CODgx
are supplied through the bulk phase, the zones close to the biofilm surface are rich in both
substrates, and thus, HB1 using CODex have an advantage and deplete the oxygen, leaving
HB1 growing on CODgr with fewer chances of survival.

In contrast, the denitrifiers (HB2 and HB3) growing on CODgr Were able to survive and com-
pete with their counterparts growing on CODex. Figure P2.4 shows the amount of N2 produced
by the heterotrophs when growing on CODgr and when growing on CODey at different yield
levels for a K = 20 gCODge/m3 and a 1 = 6 dX. From Figure P2.4 is clear that the amount of
N> produced by the HB growing on CODgr is determined by the yield, as seen in the previous
section. High yield leads to a high N2 production regardless of the values of p and K. As to be
expected, the denitrifiers growing on CODex were better off in the scenarios that were not
suitable for the denitrifiers dependent of CODgr (low value of yield Ywggr). When both HB
groups have the approximately the same yield (Ynggr = 0.7 gCODx/gCODgr and Yngex= 0.67
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gCODx/gCODky), denitrifiers that use CODgr produced more N, than the ones growing on
CODgx. Here the location of the COD sources comes once again into play, CODgr is supplied
in-situ through biomass decay while the CODex comes with the influent and needs to diffuse
from the bulk liquid into the biofilm. At the biofilm surface, oxygen and CODgy are both avail-
able and thus heterotrophic bacteria using oxygen as electron acceptor (HB1) and CODex as
electron donor are in advantage. The majority of the external COD is consumed by HB1 before
getting through the biofilm and reaching the location at which all the required conditions for
the denitrifiers to grow are guaranteed; namely absence of oxygen and presence of NO3/NO>
This indicates that the spatial structure of the biofilm is an essential feature for the survival of
HB growing on CODgr i.e. the yield strategist. Without the biofilm structure and the diffusion
processes taking place within it, HB with low p would not stand a chance again HB growing
on a more abundant carbon source and having a faster L.

The composition of the heterotrophic community as well as its quantity are severely affected
by the presence of external COD. CODgy favours the growth of HB1 (aerobic heterotrophic
bacteria) and increases the amount of heterotrophic bacteria present in the biofilm up to 10%
of the total biomass. Independently of the value of all the evaluated parameters (i,Y and K ),
HB using CODe as electron donor are able to grow. Nevertheless, at high values of yield (Y)
the amount of denitrifiers (HB2 and HB3) slightly decreases. In the case of the heterotrophic
community using CODgr as electron donor, the composition of the community is strongly in-
fluenced by the value of yield, as expected. With increasing yield, the amount of HB2 increases
and as result HB3 decrease, while HB1 remain relatively constant. As seen in the previous
scenario, the three heterotrophic groups are able to co-exist only at high values of yield. If the
diversity is defined as both heterotrophic groups growing simultaneously (the group using
CODgrand the groups using CODky), it can also be stated that the only way to obtain a diverse
community is when the bacteria growing on the scarce source CODgr undergo the yield strat-
egy i.e at high values of yield regardless of L.
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Figure P2. 4. Comparison of the nitrogen production by the denitrifier communities in the
Scenario 2 (with external COD supply, CODex= 50 gCODex/m?) as a function of the growth yield
(gCODx/gCODgF). For a for a selected affinity constant equal to 20 gCODgr/m?® and maximum
growth velocity equal to 6 d-1. HB2 uses NO?% as electron acceptor, while HB3 uses NOs3- as
electron acceptor.

3.3. k-Strategy vs Yield Strategy

The r/K-strategy is widely known and accepted as explanation for the microbial adaptation to
substrate-limiting conditions. K-strategists are believed to have a very low K in combination
with a relatively low u, which makes them capable of surviving by scavenging substrate even
at very low concentrations. In contrast r-strategist have a high i and as consequence they are
not able to grow at low concentrations due to their high values of K. Andrews and Harris (1986)
originally defined a K-strategist in the microbiological context as an organism that efficiently
extract energy from an environment with high population density i.e. limited resources. They
mathematically demonstrated that when bacteria are faced with low substrate environments, a
low affinity constant as trade-off for a high growth rate is a determinant trait to the K-strategy.
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They also demonstrate that more efficient use of the energy is also central to the survival of
microorganism under substrate limiting conditions and thus a high yield could be also charac-
teristic of a K-strategy. This suggests that K- and yield strategies are closely related and if
bacteria pursue any of these strategies, they would be pursuing most probably both of them.
Traditionally, K- and yield strategy are regarded as independent approaches that bacteria may
select, depending on the environmental conditions (Beardmore et al. 2011). However, if the
yield and the affinity constant were dependent on each other, then both strategies would be two
sides of the same coin. Recently Ugalde-Salas et al. (2020) demonstrated, based on the micro-
bial transition state theory, that the affinity constant (K) from the Monod equation may be
written as a function of the yield as presented in equation P2.1:

K= — (P2.1)

YV

Vy is called the harvesting volume and is defined as the volume that bacteria can access to
obtain substrate during their doubling period. A closer look to equation 1 shows that for a
constant Vy, low yields (YY) lead to high affinity constants (K); whereas high yields result in
low affinity constants. Equation 1 can also be interpreted as follows: if VH decreases and less
substrate is available to the bacteria, they might be subjected to a selection pressure for the
most efficient use of the scarce substrate instead of the fastest growth rate (“wasteful” use of
the substrate). This pressure might lead to the selection of a metabolic state with a higher yield
but a lower growth rate (Wortel et al. 2018), and in accordance to Equation 1, a lower affinity
constant.

Based on this inverse relation of the yield and the affinity constant, we hypothesized that what
we observe and we know as a k-strategy may in fact be a yield-strategy. Using the results
delivered by the developed model, we cannot prove for certain that there is a relationship be-
tween the yield and the K strategy. However, we can conclude that in our model at low growth
rates a diverse heterotrophic community can only be obtained using a combination of low K
and high growth yield. Figure P2.5 presents the biomass profiles along the biofilm thickness
for different combinations of yield and affinity constants at a fixed low growth rate of 1.5 d™.
It can be observed that HB2 and HB3 coexist only in the cases where the affinity constant takes
a low value and the growth yield is rather high. The subplots corresponding to these conditions
are highlighted with a blue square in Figure P2.5. In the cases with higher growth rates (data
not shown), this tendency remains, however, the affinity constant is less influential as the
growth rate increases.
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Figure P2. 5. Distribution of the heterotrophic biomass along the biofilm thickness for Scenario
1 (no external COD, CODex=0), for a selected growth rate equal to 1.5 d-! and different selected
values of the affinity constant and growth yield (gCODx/gCODgr). HBZ uses NO2z- as electron
acceptor, while HB3 uses NOs- as electron acceptor.

