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Abstract

English

The present dissertation relates to the mathematical modelling of innovative biotech-
nologies for wastewater treatment. Novel mathematical models are derived and pre-
sented, with the aim of investigating new treatment processes and examining crucial
aspects of such biological processes never or not exhaustively explored by mathemati-
cal models present in literature.

In the first study, the mathematical model simulates the metals leaching from elec-
tronic waste induced by dark fermentation effluents. It consists of a system of non-linear
ordinary differential equations (ODEs), accounting for the main biological, chemical,
and physical processes occurring during the fermentation of soluble biodegradable sub-
strates and the dissolution process of metals in an anaerobic environment. The second
part of the thesis deals with biofilm modelling and focuses on the genesis and for-
mation of granular biofilms, with a special interest in anaerobic granules, anammox
granules and oxygenic photogranules. The models presented here are formulated as
spherical free boundary problems under the assumption of radial symmetry, which de-
scribe the evolution of granular biofilms. Such biofilm models are conceived in the
framework of continuum mathematical modelling of biofilm growth, and consists of

systems of partial differential equations (PDEs): non-linear hyperbolic PDEs model
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CHAPTER 0. ABSTRACT

the advective transport and growth of sessile biomasses which constitute the biofilm
solid matrix; quasi-linear parabolic PDEs govern the diffusive transport and conversion
of soluble substrates; and quasi-linear parabolic PDEs describe the invasion phenom-
ena and conversion of planktonic cells suspended in the surrounding environment. The
free boundary evolution is governed by an ODE, which accounts for the growth of ses-
sile biomass as well as exchange fluxes with the bulk liquid. In addition, a system of
ODEs derived from mass balance considerations is accounted to describe the dynamics
of dissolved substrates and suspended biomasses within the bulk liquid. In the second
study, a multiscale model on the genesis and growth of granular biofilms within a com-
pletely mixed continuous reactor is presented. The mathematical model is derived for
a generic granular-based bioreactor and applied to the anaerobic granulation process to
test the model behaviour and study the formation, evolution and ecology of anaerobic
granules. In the third study, the qualitative analysis of the initial formation of a mul-
tispecies granular biofilm, through the modelling of the initial attachment by pioneer
microbial cells, is addressed. A theorem of existence and uniqueness of the solutions,
based on the fixed-point theorem, is presented. In the fourth study, the mathematical
model derived in the second study is applied to the partial nitritation/anammox process
occurring in a granular-based system. It mainly addresses the invasion phenomena in-
fluence on the de novo granulation process of anammox granules and on the microbial
stratification. The multiscale approach of the model allows to simulate both the evo-
lution of anammox granules and dynamics of the bioreactor where granules develop.
Finally, the fifth model is aimed at describing for the first time the metals biosorption
process on oxygenic photogranules, recognized as a promising alternative technology
for the contextual removal of organic and inorganic compounds from wastewater. Such
model describes the genesis and growth processes of oxygenic photogranules within
a sequencing batch reactor (SBR) and metals adsorption on their solid matrix. The
main factors influencing both granulation and adsorption processes, the symbiotic and

competitive microbial mechanisms driving the treatment process, and the key role that
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CHAPTER 0. ABSTRACT

phototrophs and £ PS play on metals adsorption are included in the model.

All models are integrated numerically through the development of original code in
MatLab platform. The main numerical methods used are the method of characteristics
and method of lines. Furthermore, numerical simulations are carried out to analyze
aspects and factors influencing the biological processes investigated in the present dis-

sertation.

Italian

I1 presente lavoro di tesi riguarda la modellizzazione matematica di biotecnologie inno-

vativi per il trattamento delle acque reflue. Cinque nuovi modelli matematici sono stati
derivati e presentati, con I’obiettivo di indagare nuovi processi di trattamento ed esam-
inare aspetti cruciali di tali processi biologici mai o non esplorati in modo esaustivo dai
modelli matematici presenti in letteratura.

Nel primo studio, il modello matematico simula la lisciviazione dei metalli con-
tenuti all’interno di rifiuti elettronici indotta da effluenti provenienti dalla dark fermen-
tation e consiste in un sistema di equazioni differenziali ordinarie (ODE) non lineari,
che tengono conto dei principali processi biologici, chimici e fisici che avvengono du-
rante la fermentazione di substrati biodegradabili solubili e il processo di dissoluzione
dei metalli in ambiente anaerobico. La seconda parte della tesi si occupa della model-
lazione matematica di biofilm e si focalizza sulla genesi e sulla formazione di biofilm
granulari, con particolare interesse verso i granuli anaerobici, 1 granuli anammox e i
fotogranuli ossigenici. I modelli qui presentati sono formulati come problemi a fron-
tiera libera sferica sotto I’ipotesi di simmetria radiale, che descrivono I’evoluzione di
biofilm granulari. Tali modelli di biofilm sono concepiti nell’ambito della modellazione
matematica della crescita di biofilm con approccio continuo e sono costituiti da sis-
temi di equazioni differenziali alle derivate parziali (PDE): PDE iperboliche non lineari

modellano il trasporto advettivo e la crescita di biomasse sessili che costituiscono la
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matrice solida del biofilm; PDE paraboliche quasi-lineari governano il trasporto diffu-
sivo e la conversione dei substrati solubili; e PDE paraboliche quasi-lineari descrivono i
fenomeni di invasione e la conversione delle cellule planctoniche sospese nell’ambiente
circostante. L’evoluzione della frontiera libera ¢ governata da un’ODE che tiene conto
della crescita della biomassa sessile e dei flussi di scambio con il bulk liquido. Inoltre,
si considera un sistema di ODE derivate da considerazioni di bilancio di massa per de-
scrivere la dinamica dei substrati disciolti e delle biomasse sospese nel bulk liquido.
Nel secondo studio viene presentato un modello multiscala sulla genesi e crescita di
biofilm granulari all’interno di un reattore continuo completamente miscelato. 11 mod-
ello matematico viene derivato per un bioreattore generico a base granulare e applicato
al processo di granulazione anaerobica per testare il comportamento del modello e stu-
diare la formazione, I’evoluzione e 1’ecologia dei granuli anaerobici. Nel terzo studio
viene affrontata 1’analisi qualitativa della formazione iniziale di un biofilm granulare
multispecie, attraverso la modellizzazione dell’attachment iniziale da parte di cellule
microbiche pioniere. Viene presentato un teorema di esistenza e unicita della soluzione,
basato sul teorema del punto fisso. Nel quarto studio il modello matematico derivato
nel secondo studio ¢ applicato al processo di nitrificazione parziale/anammox che si
verifica in un sistema granulare e affronta I’influenza dei fenomeni di invasione sul pro-
cesso di granulazione de novo dei granuli anammox e sulla stratificazione microbica.
L’approccio multiscala del modello consente di simulare sia 1’evoluzione dei biofilm
granulari che le dinamiche del bioreattore in cui i granuli si sviluppano. Infine, il quinto
modello ha lo scopo di descrivere per la prima volta il processo di adsorbimento di met-
alli su fotogranuli ossigenici, riconosciuto come una promettente tecnologia alternativa
per la contestuale rimozione di composti organici e inorganici dalle acque reflue. Tale
modello descrive i processi di genesi e di crescita dei fotogranuli ossigenici all’interno
di un sistema SBR e I’adsorbimento dei metalli sulla loro matrice solida. I principali
fattori che influenzano i processi di granulazione e di adsorbimento, i meccanismi mi-

crobici simbiotici e competitivi che guidano il processo di trattamento e il ruolo chiave
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che i fototrofi e I’ £ P.S svolgono nel processo di adsorbimento dei metalli sono inclusi
nel modello.

Tutti 1 modelli sono integrati numericamente attraverso lo sviluppo di codici orig-
inali in piattaforma MatLab. I principali metodi numerici utilizzati sono il metodo
delle caratteristiche e il metodo delle linee. Inoltre, vengono effettuate simulazioni nu-
meriche per analizzare aspetti e fattori che influenzano 1 processi biologici indagati nel

presente lavoro di tesi.
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Chapter 1

Introduction

1.1 Research context

Microbial biofilms are complex and well-organized communities of microorganisms
widespread in nature. Their formation represents a strategy implemented by microor-
ganisms to survive in hostile environments [2/]. Within a biofilm, a variety of microbial
groups can contribute to the conversion of different organic and inorganic substrates.
For these reasons, the application of biofilms as an alternative technology for the treat-
ment of wastewater under various operational conditions has stimulated great scientific
interest. In this context, understanding the fundamental mechanisms regulating biofilm
growth and performance is crucial to effectively utilize and control biofilms in industrial
and medical settings.

Due to the complexity of the processes and phenomena involved, modelling biofilm
formation represents a scientific challenge and requires the cooperation of several re-
search fields: biology and microbiology, chemistry, ecology and engineering. Indeed,
biofilms occur in many different branches of science and technology, from wastewa-

ter treatment to medicine. The wide applicability of biofilm models in the treatment
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field of industrial and municipal wastewater has driven the development of numerous
biofilm models able to capture all the main physical, chemical, and biological factors
occurring in a biofilm-based system. Because of the flexibility offered by modelling,
biofilm models allow gaining a better understanding of biofilm formation, structure and
population dynamics, and are becoming increasingly useful and reliable tools in biofilm
research [3]].

The description of biofilms and continuum modelling of biofilms are briefly pre-

sented in the following sections.

1.1.1 Multispecies biofilms

Multispecies biofilms are sessile microbial consortia growing as a three-dimensional
structure and are commonly defined as aggregates of microorganisms in which cells are
frequently embedded in a self-produced matrix of extracellular polymeric substances
(EPS) [4]. The matrix consists of a conglomeration of different types of biopolymers,
which are responsible for self-aggregation or adhesion to surfaces, and for cohesion
within the biofilm [5]. The biofilm lifestyle is clearly distinct from that of free-living
bacterial cells, as £ PS matrix protects organisms against desiccation, oxidizing, an-
tibiotic, chlorine, detergents, and metallic compounds [5]. For these reasons, biofilm
constitutes the preferred form of microbial life [2, 4, 3]. Moreover, £ P.S mediates the
formation of the biofilm architecture, through a continuous and dynamic process con-
sisting of several steps: adhesion to support, attachment, cell proliferation, development
of mature biofilm, and detachment. The formation of bacterial biofilms starts when pi-
oneering planktonic cells adhere to a living or inert suitable surface. Once attached to
the surface, microorganisms switch their phenotype from planktonic to sessile, prolif-
erate, secrete /P.S and form microcolonies [6]. The growth of the biofilm depends on
nutrients availability within the voids and channels of the porous matrix, the synthesis

and secretion of extracellular materials, shear stress, and competition between microor-
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ganisms [4]]. At the final stage of its maturation, the biofilm external layers are eroded
releasing biofilm clusters into the surrounding medium [7]. Nevertheless, detachment
can be initiated also internally leading to the dispersion of individual cells [8]. Lastly,
specific planktonic cells have the ability to penetrate the porous matrix of the biofilm
from the surrounding liquid medium, colonizing it and influencing the biofilm evolution
(9]

Biofilms are found in extremely varied environments when there are ideal condi-
tions for their microbial metabolic activity, and can be divided in two main categories:
harmful and beneficial biofilms. Unwanted biofilms are a problem in biological fouling
of heat exchanges and membrane systems, dental hygiene, infectious diseases, infec-
tions related to medical implants, drinking water distribution system, and biologically
induced corrosion [3]]. Nevertheless, in the last decades there is a growing interest in
the utilization of biofilms in environmental engineering and biotechnology fields, rang-
ing from: wastewater treatment plants (fixed bed biofilm reactors, rotating biological
contactors, granular biofilm-based systems), groundwater protection, and soils biore-
mediation [3]. Overall, biofilms play an important role in many natural and engineering
systems, and understanding the mechanisms of biofilm formation, growth, and removal
is a key factor for promoting good biofilms and reducing bad biofilms.

Since the end of the 19" century, biofilms have been widely used for the treat-
ment of wastewater to remove unwanted substances, such as organic matter, nutrients
and inorganic compounds [3]. Although attached and suspended growth systems are
based on the same biological metabolic processes, biofilms are usually preferred over
biomass growing in suspension as they can provide important competitive advantages.
Compared to suspended biomass systems, biofilm-based reactors allow having higher
concentrations of biomass in the reactor and avoiding settling systems. Moreover, bac-
teria in suspension can be washed out from the bioreactor, while the ability of bacteria
to attach to surfaces and to form biofilms allows to protect them from washout and

grow in locations where the nutrients necessary for their metabolic activities remains
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abundant.

1.1.2 Granular biofilms and applications

Although natural biofilms typically grow as planar layers attached to solid supports,
under specific environmental conditions the biofilms formation occurs without the in-
volvement of a surface. Thanks to their self-immobilization capabilities, some plank-
tonic species can attach with each other leading to the formation of approximately
spherical-shaped granular biofilms [10]. In this case, the formation process is known as
granulation process. In the recent years, granular bioreactors have become increasingly
popular in the field of sustainable and high-rate wastewater treatment, as they offer nu-
merous advantages. Granular-based systems are biofilm systems where biomass grows
arranged in dense and compact aggregates [[11]. Compared to suspended biomass, gran-
ular biofilms have a denser, stronger and more regular structure, which allows improv-
ing settling properties of the biomasses and liquid-solid separation [[12} [13], allowing
higher biomass concentrations in the system and reducing bioreactor footprints [14]].
Additionally, granular biofilm systems based on constant moving of spherical micro-
bial aggregates allow mitigating boundary layer resistances and enhancing the mass
transfer of substrates across the biofilm granule [[14].

In the last decades, great attention has been paid to specific processes of engineering
and biological interest, such as: anammox and algal-bacterial granulation process. The
combination of partial nitritation and anammox processes (PN/A) has been increas-
ingly studied for the treatment of industrial wastewater rich in nitrogen compounds.
Early anammox applications have been carried out in two separate reactors arranged
in series, since these two processes require aerobic and anoxic conditions, respectively
[L1]. However, innovative anammox granular-based systems allow the application of a
single granular-based reactor where nitritation and anammox processes are contextually

carried out [11]. Such granular systems have revolutionized the treatment process of ni-
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trogenous wastewater, as thanks to the invasion process anammox bacteria can penetrate
within the granules core where anoxic conditions are guaranteed. Indeed, supplying a
constant and low oxygen level in the reactor, the formation of two distinct zones in-
side the granules is induced: an external zone where there is the oxygen necessary for
the partial nitritation, and an internal zone where oxygen is not present and anammox
processes occur. Compared to the traditional nitritation/denitrification process, PN/A
granular process results in lower aeration costs, C'O, emissions, and no external carbon
supplementation [11].

Furthermore, the latest advancement in the field of granular biofilms-based tech-
nologies has brought attention to another granules type, that are the oxygenic pho-
togranules (OPGs), which form in presence of an illumination source. These oxygenic
photogranules are different from conventional aerobic granules due to the presence of
phototrophic communities, including microalgae and cyanobacteria, along with het-
erotrophic and nitrifying bacteria [15]. Hence, OPGs can remove organic matter and
nutrients by using oxygen produced through photosynthesis rather than relying on ex-
ternal oxygen supplementation with energy intensive aeration mechanisms [15, [16].
Therefore, OPGs systems are expected to have great potentials for reducing energy con-
sumption and operation costs. In addition, algal-bacterial photogranules can be used
as biosorbents to remove hazardous toxic metals present in industrial and municipal
wastewater [17, [18]]. Indeed, OPGs have remarkably high metal adsorption capacity
and granular stability during the biosorption process [[19], and in metal-stressed con-
ditions microorganisms are induced to produce large amount of £'PS, increasing the
adsorption potential of the biofilm granules [20,21]]. Compared to the other biosorbents
and, more in general, to conventional physical/chemical processes for metal removal,
systems based on algal-bacterial photogranules are regarded as an efficient and environ-

mentally sustainable technology for the removal of organic and inorganic compounds.
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1.1.3 Biofilm modelling

Biofilm modelling is considered an active research field, marked by a scientific de-
velopment which is continuously evolving and relies on interdisciplinary cooperation.
Biofilm models have been recognized as sufficiently accurate tools to predict and eval-
uate biofilm reactor performances. Specifically, they are able to provide the following
outputs: biofilm thickness evolution over time, biofilm composition in terms of rela-
tive abundances due to microbial competition; microbial distribution along the biofilm;
concentration of the particulate components in the bulk liquid; spatial profiles of dis-
solved compounds in the biofilm; soluble substrates dynamics within the bulk liquid
and effluent composition. The most used mathematical model on biofilms has been
introduced by Wanner and Gujer (1986) [22]. Such model considers a continuum ap-
proach and is formulated as a free boundary problem applied to a 1D domain. Model
equations are derived from mass conservation principles, considering biofilm growth
and transport as an advective mechanism and substrate transport as a diffusive mech-
anism. The advective transport and growth of sessile biomass are modelled through
non-linear hyperbolic partial differential equations (PDEs), while the diffusive trans-
port and conversion of soluble compounds are described through quasi-linear parabolic
PDEs. In addition, the free boundary expansion is governed by microbial growth and
decay processes and detachment phenomena. The biochemical processes regulating the
metabolic activities of the microbial species are modelled through non-linear growth
kinetics. This basic version of the model has been extended in order to include or detail
additional phenomena such as microbial invasion [23], attachment [24] and dispersal
[8] phenomena.