Some authors challenge the mechanistic meaning of the affinity constant (K) and argue that
although measurements of K provide valuable experimental information about the affinity of
the bacteria to a certain substrate, it does not have a strict mechanistic interpretation (Kigrboe
and Andersen 2019). Liu (2007) showed in his review that despite the many efforts of mecha-
nistically defining K, no consensus has been reached and no intrinsic meaning can be attributed
to the affinity constant of the Monod equation. In addition, Fiksen et al. (2013) even question
the existence of a tradeoff between the affinity constant and the growth rate, especially in sit-
uations where diffusion plays an important role in the substrate transfer as for example envi-
ronments with low substrate concentration and biofilms. Those works also claim that a proper
understanding of the microbial traits is crucial to elucidate the possible tradeoffs and growth
strategies that bacteria undergo depending on the specific conditions of their environment.
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Within such a mechanistic framework the yield-strategy may be more suitable for the descrip-
tion of the behavior of bacteria under substrate limiting conditions or at least should take a
prominent place alongside the K-strategy.

The results of this work show that the yield plays an important role when modelling the be-
havior of HB in biofilms under substrate limiting conditions and suggest that more attention
has to be paid to this specific parameter and its relation to the traditional kinetics parameters p
and K. The harvesting volume arises as interesting parameter that relates both affinity constant
and growth yield in a simple manner. It should be explored in more depth to elucidate the
relationship between K- and yield strategy. Although, heterotrophic bacteria in conventional
activated sludge systems are modeled with fast growth rates and high growth yields, our results
suggest that this may not be the case in biofilm systems and under substrate-limiting condi-
tions. In such systems the yield may be more determinant for the behavior of HB than the
growth rate and a closer look to the experimental determination of the yield and its implications
is worthwhile. Finally acknowledging that HB may prefer the yield strategy when growing in
fully autotrophic systems such as PN/A reactors could help to also focus on isolation, cultiva-
tion and analysis of species that cannot be found in conventional laboratory settings where fast-
growing bacteria are favored and yield strategists may be outgrown.

4. Conclusions

Between the evaluated parameters: Affinity constant (K), maximum growth rate (i) and yield,
the yield showed the strongest influence on the production of N2 by the heterotrophic commu-
nity in the two evaluated scenarios.

The diversity of the community is determined to a large extent by the yield, where high yield
values are more advantageous to diverse communities. The composition and the diversity of
the heterotrophic community is highly dependent on the value of the yield. When HB grow
solely on CODgr, HB2 and HB3 coexist only at high yield values, regardless on the values of
K and . Likewise, when external COD is available, the HB community composition fluctuates
with the yield, but it remains nearly constant with p and K.

If the postulates of the microbial transition state theory are sound and K and yield are depend-
ent, it could be that what we know as a k-strategy is a form of a yield strategy.
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Table P2. 2. Peterson matrix: soluble variables

Scopsf ScopEex SNH4 Soz Sno2 Snos Sz
mgCOD mgCODg/I mg-N/I mg-N/I mg-N/I mg-N/I mg-N/I
el
3.43 — Yaos
Growth of AOB - - -inxg-1/Y ace - ? 1Y nos - -
AOB
1.14 — Ynog
Growth of NOB - - 'iNXB - ? '1/YNOB 1/YNOB -
NOB
1 1
Growth of AnAOB - - -inxg-1/Y anaos - 114 V.- 1/1.14 21Y anpoB
. AnAOB
) . 1—Yyp,
Aerobic Growth of -1/Y g1 - -inxg B - - -
HB1
HB
. 1 —Yyp, 1 — Yyp,
Growth of HB on -1/Y yg2 - -inxs - —TYHBZ - TYHBZ
NO;
. 1 - YHB3 1 - YHB3
Growth of HB NO3y’ -1/Y ygs3 - -inxs - - - 2.86Yuns 286V
. R 1- YHBl,CODeX
Aerobic Growth of - -1/Y yB1, copex -inxe - ﬁ - - R
HB1,SB
HB on CODg,
. 1- YHBZ,CODeX 1- YHBZ,CODEX
Growth of HB on - '1/YHBZ, CODEX -InxB - - 1.71YH32 CODEx - 71.71YHBZ coDEx
NO, and CODgy
- - 1- YHB3.CODEX 1- YHB3,CODEX
Growth of HB NO3 - -l/YHBgy CODEX -InxB - - 2 86YHB3 R 2 86YHB3 cobE
. ) X . A X
on CODgy
Decay AOB 1-f; - - - - - -
Decay NOB 1-f; - - - - - -
Decay AnNAOB 1-f; - - - - - R
Decay HB1 1-f; - - - - - R
Decay HB2 1-f; - - - - - -
Decay HB3 1-f; - - - - - -
Decay HB1, CODg, 1-f; - - - - R R
Decay HB2, CODg, 1-f; - - - - - -
Decay HB3, CODg, 1-f; - - - - - R
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Table P2. 3. Peterson matrix : particulate variables

Xi

XaoB

XnoB

Xanaos

XHB1

XhB2

XHg3

XhB1

CODEX

XhB2

CODEX

X3

CODEX

mgCOD/I

mgCODg/I

mgCODg/|

mgCODg/I

mgCODg/I

mgCODg/I

mgCODg/I

mgCODg/I

mgCODg/I

mgCODg/I

Growth of
AOB

Growth of
NOB

Growth of

AnAOB

Aerobic
Growth of
HB

Growth of
HB on NO,

Growth of

HB NO3

Aerobic
Growth of

HB, CODg,

Growth of
HB on NO2-
,CODEXx

Growth of
HB NO3-
CODEXx

Decay AOB

Decay NOB

Decay
AnAOB

Decay HB1

Decay HB2
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Decay HB3 fi - - - - - -1 - - -
Decay HB1, fi - - - - - - -1 - -
CODEX
Decay HB2, fi - - - - - - - -1 -
CODEX
Decay HB3, fi - - - - - - - - -1
CODEXx
Table P2. 4. Peterson matrix : rate formulations
Raté
Process
SnHa So2
GI’OWth Of AOB IJ'AOBXAOB
KnHs,a08 + Snua Koz,408 + So2
Snoz So2
Growth of NOB UnosX
NOBNOB Knoz,noB t Snoz Koznos + Soz
SNHa Snoz Ko2,an408

Growth of AnAOB

HanaoBXAnAoB
KNH4,ana08 + Snia Knoz,anaos + Snoz Koz,anaos + Snoz

Aerobic Growth of HB1

Scopsf So2

HuB1,copBf XHB1
4 Kug1,copef + Sconsr Kozue1 + Soz

Growth of HB2 on NO2-

X Scopss Sno2
HHB2,copBs B2 lanox Kug2,copss + Scopsr Knozup2 + Snoz

Growth of HB3 NO3"

Scopsf Snos

HuB3,copBf XuB3ll
4 A% Kupscopsr + Scopss Knozups + Snos

Aerobic Growth of HB1 on Sg

SCODEx 502

HHB1,cODExXHB,CODExX
KiB1,copex + Scopex Koz,up1 + Soz

Growth of HB2 on NO2 and on

X ScopEx Snoz2
HHB2,CODEx HBZ,CODExrlanoxK
HB2,CODEx

+ Scopex Knoz,uez T Sno2

Growth of HB3 NO3s and on Sg

S copEx Snos
HHB3,CODExXHB3,cODExNanox K
HB3,CODEX

+ S copex Knoz,ue3 T Snos

Decay AOB baogXaoB
Decay NOB bnopXNoB
Decay AnAOB banaoBXanaoB
Decay HB1 byp1 Xup1
Decay HB2 byp2 X2
Decay HB3 byp3Xnups3
Decay HB1, CODg, byp1XHB1,cODEX
Decay HB2, CODg, byp2XHB2,cODEX
Decay HB3, CODg, byp3XHB3,cODEx
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Table P2. 5 Kinetic and stoichiometric parameters for the implemented processes .