Over the years, the one-dimensional biofilm model introduced by Wanner and Gu-
jer has been used to describe the ecology and evolution of granular biofilms. Sev-
eral modelling works have been proposed to mainly describe aerobic [25]], anaerobic

[26L 27, 28] and anammox [29, 130} [31] processes occurring in granular-based systems.
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Nevertheless, no work present in the literature reports a complete overview of the gran-
ular biofilm model, describing assumptions, equations, initial and boundary conditions.
The initial granulation process has never been addressed by modelling works. Indeed,
all the granular biofilm models consider granules already formed and arbitrarily fix the
initial microbial composition of the biofilms. Moreover, such models focus on impor-
tant aspects of the treatment process but only from an engineering point of view, and
the numerical studies proposed in literature do not investigate aspects and factors affect-
ing the biofilms genesis and the start-up process of granular systems from a biological
point of view. Finally, algal-bacterial granular biofilms for the contextual removal of
organic and inorganic compounds have attracted a growing interest in engineering and
biological fields for their numerous competitive advantages. However, none of the ex-
isting models have addressed the dynamics of algal-bacterial biofilms for the treatment
of industrial wastewater rich in toxic inorganic compounds, as their utilization is very

recent.

1.2 Scope of the thesis

The main objective of the thesis is to qualitatively and numerically investigate models
describing multispecies granular biofilms devoted to organic and inorganic compounds
removal. In particular, the main goals of this study include: qualitative analysis of the
spherical free boundary value problem governing the initial phase of a granular biofilm
growth; development of numerical simulations to describe the genesis and growth of
granular biofilms, by modelling all the main physical, biological and chemical pro-
cesses occurring in granular biofilms systems; investigation of inorganic compounds
effect on the microbial metabolism with a particular interest in toxic metals; modelling
of innovative biofilm based systems devoted to removal of organic matter, nitrogen
compounds and toxic metals from industrial wastewater combining the degradation and

absorption capabilities of biofilms. For these purposes, a mathematical model is pro-
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posed in Chapter 2 as first attempt to study metals removal and their toxic effect on a
biological process in a suspended biomass system. In Chapter 3, a multiscale model on
the genesis and growth of granular biofilms within a completely mixed continuous re-
actor is derived. In Chapter 4, a mathematical model describing the attachment process
during the initial phase of the growth of a granular biofilm is presented and qualitatively
analyzed. Chapter 5 deals with the granular biofilms modelling to predict the wastew-
ater treatment process occurring in an anammox-based granular reactor. Starting from
this, in Chapter 6 a mathematical model able to simulate the treatment process of indus-
trial wastewater rich in organic substances, nitrogen compounds and metals, obtained
from the integration of the degradation process with the metals biosorption on granular
biofilms matrix, is proposed.

In Chapter 2, a mathematical model able to describe the evolution of an integrated
dark fermentation-leaching process is presented. The model is based on mass balances
and consists of a system of non-linear ordinary differential equations (ODEs) where the
state variables only depend on time. The model is able to account for biological, chem-
ical, and physical processes taking place during the dark fermentation, and the metals
physico-chemical dynamics related to leaching mechanisms. Chapter 3 presents a mul-
tiscale mathematical model on the formation and growth of de novo granular biofilms,
by modelling the initial attachment process by planktonic microbial cells present in the
surrounding liquid medium. Biofilm granules are modelled as spherical free boundary
domains under the assumption of radial symmetry. Moreover, the dynamics of soluble
substrates and planktonic biomasses within the bulk liquid are accounted. A complete
overview of the model is performed, by deriving equations and by describing all as-
sumptions, variables, initial and boundary conditions involved. Furthermore, this model
is used to simulate the de novo granulation and evolution of anaerobic granules. In
Chapter 4, a mathematical model based on a continuum approach, and able to describe
the initial phase of granular biofilm growth, is presented. A theorem of existence and

uniqueness of the solutions, based on the fixed-point theorem, is proved for this model.
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In Chapter 5, the multiscale model derived in Chapter 3 is applied to investigate the gen-
esis and growth of de novo anammox granules within a completely mixed continuous
reactor, focusing on both the biofilm mesoscale and the granular bioreactor macroscale.
In Chapter 6, the mathematical formulation introduced in Chapter 3 is adapted to model
the formation and ecology of oxygenic phototrophic granules and to investigate the
removal process of organic and inorganic compounds. This multiscale model allows
to accurately describe the growth of algal-bacterial granules within a granular-based
sequencing batch reactor by considering the following items: attachment phenomena
which lead to the genesis of the granules; metabolic activities of phototrophic microal-
gae and their microbial interactions with heterotrophic and nitrifying bacteria; detach-
ment process which leads to the release of biofilm clusters in the surrounding medium;
metals adsorption on granules matrix and key factors driving the adsorption process; re-
actor dynamics including mass exchange processes with the granules, soluble substrates
consumption/production, planktonic and detached biomasses metabolic activities, and
metals removal.

All biofilm models have been integrated numerically by developing original codes
in MatLab platform. The ODEs system constituting the suspended biomass model has
been integrated by using the MatLab routine odel35s, based on a Runge—Kutta method.
This mathematical model has been calibrated based on experimental data achieved with
ad-hoc lab-scale tests. More sophisticated numerical methods have been used for the
numerical integration of the granular biofilm model equations, due to their greater com-
plexity. Hyperbolic PDEs have been integrated by using the method of characteris-
tics, applied for the first time in the planar biofilm context by D’Acunto and Frunzo
(2011) [32]], while the method of lines has been adopted to integrate the diffusion-
reaction PDEs. In Chapters 2, 3, 5 and 6, original numerical studies of scientific interest
have been performed, and specific aspects and phenomena partially or never addressed
by models available in the literature have been investigated. Numerical simulations

demonstrate the applicability of these models to investigate significant engineering, bi-
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ological and ecological aspects of the processes studied: toxic metal effects on the
biological process taken into account, metals removal efficiency, ecology of anaerobic
granules, anammox granules and oxygenic photogranules, interactions between the mi-
crobial species involved in the biological process studied, treatment performances of
granular-based systems. The model outputs include: evolution of granules over time,
relative abundances of microbial species and their distribution within granular biofilms,
spatial profiles of substrates and planktonic biomasses within the granular biofilms, con-
centration trends of soluble substrates, metals, and planktonic and detached biomasses
within the reactor.

In Chapter 7, conclusions and recommendation for future research are presented.

10



Chapter 2

Modelling metal recovery from
E-waste using a

Dark-Fermentation-Leaching process

2.1 Introduction

Over the last decades, the growing production and usage of electronic and electrical
equipment both for commercial and domestic purposes resulted in a fast replacement of
any type of electronic device [33) 134} 35]]. Consequently, a huge amount of waste was
generated at an alarming rate, when obsolete technologies are disposed and substituted
[33) 134]]. This class of waste is known as electric waste (E-waste). In recent years,
different management strategies for E-waste are increasingly attracting the interest of
the scientific community. This is due to the wide variety of materials contained in E-

waste, which are potentially dangerous for the human health and environment. Indeed,

This Chapter has been accepted on Scientific Reports as: Russo, F., Luongo, V., Mattei, M.R.,
Frunzo, L. Mathematical Modeling of metal recovery from E-waste using a Dark-Fermentation-Leaching
process.
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E-waste is characterized by the presence of huge amounts of toxic metals, such as cop-
per (Cu), cobalt (Co), nickel (Ni), and lithium (Li) [36, 37]. At the same time, they can
contain valuable metals, such as gold (Au), and silver (Ag) [33]. Then, the definition
of an adequate management strategy which allows to avoid pollutants release into the
environment, and to recover and reuse valuable metals from E-waste is a crucial topic in
both academic and industrial research. Nowadays, the most used methods for E-waste
treatment and metals recovery are pyrometallurgical or hydrometallurgical processes.
In pyrometallurgical processes, waste is usually burnt off, causing high energy con-
sumption and emission of hazardous gases [38]. On the other hand, hydrometallurgical
processes just use aqueous solutions during the E-waste treatment. For this reason,
the latter are generally preferred at a large scale [39, 40]. Indeed, hydrometallurgical
processes have some attractive advantages, such as high recovery rates of metals, low
consumption of energy, and minimal gas emission [35, 139, 41]. Among hydrometallur-
gical treatments, the most common strategy is the leaching process, which consists in
the metals dissolution into the liquid phase. In this process both inorganic and organic
acids can be used as leaching agents. Nevertheless, the leaching process catalyzed by
inorganic acids has several environmental disadvantages, such as considerable emis-
sion of toxic gases, and water and soil contamination [35} |38}, 141}, 142]. Indeed, residual
compounds of the leaching process, including the liquid fraction, should be pretreated
before their disposal [35, 142, 143]]. Compared with inorganic acids, organic acids can
be easily degraded and recycled, and their utilization as leaching agents does not cause
secondary pollutants production [44]. For this reason, the liquid fraction is not consid-
ered potentially dangerous for the environment [35, 38, 139, 45] when organic acids are
used for the leaching process.

Recently, the effective application of leaching processes using inorganic [46, 47, 48]]
and organic [41} 44} 49]] has been proven in lab-scale. The latter evidence suggests
that metals dissolution can be achieved using organic acids (OAs) produced by the

dark fermentation (DF) process, resulting from the degradation of biodegradable sub-
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Figure 2.1: Scheme of dark fermentation and leaching processes.

stances with a contextual hydrogen production. Indeed, DF is a biological anaerobic
process, which allows to the conversion of carbohydrates rich substrates into hydrogen
(H>), and other organic compounds, such as volatile fatty acids (VFAs). It represents
a promising technology for waste valorization, as organic waste can be used as feed-
ing substrate with consequent production of a renewable energy source. Usually, DF
complexity depends on the specific microbial species involved in the bioprocess and
on the biodegradability and composition characteristics of the substrate. On the other
hand, it is a common practice referring to simple biodegradable compounds to compare
hydrogen yields and effluent composition with experiments on raw waste biomasses.
During the fermentation process, glucose is mainly converted into butyric and acetic
acids. Such OAs are able to react with metals contained in the solid E-waste, and pro-
duce metallic compounds dissolved in the liquid effluent (Fig. [2.1). The utilization
of a VFAs-rich effluent as a leaching solution represents a suitable strategy to recover
metals from both economical and environmental points of view. The residual VFAs
can be processed with subsequent biological treatments for DF effluents. For instance,
photofermentation (PF) allows to obtain an additional source of biohydrogen due to
VFAs degradation by specific light dependent Purple Bacteria [50, 51} 52], while anaer-
obic digestion (AD) leads to the conversion of organic acids in a methane-rich biogas

[SO]. Therefore, the integration of the leaching with the DF process represents a promis-
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ing strategy for metal recovery as: (i) organic acids produced in the fermentative process
avoid the utilization of chemicals; (i) no external energy supply is required for metals
recovery; (ii1) PF or AD can be adopted for the leachate downstream treatment with the
production of a renewable energy source (hydrogen or methane); (iv) the use of organic
waste to feed the DF stage leads to biomass valorization in the biorefinery context; (v)
any additional gaseous compounds can be trapped avoiding toxic emissions.

The integration of the DF with the leaching process still requires high research ef-
forts, mainly due to the uncertainty and the limited knowledge on inhibition/stimulation
dynamics generated by metals in DF reactors. In this framework, mathematical mod-
elling represents a useful tool for investigating innovative and still poorly known pro-
cesses; it allows for testing a wide range of environmental conditions avoiding ex-
perimental tests, and for designing the correct management of any-scale applications.
Moreover, it can be used to combine the DF and the leaching processes with the aim of
optimizing metal recovery efficiency and hydrogen production, and minimizing energy
consumption. Despite the great interest in this field, there is a lack of mathematical
models taking into account contextually organic substrates degradation and metals dis-
solution during the DF-leaching process. Several models were employed for metals re-
covery by leaching process from waste and mineral materials. Such models are known
as geochemical models, and are usually based on computer software interfaces, such
as PHREEQC [53], 154, 55], Visual Minteq [S6] and ORCHESTRA [57, 58, 59]. These
tools are able to calculate the equilibrium composition of a diluted aqueous system, and
they are generally applied to determine metal concentrations in lab-scale experiments
or natural ecosystems.

In this Chapter, a mathematical model able to describe the evolution of an integrated
DF-leaching is proposed. The model is based on mass balance equations for soluble
substrates, particulate and gaseous components, and metals in solid and liquid form. It
consists of a system of non-linear ordinary differential equations (ODEs) where the state

variables only depend on time. The model is able to account for biological, chemical,
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and physical processes taking place during the DF, and the related physico-chemical
dynamics of metals due to leaching mechanisms in anaerobic reactors. Biomass growth
and decay, substrates degradation, acid-base equilibrium, liquid-gas transfer, metals
dissolution/precipitation, inhibition/limitation due to the process conditions were orig-
inally included in the present work. The mathematical model was calibrated based on
experimental data achieved with ad-hoc lab-scale tests. Cumulative hydrogen produc-
tion, glucose degradation, OAs accumulation, and metals concentration trends were
monitored, and used to calibrate the model. The bioreators were carried out in batch
conditions by using a synthetic solution of glucose, an anaerobic digestate, and spent
button batteries, to provide a feeding organic substrate, a microbial inoculum, and a
suitable metals source, respectively. Numerical simulations demonstrated the applica-
bility of the model for an accurate prediction of the DF-leaching process. The calibrated
model can be applied as an optimizing tool supporting lab-scale or higher scale appli-
cations. Four numerical studies were also presented aimed at optimizing the recovery
of toxic and valuable metals from wastes or minerals, and to demonstrate the applica-
bility of the model in the leaching process management. In particular, the numerical
studies investigate three fundamental aspects: how metals inhibition affects the DF pro-
cess; how F'/M ratio affects the DF process and leaching efficiency; and how metal
concentration affects the efficiency of the leaching process.