Symbol Unit Description Value Reference

HaoB d? Maximum specific growth 2.05 (Wiesmann 1994)
rate of AOB

K NH2,A0B g-N/m?3 Affinity constant NH4* for 2.4 (Wiesmann 1994)
AOB

K 02,08 g-COD/m?3 Affinity constant O> for AOB | 0.6 (Wiesmann 1994)

b aos d?! Decay rate for AOB 0.13 (Wiesmann 1994)

M NoB d? Maximum specific growth 1.45 (Wiesmann 1994)
rate of NOB

K nozNos g-N/m? Affinity constant NO2™ for 55 (Koch et al. 2000)
NOB

K o2,n0B g-COD/m3 Affinity constant O, for NOB | 2.2 (Wiesmann 1994)

b nos d? Decay rate for NOB 0.06 (Wiesmann 1994)

H AnACB d?! Maximum specific growth 0.08 (Koch et al. 2000)
rate of AnAOB

K NH4,AnAOB g-N/m3 Affinity constant NH4* for 0.07 (Strous et al. 1998)
AnAOB

K No2,AnA0B g-N/m?3 Affinity constant NO2™ for 0.04 (Hao, 2002)
AnAOB

K 02,Ana0B g-COD/m3 Inhibition constant O for 0.01 (Strous et al. 1998)
AnAOB

b Annos d? Decay rate for AnAOB 0.003 (Hao et al. 2002b)

Heterotrophic Bacteria (HB)

MHB1,CODEX d+? Maximum specific growth 6 (Henze et al. 2000)
rate of HB on CODex

HHB2,cODEX

MHB3,CODEX

MHB1,CODBf d? Maximum specific growth Variable
rate of HB growing on CODg¢

HHB2,coDBf

HHB3,coDBf

K o2,HB1 g-COD/m3 Affinity constant O, for HB1 0.2 (Henze et al. 2000)

Kwg1,copst g-CODBf/m? Affinity constant COD for Variable
HB1, HB2, HB3 on ,CODs¢

KHs2,copst
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KHB3,copsf

KHB1,cobEx g-CODex/m? Affinity constant Sg for HB1, | 10 (Henze et al. 2000)
HB2, HB3 on CODex

KHB2,cobex

KHB3,copEx

K No2,HB2 g-N/m?3 Affinity constant NO2" for 0.3 (Alpkvist et al. 2006)
HB2

K No3,HB3 g-N/m? Affinity constant NO3™ for 0.3 (Alpkvist et al. 2006)
HB3

b He1 d? Decay rate for HB1, 0.62 (Henze et al. 2000)
HB2,HB3

b HB2

b HB3

Tanox - Anoxic reduction factor for 0.8 (Henze et al. 2000)
growth

Stiochometric parameters

Y aoB g-CODs/g-N Growth yield for AOB 0.15 (Wiesmann 1994)

YnNoB g-COD&/g-N Growth yield for NOB 0.041 (Wiesmann 1994)

Y anaoB g-CODs&/g-N Growth yield for AnAOB 0.159 (Strous et al. 1998)

Y HB1,cODBf g-CODg/g-COD Growth yield for HB1, HB2 Variable -
and HB3 on CODst

Y HB2,cODBf

Y HB3,copBf

Y HB1,CODEX g-CODg/g-CODex Growth yield for HB1, HB2 0.67 (Henze et al. 2000)
and HB3 on CODex

Y HB2,CODEX

Y HB3,CODEX

iNxB g-N/g-CODs Nitrogen content in biomass 0.086 (Henze et al. 2000)

inxi g-N/g-COD Nitrogen content in X 0.06 (Henze et al. 2000)

fi - Fraction of biomass into par- 0.08 (Henze et al. 2000)

ticulate inert material
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Abstract

Membrane-aerated biofilm reactors are becoming more important for nitrogen removal in the
wastewater sector. One-dimensional (1D) models are widely used to study the performance of
such systems; however, 1D models are not able to simulate the longitudinal gradients that exist
in the reactor. Although there is experimental evidence that points to the existence of longitu-
dinal gradients simple modeling approaches that consider these gradients are not yet devel-
oped. This study proposes a novel multi-compartment model that simulates the longitudinal
substrate and oxygen gradients. It assesses the effects of temperature, biofilm thickness, num-
ber of compartments, and flow configuration (liquid and gas phase) on the modeling results.
Additionally, it compares the capabilities of a traditional 1D model with those of the novel
multi-compartment model. Our results show that a classical 1D model predicts a lower total
dissolved nitrogen concentration (TDN) in the effluent in contrast to the predictions of the
multi-compartment model. In the worst-case scenario, the TDN predicted by the traditional 1D
model was three times lower than the prediction of the multi-compartment model. The results
delivered by the models differ also in the axial gradients. The traditional 1D model, for exam-
ple, predicted an oxygen concentration at the membrane surface of 0.4 mg-02/l while the
multi-compartment model predicted a concentration of 2.9 mg-O2/1. Finally, the results of this
study show that the longitudinal oxygen gradient has an important effect on both, biomass
distribution and effluent TDN, whereas the longitudinal substrate exclusively affected the ef-
fluent TDN.

1. Introduction

Current research is moving towards the implementation of deammonification processes in the
mainstream. One of the main goals is to develop strategies to overcome frequently encountered
operational challenges, such as low temperatures (around 10°C), relatively low NH4" concen-
trations, biomass retention and high C:N ratios (Xu et al. 2015).

One of the most widespread strategies to deal with those problems is a two-stage configuration.
In the first stage COD is removed until an adequate C:N ratio is achieved. The effluent pro-
duced in this first stage is further treated in a subsequent stage through autotrophic deammon-
ification (Han et al. 2016, Xu et al. 2015). Several processes have been tested for the second
stage (Gilbert et al. 2015, Hu et al. 2013, Lotti et al. 2015a, Wang et al. 2016) among them
also Membrane Aerated Biofilm Reactors (MABRs) and hybrid MABRSs seem to be promising
technologies (Peeters et al. 2016).

Therefore, MABRs lately regained significance in wastewater treatment. In contrast to tradi-
tional biofilm reactors, which use a co-diffusion geometry, i.e. both, electron donor and accep-
tor are supplied via the liquid phase, MABRs use a counter-diffusion geometry, i.e. the electron
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acceptor is supplied through the membrane via the gas phase, whereas the electron donor is
supplied through the liquid phase (Casey et al. 1999b).

In the case of nitrogen removal from wastewater, the diffusion of oxygen and substrates from
different sides of the biofilm (membrane and bulk liquid, respectively) creates a uniquely strat-
ified biofilm, that is capable of achieving several processes simultaneously (e.g. nitrification
and denitrification or partial nitrification and anammaox). The supply of oxygen from the bio-
film base presents several advantages, easier oxygen control (Ni et al. 2013) and less N2O
emissions (Kinh et al., 2017) being two examples. In addition, the resistance of the diffusion
layer affects the overall mass transfer less in comparison to the co-diffusion geometry (Neren-
berg, 2016).

Modeling has proven to be a powerful tool for studying MABRSs. Several research groups have
already evaluated the influence of different factors on the performance of MABRs and their
microbial communities. These studies mainly focused on the axial gradients (perpendicular to
the membrane surface), the optimization of aeration patterns and the behavior of the different
geometries (co- and counter-diffusion) (Lackner and Smets 2012, Liu et al. 2016a, Ni et al.
2013, Shanahan and Semmens 2004, Terada et al. 2007). Conceptual studies on MABRs use
multispecies, one-dimensional models (1D) to analyze the reactor performance under the con-
ditions of interest. Although these models predict the axial characteristics of the biofilm and
the axial profiles within it, they do not include the ones occurring longitudinally (along the
length of the reactor, resp. the membrane).

There is experimental evidence that oxygen and substrate concentrations change not only in
the axial direction but also in the longitudinal direction. It has been reported that, depending
on reactor (presence or absence of recirculation) and membrane configuration (dead-end, flow
through), longitudinal substrate and oxygen profiles may appear (Hibiya et al. 2003, Martin
and Nerenberg 2012, Pankhania et al. 1999, Shanahan and Semmens 2006).

The limitations of the traditional 1D models together with the experimental evidence confirm-
ing the occurrence of longitudinal substrate and oxygen gradients, disclose an important
knowledge gap. The impact of longitudinal gradients on the reactor performance remains, to
our knowledge, largely unexplored. Moreover, a simple method to introduce longitudinal gra-
dients into conventional models is still missing.

This study developed a multi-compartment model for completely autotrophic nitrogen removal
in AQUASIM 2.1 (Reichert 1998). It introduced longitudinal substrate and oxygen gradients,
allowing the analysis of biofilm characteristics along the length of the reactor as well. The
model simulated the longitudinal gradients by combining multiple single 1D models with the
assumption that mass transfer is perpendicular between membrane and biofilm (IWA 2006).

In order to compare a 1D model with our multi-compartment model, different scenarios were
proposed. Temperature, airflow (Gin), maximum biofilm thickness (Lmax) and the number of
compartments (n) took different values in the proposed scenarios. Additionally, several flow
configurations (counter- and co-current flow) were evaluated to assess the influence of the
direction of flow. The relative effect of the single inclusion of longitudinal gradients of either
oxygen or substrates was also analyzed.
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2. Methodology

A MABR for completely autotrophic nitrogen removal was modeled in AQUASIM 2.1
(Reichert 1998). A novel multi-compartment model was developed to evaluate the effect of
longitudinal gradients for substrates and oxygen. Such gradients were implemented through
the division of the biofilm reactor and the membrane lumen in several compartments. The Total
Dissolved Nitrogen concentration (TDN) in the effluent and the biomass distribution obtained
from the multi-compartment model and the traditional 1D models were compared and evalu-
ated.

2.1. Model Set-Up

A multi-species model including AOB, NOB, AnAOB and HB was considered. Depending on
the electron donor, the HB were divided into three groups: aerobic, NO2 reducing and nitrate
NOz3" reducing bacteria. Monod kinetics were applied for modelling growth and substrate con-
version by the respective microorganisms. The rates were a function of the specific yield, bio-
mass and substrate concentrations. Biomass decay was simulated using a first order kinetic
expression and hydrolysis rates for organic matter and nitrogen were modelled using a simpli-
fied rate (equation P3.1) as previously suggested in Lackner et al. (2008b)

dXs X dXy Xy

aa 7K, dt UK,
where Xs and Xy are the particulate fractions of organics and nitrogen, respectively, ku is the
hydrolysis rate and Kx the half saturation coefficient for the hydrolysis. The supplementary
material includes a comprehensive summary of all the processes and rates. The model used the
Kinetic parameters according to Lackner and Smets (2012).

(P3.1)

Both compartments, biofilm reactor and membrane lumen, were represented as ideally mixed
reactors, a diffusive link at the biofilm base connected both compartments. The oxygen flux
(Jo2), represented by the diffusive link, was calculated according to equation P3.2 as proposed
in Casey et al. (2000b):
S

Joz = kot (% - 5023f>
where kit IS the total mass transfer coefficient for oxygen, So2m and Sozer are the oxygen con-
centrations at the membrane and biofilm interface respectively.

(P3.2)

The target TDN in the effluent was set to 20 g-N/m3. The reactor volume and surface area were
selected in order to meet this target. At 30 and 20 °C the volume was 7.5 m® and the specific
surface area was 200 m, for the scenarios at 10°C the volume was 20 m3 and the specific
surface area 250 m-1. The inflow was set to 20 m3/d with an ammonium concentration of 100
g-N/m3 and 0 g/m3 for NO2-N, NOs-N and COD, respectively. The pH was assumed to re-
main constant in both axial and longitudinal directions. The COD required for the heterotrophic
growth was exclusively provided by biomass decay. The influent composition was selected to
represent a two-stage reactor configuration that employed carbon removal as first stage provid-
ing the effluent for the deammonification system in the second stage similar to Xu et al. (2015).
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2.2. Scenarios

For the conceptual analysis of the multi-compartment model, different configurations and sce-
narios were studied. The variables and values for these scenarios were as follows:

Ltmax: 0.2, 0.5 and 1 mm
Gin: varied between 0 and 50 m3/d
Temperature: 10, 20 and 30 °C

2.3. Temperature Dependency

The temperature dependency of the growth, decay and hydrolysis rates was modeled with an
Arrhenius expression with 6 being the temperature coefficient. Several studies have shown that
AnAOB growth has different 6 values within the temperature range of this study (Lotti et al.
2015b). Therefore, at 30 and 20 °C 0 took the value of 0.096 as reported in Hao et al. (2002a),
and for the simulations run at 10°C, 0 took the value of 0.14. The later 6 value was calculated
from the activation energy reported in Lotti et al. (2015b). The temperature dependency for the
diffusivity coefficients was modeled as suggested in Perry (1997). Supplementary material
contains the values for the mass transfer coefficients used in the model.

2.4. Model Configurations

Five configurations were investigated and they are shown in Figure P3.1.Configuration num-
ber 1 corresponded to the traditional modeling approach with one single compartment for bio-
film reactor and membrane lumen. The multi-compartment model was implemented through
the division of both biofilm reactor and membrane lumen into n number of compartments (in
this study, n took values of 3 and 5), that were connected by advective links.

The multi-compartment model used a recirculation Qr when the simulation of an ideally mixed
reactor (CSTR) was required. The recirculation was introduced through the artificial diffusion
approach reported in Baeten et al. (2017). In their work, the authors suggest, that for a better
representation of completely mixed systems in AQUASIM, the different reactors should be
connected through diffusive links instead of adjective links. By doing so, numerical problems
regarding the mass balance are avoided.