The Chapter is organized as follows. In Section [2.2]the integrated DF-leaching pro-
cess is detailed. The mathematical model, including assumptions, equations, variables,
and initial conditions, and experimental tests and model application are described in
Section [2.3] Model calibration and numerical studies are reported in Section [2.4] and
Section respectively. Finally, conclusions and future goals are outlined in Section

2.6].
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2.2 Biochemical framework: dark fermentation and leach-
ing processes

DF is a promising technology for biohydrogen production, due to its high production
rate and hydrolytic effect on organic waste. In DF process, carbohydrates rich sub-
strates are anaerobically converted by hydrogen-producing microorganisms to hydro-
gen and organic acids. DF is a complex biotechnology as many factors, such as biore-
actor configuration, operating conditions, substrate to inoculum ratio and composition,
inoculum pretreatment method, temperature, and pH, are able to influence metabolic
pathways affecting the production rate and the effluent composition [50, [60]. Organic
substrate characteristics, e.g. carbohydrates content, bioavailability, and biodegradation
rate, play an important role in the biohydrogen generation [50]. Glucose and sucrose
are the most common substrates used for lab-scale DF experiments [50, 52,160, 61, 162].
To provide a suitable mixed culture DF inoculum, cow dung, anaerobic sludge, mu-
nicipal solid waste, and compost, are usually adopted as a source of microorganisms
[50L 152, 160]. To enhance biohydrogen production and to inhibit hydrogen consumers
activity (methanogens), an adequate pretreatment strategy, such as thermal/chemical in-
oculum treatment, is required [60, 62, |63]]. Temperature and pH are crucial parameters
for fermentative processes [60]. Increasing temperature usually leads to microorganism
selection and enhancement of hydrogen production rates, while a neutral pH is usually
recommended for DF processes devoted to H; generation. Indeed, an acidic environ-
ment may inhibit the metabolic activity of hydrogen-producers microorganisms both in
mesophilic (35°C) or thermofilic (55°C) conditions [50]. However, the most common
temperature used in DF applications is 35°C, as this condition positively affects the hy-
drogen production and limits the management costs due to energy supplementation to
bioreactors [50].

In DF processes, glucose Cs H120g is mainly converted to acetic acid C H;COOH,

butyric acid C H3C H,C H,COOH, hydrogen H,, and carbon dioxide C'O, [50, 61,
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64] during acidogenesis [1]]. It can be assumed that acidogenesis and H, generation
are contextually performed by sugar fermenters, whose metabolism is described by

biochemical reactions:

CGngOG + 2H20 — QCH?,COOH + 2002 + 4H27 (21)

C6H1206 — CH3CHQCH2COOH + 2002 + 2H2 (22)

In glucose fermentation, enzymatic conversion processes involving composite particu-
late materials, such as disintegration and hydrolysis, can be neglected, as the organic
substrate is already fed in soluble form. In addition, the acetogenesis and methano-
genesis processes, usually occurring during the anaerobic digestion, are inhibited by
inoculum pretreatment [S0, 60, 63]. An additional contribution to methanogenesis in-
hibition is provided by the substrate, or food (F), to inoculum, or microorganisms (M),
ratio. An high F'/M favours organic acids production and accumulation in DF reactors,
with consequent pH level reduction and inhibition of methane generation.

On the other hand, the leaching process is a hydrometallurgical treatment consisting
of dissolution reactions. Solid metals contained in various wastes are converted to the
liquid form due to the interaction with a leaching agent [38]. To this aim, inorganic
acids, such as H,50,, HCI, and HNQO5 [38|, 39, 165], are commonly used, as they
contextually allow for the E-waste treatment and metal recovery. Despite the high effi-
ciency rate of inorganic acids in leaching processes, further treatments are required for
the resulting acidic effluent. Moreover, hazardous gases are typically produced during
the dissolution phase and a notable amount of inorganic acids, with significant mar-
ket value, is required. To overcome these disadvantages, the use of organic acids as
leaching agents for metal recovery was recently introduced. These biodegradable com-
pounds can be obtained by organic waste fermentation, and are characterized by ad-

equate acidity for the metal dissolution. Citric acid, oxalic acid, and acetic acid are
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the most common organic acids tested for the leaching process [35, 43]]. As reported
in Golmohammadzadeh et al. (2018) [35], acetic acid allows for the dissolution of a
generic metal with the leaching reaction:

n[CQHgog](hq) + MM — M[CQHgOQ]

o (2.3)

N(lig)

where n represents the oxidation states of the metal. Once the dissolution is complete,
the metals can be recovered from the leachate by different chemical methods, such
as precipitation, solvent extraction, and electrolytic deposition [38, 41} 66]. However,
precipitation represents the most common method adopted for the final metal recovery

[38, 39].

2.3 Mathematical model

2.3.1 Model definition

In this Chapter, the complete mathematical model describing the integrated DF-leaching
process for metals recovery is presented. The dissolution process is described by chem-
ical reactions involving the organic acids produced in the DF process and the metals
supplemented to the system. The reactor is modelled as a continuous stirred tank re-
actor (CSTR) with a constant total volume V. As shown in Fig. the reactor is
constituted by the liquid and the gaseous phases. The mathematical model is able to
account for all liquid-gas interactions occurring during the anaerobic fermentation, i.e.
acidogenesis, H, production, biomass growth and decay, acid-base reactions, physical
interactions, and leaching reactions. The proposed model is described by a system of
nonlinear differential equations for soluble, particulate and gaseous components. These
components, expressed in terms of concentration, are divided in: n; soluble substrates
S;(t) involved in the biochemical processes; ny — 11 particulate materials X (), repre-

senting the microbial groups operating the biochemical conversion; n; gas components
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Figure 2.2: Conversion scheme of the dark fermentation and the leaching process
(adapted and modified from Batstone et al. (2002) [1]]). Solid arrows: biological re-
actions; dashed arrows: acid-base equilibrium; dash-dot arrows: liquid-gas transfer;
dotted arrows: leaching process. Biochemical and leaching reactions are modelled
as irreversible processes, while physico-chemical reactions (acid-base and liquid-gas
equilibria) are implemented as reversible processes. Glucose: S, ; butyric acid: Sy,;
butyrate: S, ; acetic acid: S,.; acetate: S, ; hydrogen: Sp,; hydrogen gas: Syus m,;
oxygen dioxide: Sco,; bicarbonate: Sp;p.; oxygen dioxide gas: Syqs.c0,; metal in
solid form: M ; metal in liquid form: M;;,.

Sgas,i(t) involved in the liquid-gas equilibrium; ng metals in solid M;(t) and liquid
M;i,.i(t) dominated by the leaching process. Such concentrations vary over time due

to biological and chemical processes and operating parameters of the reactor. The dif-

ferential equations governing soluble, particulate, gaseous components, and metals are

described by Eqgs. (2.4)-(2.8):

dSZ anszn t QOUtSi t mi m2
_ ) _ (*) + Zozi,jpj(t> S, X, M) + Zﬁi,jPA,j(t’ S)+
dt Viig Viig =1 j=1
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ms3
+ > igoani (6,8, M) = pri(t,S, Sgas), i =1,...,m1, £ >0, (2.4)

Jj=1

dXi B Qlem(t) B QOUtXZ'(t)
dt B Wiq Wz’q

mi
-+ ZO{Z,JpJ(t,S,X,M), 1= ny + 1, ..., No, t> O,
j=1

(2.5)

dsgasi anssgasi Wiq )
L ’ itaS7SaS7 :L"'? 7t>07 2.6
dt Vgas " Vgas i o ( ) ) 2 " ( )

dM;  QMM™t)  QUUM(t) .
- A 8oyt S, M), i =1,..,ng, t >0, (2.7
dt Viig Viig " Z s b " &P

j=1

dMj;q _ Qliiinq,i(t) _ Q" Myjq.4(1)
dt ‘/liq Wz’q

m3
+ 3 0iipar(tS,M), i =1, .. n3, t >0,
j=1
(2.8)
where my, ms, and mg denote the number of biochemical, acid-base and physico-
chemical processes accounted in the mathematical model; p;(¢,S, X, M) represents
the kinetic rate equation for the ;% biochemical process, respectively; pa ;(t,S) rep-
resents the kinetic rate equation for the ;5 acid-base reaction; py ; (¢, S, M) represents
the reaction rate equation for the ;% physico-chemical process; pr;(t, S, Sgas) TEpPTE-
sents the rate equation for the liquid-gas transfer process of the i*" component; «; ; is
the rate coefficient of the " component referred to the ;™ biochemical process; 3; ;
is the rate coefficient of the i"" component referred to the ;™ acid-base process; v; j,

6;; and §; ; are the rate coefficients of the i component referred to the j* physico-

chemical process; S = (S1, ..., 50, ), X = (Xny41, s Xny)> Seas = (Sgas,1s s Sgasni )s
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M = (M, ..., M,,), and Myq = (Miig1, ..., Miiqn, ). Regarding the operating param-
eters, Q™ and (Q°“* are the inlet and outlet wastewater flow of the biological reactor;
Qgas is the total gas flow; S}, X", M;™ and M} ; represent the influent concentrations
of the ' solute, particulate component and metal in solid and liquid form, respectively;
Viig and V., are the liquid volume and the gas volume of the biological reactor and
their sum gives the constant total volume V. Such mass balance equations represent a
system of nonlinear ordinary differential equations, where the state variables depend on

time, and the non-linearity is due to the reaction terms. The initial condition required to

solve the system is reported in Eqgs. (2.9)-(2.13):

Si(0)=5Y, i=1,..,n, (2.9)

i=n1+1,..., 0o (2.10)

Sgas,i(0) = Spueir i =1,...,n1, (2.11)

M;(0) =M, i=1,..,ns, (2.12)

Miiqi(0) = My, i=1,...,n, (2.13)

where S7, X7, S9,.;, M} and M} ; are, the initial concentrations of the " soluble

substrate, particulate component, gas component, and metal in solid and liquid form,

respectively.
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2.3.2 Model application

The mathematical model was applied to simulate metal recovery from spent lithium-
ion batteries (LIBs) during glucose fermentation. Ad-hoc experimental activities were
set-up in batch conditions to achieve the required data for model calibration. Biochemi-
cal and physico-chemical processes occurring in DF experiments (metabolic pathways,
acid-base reactions, liquid-gas equilibrium) as well as dissolution reaction kinetics of
the leaching process were monitored during the tests. Based on experimental obser-
vations (Appendix A), different variables, in terms of concentrations, were accounted
in the model: 10 soluble substrates (glucose Sj,, butyric acid Sy,, acetic acid S,
hydrogen Spy,, inorganic carbon S;¢, inorganic nitrogen S;y, butyrate S,-, acetate
S,c—, bicarbonate S HCO; > ammonia Sy, ); 1 particulate component (sugar fermenters
Xsu); 2 gas components (hydrogen gas Syqs, 1,, carbon dioxide Syqs c0,); manganese in
solid form (M); manganese in liquid form (1;,). Due to the batch condition adopted

for lab-scale tests, the inlet and outlet wastewater flow were assumed to be equal to 0

Q™ = Q°“* = 0), and Egs. (2.4)-(2-8)) were specified as:

dSsu

= - 2.14
dt P1; ( )

dSpy
d'[lj = (1 - Y;u)fbu,supl —Nppm,1, (215)

dSac
= (1 =Y, 2.16
dt ( su)fac,supl’ ( )
ds

dfz - (1 - YS'U‘)fHQ,SUpl - )OT,H27 (217)

dSrc
dt

suPl — (1 - Ku)(fbu,sucbu + fpro,suCpro + fac,suCac)p1+
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~YuCriomp1 + CriompP2 — P10, (2.18)
dilfN = —YoulNbiompP1 + Nviomp2, (2.19)
P (220
dSZfog = —PAHCO; > (2.22)
% s, (2.23)

di;:" = Youp1 — p2, (2.24)

ngas,Hg . anssgas,Hg Vziq

dt Vi P (2.25)
% _ _ans%::,cm + “//g’;‘i pric, (2.26)
% - TPML (2.27)

dﬁhq = M1 T P2, (2.28)
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where Y, is the yield of sugar fermenters; fy, su, fac,su> and fr, s, represent the frac-
tions of butyrate, acetate, and hydrogen generated from sugar fermentation, respec-
tively; Cs,, Chyy, and C,. are the carbon content of sugar, butyrate, and acetate, re-
spectively; Chiom, and Ny, are the carbon and nitrogen content of the biomass; and
n represents the oxidation states of the metal (Eq. (2.3))). The characterization of the
spent button LIBs was carried out following the procedure proposed by Russo et al.
(2022) [67] (Appendix A). The internal part of batteries was mainly composed by: Man-
ganese (45.0%), Lithium (9.45%), Silicon (0.18%), Iron (0.11%), Sodium (0.13%), Cal-
cium (0.05%), Magnesium (0.04%), Potassium (0.03%), Nickel (0.01%), Aluminium
(0.01%) and Chromium (0.01%). Some of these metals are potentially dangerous for
human health and environment [68]. Specifically, among all the metals contained in
LIBs, the experimental campaign focused on manganese leaching as it was one of the
most abundant metal in the specific E-waste. For this reason, only the dissolution pro-
cess of manganese was considered in the mathematical model, assuming that other met-
als contained in the waste did not take part in the dissolution process, and the butyric
acid Sy, consumption was related to the leaching process exclusively of manganese M.
In particular, the most common oxidation state of manganese is +2 (n = 2). Further-
more, according to the experimental data the concentration of the metal in the liquid
form increased at the beginning of the leaching process, while a subsequent reduction
was observed in the last experimental days. Based on this evidence, both the manganese

dissolution (pjz,1) and subsequent reduction phase (pas,2) were modeled.

Biochemical reaction rates

The DF process is performed by a single microbial group defined as sugar fermenters
Xy The growth process leads to the consumption and/or production of one or more
soluble substrates, and a negative term was considered to account for microorganisms
decay during the process. In particular, X, operate the glucose S, degradation and the

contextual production of VFAs, such as butyric S, and acetic acid S,., and hydrogen
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Sh,. The kinetic rate equation related to the acidogenesis process p; in Eqs. (2.14)-

(2.19) and Eq.(2.24)) was considered as a Monod-type kinetic:

Ssu
P1 = km,sumeuL (229)

while, the decay rate p in Eq. (2.18)), Eq.(2.19), and Eq.(2.24) was modelled as a first

order kinetic:

P2 = kdec,Xqumu (230)

where £, 5, 1s the Monod maximum specific uptake rate, which is achieved by dividing
Hmaz,su DY Ysus maz,su 15 the Monod maximum specific growth rate of sugar fermenters,
K, is the affinity constant, k4. x.,, 1S the first order decay rate of sugar fermenters, and
I represents an inhibition function depending on pH value, inorganic nitrogen limita-
tion, and metal concentration within the bioreactor. The inhibition function is detailed

in the following.

Leaching reaction rates

In both experimental sets, manganese M dissolution, induced by organic acids gen-
eration, was followed by a reduction of the liquid metal concentration due to precipi-

tation/complexation phenomena. The reaction rate equation related to the dissolution

process par1 (Eq. 2.15), Eq. (2.27), and Eq. (2.28))) and the subsequent reduction of

the metal concentration in soluble form p,,» (Eq. (2.28)) were modelled by equations:

pa = kaM®Sp,. (2.31)

para = ke Mg, (2.32)
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where a, b, and c are the reaction order parameters, and k4, and &, represent the disso-
lution and reduction constants of the leaching process, respectively.

The dissolution process (Eq. (2.31))) was modelled as a first order kinetic referred to
the manganese concentration in solid form M (a equal to 1), and a second order kinetic
referred to the butyric acid Sy, (b equal to 2). This assumption was supported by exper-
imental evidence [44, 48] demonstrating that the metals leaching is strongly affected by
the acid concentration in the case of both inorganic and organic acids. According to a
previous study [66], the subsequent decrease of soluble metal in the anaerobic environ-
ment was ascribed to adsorption or precipitation phenomena (Eq. (2.32))). Due to the
complexity of the reaction environment of experiments, from the available data it was
not possible to distinguish the adsorption or the precipitation contributions during the
dark fermentation-leaching process. For this reason, the reduction of metal in solution
was simply modelled as a first order kinetic referred to the manganese concentration
in solution (assuming the reaction order parameter ¢ equal to 1). Indeed, other mod-
els considered the same approximation to reproduce metals precipitation and metals

adsorption phenomena [69, 70, [71].