The multi-compartment model allowed the simulation of several configurations by deliberately
inducing longitudinal substrate gradients in the biofilm reactor and longitudinal oxygen gradi-
ents in the membrane lumen Table P3.1 and Figure P3.1 summarize the configurations that
were modeled.
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A Artificial Diffusive Link
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Figure P3. 1.Traditional and multi-compartment modeling approaches. Where MOZ2 is the mass
of oxygen, G the airflow entering the system, SO2 is the concentration of oxygen in the inlet, A is
the total membrane area, Q is the wastewater inflow, JO2 is the oxygen flux trough the
membrane, QR is the recirculation flow, i is the compartment number and n the total number of
compartments. Figure P3.1B shows the traditional approach with one compartment for both
biofilm reactor and membrane lumen.

Figure P3.1B and Figure P3.1A with Qr =0, show the configuration for modeling a MABR
with substrate gradient and no oxygen gradient along the length. Figure P3.1C shows the mem-
brane lumen configuration for modeling an MABR with oxygen gradient along the reactor’s
length; in combination with Figure P3.1A: if QR > 0 the model includes the substrate gradient,
if Qr=0 the model does not include the substrate gradient.

106



Table P3. 1. Description of the configurations used for simulating the different combinations of
oxygen and substrate longitudinal gradients. All the described configurations included axial

gradients for both oxygen and substrate.

Configura- Biofilm Reactor Membrane Lumen Schematic representation
tion Number
1 (Traditional | One compartment as One compartment as Figure P3.1B
modeling ap- | CSTR CSTR (no longitudinal
proach) (no longitudinal substrate oxygen gradient)
gradient)
2 n compartments as CSTR | n compartments as plug | Figure P3.1A + Figure
(no substrate gradient) flow (PFR) (with oxy- P3.1D with Qr >0
gen gradient)
3 n compartments as PFR n compartments as PFR | Figure P3.1A + Figure
(with substrate gradient) (with oxygen gradient) | P3.1D with Qg =0 and co-
current flow of air and
wastewater
4 n compartments as PFR n compartments as PFR | Figure P3.1A + Figure
(with substrate gradient) (with oxygen gradient) | P3.1D with Qr=0 and
counter-current flow of air
and wastewater
5 n compartments as PFR n compartments as Figure P3.1A + Figure
(with substrate gradient) CSTR (no oxygen gradi- | P3.1C
ent) with Qr=0 and

3. Results and Discussion
3.1. Optimal Airflow

The airflow is one of the key operating parameters of MABRSs. Thus, finding the optimal air-
flow for the desired biological processes and effluent quality was the first exercise. All the
configurations (Table P3.1) had their optimal airflow rate at Gin=5 m3/d. This optimum cor-
responded to the minimal achievable TDN under the specific conditions for the respective con-
figuration and also to the theoretical optimal ratio of oxygen flux to NH4*-N load (Jo2/LnHa+-n)
of 1.75 g-O2/g-N reported in Terada et al. (2007), as can be seen in the Figures P3.8 and P3.9
the supplementary information.

The scenario at 30 °C with Lmax = 0.5 mm was chosen as main example to underline our find-
ings, because it clearly illustrates the differences between configurations and the existence of
an optimum Gin. Figure P3.2 illustrates the dependency between TDN and the ratio Joo/ LnHa+-
n for the example scenario.
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Figure P3.2 shows a clear optimum for all the configurations except of configuration 4. In that
configuration, the axial and longitudinal concentrations of oxygen and substrate in the biofilm
did not match the optimal growth requirements of any species of the desired microbial com-
munity: the locations where oxygen was present NH4™-N was not and vice versa. This resulted
in insufficient biomass activity which led to an inadequate performance of the reactor. Such
disadvantages of using counter-current configurations have also been observed in other studies
(Perez-Calleja et al. 2017). This configuration was thus of no further interest due to its re-
stricted nitrogen removal.
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JO,/LNH,*-N [g-O,/g-N]
e Conf.1 Conf.2 = Conf.3 Conf.4 Conf.5

Figure P3. 2.Dependency between TDN and JO2/LNH4+-N and selected example for scenario at
30°C, Lf max = 0.5 mm, airflow ranging from 1 to 50 m3/d and n=3. The theoretical pointis 1.75
g-02/g-N as reported in(Terada et al. 2007).

3.2. Optimal Biofilm Thickness

A comprehensive analysis was conducted for all the configurations, using the optimal Gin de-
scribed in the previous section, Figure P3.3 shows the performance for each configuration at
each studied temperature and L max.

It has been demonstrated already experimentally, that the performance of an MABR system
largely depends on the biofilm thickness (Ahmadi Motlagh et al. 2006, Martin and Nerenberg
2012, Matsumoto et al. 2007). A thicker biofilm promotes the substrate flux from the liquid.
However, due to the counter-diffusion of both substrates (in case of this study NH4+-N and
oxygen), there is a maximum biofilm thickness above which the NH4+-N flux stops increasing
because oxygen becomes limiting and inactive layers appear (Semmens and Essila 2001,
Terada et al. 2007). In addition, the mass transfer resistances increment with the biofilm thick-
ness, so from the transport point of view an optimal biofilm thickness is also expected (Casey
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et al. 2000a, b). Figure P3.3A gives an example on how a further increase in the biofilm thick-
ness does not necessarily improve the performance of the reactor i.e. a lower TDN can be
reached. This scenario at 30 °C revealed that the optimal biofilm thickness was 0.5 mm for all
configurations and both thinner and thicker biofilms exhibited higher TDN concentrations in
the effluent.

However, decreasing the temperature from 30°C, where the optimum biofilm thickness was
0.5 mm, showed that at 20 and 10 °C the optimum shifted to 1.0 mm ( Figure P3.3). The activity
of all the microbial species decreases with the temperature (Hao et al. 2002b). This decrease
in activity also means a slower substrate consumption, and that more biomass is required to
treat the same substrate load. As consequence, at lower temperatures an MABR requires a
thicker biofilm to reach the performance of a reactor operating at higher temperatures as re-
flected by the results of this study.

At temperatures of 10 and 20 °C, the configurations that had a biofilm thickness of 0.2 mm
showed a poor performance. The studied systems required a minimal biofilm thickness, which
then comprised the required autotrophic microbial community. In the case of autotrophic ni-
trogen removal, it is of vital importance that the microbial community includes AnAOB. Fig-
ure P3.11 revealed how at 30°C the autotrophic microbial community was present, whereas at
20 and 10°C the biofilm consisted mainly of AOB and therefore almost no overall nitrogen
removal was observed.

At 10°C, even the thickest biofilm (0.5 mm) had a poor performance. It reached TDN effluent
concentrations of 60 mg/l. Experimental results from Lotti et al. (2015b) showed that temper-
atures lower than 15 °C have a stronger effect on AnAOB than on the other members of the
microbial community. Thus, when the temperature drops below 15°C, significantly thicker
biofilms are required to sustain a microbial community capable of performing complete auto-
trophic nitrogen removal that is biofilm that contains sufficient AnAOB.

The majority of the AnAOB was located in the outer layer of the biofilm where the oxygen
concentration is nearly zero. Thinner biofilms reduce in consequence the amount of AnAOB
within the biofilm, and lead to less efficient nitrogen removal. Figure P3.10 shows the axial
distribution of the biomass where AnAOB were located in the more external part of the biofilm.

For configuration 5 (Table P3.1) the number of the compartments (n) did not greatly influence
the TDN predictions, independently of the biofilm thickness. On the other hand, in configura-
tions 2 and 3, the number of compartments (n) did have a significant effect on the performance
of the MABR. More compartments resulted in a higher oxygen flux in the first part of the
reactor (See section 3.3) and thus, depending on the specific configuration conditions, a dif-
ferent TDN concentration was obtained.

For the same temperature, all the model configurations predicted the same optimal biofilm
thickness as the traditional model (configuration 1). Yet, configuration 1 predicted a lower
TDN concentration than the configurations with a longitudinal oxygen gradient (configurations
2 and 3). It, however, predicted nearly the same TDN concentration than configuration 5.

The results discussed in this section are a first indication that neglecting longitudinal gradients
may lead to underestimation of effluent TDN levels. Additionally, similar predictions between
the traditional 1D model and the configuration 5 (only substrate gradient) in combination with
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the negligible influence of the number of compartments (n) for this configuration, suggest, that
the longitudinal oxygen gradient affects the TDN more than the longitudinal substrate gradient.
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Figure P3. 3. Total dissolved nitrogen (TDN) effluent concentrations or all the configurations at
each temperature and Lfmax, at Gin= 5 m3/d.

3.3. Substrate and Oxygen Gradients

For highlighting the differences between the multi-compartment model and the traditional
modelling approach, the scenario at 30 °C with Lfmax = 0.5 mm, was also selected in this sec-
tion.Figure P3.4 presents the longitudinal gradients for Jo2 and the concentrations of all nitro-
gen species (NH4™-N, NO2-N, NO3™-N) for the selected example scenario with the optimal
airflow Gin=5 m%/d. Figure P3.4A shows the longitudinal oxygen gradients for all the config-
urations and both values of n.

Despite the evident differences in the substrate gradients (Figure P3.4C to H), configurations
2 and 3 did have nearly identical longitudinal oxygen gradients. Figure P3.4-A shows the sim-
ilarities for n=3 and Figure P3.4Bf or n=5, respectively.
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In contrast, the use of more compartments resulted in steeper longitudinal oxygen gradients.
The differences between the number of compartments can be seen in Figures P3.4-A and P3.4-
B. Jo2 was higher in the first compartment and lower in the last compartments for n=5 (Figure
P3.4-B) than in the case with n=3 (Figure P3.4-A). The steepness of the longitudinal oxygen
gradient is important for a better representation of potential reactor configurations as demon-
strated by the experiments conducted by Shanahan and Semmens (2006). The authors showed
that steeper or flatter Jo. gradients could occur experimentally depending on the flow velocity
of the bulk phase and the development stage of the biofilm. Other experiments have also shown
that longitudinal profiles of Joz take place when dead end configurations are used on the mem-
brane side (Pankhania et al. 1999).

Figure P3.4B, Figure P3.4C and Figure P3.4D go into detail and illustrate the longitudinal
NH4*-N, NO2-N and NOs™-N concentration gradients and the influence of the number of com-
partments n. For configuration 2 (only longitudinal oxygen gradient), n had no significant in-
fluence on the NH4"-N concentration, it remained the same for both values of n. However, a
steeper oxygen gradient resulted in lower NO2-N concentrations and conversely higher NOs™-
N concentrations. The higher Jo2 in the first compartment for the scenarios with n=5 led to the
emergence of NOB (as confirmed afterwards in Figure P3.6). Hence, more NO2-N was con-
verted into NOz™-N than into dinitrogen gas.

Configuration 3 (including both, substrate and oxygen gradients) exhibited a continuous de-
cline of NH4*-N and NO2-N along the length. For the simulations with n=5 the values of those
species in the effluent were lower than in simulations with n=3. The steeper oxygen gradient
combined with the right availability of substrates were responsible for the improved perfor-
mance. Almost fully anoxic zones appeared at the end of the reactor, fostering the growth of
ANnAOB, as shown in Figure P3.6. In configuration 3, NO3z™-N increased accordingly with the
length and was slightly higher for n=5 than for n=3, due to its production by AnAOB.

In configuration 5 (only substrate gradient), n did not have an important influence on the ni-
trogen species. For both values of n, NH4*-N oxidized continuously along the length, no sig-
nificant NO2-N accumulation was observed and NOs™-N increased along the reactor as a result
of the anammox reaction. This confirms once again the weak effect of the substrate gradient
on the TDN.

The number of compartments (n) was expected to be an indicator of the steepness of the gra-
dients. In the case of the oxygen gradient, more compartments resulted in a steeper gradient.
On the contrary, the use of more compartments did not clearly change the steepness for the
substrate gradients. Configurations with a substrate gradient (3 and 5) presented differences in
the magnitude of the concentrations of nitrogen species for n=3 and n=5. However, these dif-
ferences were rather a consequence of the difference in Jo. than an effect of the number of
compartments.

The results of the present study indicate that the oxygen gradient may subordinate the substrate
gradient. Similarly, other models have predicted a strong dependence of the nitrogen species
fluxes with the oxygen concentration/flux (Downing and Nerenberg 2008). Other studies fo-
cusing on COD removal showed, how the presence of longitudinal oxygen gradients (dead-
end MABR) negatively affect the COD flux, the biofilm formation and thus the reactor perfor-
mance (Perez-Calleja et al. 2017). Although our findings cannot be directly compared with
those results, a tendency is recognized: Oxygen concentration/flux give shape to the microbial
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community and therefore the substrate tends to follow the oxygen concentrations, depending
on the specific conditions of the systems.
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Figure P3. 4. Longitudinal profiles for the example scenario (T=30°C and Lfmax= 0.5mm, Gin= 5
m3/d) for the configurations 2, 3 and 5. A and B oxygen flux profiles; C and D NH4*-N profiles; E
and F NO2-N profiles; H and I NOs-N profiles (in all the cases for n= 3 and n=5 respectively).
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3.4. Biomass Stratification

Figure P3.5 revealed that, when considering the reactor as one unit, the overall biomass distri-
bution was comparable for all the configurations. The multi-compartment model predicted
larger amounts of AnNAOB biomass and less inert matter in comparison to the traditional model.
The number of compartments (n) did not show a relevant influence on the overall biomass

composmon.
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Figure P3. 5.Comparison of the global simulations results delivered by the traditional model and
our multi-compartment model. Distribution of the biomass for the example scenario (T=30°C
and Lfmax = 0.5mm), for the configurations 1, 2, 3 and 5, for both number of compartments
(n=3 and n=5) using the optimal airflow Gin=5 m3/d.