Acid-base process rates

As mentioned above, pH and temperature play an important role in the evolution of the
biochemical pathways involved in the DF process. To achieve high substrate degrada-
tion efficiency and H, yield, experimental findings showed that the pH level may vary
from 4.5 to 7, and mesophilic temperatures (about 35°C) are adequate for mixed culture
fermentation [S0]. During DF, high concentration of VFAs are produced, leading to the
pH decrease in the reaction environment. Such acidification may lead to a partial or
complete inhibition of microbial consortia, and may directly affect the /{5 generation
rate. The acid-base equilibrium equations play an important role for pH calculation. In
aqueous solution, any organic or inorganic compound leads to the production of acid-

base pairs (e.g. proton H' and conjugate base) depending on the specific pH level.
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In order to simulate pH variation over time, a charge balance equation, accounting for
all the dissolved ionic species, was considered in the mathematical model and was ex-

pressed as:
dosi-> s =0 (2.33)

where S;f and S;” represent the cationic and anionic equivalent concentration of the
i" component. The H* concentration Sy+ was obtained solving Eq. (2.33), which

takes the form:
Su+ + Syt — Spcor — T — —wp — Som- =0 (2.34)

where S HY is the N H; concentration given by the difference of the inorganic nitrogen
Syn and the ammonia Sy g, concentrations in the system; S7n, Spu—» Sac—» S HCO; and
Snu, were obtained solving Eqs. (2.19)-(2.23). The kinetic rates defined for each
acid-base equilibrium in Eqgs. (2.20)-(2.23)) are listed below:

pavu- = Ka/sou(Sou- (St Kapu) — KapuStu) (2.35)
Paac- = Ka/ac(Sac- (St Kaae) — KaacSac), (2.36)
Pacor = Ka/B,coy(Sycos (Su+Kaco,) — Kaco,Sic), (2.37)
panis = Ka/pin (S, (Sa+ Kain) — KainSin)- (2.38)

where K 4,p; and K, ; are the acid-base kinetic parameter and the acid-base equilibrium

coefficient for the i component.
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Physico-chemical processes

Liquid-gas transfer equations were used to describe hydrogen S, and inorganic carbon
Stc evolution in the liquid and the gas phase of bioreactors. When the liquid phase is
relatively dilute, Henry’s law can be used to describe the liquid-gas equilibrium. The
liquid-gas transfer kinetic rates in Eq. (2.17), Eq. 2.18)), Eq. (2.23), and Eq. (2.26)

were expressed as:

o1, = kLa(Su, — 16Ky 1,Dgas,H,), (2.39)

pr.ic = kLa(Sco, — Ku,co,Pgas,cos), (2.40)

where kLa is the gas-liquid transfer coefficient, K ; is the Henry’s law coefficient of
the " component, p,.; is the steady-state gas phase partial pressure of the i com-
ponent, and S¢p, is the C'O, concentration given by the difference of S;- and S HCO; -

The computation of pys; 1s required to compute the mass transfer kinetic rates, and it

is given by:

Pgas = Pgas,Ho +pgas,COQ +pgas,H207 (241)
where:
RT
Pgas,Hy = Sgas,Hg E7 (242)
Pgas,COy = Sgas,COgRTa (243)
1 1

Doas.a0 = 0.0313 6Ip(5290(@ - T)> (2.44)
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while, the gas flow ()44 necessary to solve Eq. (2.25) and Eq. (2.26) was set equal to

the total gas transfer:

RT
ans = ‘/Eiq <pT’H2 + PT,COg) > (245)
Pgas — Pgas,H20 16

where R and 7' are the gas law constant and temperature, respectively.

Inhibition functions

Several inhibition mechanisms were considered in the mathematical model to account
for the influence of: i) the pH level on the process evolution; ii) the inorganic nitrogen
concentration; iii) the presence of toxic metals. Then, the inhibition function [ in Eq.

(2.29) was expressed as follows:

I= ]pHIIN,limIL- (246)

The inhibition term [, describes that the pH level of the reaction environment directly
affects metabolic activities of anaerobic bacteria. In accordance with previous stud-
ies [1], the optimal range of pH values are between 5.5 and 7. To account of upper
and lower inhibition pH level, the pH inhibition term [, was implemented with the
following empirical equation [} [72]:

14 2.10%3(HLL—PHUL)

Tpn = 1+ 10pH—pHuL) 4 10(PHLL—PH)’

pH

(2.47)

where pHy;, and pH,;, are upper and lower limits. These represent the pH values which
lead to a maximum growth rate reduction of 50%.
The inorganic nitrogen limitation term /; v ;;,, was included to describe the decrease

of the maximum growth rate due to a reduced nitrogen Sy availability in bioreactors
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[1]. The limiting term 7 j;,, Was described as:

ItN im = (2.48)

1+K1N’

Sin

where Kg ;n represents the Sy affinity constant for X,.

Finally, the metals inhibition term /; was included to describe the condition in
which high concentration of toxic metals negatively affects the metabolic activity [73,
74]]. Toxic metals, such as cadmium (Cd), chromium (Cr), zinc (Zn), copper (Cu),
nickel (Ni), and manganese (Mn), may be present in E-waste and inhibit or upset the
fermentative process due to the increase of the toxicity level of the environment. The
presence of high concentrations of metals is able to reduce the hydrogen production
rate by 50% [50]. The metals inhibition term /; was modelled with a non-competitive

inhibition function [[1]]:
1

_ , 2.49
s (2.49)

I

where Ky is the inhibition constant related to the leaching process. The inhibition term
I, assumes a value lower than 1 since the metal concentration M is greater than 0. In
particular, the higher is the metal concentration, the stronger is the inhibition effect. On
the contrary, if M is equal to 0, the inhibition term /;, assumes a constant value equal

to 1.

2.4 Model calibration

Due to the scarcity of literature data related to the leaching process conducted with DF
produced OAs, ad-hoc experimental activities were carried out for model calibration
purposes. To investigate different interactions occurring between the biological and the
chemical process investigated, it was necessary to set up 2 different initial conditions
(IC) for bioreactors as reported in Appendix A. The E-waste was added at the beginning

of the DF experiments (/C'1) and when it was possible to consider that the DF process
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was completely developed (/C'2). The aim of this strategy was to build-up a complete
data set to calibrate all the different parameters related to metals inhibition, biological
process evolution and leaching process. Indeed, in the /C'1 the inhibition effects related
to the presence of metals delayed the DF evolution, increasing the initial toxicity level
in the bioreactors. On the contrary, in the /C2 no inhibition phenomena occurred at
the beginning of the biological process. However, the metal dissolution was observed
in both cases, but with different evolution trends. In addition, to allow the model for
reproducing an impulsive addition of the E-waste at a specific time, Eq. was

replaced by the following impulsive ordinary differential equation (IDE):

dd—]\f = —pua(t,S; M), t # tw, t >0, (2.50)
AM(tw) = M(tw) = M(tf;) — M(ty), (2.51)

where ty is the addition time, and M (¢ ) is the concentration of the metal added at
tw. M(t};;) and M(t;;,) are the right and left limits of M at ¢y, corresponding to the
concentrations of the metal later and before the addition of the waste. In particular,
when ¢y is equal to 0, M (ty ) represents the initial condition of metal in solid form
(M°).

The experimental data were compared with model predictions, adjusting and vary-
ing specific kinetic, stoichiometric, and physico-chemical parameters until model re-
sults adequately fitted the experimental data. The calibration phase was based on ex-
perimental data of glucose degradation, butyric and acetic acid production, cumulative
hydrogen generation and manganese trend in the tests. The required initial condition for
model calibration was set according to lab-scale experiments and are reported in Table
2.1l

According to the literature 72, (75, [76], the common parameters with the ADM1

were selected as base-values due to the similarity of anaerobic digestion and DF pro-
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Parameter | Definition Unit IC1 | IC2
S9, Initial concentration of glucose kgCOD m=3 | 10 10
S9, Initial concentration of butyric acid kgCODm=3 | 0 0
SO, Initial concentration of acetic acid kgCOD m=3 | 0 0
S%, Initial concentration of hydrogen kgCODm=3 10 0
S% Initial concentration of inorganic carbon kmole m =3 0.1 | 0.1
Sy Initial concentration of inorganic nitrogen kmole m =3 0.06 | 0.06
Sl?u, Initial concentration of butyrate kgCODm=3 10 0
Sgc, Initial concentration of acetate kgCODm=3 | 0 0
Sg cox Initial concentration of bicarbonate kmole m=3 0 0
S . Initial concentration of ammonia kmolem™ | 0 0
X0, Initial concentration of sugar fermenters kgCODm=3 | 5 5
SSW H, Initial concentration of hydrogen gas kgCODm=3 ] 0 0
Sgas CO, Initial concentration of carbon dioxide gas kmole m=3 0 0
M} g Initial concentration of metal in liquid form kgm=3 0 0
M(tw) Metal concentration added to the bioreactor at ty, | kg m™> 65 | 6.5
tw Addition time of E-waste d 0 8

Table 2.1: Initial conditions and operating parameters used for model calibration.

cesses. Indeed, DF can be seen as an anaerobic digestion process in which the last step
of methanogenesis is suppressed to produce hydrogen instead of methane. The numer-
ical results were achieved with an original code implemented in MatLab platform. The
model was rerun several times by increasing/reducing each parameter, one by one, un-
til the model well reproduced the experimental data. All the values of stoichiometric,
kinetic and operating parameters resulting from the calibration phase are reported in
Table

In particular, the parameters related to the leaching process play a fundamental role.
Indeed, the leaching inhibition constant K regulates the metals inhibition function /;,
(Eq. (2.49)). When the waste is added at the beginning of the process (/C1), I, is less
than 1 and the DF process is inhibited. The higher is the amount of waste added to the
bioreactor, the lower is ;. When the waste is added later (/C'2), the DF evolves without
inhibition and [}, is equal to 1. The dissolution and reduction constants (k; and k,.)
regulate the processes in which the metals are involved. The constant & is related to the
conversion of the metal from the solid to the liquid form, while the subsequent reduction
of metals directly depends on k.. According to experimental data, manganese was

initially dissolved consuming butyric acid. Subsequently, a reduction of the dissolved
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Parameter Definition Unit Value Ref
Vv Reactor volume mL 120 (a)
Viig Reactor volume mL 70 (a)
Vyas Reactor volume mL 50 (a)
Yiu X sy yield on Sy, kgCOD kgCOD™! 0.5 (b)
fou,su fraction of Sp,, from Ssy, kgCOD kgCOD™! 0.79 (b)
fac,su fraction of Sqc from Sy, kgCOD kgCOD™! 0.10 (b)
FHy, 5u fraction of Sgr, from Ssy kgCOD kgCOD™! 0.11 (b)
Csu Carbon content of Ss, kmoleC kgCOD~ 1 0.0313 [
Chu Carbon content of Sp,, kmoleC kgCOD™! 0.025 [1]
Cae Carbon content of S kmoleC kgCOD™1! 0.0313 1]
Chiom Carbon content of biomass kmoleC kgCOD™1 0.0313 [
Npiom Nitrogen content of biomass kmoleN kgCOD™! 0.00625 (L]
Kmaz,su Monod maximum specific uptake rate of X, d—1 2 (b)
Kou S affinity constant for X gy, kgCOD m—3 1.5 (b)
Kdex, X ou Decay-inactivation rate for X, d-1 0.02 ]
kq Dissolution constant kgCOD? m=6 41 0.005 (b)
kr Reduction constant d—1 17 (b)
KA/Bbu Sy, acid-base kinetic parameter m3 kmole™1 d~1 1010 (L]
KA/Bac Sac acid-base kinetic parameter m3 kmole™1 d—! 1010 [
Ka/B,co, Sco, acid-base kinetic parameter m3 kmole=1 d—1 1010 [
Ka/pIn St acid-base kinetic parameter m3 kmole™1 d~1 1010 (L]
Kabu Sy acid-base equilibrium parameter kmole m—3 1.51105 ]
Ka,ac Sac acid-base equilibrium parameter kmole m—3 1.51-107° [
Kq co, Sco, acid-base equilibrium parameter kmole m—3 4.94-1077 [L]
Ka 1N S1 N acid-base equilibrium parameter kmole m—3 1.11-1079 ]
Ky H, Henry’s law coeffiecient of Sy, kmole m=3 bar—1 2.72-102 [
Kpg,co, Henry’s law coeffiecient of Sco, kmole m—3 bar—1! 7.3847-10~% (L]
kLa gas-liquid transfer coefficient d—1 200 (L]
R Gas law constant bar m3 kmole™! K1 0.083145 (]
T Temperature within the reactor K 308 (a)
pHyr pH upper limit —— 5.5 (L]
pHLL pH lower limit —— 4 [
Kin Sy affinity constant for X s, kgCOD m—3 1-10~4 [
Ky, Leaching inhibition constant kgm™3 5.6 (b)
Time Simulation time d 16 (a)

(a) Experimental
(b) Calibrated

Table 2.2: Kinetic, stoichiometric and and operating parameters.

metal concentration was observed. Noteworthy, the only manganese leaching process
was considered in the mathematical model, and butyric acid was exclusively used for
the dissolution process. This can represent a limiting assumption for the model, but the
main scope of this Chapter was to study the feasibility of the combined DF-leaching
process and to develop a mathematical model that can catch the main phenomena.

The biological parameters, fiy sus foro.su> fac.sus fHzsus Yous Ksus AN flnag s WETE

calibrated without considering the inhibition of metals. Indeed, the fraction of hydro-
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gen, butyric, propionic, and acetic acid from sugar (f, sus fou.sus fpro.su> AN fae s0) de-
scribe the amount of these products deriving from the glucose conversion. Differently
from ADM1, propionic acid was not considered in the model as it was not produced in
the bioreactors. Moreover, propionic acid production pathway is usually neglected in
DF modelling. Butyrate was the major end-product, followed by acetate. This result is
in accordance with the work of Gadhamshetty et al. (2010) [72], which obtained a quasi
null value of f,o sus @ fousu Value grater than f,. s, and a fy, 5, value lower than 20%.
The other calibrated values of Monod maximum specific uptake rate ({44 50), yield
of biomass (Y5, ), and affinity constant (K,) are within the range of values reported in

literature [[72, [76]].

IC1
Variable | NMAE | ME IoA FB
Seu 0.0927 0.9772 0.9946 | 0.0862
Shu 0.1445 0.9279 0.9802 | 0.0178
Sac 0.0691 0.9842 0.9959 | -0.0088
Vi, 16.479 -338.107 | 0.1277 | 1.7835
Mg 0.4213 0.2426 0.8734 | 0.3092
IC2
Variable | NMAE | ME IoA FB
Seu 0.0593 0.9958 0.9990 | 0.0301
Shu 0.1146 0.9397 0.9846 | -0.0654
Sac 0.0726 0.9376 0.9851 | 0.0665
Vi, 0.0507 0.9850 0.9963 | 0.0448
M, 0.1161 0.9932 0.9958 | 0.0837

Table 2.3: Performance indicators.