The majority of related work has focused on the stratification of biomass over the biofilm depth
(Boltz et al. 2017, Liu et al. 2016a, Terada et al. 2007). Longitudinal stratification has only
been identified and observed in rather few studies (Gilmore et al. 2013, Pankhania et al. 1999,
Rdske et al. 1998, Shanahan and Semmens 2006). The traditional modelling approach neglects
such stratifications, whereas the proposed multi-compartment model allows its prediction. Fig-
ure P3.6 shows the predicted biomass stratification along the length of the reactor for the ex-
ample scenario. Configurations with longitudinal oxygen gradients (2 and 3) had a similar lon-
gitudinal distribution of biomass despite the differences in the substrate gradient as shown in
Figure P3.6A to P3.6-D. For configuration 5 (Figure P3.6E and P3.6F), the biofilm composi-
tion was nearly the same in all the compartments. Additionally, its composition was similar to
the one of configuration 1 (Figure P3.5). This suggests that the longitudinal oxygen gradient
is the main driving force for biofilm composition. In configurations 2 and 3 (Figure P3.6A to
P3.6D), the longitudinal oxygen gradients created a clear longitudinal stratification of the bio-
mass. AOB appeared only in the first compartment, whereas AnAOB appeared almost exclu-
sively in the last compartments. The first compartment had a high Joo, in turn, the Jo2 in the
last compartments was close to zero and therefore such stratifications occurred. Despite the
fact that configurations 2 and 3 presented the same Jo2 in the first compartment (Figure P3.4A

113



and P3.4B), the biomass composition of the first compartment was different for both configu-
rations as shown in Figure P3.6. Particularly for n=3, configuration 2 (Figure P3.6A) did not
hold AnAOB, while they did appear in configuration 3 (Figure P3.6C). Likewise, for n=5,
configuration 2 had NOB (Figure P3.6B), whereas in configuration 3 NOB did not appear
(Figure P3.6D).
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Figure P3. 6. Stratification of the biomass along the reactor’s length for the example scenario
(T=30°C and Lfmax=0.5mm) using the optimal airflow Gin= 5 m3/d. A: Configuration 2 with
n=3. B: Configuration 2 with n=5. C: Configuration 3 with n=3. D: Configuration 3 with n=5. E:
Configuration 5 with n=3. F: Configuration 5 with n=5Comparison of the global simulations
results delivered by the traditional model and our multi-compartment model. Distribution of the
biomass for the example scenario (T=30°C and Lfmax = 0.5mm), for the configurations 1, 2,3
and 5, for both number of compartments (n=3 and n=5) using the optimal airflow Gin=5 m3/d.

Figure P3.7 provides a closer examination of the oxygen gradients of the first compartment in
the axial direction which exhibited significant differences. The oxygen penetration depth var-
ied depending on the configuration (Figure P3.7). In configuration 2, oxygen penetrated the
biofilm deeper than in configuration 3. As a result, the oxygen concentration in configuration
2 never reached a value lower than 0.01 mg-O2/I, but for configuration 3 it tended to zero from
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0.06 mm onwards. The model included an oxygen-inhibition term for AnAOB according to
the experimental evidence reported in Strous et al. (1997). The model used an inhibition con-
stant of 0.01 mg/l. Therefore, no AnAOB occurred in the first compartment of configuration
2, in contrast to configuration 3, where AnAOB already appeared in the first compartment.

The axial oxygen gradient also explains the observed differences regarding NOB. Oxygen con-
centrations at the biofilm base were higher in configuration 2 than in configuration 3 (2.8 vs
1.7 mg-O2/l). This study used an oxygen affinity constant for NOB equal to 2.2 mg-O2/I, which
caused the appearance of NOB in configuration 2 but not in configuration 3. Neither configu-
ration 1 nor configuration 5 exhibited NOB within the biofilm and had similarly low values of
oxygen at the biofilm base (0.44 and 0.35 mg-Oa/I, respectively). These results agree with
experimental studies that demonstrated the dependency of NOB abundance on oxygen concen-
tration at the biofilm base: values larger than 2 mg-O-/I proved to benefit NOB (Downing and
Nerenberg 2008, Pellicer-Nacher et al. 2014).
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Figure P3. 7. Comparison of the local simulations results delivered by the traditional model and
our multi-compartment model. Axial oxygen gradient in the first compartment, for the example
scenario (T=30°C and Lfmax=0.5mm), for the configurations 1,2,3 and 5, for both number of
compartments (n=3 and n=>5) using the optimal airflow Gin= 5 m3/d

According to the results of this study, the longitudinal oxygen gradient is the main driving
force for both, the longitudinal and axial distribution of the biomass. Nevertheless, the sub-
strate gradients slightly affected the axial gradients of oxygen and thus had an indirect influ-
ence on the biomass distribution. The inclusion of longitudinal gradients in the model may thus
be a better representation of the system and can help finding better strategies for targeted sup-
pression or fostering of bacterial groups within the microbial community.
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4. Conclusion

The results delivered by the traditional MABR model for complete autotrophic nitrogen re-
moval differ greatly from the results obtained with the multi-compartment model. The tradi-
tional model predicted lower effluent TDN concentrations than the new model.

The simulations indicated that longitudinal gradients of both, oxygen and substrate, signifi-
cantly affected the global modelling results. Both gradients simultaneously influenced nitrogen
removal, whereas the oxygen gradient considerably affected the composition and distribution
of the microbial community.

Our multi-compartment model predicted oxygen gradients along the biofilm depth that differed
greatly from the ones obtained when using the traditional modelling approach. In this work,
we showed that the biomass stratification also differed between these two modeling ap-
proaches.

The implementation of more compartments in a multi-compartment model resulted in a steeper
oxygen gradient. Both TDN concentrations and the microbial community distribution changed
depending on the selected number of compartments.

5. Sumplementary Material

Table P3. 2. Stoichiometric matrix for the model, dissolved components

Co ent Ss SNH4 So2 SNoz Snos SN2
Process
. 3.43 Y,
AOB Growth - -inxs-1/Y aoB —Z  AOB Y 1/Yaos
YaoB
1.14 - Y,
NOB Growth - -inxs = NOB _1/¥nos 1/Ynos
Ynos
. 1 1
AnAOB Growth - -inxe-1/Y an- - | 1/1.14 2/Y anaoB
AOB
1-Y,
Aerobic Growth HB - -inxs ——_HB
Yug
1/YuB
1-Y, 1-Y,
HB Growth of on NO2 - -inxs - L B
1.71Yy4p 1.71Yyp
1/YHB

1_YHB 1_YHB

Growth of AOB NOz - -inxs -
2.86Yys | 2.86Yyg

1/YHB

Hydrolysis organic matter 1

Hydrolysis nitrogen com- - 1

pounds

Decay AOB

Decay NOB
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Decay AnAOB

Decay HB

Table P3. 3. Stoichiometric matrix for the model, particulate components

Co nent

Process

Xs

XN

Xi

XaoB

XnoB

XanaoB

XHB

AOB Growth

NOB Growth

AnAOB Growth

Aerobic Growth HB

HB Growth of on NO2-

Growth of AOB NO3-

Hydrolysis organic mat-

ter

Hydrolysis nitrogen

compounds

Decay AOB

iINXB-iNXI- fi

fi

Decay NOB

iNXB-iNXI- fi

fi

Decay AnAOB

iINXB-iNXI- fi

fi

Decay HB

iINXB-iNXI- fi

fi
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Table P3. 4. Tranformation processes for the model

Ra

Process

Growth of AOB

SNH‘I— SOZ

HaosXa0B
KnHa,a08 + Snua Koz,a08 + So2

Growth of NOB

SN02 SOZ

UnosXNOB
KnoznoB + Snoz Koz nos + So2

Growth of AnAOB

SNH4 SNOZ

KOZ,AnAOB

HanaoXanAoB

KNHa,ana08 + Snua Knoz,ana0s + Snoz Koz,anaos + So2

Aerobic Growth of HB

Ss So2
Ksug + Ss Kozup + So2

M XHB

Growth of HB on NO2-

Ss Snoz
Ksup + Ss Knoz,up + Snoz

M XHBNanox

Growth of HB NO3-

SS 5N03

My Xugn
% Ksup + Ss Knosup + Snos

Hydrolysis organic mat- ky ﬁ
Ky

ter

. Xy
Hydrolysis nitrogen com- ky .
pounds X
Decay AOB baosXaoB
Decay NOB bnosXnoB
Decay AnAOB banaosXanAoB
Decay HB bupXus
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Table P3. 5. Kinetic, stoichiometric and mass transfer parameters for the processes implemented
in the model. All values at a reference temperature of 30°C.

growth

Symbol | Unit Description Value Reference
Ammonia Oxidizing Bacteria (AOB)

Maos d+? Maximum specific growth rate | 2.05 (Wiesmann 1994)
K g-N/m3 Affinity constant NH,4* for 24 (Wiesmann 1994)
NH4,A0B AOB

K 02408 | g-COD/m? Affinity constant O, for AOB | 0.6 (Wiesmann 1994)
b aos d+? Decay rate for AOB 0.13 (Wiesmann 1994)
Nitrite Oxidizing Bacteria (NOB)

M noB d? Maximum specific growth rate | 1.45 (Wiesmann 1994)
K g-N/md Affinity constant NO, for 55 (Koch et al. 2000)
NO2,NOB NOB

K o2nos | g-COD/mM3 Affinity constant O, for NOB | 2.2 (Wiesmann 1994)
b nos d+? Decay rate for NOB 0.06 (Wiesmann 1994)
Anammox Bacteria (AnAOB)

Uanaos | d? Maximum specific growth rate | 0.08 (Koch et al. 2000)
K g-N/m3 Affinity constant NH4* for 0.07 (Strous et al. 1998)
NH4,AnAOB AnAOB

K g-N/m?3 Affinity constant NO, for 0.04 (Hao, 2002)
NO2,AnAOB AnAOB

K g-CoD/m?3 Inhibition constant O, for 0.01 (Strous et al. 1998)
02,AnAOB AnAOB

b ansos | d? Decay rate for AnNAOB 0.003 (Hao et al. 2002b)
Heterotrophic Bacteria (HB)

U HB d+? Maximum specific growth rate | 6 (Henze et al. 2000)
K 028 g-CoD/m?3 Affinity constant O, for HB 0.2 (Henze et al. 2000)
Ksugs g-COD/m? Affinity constant COD for HB | 20 (Henze et al. 2000)
K nozus | g-N/md Affinity constant NO, for HB | 0.3 (Alpkvist et al. 2006)
K nosus | g-N/md3 Affinity constant NOs for HB | 0.3 (Alpkvist et al. 2006)
b s d? Decay rate for HB 0.62 (Henze et al. 2000)
Nanox - Anoxic reduction factor for 0.8 (Henze et al. 2000)
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Hydrolysis

ficient AnAOB (30-20°C)

Kn g-COD/g-CODg -d | Hydrolysis rate 3 (Henze et al. 2000)
Kx g-COD/g-CODg Half saturation constant for 0.3 (Henze et al. 2000)
hydrolysis
Stiochometric parameters
Y roB g-CODsg/g-N Growth yield for AOB 0.15 (Wiesmann 1994)
Ynos g-CODsg/g-N Growth yield for NOB 0.041 (Wiesmann 1994)
Yanaos | g-CODg/g-N Growth yield for AnAOB 0.159 (Strous et al. 1998)
Yhe g-CODg/g-COD Growth yield for HB 0.67 (Henze et al. 2000)
iNxB g-N/g-CODg Nitrogen content in biomass 0.086 (Henze et al. 2000)
inNxI g-N/g-COD Nitrogen content in X; 0.06 (Henze et al. 2000)
fi - Fraction of biomass into par- 0.08 (Henze et al. 2000)
ticulate inert material
Mass transfer Parameters
Dnha m2/d Diffusivity in water of NH,* 1510* (Williamson and McCarty,
1976)
Dno2 m2/d Diffusivity in water of NOy 1.410% (Williamson and McCarty,
1976)
Dnos m2/d Diffusivity in water of NO3z’ 1.410* (Williamson and McCarty,
1976)
Dn2 m2/d Diffusivity in water of N 2.210* (Picioreanu et al. 1997)
Ds m2/d Diffusivity in water of COD 1.010* (Hao, 2004 )
Doz m2/d Diffusivity in water of O, 2.210* (Picioreanu et al. 1997)
Temperature dependency
Oa0B 1/K Temperature dependency coef- | 0.094 (Hao et al. 2002a)
ficient AOB
OnoB 1K Temperature dependency coef- | 0.061 (Hao et al. 2002a)
ficient NOB
OanaoB 1/K Temperature dependency coef- | 0.140 (Lotti, 2015)
ficient AnNAOB @10°C
OanaoB 1/K Temperature dependency coef- | 0.096 (Hao et al. 2002a)
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OHB UK Temperature dependency coef- | 0.07 (Koch et al., 2000)
ficient HB

Ore 1/K Temperature dependency coef- | 0.04 (Koch et al., 2000 )
ficient Hydrolisis
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Figure P3. 8. Dependency between TDN and Jo2/LNH4*-N for all the scenarios with 3
compartments and with airflow ranging from 1 to 50 m3/d. The theoretical pointis 1.75 g-02/g-
N as reported in (Terada et al. 2007)
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Figure P3. 9. Dependency between TDN and Joz/LNH4*-N for all the scenarios with 5
compartments and with airflow ranging from 1 to 50 m3/d. The theoretical pointis 1.75 g-02/g-
N as reported in (Terada et al. 2007)

123



15000
‘?\E 10000 f
a3 AnOB
8 ° AOB
é e HB
7
@© O NOB
g ' '
°
& 5000 f
X S
°
° ° ® o o ® o o
° ® ° o o::
°
°
0 R B B B B BB QB BB B B Q@ B
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04

Biofilm Thickness [m]

Figure P3. 10. Biomass distribution for the configuration 1 with Gin= 5 m3/d and Lfmax= 0,2
mm, for all the studied temperatures.
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From the contents:

This thesis focuses on the modelling of biofilm systems in the wastewater context. It evaluates
the impact of two microscale features: microbial community composition and dimensionality
on global modelling results i.e. final effluent concentrations. This work explores the
implications of implementing these two microscale features trough three biofilm treatment
systems relevant to the current wastewater practice:

1. A biologically active granular activated carbon filter for the removal of organic matter as
advanced wastewater treatment is modelled trough the combination of a multicomponent
adsorption model and a state of the art biofilm model.

2. A moving bed bioreactor for Partial-Nitritation Anammox is used to explore the different
growth strategies that heterotrophic bacteria may undergo within a biofilm matrix.

3. A membrane-aerated bioreactor for Partial-Nitritation Anammox is modelled trough two
approaches: a one-dimensional and a pseudo two-dimensional model.

For the three systems, the consequences of applying a certain level of complexity in the
microscale features are discussed from the practical point of view.
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