The quality of the calibration was evaluated through the determination of perfor-
mance indexes [77]: the mean absolute error (MAE), including its normalized form
(NMAE), the modelling efficiency (ME), the index of agreement (I0A), and the frac-
tional mean bias (FB). Such indexes were frequently used for calibration purposes [78],
and are usually reported as:

Y|P -0l

2
MAE =
N

(2.52)
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NMAE = MTAE (2.53)
N 2
ME =1- ijl Ciln O_’)Q (2.54)
Zi:l (Oi o O)
N 2
ToA=1- — 2 (PZO) 2 (2.55)
Yim (B =0 +]0i-0])
P -0
FB= 1= 2.56
S(P+0) (2.56)

where N is the number of available values; P; and O; denote the i*" predicted value
and the i'" observed value, respectively; P and O denote their mean values. The per-
formance indicators are provided in Table [2.3] The results related to the /C'1 showed
that the NM AFE and F B error indexes were lower than about 14%, and the M E and
ToA error indexes were greater than about 93%, except for Vy, and M, (Fig. 2.3). In
the case of 1C2, the NM AE and F'B error indexes were lower than about 11%, while

the M E and oA error indexes were greater than about 94% for all model variables.

a 10 I T T i—Glucuse a Glucose  epH pHmcaJ’ -
ma 8 5L . H H T - N 10 E
0
SR | | | 1 L ! A 0 =
50
= 0 2 4 6 8 10 12 14 16
b - 5 T T T T T i—Butyric acid = Butyric acidmcas”
2 a
=)
Q 9 il ! I I I I
_‘)i(n 0 2 6 8 10 ‘ 12 14 16
c . : 1 T T T T T ‘7Acctic acid o Acetic acidmeasr’
< 0.5
) M/
Q0 | | | I I
) 2 4 6 8 10 12 14 16
d o 100 T T T T T i Hydrogen Hydrogenmeasr’
S5 g sop =
= 0 L L I I I I )
0 2 4 6 8 10 12 14 16
e - —.:‘ 50 T T T T T T — Metal © Metalmem"‘
2 en
= g h i t T ] C t
0 2 4 6 8 10 12 14 16

time [d]
Figure 2.3: IC'1 - Evolution over time of measured and simulated values of pH (a),

glucose Sy, (a), butyric acid Sy, (b), acetic acid S,. (c) concentrations, cumulative
hydrogen production Vy, (d), and concentration of metal in solution M, (e).
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Experimental and model results related to the /C'1 are reported in Fig. [2.3] The
initial condition of model simulation was characterized by: 10 gCOD L~! of glucose
(S2), 5 gCOD L~ of mixed culture (X?), and 1 g of E-waste added at ¢ty = 0 d.
Figure [2.3] shows that the model was able to fit experimental data related to the bio-
logical process. The addition of E-waste negatively affected the DF process in terms
of hydrogen and VFAs yields. Indeed, the complete conversion of glucose (Fig. [2.3p)
was achieved in about 10 days, due to a partial inhibition of the E-waste on sugar fer-
menters X,. Consequently, the production of VFAs and hydrogen was observed. The
butyric acid (Fig. [2.3p) initially had an increasing trend, and it reached the maximum
predicted value of 2.5 gCOD L~ att = 9 d. Due to the dissolution process, butyric
acid consumption occurred in the second part of the experiments. At ¢ = 16 d the
measured residual concentration of butyric acid was equal to 1.7 gCOD L~!. This
result is confirmed by Wang et al. (2019), who reported that butyric acid is the most
effective leaching reagent [45]]. Similar carboxylic acids, such as acetic and propionic
acids, are characterized by a lower efficiency than butyric acid, and their presence has
limited effect on the leaching process [[79]. The acetic acid (Fig. [2.3k) showed an in-
creasing trend in all the observation period. The predicted values of both butyric acid
and acetic acid at t = 16 d were approximately equal to the measured residual concen-
trations. The model accurately reproduced experimental data except for the cumulative
hydrogen production (Fig. [2.3d). Its overestimation is probably due to the presence of
other chemical compounds contained in the E-waste, as it is well known that hydrogen
is a high reactive compound for secondary reactions. Nevertheless, these chemical re-
actions were not considered in the mathematical model. For this reason, at ¢t = 16 d
the predicted value of hydrogen was 53.6 mL, while the measured value was equal to
3.7 mL. As shown in Fig. @]a, it is possible to observe an reasonable fit in the case
of pH values. High pH was observed at the beginning of the process due to the waste
addition, while the value decreased over time due to acids accumulation. Figure @k

shows the results related to the metal leaching and precipitation processes. The leach-
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ing process begun at day 1 and the concentration of the leached manganese reached the
maximum predicted value of 10.8 mg L~* att = 9 d. Subsequently, a slow decrease
was observed and the predicted and the measured concentrations of 2.7 mg L~! and
1.9 mg L~ were observed at t = 16 d, respectively. Such reduction can be ascribed
to precipitation and/or adsorption phenomena observed in previous studies [66]]. Nev-
ertheless, the model prediction of M;;, was less accurate than other variables due to the

uncertainty about all the possible chemical reactions occurring in the bioreactors.
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Figure 2.4: IC?2 - Evolution over time of measured and simulated values of pH (a),
glucose Sy, (a), butyric acid Sy, (b), acetic acid S,. (c) concentrations, cumulative
hydrogen production Vy, (d), and concentration of metal in solution M, (e).

Experimental and model results related to the /C2 are reported in Fig. [2.4] In this
case, the initial conditions were set to: 10 gCOD L~ of glucose (S%), 5 gCOD L™!
of mixed culture (X?), and 1 g of E-waste added once the produced hydrogen by the
DF process achieved a constant value (t;y = 8 d). In this case, a good agreement be-
tween predicted and experimental data was observed. Obviously, the biological process
was not negatively affected by metal concentration and the complete consumption of
glucose (Fig. [2.4p) was obtained after about 4 days. Consequently, the production of
butyric acid (Fig. [2.4p), acetic acid (Fig. [2.4), and hydrogen (Fig. [2.4d) was observed.

The predicted maximum values of butyric and acetic acids were 3.9 gCOD L~! and
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0.5 gCOD L1, respectively. Once the waste was added to the bioreactors, Sy, de-
creased over time due to the leaching process. The production and consumption phases
are clearly separated and take place consecutively. It means that butyric acid initially
produced during the fermentation, and it was consumed when the leaching process
begun. However, a residual butyric acid concentration was observed. The predicted
and measured residual concentration at ¢ = 16 d were equal to 1.5 gCOD L~! and
1.7 gCOD L=!. The cumulative predicted and measured hydrogen production after 16
days were equal to 55 mL and 52 mL, respectively. As shown in Fig. 2.4p, pH de-
creased during the fermentation due to acids production. In Fig. 2.4 the results related
to the metal leaching process are reported. Once the E-waste was added to bioreactors,
the butyric acid and the solid manganese were rapidly involved in the leaching process.
The maximum value of manganese in the solution was observed after a few hours of
simulation, and it was equal to 26.5 mg L~'. Subsequently, the dissolved manganese
concentration decreased due to the precipitation/adsorption process, and it reached a
residual value according to the experimental evidence (predicted and measured concen-

tration of 3 mg L' and 2 mg L', respectively).

2.5 Numerical studies and results

Further numerical simulations were performed to study the removal efficiency of toxic
metals from E-waste by adopting the DF process. To optimize the integrated DF-
leaching process, three fundamental aspects were investigated: (i) the effect of metal
inhibition on the biological process; (ii) the effect of F'/M ratio on the bioconversion
of sugars; and (iii) the effect of butyric acid and metal concentration on the leaching

efficiency. To this aim, four numerical studies were implemented:

e NS1 examines the effect of the initial metal concentration, M°, on the microbial

activity;
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¢ NS2and NS3 investigate the effect of the F'/M ratio variation, S°, /X2 , on the

DF process and on the leaching efficiency;

» NS4 explores the effect of E-waste concentration, M (¢y), on the metal removal

efficiency.

To mitigate the negative effect of metals on the biological process, the strategy adopted
in the numerical study N S1 was to change the initial metal concentration in the biore-
actor. In this case, the results are presented in the timescale from day 0 to day 16. As
shown in the experimental results, the concentration of the dissolved metal decreased in
the last part of the experiments. This reduction was due to the precipitation of the metal
in the bioreactor or to the adsorption of the metal on solid components involved in the
process [49,166]]. Since the recovery of metals can be easier achieved from the leachate
solution [41]], such reduction makes the leaching process inefficient [45]]. This naturally
leads to consider a sequential batch reactor or two separate reactors, to avoid inhibi-
tion effects of metals during DF and to maximize metal recovery using the clarified
DF effluent as leaching agent. For this reason, the strategy adopted in the numerical
studies N.S2, NS3, and NS4 consisted in separating the biological process and the
leaching reaction in two different consecutive reactors. The first bioreactor contains the
microbial inoculum, and, it is fed with sugar and inoculum, allowing for the biological
process evolution. Once the DF is completely developed, the effluent, rich in VFAs,
is used for the leaching process in the second reactor. To avoid precipitation and/or
adsorption phenomena and to maximize the metal recovery, the treatment time of the
waste in the second reactor was fixed to 24 hours [66]. Indeed, the dissolution reac-
tion can be considered significantly faster than the precipitation/adsorption process. In
this condition, it can be assumed that a negligible precipitation/adsorption of the metal
occurs. With these assumptions, the precipitation process was neglected (py2 = 0)
in numerical studies NS2, NS3, and NS4. The results related to the biological pro-

cess are presented in the timescale from day O to day 8, and the results related to the
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leaching process are presented in the same Figure in the timescale from day 8 to day 9.
Successively, ad-hoc and controlled processes can be further used for the final recovery
of metals from the DF effluent-leachate solution, such as electrochemical, precipitation,
or solvent extraction techniques [38, 139, 41, 66].

The initial conditions S?,, X, M°, and M (ty ), were varied in numerical studies.
Their values have been highlighted below for each numerical study. The values of

kinetic, stoichiometric and leaching parameters were derived from the calibration phase.

All the values of stoichiometric, kinetic and operating parameters are summarized in

Table

2.5.1 NSI1 - Effects of metal inhibition

As aforementioned, metals are able to inhibit the fermentative process evolution due to
their toxic effect. The experimental data clearly showed this inhibition phenomenon
when the waste was added at the beginning of the experiments. In this context, a
numerical study N.S1 was performed to study the metal inhibition effect on the bi-
ological process. Four numerical simulations were carried out with different initial
concentrations of metal M° (6.5, 3, 1.5, and 0.5 ¢ L~'). The same initial concentra-
tion of glucose and sugar fermenters were used: SY, = 10 gCOD L' and X?, =
5 gCOD L~'. Consequently, the value of F'/M ratio used in the numerical simula-
tions was 2 gC'ODupstrate gVS[,foculum. The remaining initial conditions set for this
numerical study were the same used in the calibration phase.

The model results of N S1 are shown in Fig. [2.5] The time required for the complete
glucose degradation decreased from 10 to 4 days (Fig. [2.5h) when the initial concentra-
tion of metal decreased from 6.5 to 0.5 g L~'. Clearly, this behaviour can be attributed
to the metal inhibition function, which is inversely proportional to the concentration of

the metal in solid form. Consequently, the productions rates of VFAs (Figs. and
) and hydrogen (Fig. ) were faster for low values of M. All DF end-products
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Figure 2.5: NS1 - Evolution over time of simulated values of glucose S, (a), butyric
acid S, (b), acetic acid S,. (c) concentrations, cumulative hydrogen production Vj,
(d), and concentration of metal in solution M, (e) for different initial concentration of
metal M°. R1: M° =659 L 1, R22 M°=3¢gL Y R3: M° =159 L', R4: M =
0.5 g L™!. Initial concentration of sugar and sugar fermenters: S° = 10 gCOD L™!
and X? =5 gCOD L~'. Red rhombus represents the maximum removal efficiency.

(except for the butyric acid) approximately reached the same concentration when the
residual concentrations of glucose were close to zero. The butyric acid (Fig. [2.5b),
which is directly involved in the leaching reactions, reached its maximum value when
the lowest concentration of metal was fed to the reactor (R4). Of course, in this con-
dition the residual concentration of butyric acid was higher due to the limited presence
of the metal. Finally, when a smaller amount of E-waste was added to the bioreactor,
the inhibition effect was less intense and the butyric acid was faster produced. Figure
[2.5k shows the results related to the metal dissolution. As expected, the leaching pro-
cess led to a higher metal concentration in dissolved form in 1 but in a longer time.
Nevertheless, the maximum removal efficiency (Fig. - red rhombus) obtained in
each simulation was lower than 9%. When the initial concentration of metal in solid
form was equal to 6.5 g L™ (R1), the dissolved metal concentration initially increased
with the highest rate. Nevertheless, around day 3, a rapid increment was observed in

the cases of initial solid metal of R2 and R3. Indeed, the leaching rate depends lin-
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early on the metal concentration and quadratically on butyric acid concentration. At the
beginning of the numerical experiments, the butyric acid concentration was low as the
complete glucose degradation was not reached. Successively, the butyric acid increased,

allowing for the dissolution of the metal.

2.5.2 NS2 and NS3 - Effects of F/M ratio on DF process

The F'/M ratio plays a fundamental role in the dark fermentation, especially when
the process is devoted to hydrogen production [50]. To avoid methane generation and
maximize hydrogen production, high F'/M ratios (generally higher than 1) are used for
the DF process. For this reason, a numerical study /NV.S2 was conducted to investigate
the effect of the F'/M ratio (S%,/X?, in the mathematical model) on the DF evolu-
tion. Specifically, 10 simulations were carried out with different initial concentrations
of glucose S?, (5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 gCOD L~'). The same initial
condition of sugar fermenters and metal concentration were used: X°, =5 gCOD L™*
and M = 6.5 g L~1. Consequently, the value of F'/M ratio used in the numerical simu-
lations varied from 1 to 10 gC'O D sypstrate gVS;liculum. The remaining initial conditions
set for this numerical study were the same used in the calibration phase.

The results of NS2 are summarized in Fig. When F'/M ratio increased from
1to 4 gCOD upstrate gV S;, )

moculums all the biological process rates increased. Thus, glu-

cose (Fig. 2.6p) was completely consumed at day 4, and high concentrations of VFAs
(Figs. [2.6b and [2.6k) and hydrogen (Fig. [2.6{d) were obtained at the end of the bio-
logical process. Nevertheless, for F'/M ratios greater than 4 the process was inhibited,
and the glucose was not completely degraded. Indeed, when the initial concentration of
glucose was higher than 20 gCOD L™, the biological environment was characterized
by inhibiting pH levels due to high VFAs concentrations. By setting the initial glucose
concentration S, from 25 to 50 gCOD L™, the residual concentration of glucose at

t = 8 d increased, and similar VFAs and hydrogen productions were observed. From
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Figure 2.6: N S2 - Evolution over time of simulated values of glucose S, (a), butyric
acid S, (b), acetic acid S,. (c) concentrations, cumulative hydrogen production Vj,
(d), and concentration of metal in solution M;;, (e) for different initial concentration
of sugar S . R5: S° = 5 ¢gCOD L™'; R6: S = 10 gCOD L', R7: S°, =
15 gCOD L% R8: S° = 20 gCOD L™'; R9: S? = 25 ¢gCOD L™'; R10: S? =
30 gCOD L™ R11: S°, = 35 gCOD L™'; R12: S° = 40 gCOD L™'; R13:
S0, = 45 gCOD L™'; R14: SY, = 50 gCOD L~'. Initial concentration of sugar
fermenters and metal concentration: X2, = 5 gCOD L~ and M = 6.5 g L. Red
rhombus represents the removal efficiency after 24 hours.

day 8 to 9, a second reactor with the same volume was considered, and the composition
of the liquid environment was dictated by the DF effluent composition in terms of dis-
solved compounds. The butyric acid consumption was immediately observed due to the
metal addition (Fig. 2.6b). The higher was the butyric acid concentration at the end of
the DF stage (from day O to day 8), the faster was its consumption in the second stage
(from day 8 to day 9). Indeed, the leaching rate quadratically depends on acid concen-
tration. The trend of dissolved metal is reported in Fig. [2.6¢. As explained above, the
removal efficiency was computed after 24 hours (Fig. [2.6f - red rhombus). The removal
efficiency after 24 hours reached higher values when increasing the F'/M ratio from 1
to 4. When the initial glucose concentration was set from 20 to 25 gCOD L~!, the
removal efficiency increased about 5%. When values of F' greater than 25 gCOD L™}
were adopted, the concentration of the leached metal was constant, as the same concen-

tration of butyric acid was predicted in the reactor. This result is confirmed by several
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studies [44, 66, 80], showing that the increase of acidic concentrations over specific
thresholds does not affect the leaching efficiency in the case of both organic and inor-

ganic acids. In conclusion, the optimal F/M ratio 4 gCO Dgupstrate gV S;, . was

inoculum
obtained.

To improve VFAs and hydrogen production, and consequently the metal removal
efficiency, the numerical study NS3 was performed. Again 10 different numerical
experiments were carried out with different initial conditions of glucose S, (5, 10,
15, 20, 25, 30, 35, 40, 45, and 50 gCOD L~'), with the same metal concentration
(M = 6.5 g L"), but with an initial sugar fermenters concentration X° equal to 10
gCOD L. This choice was aimed at decreasing the degradation and production time
of the biological compartment to enhance the metal recovery efficiency. The initial con-
dition of inorganic carbon and inorganic nitrogen were doubled as well with respect to

the numerical study N.S2. The F'/M ratios used in this numerical study varied from 0.5

to 5 gCODsubstrate gvs‘il

moeulum- 1NE Teémaining initial conditions set for this numerical

study were the same used in the calibration phase.

The results related to /N.S3 are reported in Fig. These confirmed that the in-
crease of F'/M ratio favoured the biological process evolution. Nevertheless, when
F/M ratio greater than 4 (i.e. S, greater than 40 gCOD L~') were used, the process
was inhibited by the pH level, and the glucose was not completely consumed by mi-
croorganisms. Thus, a residual concentration of glucose was observed, but the same
amount of VFAs and hydrogen were produced. In the second reactor (day 8), butyric
acid was consumed (Fig. [2.7b), and contextually the concentration of metal in solu-
tion quickly increased (Fig. ). By increasing the initial glucose concentration S?,,
the predicted concentration of butyric acid increased. Consequently, the dissolution rate
was faster and the removal efficiency after 24 hours increased (Fig. - red thombus).
In accordance with the previous numerical study, F'/M ratios greater than 4 did not lead

to a beneficial effect on the leaching efficiency. The optimal F'/M ratio was again 4 in

terms of VFAs and hydrogen productions. In addition, using 40 and 10 gCOD L™}
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Figure 2.7: N S3 - Evolution over time of simulated values of glucose S, (a), butyric
acid S, (b), acetic acid S,. (c) concentrations, cumulative hydrogen production Vj,
(d), and concentration of metal in solution M;;, (e) for different initial concentration
of sugar SY . R15: S° =5 ¢gCOD L™'; R16: S° = 10 gCOD L%, R17: S, =
15 gCOD L% R18: S° = 20 ¢gCOD L' R19: S° = 25 gCOD L™'; R20:
S, = 30 gCOD L% R21: S = 35 gCOD L7'; R22: S° = 40 ¢gCOD L71;
R23: S? =45 gCOD L™'; R24: S°, = 50 gCOD L~!. Initial concentration of sugar
fermenters and metal concentration: X? = 10 gCOD L' and M = 6.5 g L™*. Red
rhombus represents the removal efficiency after 24 hours.

of glucose and digestate, respectively, the leached metal concentration in the solution
significantly increased, due to the increased butyric acid concentration produced in the
first stage. The obtained removal efficiency was about 50%. This result is in accordance
with experimental evidences in which the leaching process was catalyzed by organic
acids [66, 45]. Nevertheless, other experimental works reported a leaching efficiency
of about 90% [44, |41]]. This suggests that the leaching process strictly depends on the
type of metal and organic acid investigated. However, the obtained removal efficiency
is relatively low if compared with data related to processes performed with inorganic

acids used as leaching agents [47, 80].
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2.5.3 NS4 - Effects of metal concentration on leaching process

Many experimental works focused on metals recovery efficiency using different ratios
between concentrations of metals and organic acids [41, 49]. To identify the optimum
leaching conditions, the numerical study N.S4 was performed. Six numerical simula-
tions were carried out with different concentrations of solid metal M (10, 6.5, 3, 1, 0.5,
and 0.1 g L™!). The optimal initial concentrations of glucose and sugar fermenters were
used: S?, = 40 gCOD L' and X? = 10 gCOD L~'. Consequently, the value of
F'/M ratio used in the numerical simulations was set to 4 gC'O Dgypstrate gV i;fmlum.

The remaining initial conditions set for this numerical study were the same used in the

calibration phase.
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Figure 2.8: NS4 - Evolution over time of simulated values of glucose S, (a), butyric
acid S, (b), acetic acid S,. (c) concentrations, cumulative hydrogen production Vj,
(d), and concentration of metal in solution M;, (e) for different concentration of metal
M(tw). R25: M =10 g LY R26: M = 6.5 g L™'; R27: M = 3 g L™, R28:
M=1gL % R2: M =05gL™'; R30: M = 0.1 g L. Initial concentration of
sugar and sugar fermenters: S° = 40 gCOD L' and X° = 10 gCOD L. Red
rhombus represents the removal efficiency after 24 hours.

NS4 results are shown in Fig. 2.8 In the DF phase, all simulations gave the same
results in terms of glucose, VFAs and hydrogen, since a common initial condition re-

lated to the biological process was used. Once the E-waste was added to the DF effluent,
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different butyric acid trends (Fig. [2.8b) were observed. Increasing the amount of the
waste, its consumption was faster and its residual concentration at t = 9 d was lower
than those obtained in all the other cases. The trend of the dissolved metal is reported
in Fig. 2.8f. Similarly, when the metal concentration in solid form increased, the metal
dissolution was faster, but the leaching efficiency at 24 hours (Fig. [2.8f - red rhombus)
decreased. The numerical results showed that the leaching efficiency decreases when an
increasing metal concentration and a fixed acid amount are considered. This confirmed
the experimental evidences achieved in the case of organic and inorganic acids [44, 46].
Obviously, this result suggests that the leaching process is even more rapid, although
less efficient, when a higher amount of the waste is added. This leads to conclude that
the butyric acid is not a limiting factor, and a longer time is required to leach a greater

amount of E-waste.

2.6 Conclusions

A mathematical model able to account for the biological conversion and physico-
chemical phenomena involved in the DF and the leaching processes has been presented.
The model was successfully calibrated with ad-hoc DF experiments carried out using
a synthetic solution of glucose, digestate and spent button batteries. Further numeri-
cal studies were presented to investigate the optimal conditions to favour the biological
conversion of glucose and the leaching process. Specifically, the inhibition of the DF
process due to the metal concentration, the effect of the F'/M ratio, and the removal effi-
ciency of the leaching process were investigated by using the model as an experimental
tool for the development of the processes in different conditions. In conclusions, the
model gave valuable information in terms of: the organic acid concentration required
for the leaching process, the amount of leached metal, and the time required for the
dissolution process with respect to the amount of E-waste treated in the reactor. Some

significant aspects should be further investigated. Specific experimental studies focused
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on the leaching process of specific metals or metals mixtures in anaerobic environments,
and on the effect of leaching by-products on the DF process are still required. The pro-
posed mathematical model could be further improved with additional physico-chemical
processes, involving the chemical compounds contained in the E-waste. Indeed, differ-
ent leaching reactions of other metals contained in the E-waste can be further included.
However, the metal recovery efficiency and the residence time can be optimized to study

the sustainability of the integrated DF-leaching process at a larger scale.

2.7 Appendix A

The experimental campaigns were carried out using serum bottles with a volume of
120 mL for DF-leaching experiments. The reactors were immersed in a thermostatic
bath at 35°C41°C to ensure mesophilic conditions. The microbial inoculum was ob-
tained from an anaerobic digestion real-scale plant operating the bioconversion of buf-
falo manure to biogas. The anaerobic digestate was characterized in terms of Total
Solids (TS) and Volatile Solids (VS) to estimate their organic content before to start the
experiments according to Standard Methods [81]. In particular, the volatile solids (VS)
content of the digestate was 70,67 gCOD L~!. The inoculum was thermally pretreated
for 1 h at 105°C to ensure methanogenic microorganisms inhibition [50]. The working

volume of the serum bottles was set to 70 m L and was constituted by:

5 mL of thermally pretreated inoculum;

60 mL of distilled water;

5 mL of glucose solution (141,34 gCOD L™1);

1 g of waste extracted from spent batteries.

The Food/Microorganisms ratio was close to 2 gC'O Dgpstrate V'S —1 to inhibit

inoculum

metabolic activities of hydrogen consumers and to ensure DF process evolution[S0]].
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Figure 2.9: Experimental campaigns bioreactors.

Spent button lithium-ion batteries (LIBs) were used as E-waste to investigate the leach-
ing process of metals. LIBs are a common E-waste as they are extensively employed
in many anthropic activities due to their superior performance, such as high working
voltage, high energy density, small size, low self-discharge rate, and long life-cycle
[38]]. LIBs contain high concentrations of lithium (Li), cobalt (Co), nickel (Ni), man-
ganese (Mn) and aluminum (Al) [38, 39, [82]]. In particular, spent button batteries were
chosen for the experimental campaign as the internal part is already in powder form,
no crushing process is required, and they can be manually disassembled to separate
the plastic elements and metallic shells. According to Russo et al. (2022) [67]], the
overall content of metals in the tested E-waste was evaluated. The internal part of
batteries was mineralized with an aqua-regia solution in a START-D microwave oven
(Milestone, USA). Mineralized samples were opportunely diluted, filtered at 0.45 pum
through cellulose acetate filter and finally analyzed through ICP-MS (PerkinElmer Nex-
ion 350, USA) operating in dual detector mode. Due to its high concentration, Mn
content was evaluated through atomic adsorption spectrometry (AAS) using a Varian
Model 55B SpectrAA (F-AAS). The internal part of batteries was mainly composed
by: Manganese (45.0%), Lithium (9.45%), Silicon (0.18%), Iron (0.11%), Sodium
(0.13%), Calcium (0.05%), Magnesium (0.04%), Potassium (0.03%), Nickel (0.01%),

Aluminium (0.01%) and Chromium (0.01%). The bioreactors were hermetically closed

49



CHAPTER 2. MODELLING METAL RECOVERY FROM E-WASTE USING A
DARK-FERMENTATION-LEACHING PROCESS

by using specific metal/rubber caps to ensure sampling procedures and anaerobic con-
ditions. Different experimental tests were carried out (Fig. [2.9), using the same amount
of waste and changing the E-waste addition time: 1) by adding the waste at the begin-
ning of the biological process, and ii) with waste addition at the end of the hydrogen
production phase.

During the experiments, liquid and gas samples were taken every day from each
bioreactor. The extracted liquid and gas samples were characterized in terms of metals,
glucose and organic acids concentrations and hydrogen production. Manganese concen-
tration in the liquid phase was evaluated. The manganese concentration was quantified
through atomic adsorption spectrometry (AAS) using a Varian Model 55B SpectrAA
(F-AAS). The glucose and OAs concentrations were evaluated by high-pressure liquid
chromatography (HPLC), using an LC 25 Chromatography Oven (Dionex, Sunnyvale,
CA, USA) equipped with an Organic Acids column (Metrohom, Herisau, Switzerland)
and a 340U UV detector (Dionex, Sunnyvale, USA). Temperature and pH were mea-
sured with analytic probes.

The daily hydrogen production was measured using a volumetric method. For gas
sampling, the bioreactors were connected with a gas measurement system. The gas was
forced to pass into a bottle filled with HC'l solution to trap the produced carbon diox-
ide before hydrogen evaluation. This procedure allowed for the determination of the
produced hydrogen volume. Biogas composition was characterized by gas chromato-
graphic analysis conducted using a Varian Star 3400 gas chromatograph equipped with
a ShinCarbon ST 80/100 column and a thermal conductivity detector. Argon as used as

gas carrier for gaseous samples.
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Chapter 3

Multiscale modelling of de novo

anaerobic granulation

3.1 Introduction

Biofilms are complex, dense and compact aggregates comprising microbial cells im-
mobilized in a self-produced matrix of extracellular polymeric substances (EPS) [3].
Many species from several trophic groups may coexist in such structures, where they
interact through synergistic and antagonistic activities. Although natural biofilms typi-
cally develop as planar layers attached to suitable surfaces, under specific conditions the
aggregation occurs due to the self-immobilization of cells into approximately spherical-
shaped granules [[10]. The process leading to the formation of these aggregates is known
as granulation. In particular, the term de novo granulation is used when the process is
initiated by individual microbial cells and flocs, as opposed to when granulation pro-

ceeds from inocula already in a granular form.

This Chapter has been published as: Tenore, A.,Russo, F., Mattei, M.R., D’ Acunto, B., Collins, G.,
Frunzo, L. Multiscale modelling of de novo anaerobic granulation. Bulletin of Mathematical Biology 83,
122 (2021).
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In recent years, granular bioreactor systems have become increasingly popular in
the field of sustainable, and high-rate, wastewater treatment. Compared to suspended
biomass systems, the denser, stronger and more regular structure of the biofilm gran-
ules underpins better settling properties [12, [13] allowing for higher concentrations of
biomass [14] and reduced bioreactor footprints [[12]. Furthermore, and in contrast to
other biofilm systems in which the biofilms develop on solid supports, granular systems
are based on spherical, and constantly moving, microbial aggregates. The movement
and shape mitigate boundary layer resistances, and enhance the mass transfer of sub-
strates across the biofilm granule [14]. For these reasons, granular biofilms have been
successfully developed in different bioreactor configurations, for various processes,
such as aerobic, anaerobic and partial nitritation-anammox treatments [83].

The main drawback of granular-based systems is represented by the start-up phase,
due to the complexity of the mechanisms and phenomena which contribute to the suc-
cess of the granulation process [84]. Many studies have explored the granulation pro-
cess and numerous theories have been proposed. Hydrodynamic conditions generated
by liquid up-flow velocity, gas production, particle-particle collision, mixing systems
and bioreactor geometry are universally recognized as key factors in the granulation
process as well as throughout the entire life cycle of the granules [12| 183) [85]]. In-
deed, suitable hydrodynamic conditions are required to initiate the granulation process
by promoting, and improving, the aggregation of planktonic biomass [86]. Moreover,
intense hydrodynamic conditions induce high shear forces on the granule surface, in-
fluencing size, shape, structure and density of the granules [[12, 87], and regulate a
continuous process of aggregation and breaking that leads to the formation of an in-
creasing number of granules. High shear forces are thought to stimulate the production
of EPS, which represents a further beneficial factor for granulation as it increases cell
surface hydrophobicity [83]]. Several studies also consider the granulation process to be
the result of an organised process driven by pioneering microbial species with specific,

key characteristics |88 89]].
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Pol et al. (2004) [88]] collated various theories concerning anaerobic sludge granula-
tion, the most widespread of which asserts that the process is favoured by key microor-
ganisms, such as Methanosaeta (83, 188, 90, 91]]. Such acetoclastic methanogens have
filamentous structures and good adhering properties, and initiate the granulation pro-
cess by forming a central nucleus supporting the immobilisation of other methanogens
and synergistically functioning bacterial groups [92, 93]. In this context, various stud-
ies [84, 94, 93] report that quorum sensing plays an essential role by regulating the
transition of some Methanosaeta species from short to long, filamentous cells. In the
initial phase, the nucleus presents a filamentous appearance and achieves a spherical
shape due to the rolling effect of the hydraulic shear forces [83,88]. In a second phase,
the nucleus develops into a granule, and acetogens and acidogens attach on its surface
to grow syntrophically with acetoclastic methanogens [83), 188, 92} [96]]. The result is
a concentrically-layered structure with an archaeal core constituted by Methanosaeta.
This theory is supported by experimental evidence showing layered structures in anaer-
obic granules [97, 26, 98]. Nonetheless, the granulation process is still not fully un-
derstood and further studies are required to assist in optimising the efficiencies of this
process.

In this framework, mathematical modelling represents a valuable tool to describe,
explore and study the granulation process, the life cycle of the biofilm granules and
the performances of granular-based bioreactor systems. The relevance of those topics
in environmental engineering and biotechnology has stimulated interest in modelling
of granular biofilm systems. Indeed, numerous models have been proposed to mainly
describe aerobic [25]], anaerobic [26, 28, 27, 99] and anammox [30, 31, 29]] processes
involved in such systems. An initial classification may be introduced according to the
approach used: continuum models simulate the evolution of the granular biofilm in
a quantitative and deterministic way, while discrete models, such as individual-based
[99/ 1100, [101] and cellular automata models [102], can represent the multidimensional

structural heterogeneity of granular biofilms but provide results including elements of
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randomness and introduce stochastic effects into the solutions [103]]. Most models of
granular biofilms [26, 28, 27, 30, 131]] are based on the continuum approach introduced
by Wanner and Gujer (1986) [22] for one-dimensional planar biofilms, and model the
granule as a spherical, free boundary domain evolved as a result of the prevailing micro-
bial metabolic processes and mass exchange with the surrounding environment. Among
these, most describe the dynamic evolution of the granule fixing the final steady-state
size [26} 27,30, 131].

In any case, several significant aspects of granular biofilm growth are not exhaus-
tively considered by existing models. According to Baeten et al. (2019) [[14], only two
models [26][104] consider the attachment process, which plays a key role in the forma-
tion and evolution of granular biofilms. None takes into account the invasion process i.e.
the colonization of a pre-existing biofilm mediated by motile planktonic cells living in
the surrounding environment, which can penetrate the porous matrix of the biofilm and
convert to sessile biomass. Moreover, all continuum models fix a non-zero initial size
of the domain and this requires the composition of the initial domain to be arbitrarily
fixed. Finally, according to the exclusion principle presented in Klapper and Szomolay
(2011) [105], all biofilm models based on the approach introduced in Wanner and Gujer
(1986) [22] lead to restrictions on ecological structure.

Most studies have focused on system performance by describing the biofilm-mediated
removal of soluble substrates from wastewater. Some focus on the biofilm granule, pay-
ing attention to the dimensional evolution [28]] and to the distribution of sessile biomass
within the biofilm at the steady-state [28, 27, 30, 31, 29]. However, no continuous
model fully describes the de novo granulation process by considering the initial forma-
tion and ecology of the biofilm granule. Only the individual-based model introduced
by Doloman et al. (2017) [99] focuses on the de novo formation of anaerobic granules
based on a discrete approach.

In this Chapter, a multiscale model to describe the de novo granulation process, and

which incorporates the mesoscopic, granular biofilm processes within a continuously-
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fed, granular-based bioreactor is proposed. For this purpose, and following the approach
proposed by Masic and Eberl (2012, 2014) [106} [107] in the case of one-dimensional
planar biofilms, the model couples macroscopic bioreactor mass balances with a meso-
scopic granular biofilm model here derived by using a continuum approach [22]]. The
model accounts for the growth of both granular attached and planktonic biomass, and
includes the main microbial exchange processes involved, including attachment, de-
tachment and invasion. The de novo granulation process is modelled by assuming that
all biomass initially present in the bioreactor is in planktonic form. Mathematically,
this corresponds to consider a vanishing initial value of the granule radius represent-
ing the free boundary under the assumption of radial symmetry. Biofilm formation is
initiated by the attachment process, which leads to consider a space-like free bound-
ary. This mathematical problem has been discussed in D’ Acunto et al. (2019) [24] and
is applied here for the first time to model the genesis of granular biofilms. Granule
formation and expansion are governed by the following processes: microbial growth,
attachment, invasion and detachment. Attachment initiates the life of biofilms and is
regarded as the complex phenomenon whereby pioneering microbial cells in planktonic
form attach to a surface and develop in the form of a sessile aggregate [6]. However,
as reported above, the formation of a biofilm granule is the result of the interaction and
aggregation of microbial cells and flocs without the involvement of a surface. There-
fore, attachment is viewed as the flux of microbial mass that aggregates, switches its
phenotype from planktonic to sessile, and initiates the granulation. It is modelled as a
linear function of the concentrations of the planktonic species, each of which is charac-
terized by a specific attachment velocity. The invasion process is included for the first
time in the modelling of granular biofilms by extending the mathematical formulation
proposed in D’ Acunto et al. (2015) [23] for one-dimensional planar biofilms to a spher-
ical domain. This allows removal of the restrictions on ecological structure highlighted
by Klapper and Szomolay (2011) [105]. Furthermore, the bulk liquid is modelled as a

perfectly mixed medium in which soluble substrates and planktonic biomass are found,
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and which is influenced by the operational parameters of the bioreactor, the microbial
metabolic activities, and the processes of mass exchange with the biofilm. The mathe-
matical model has been derived for a generic, granular-based bioreactor and applied to
the anaerobic granulation process to test the model’s behaviour and study the genesis,
evolution and ecology of anaerobic granules. Various numerical studies have investi-
gated how the granulation properties of planktonic biomass, the biomass density of the
granules, the detachment intensity, the number of granules and the composition of the
influent wastewater may affect the evolution of the process. The results include the di-
mensional evolution and ecology of the granule (in terms of biomass distribution and
relative abundance), the distribution of soluble substrates within the granule, and the
time variation of soluble substrates and planktonic biomass within the bioreactor.

The paper is organised as follows: in Section [3.2] the derivation of the model is car-
ried out by presenting all assumptions, variables, equations, and initial and boundary
conditions; Section [3.3]then describes the biological case to which the model is applied.
Numerical studies are reported, and discussed in detail, in Sections 3.4 and [3.5] respec-
tively. Finally, the conclusions of the work, and future goals, are outlined in Section

3.0

3.2 Mathematical Model

In this Chapter, the granular biofilm reactor is modelled as a completely mixed, continuously-
fed system in which N identical biofilm granules are immersed. As shown in Fig.
[3.1] two different scales are considered in the model: the bioreactor macroscale and
the granule mesoscale. Three components are considered within the granular biofilm:
the sessile biomass, which constitutes the solid matrix; the planktonic biomass, which
is found in the channels and voids; and the soluble substrates dissolved in the liquid
phase. Meanwhile, planktonic biomass and soluble substrates are considered within the

bulk liquid of the reactor. These components interact with, and influence, each other
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Figure 3.1: Multiscale representation of the model. The bioreactor is modelled as a
perfectly mixed continuous system (on the left), having volume V', where N biofilm
granules are immersed. A focus on a single granule is presented on the right, with all
processes considered in the model. The granule has a zero initial radius R(0), which
varies over time due to the effect of various biological processes. Metabolic processes
within the granule are carried out by the sessile biomass X;(r, t), which grows by con-
verting the substrates dissolved in the biofilm liquid S;(r, t), while metabolic processes
within the bulk liquid are carried out by the planktonic biomasses 1} (t), which grows by
converting the substrates dissolved in the bulk liquid 57 (t). The superficial exchange
processes of attachment and detachment are considered at the interface granule-bulk
liquid. Moreover, invasion processes are modelled: the planktonic biomass ;(r, t) in-
vades the solid matrix of the granule and switches its phenotype from planktonic to
sessile. Finally, process of diffusion of substrates across the granule is included in the
model. Solid arrows: processes within the granule. Dash-dot arrows: processes within
the bulk liquid. Dash arrows: exchange processes between granule and bulk liquid.

as a result of biological, physical and chemical processes. Modelling of both the gran-
ule and bioreactor scales is discussed, introducing each of the processes, assumptions,

variables, equations, and initial and boundary conditions involved.

3.2.1 Modelling granule scale

Under the assumption of radial symmetry, the biofilm granule is modelled as a spheri-

cal, free boundary domain whose spatial evolution is completely described by the evo-
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lution of the radius R(t). A vanishing initial value R(0) = 0 is considered to model
the initial granulation. All variables involved in the biofilm modelling are considered as
functions of time ¢ and space r, where r denotes the radial coordinate. Consequently,
the granule centre is located at = 0.

The model takes into account the dynamics of three components, expressed in terms
of concentration: n microbial species in sessile form X;(r,t); n microbial species in
planktonic form ;(r, t); m dissolved substrates .S;(r, ).

The volume occupied by planktonic cells is considered negligible due to the small
particle size. The density of the granule p is assumed to be constant and equal for all
microbial species. By dividing sessile species concentration X; by p, biomass volume
fractions f;(r,t) are achieved. f; are constrained to add up to unity [108]. In summary,

the model components describing the granular biofilm compartment are:

X;i=1,.n, X =(X1,... X,), 3.1)
= % i=1, ., £=(f1, 0 fo), 3.2)
iy i =1, = (1, .y thn), (3.3)
Sij=1,...,m, S=(S,....5m) (3.4)

Based on the continuum approach introduced in Wanner and Gujer (1986) [22] for
one-dimensional planar biofilms, a system of partial differential equations (PDEs) in a
spherical, free boundary domain is derived from mass balance considerations, under the
assumption of radial symmetry. Hyperbolic PDEs model the distribution and growth of
sessile biomass f;(r,t) and parabolic PDEs describe the diffusion and conversion of

soluble substrates S;(r,t). Further parabolic PDEs govern the process of invasion and
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conversion of planktonic cells ;(r, t).

Based on the aggregation properties of the planktonic biomass living in the bulk lig-
uid, attachment phenomena govern the initial granulation process, while further biofilm
evolution is significantly affected by detachment phenomena. Attachment and detach-
ment contribute to the microbial mass exchange occurring between granules and bulk
liquid, and are included in the model as continuous and deterministic processes. Fi-
nally, as introduced by D’Acunto et al. (2015) [23]], in the case of one-dimensional
planar biofilm, the invasion process is considered to describe the phenomena of granule
colonization by planktonic cells. Such cells penetrate the porous matrix of the biofilm
from the surrounding medium and contribute to the development of the biofilm.

Under the assumption of radial symmetry, the mass balance set up for a generic
component in a differential volume of the spherical domain, leads to the following

equation:

de(r,t) 10, B
5 g, (1) =relnt), (3.5)

where ¢(r, t) is the concentration of a generic component in the spherical domain, .J,. is
the advective and/or diffusive flux in the radial direction and r.(r, t) is the transforma-
tion term.

The transport of sessile biomass is modelled as an advective process. Hence, by
expressing the advective flux of the i’ sessile microbial species in the radial direction

as:

J”‘,i<r’ t) = U(T7 t)Xz<T’ t)a (3.6)
where u(r, t) is the biomass velocity, Eq.(3.5) takes the following form:
8X,~(r, t) 10 2

at + T_QEO‘ U(T, t>Xz(r7 t)) - pTM,i(n ta X? S) + p’f’z‘(’f‘, tv 1/)7 S)7
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i=1,..,n,0<r<R(),t>0, (3.7)

where 7, ;(r,t, X, S) and 7;(r, ¢, %, S) are the specific growth rates due to sessile and
planktonic species, respectively.

By dividing Eq.(3.7) by p and by considering that f; = % yields

afi(’l”, t)
ot

1o,
+ ﬁ&oﬂ U’(Ta t)fz(h t)) - TM,i(T7t7 fv S) + Ti(ratv ¢7 S)7

i=1,..,n,0<r<R(t), t>0, (3.8)

fi(r,t) ou(r,t)  2u(r,t)fi(r,t) dfi(r,t)
T + fi(r,t) o + . + u(r,t) o rari(r,t, £, 8)+
(4, S), i=1,...n,0 <r < R(t), t > 0. (3.9)

Summing Eq.(3:9) over all sessile microbial species ¢ and considering that > " | f; =
1, it follows:

u(r,t) — 2u(r?)

or r

+G(r,t,£,8,¢,0 <r <R(t), t >0, (3.10)

where G(r,t,£,S,4) = > """ (rari(r, t, £,S) +1;(r, t,4, S)). This differential equation
governs the evolution of the biomass velocity u(r, t).

By imposing the flux of the i*" sessile microbial species equal to 0 at r = 0, it
follows from Eq.(3.6) that (0, ¢) = 0. Considering this result and integrating Eq.(3.10),

the integral expression of u(r, t) is achieved:

1 T
u(r,t) = —/ rG(r', t,£,S,)dr',0 < r < R(t), t > 0. (3.11)

2
™ Jo
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Substituting Eq.(3.10) into Eq.(3.9) yields

—afi(;? ) +u(r, t)

8]} (7’, f})

or = rM,i(Ta t> f7 S) + 7"1'(7", ta "1b7 S) - fi(ra t>G(7ﬂ7 ta f7 S7 "p)a

i=1,..,n,0<r<R(),t>0. (3.12)

Eq.(3.12)) describes the transport and growth of the sessile microbial species i across
the granular biofilm under the assumption of radial symmetry.

Compared to the equation reported in Wanner and Gujer (1986) [22] for a planar
biofilm, Eq.(3.12) presents a different expression of u(r,¢) and the additional reaction
term r;(r, t, 1), S) due to the invasion phenomenon.

Eq.(3.5) can be applied to soluble substrates and planktonic species. In these cases,
the transport of planktonic biomass and soluble substrates is modelled as a diffusive

flux and expressed as

Jr,dii (T; t) = _Dw,z’ a¢g:’ t) ) (3.13)
and
Jrj(r,t) = —=Dg; asg(:, t>, (3.14)

where Dy, ; and Dg ; denote the diffusivity coefficient of the planktonic species ¢ and
the soluble substrate j in the biofilm, respectively.

Then, parabolic diffusion-reaction PDEs are derived from Eq.(3.5):

8%(7“, t) _ D 02%-(?", t) B 2Dw7i 8%(7", t)
ot T 2 r or

= T'l/),i(?ﬂa t) wa S)a
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i=1,...,n,0<r<R(),t>0, (3.15)
dS;(r,t) 02S;(r,t)  2Dg; 0S;(r,t)
Do 2o N ) e (et £ S
ot 51T o2 r or rs (it £, 8),
j=1..m0<r<R({t),t>0, (3.16)

where 1, ;(r,t,4, S) is the conversion rate of planktonic species ¢ and rg ;(r, ¢, f,S) is
the conversion rate of soluble substrate ;.

The free boundary evolution is described by the variation of the radius R(t) over
time. This is affected by microbial growth and processes of attachment and detachment
occurring at the surface of the biofilm. In particular, as proposed by Wanner and Re-
ichert (1996) [109], the attachment flux of the i** planktonic species is formulated as a
function linearly dependent on the concentration of the planktonic species ¢ in the bulk
liquid ¢} (t) and is expressed as:

a,t *t .
Gai(t) = Vil iy, (3.17)

p
where v, ; is the attachment velocity of the planktonic species ¢.

By summing Eq.(3.17) over all planktonic species, the total attachment flux is achieved:

oa(t) — 2=t Vasti () ”;’M ® (3.18)

The detachment is modelled as a quadratic function of the granule radius R(t) [110]:

oa(t) = AR*(t), (3.19)

where A is the detachment coefficient and is supposed to be equal for all microbial

species.
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The global mass balance on the spherical domain gives:

o [BO

R(t)
B 4rr?pdr = pA(t)(o4(t) — o4(t)) +/ 42 pG (r,t, 1,8, 4)dr, (3.20)
0 0

where A(t) is the area of the spherical granule and is equal to 47 R%(t).

By dividing Eq.(3.20) by 47p and by considering u(R(t), r) from Eq.(3.11), it fol-

lows:

0

R(t) R(t)
5 / ridr = R2(t)(04(t) — oa(t)) + / r2G(r,t,£, S, 4)dr, (3.21)
0 0

= R¥(t)(0a(t) — 0a(t)) + R*(t)u(R(1), 1), (3.22)

R(t) = 04(t) — o4(t) + u(R(t),1). (3.23)

The latter equation governs the time evolution of the free boundary domain.
The total mass of the sessile community and the mass of the i*" sessile microbial

species within the granule can be calculated as follows:

R(t)
m;(t) = / 4rrpfi(r,t)dr, i =1, ...,n, (3.24)
0
- 4
Mot (t) = ;mi(t) = §7rpR3(t). (3.25)

3.2.2 Modelling reactor scale

As already mentioned, the reactor is modelled as a completely mixed continuous sys-

tem. Thus, all the quantities referring to the bulk liquid dynamics are equal at every
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point and are dependent on time. The variables considered in the bulk liquid are n
planktonic biomasses and m soluble substrates, both expressed in terms of concentra-
tion (¢; (t) and Sj(t), respectively). Such concentrations vary over time due to biologi-
cal processes, operational parameters of the reactor and mesoscopic granule processes.

In summary, the model components, which describe the bulk liquid compartment, are:

Vi i=1,..,n, Y= (Y],..., ), (3.26)

Accordingly, a system of ordinary differential equations (ODEs) derived from mass
balance considerations is considered to describe the dynamics of planktonic biomass

and soluble substrates within the bulk liquid:

0V (R(t),t)

Vi (t) = Q" — i (t)) — A(t)Ne Dy, +rya(t T, ST)+

—04i(t)pA(t)Ng, i =1,...,n t >0, (3.28)

05;(R(t), 1)

VSi(t) = QS]" = §5(1) = A(t)NeDs; =7

+ TZ',j(t? ,‘p*a S*)a

j=1,...m, t>0, (3.29)

where V' is the volume of the bulk liquid assumed equal to the reactor volume, () is
the continuous flow rate, 1)/ is the concentration of the planktonic species ¢ in the

influent, Sji-” is the concentration of the substrate j in the influent, 7}, ;(¢, ", S*) and
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TS, j(t, 1p*, S*) are the conversion rates for ¢; and S, respectively.

Eq.(3:28) represents the mass balance of the 7" microbial species in planktonic
form. In particular, the mass variation within the bioreactor (first member) is due to the
continuous mass flow in and out of the bioreactor (first term of the second member),
the exchange flux between the bulk liquid and the granular biofilms (second term of
the second member), the growth and decay in the bulk liquid (third term of the second
member), and the exchange flux related to attachment processes (fourth term of the
second member).

Similarly, Eq.(3.29) represents the mass balance of the j** soluble substrate. In this
case, the mass variation within the bioreactor (first member) is due to the continuous
mass flow in and out of the bioreactor (first term of the second member), the exchange
flux between the bulk liquid and the granular biofilms (second term of the second mem-
ber) and the consumption, and/or production, occurring in the bulk liquid and mediated

by the planktonic biomass (third term of second member).

3.2.3 Initial and boundary conditions

The processes involved in a granular biofilm reactor are described by Eqs.(3.10), (3.12),
B-15), (3-16), (3.23), (3-28)) and (3.29). To integrate such equations, it is necessary to

specify initial and boundary conditions.

As mentioned above, de novo granulation is modelled by considering an initial con-
figuration whereby only planktonic biomass is supposed to be present in the reactor.
Hence, a vanishing initial condition is coupled to Eq.(3.23), which describes the varia-

tion of the granule radius over time:

R(0) = 0. (3.30)

The following initial conditions are considered for Eq.(3.28)) and Eq.(3.29):
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Vi(0) =iy, i =1,..,m, (3.31)
S7(0) = S5p, j=1,....m, (3.32)

where 1 and S7, are the initial concentrations of the i" planktonic species and the

4" soluble substrate within the bulk liquid, respectively.

Eqgs.(3.10), (3.12)), (3.13) and (3.16)) refer to the biofilm domain and do not require

initial conditions, since the extension of the biofilm domain is zero at ¢ = 0.

The boundary condition for Eq.(3.12) at the interface granule-bulk liquid r = R(t)
depends on the sign of the mass flux at the interface. When the free boundary is a
space-like line (o, — 04 > 0), there is a mass flux from bulk liquid to biofilm, thus
the boundary condition depends on the concentration of planktonic biomass in the bulk

liquid:

Ua,i'(mk(t)
2 i1 Vai ¥ (¢)

Meanwhile, when the free boundary is a time-like line (o, — o4 < 0), the biomass

Fi(R(), 1) = ci=1,..,n,t>0. (3.33)

concentration at the interface is regulated exclusively by the internal points of the
biofilm domain and the condition (3.33)) is not required.

For both parabolic systems (3.15) and (3.16), a no-flux condition is fixed at the
granule centre r = (0, while boundary conditions at the interface biofilm-bulk liquid
r = R(t) are related to the solutions of Eq.(3.28) and Eq.(3.29), which represent the

concentrations of planktonic species and soluble substrates within the bulk liquid:

i

5, (0:8) = 0, (R(1), ) = ¥ (1), i = 1,m, £ >0, (3.34)
S, e
—=2(0,8) =0, 8;(R(1),1)) = Sj(t), G =1, ...,m, t > 0. (3.35)
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Finally, as previously mentioned, the boundary condition for Eq.(3.10)) is given by:

w(0,t) =0, t > 0. (3.36)

In conclusion, the model is based on Eqs.(3.10), (3.12), (3.13), (3.16), (3.23), (3.28)),
(3.29), and initial and boundary conditions Eqs.(3.30)-(3.36). All equations, and initial

and boundary conditions are summarised in Table 3.1l The reaction terms of these
equations depend on the specific biological case considered and describe the complex
biological interplay taking place between sessile biomass X;(r, t), planktonic biomass
;(r,t) and soluble substrates S;(r, ) within the biofilm and planktonic biomass v} (t)

and soluble substrates S7(¢) within the bulk liquid.
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3.3 Modelling de novo anaerobic granulation

The mathematical model described in the previous section can be applied to any granu-
lar biofilm system by defining appropriate variables, parameters, and initial, and bound-
ary, conditions and reaction terms based on the biological processes involved.

In this Chapter, the model is applied to study the process of de novo granulation and
the ecology of granules in an anaerobic bioreactor. Anaerobic digestion (AD) is a bio-
logical process extensively used to manage liquid and solid wastes, and to produce re-
newable biofuels. AD underpins low-cost environmental biotechnologies underpinned
by a complex, multi-step process in which different trophic grous of microbial species
convert organic matter to methane-rich biogas. Over the past few decades, the appli-
cation of AD has been developed in granular biofilm systems, in which the microbial
community forms dense biofilm granules offering several operational advantages over
conventional, suspended biomass systems [14)} 12]].

Many studies report the fundamental role played by methanogenic species, which
facilitate the formation of the granule nucleus [83] 184} 94, 95]. To model this aspect,
different attachment velocities are used depending on the microbial species.

The following variables, expressed in terms of concentrations, are included in the

model:

* five sessile microbial components: sugar fermenters Xg,, butyrate consumers
X By, propionate consumers X p,,, acetoclastic methanogens X 4., and inert ma-

terial X;.

* four planktonic species within the biofilm: sugar fermenters g, butyrate con-

sumers v g,,, propionate consumers p,.,, and acetoclastic methanogens 1 4.

* five soluble compounds within the biofilm: sugar Ss,, butyrate Sg,, propionate

Spro, acetate Sy, and methane Scp, .
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* four planktonic species within the bulk liquid: sugar fermenters 15, butyrate

consumers 1;,,, propionate consumers ¢y, ,, and acetoclastic methanogens ..

* five soluble compounds within the bulk liquid: sugar S§,, butyrate S%,,, propi-

onate Sp,.,, acetate S7 ., and methane S¢;, .

r0°

Inert material is not considered in the bulk liquid as it is supposed to play no role
in the life cycle of the granular biofilm (inactive biomass is supposed to have neither
metabolic activity nor granulation or invasion properties).

The model considers an influent flow comprised exclusively of dissolved substrates.
Therefore, disintegration and hydrolysis processes, which lead to the conversion of or-
ganic matter into soluble compounds, are neglected. The main intracellular processes
are taken into account both in the biofilm and in the bulk liquid: acidogenesis, acetoge-
nesis and methanogenesis. The kinetic expressions of the biological processes involved
in the model are taken from Batstone et al. (2002) [[1]. In particular, each growth pro-
cess leads to the formation of new biomass, and consumption and/or production of one
or more soluble substrates. Each decay process implies the death of active biomass,
which becomes inert material. Within the biofilm, sessile sugar fermenters Xg, grow
by converting sugar Sg, into butyrate Sp,, propionate Sp,, and acetate S4. (i.e. aci-
dogenesis). Butyrate Sp, and propionate Sp,, are consumed by sessile butyrate con-
sumers X g, and sessile propionate consumers X p,,, respectively, and acetate S 4. is
produced (i.e. acetogenesis). Lastly, acetate is converted into methane S¢p, by sessile
acetoclastic methanogens X 4. (i.e. methanogenesis). The same biological processes
are supposed to occur in the bulk liquid, in which the planktonic biomass 7} consume
or produce the soluble substrates S7. Furthermore, the decay of any sessile biomass is
considered to produce inert material X;, which represents inactive biomass and accu-
mulates in the biofilm. The decay processes are also considered for planktonic species
in the bulk liquid.

The planktonic active species present in the bulk liquid are also modelled in the
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granule domain as planktonic cells 1);, which populate the voids of the solid matrix
and contribute to the growth of the corresponding sessile species as a result of invasion
phenomena.

Each of the reaction terms of the model equations are listed below. The specific
growth rates within the biofilm due to sessile biomass r);; in Eq.(3.10) and Eq.(3.12))
are modelled as Monod-type kinetics:

— kd,i)u 1€ ]B7 (3.37)

Tmi = fi (/lmax,z‘m

where /5 = {Su, Bu, Pro, Ac} is the index set, [ty ; is the maximum net growth rate
for biomass ¢, K; is the affinity constant of the consumed substrate for biomass 7 and
kq; 1s the decay constant for biomass i.

The inert formation rate is give by the sum of the decay rates of each active species,

modelled as first order kinetic:

rag = fikas (3.38)

i€lp

The specific growth rates within the biofilm due to planktonic cells 7; in Eq.(3.10)
and Eq.(3.12)) are defined as:

b,
p Ki+5;

, 1 € Ip, (3.39)

ri = kcol,i

where k., ; is the maximum colonization rate of motile species ¢ and p is the granule
density.
The conversion rates for planktonic cells due to the invasion process 7, ; in Eq.(3.15)

are expressed by:
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1 .
Tw’i:_Yw-Tip,ZGIB’
K

(3.40)

where Y, ; denotes the yield of non-motile species ¢ on corresponding motile species.

The conversion rates for soluble substrates within the biofilm rg ; in Eq.(3.16), with

j € {Su, Bu, Pro, Ac, C H,}, are listed below:

Hmax,Su SSu

w = = uw P 3.41
Ts,s Yo, Koot Se. Ssup (3.41)
Hmax, Bu SBu (1 B YSU)
u — i w,Bu™ ~r  Mmax,Su X
Ts,B Yo, Koot SBufB p + gsuB Yo, Hmaxs
Ssu
——g Jsu P, 3.42
KSu+SSufS p (3.42)
Hmax,Pro SP’!‘O (1 - YSU)
ro — T0 w,Pro—<> Mmax,Su X
TSP YPro KPro + SPTofP p * g8u.p YSu H s
Ssu
LU 3.43
KSu+SSufS p (3.43)
Hmax,Ac SAC (1 - YSu) SSu
r c— — : c + wAc— < Mmax,SuTr 5 X
54 YAc KAC + SAC fA P 9Su4 YSu H s KSu + SSu
1 —Yp, S 1- YPro)
X fsu p + gBu,Ac(Y—B)Mmax,Bumeu P + gpro, Ac( Yy
SPro
XUmax,Pro5>— & JSu ) 344
Humax,P KPro + SPTofS P ( )
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(1 - YAC) SAC

max,Ac7 - . o c M 345
Y, Hmasa KAC+5AcfA p (3.45)

rscHy =

where Ys,, YBu, Ypro, Yac, denote the yields of sugar fermenters, butyrate con-
sumers, propionate consumers and acetoclastic methanogens on the corresponding sub-
strate consumed, gsy, Bus 9Su,Pro» Jsu,Ac are the stoichiometric fractions of butyrate,
propionate and acetate produced from sugar, gp,, ac and gpy, 4. are the stoichiometric
fractions of acetate produced from butyrate and propionate.

Moreover, the conversion rates of planktonic biomasses 7y, ; within the bulk liquid

in Eq.(3.28) are defined as:

S*

maxi———— —kqi), 1 € Ip, 3.46
M ’Kl‘i‘sz* d})’l B ( )

Tz*p,i =7 (

while, the conversion rates of soluble substrates 75 ; within the bulk liquid in Eq.(3.29),

with j € {Su, Bu, Pro, Ac, CH,}, are listed below:

* « Mmax,Su Sg'u
o : 3.47
S,Su Su YSu K5u+ ;ua ( )
* + Mmax,Bu SEu (]' B YSU) *
TS Bu = — i + 9Su,Bu wMmax,Su X
S,B B YBu KBu + SEU gS ,B YSU ¢S ,u S
S
X —2 3.48
Kout 55 (3.48)
* * :umaX Pro ;;ro (1 - YSU) *
Ts Pro — — ro : ¥ + u,Pro wMmax, u X
S.P VYp Yorg Komg+ S5 IsuPro~—y— Y gubmax,s
S
X —2 3.49
Kout 55 (3.49)
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* gk Hmax,Ac SZC (1 - YSU) * Sgu
TS,AC = Ac YAC KAC T SZC + gSu,Ac YSU wsu,umax,Su Ksu T S;u +
(1 —Yag4) St (1 - Ypyo)

* Bu *
9Bu,Ac Y, ¢BuﬂmaX,Bu K S* + gPro,Ac Y, ¢ProﬂmaX,Pr0 X
Bu Bu + Bu Pro

Sp
X e 3.50
KP?"O + S;;ro ( )
* (1 - YAC) * S*c
rson =y Yhelmax de g — o _f: 5 (3.51)

The values used for all stoichiometric and kinetic parameters are reported in Table
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Parameter  Definition Unit Value Ref
Ymaz,Su Maximum specific growth rate for sugar fermenters d-1 3 (a)
Hmaz,Bu Maximum specific growth rate for butyrate consumers d-1 1.2 (a)
Mmaz,Pro  Maximum specific growth rate for propionate consumers d-1 0.52 (a)
Hmaz, Ac Maximum specific growth rate for acetoclastic methanogens d-1 0.4 (a)
kd,su Decay-inactivation rate for sugar fermenters a1t 0.02 (a)
kd,Bu Decay-inactivation rate for butyrate consumers d-1 0.02 (a)
ka,Pro Decay-inactivation rate for propionate consumers d-! 0.02 (a)
kd,Ac Decay-inactivation rate for acetoclastic methanogens a1t 0.02 (a)
Kgy, Sugar half saturation constant sugar fermenters gCOD m~3 500 (a)
Kpy Butyrate half saturation constant butyrate consumers gCOD m~3 300 (a)
Kpro Propionate half saturation constant propionate consumers gCOD m~—3 300 (a)
Kac Acetate half saturation constant acetoclastic methanogens gCOD m=3 150 (a)
Ysu Yield of sugar fermenters on sugar —— 0.10 (a)
YBu Yield of butyrate consumers on butyrate —— 0.06 (a)
Ypro Yield of propionate consumers on propionate —— 0.04 (a)
Yace Yield of acetoclastic methanogens on acetate —— 0.05 (a)
9Su,Bu Fraction of butyrate from sugar —— 0.13 (a)
9Su,Pro Fraction of propionate from sugar —— 0.27 (a)
9Su,Ac Fraction of acetate from sugar —— 0.41 (a)
9Bu,Ac Fraction of acetate from butyrate —— 0.80 (a)
9Pro,Ac Fraction of acetate from propionate —_— 0.57 (a)
Dg sy Diffusion coefficient of sugar in biofilm m2d-1 4.63-107° (b)
Ds, Bu Diffusion coefficient of butyrate in biofilm m2d-1 6.01-107% (b
Ds pro Diffusion coefficient of propionate in biofilm m2d—1 7.33-107° (b)
Ds, ac Diffusion coefficient of acetate in biofilm m?2 d~1 8361075 (b)
Ds,cH, Diffusion coefficient of methane in biofilm m2d-1 10.3-1075  (b)
kcol i Maximum colonization rate of i*" planktonic species d—1! 0.001 (c)
Yy, Yield of non-motile microorganisms on motile species —— 0.001 (c)
Dy ; Diffusion coefficient of i*" planktonic species in biofilm m?d1 10-5 (c)
Va,Su Attachment velocity of planktonic species ¥ g, md~?! 3.1073 (c)
Va,Bu Attachment velocity of planktonic species 1 g,, md=1 3.1073 (c)
Va,Pro Attachment velocity of planktonic species 1) py., md! 3.1073 (c)
Va, Ac Attachment velocity of planktonic species ¥ 4. md~?! 150 - 103 (c)
p Biofilm density gCOD m—3 120000 (c)
A Detachment coefficient m~1d-1 10 (©)
14 Reactor volume m?3 400 (c)
Q Volumetric flow rate m3 d—1 600 (c)
Ng Number of granules in the reactor —— 2.4 .10 (c)

(a) Batstone et al. (2002) [1]]; (b) Stewart (2003) [111]]; (¢) Assumed.

Table 3.2: Kinetic, stoichiometric and operating parameters used for numerical simula-
tions.
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3.4 Numerical simulations and results

The model has been integrated numerically by developing an original code in MatLab
platform. Hyperbolic PDEs (Eq. (3.12))) have been integrated by using the method of
characteristics, applied for the first time in the biofilm context by D’ Acunto and Frunzo
(2011) [32]], while the method of lines has been adopted for the diffusion-reaction PDEs
(Egs. (3.15) and (3.16)). The ordinary differential equations for ¢} and S7 (Eqgs. (3.28)

and (3.29)) have been integrated by using the MatLab routine ode45, based on a Runge-
Kutta method. The time to compute the values of the unknown variables is in the order
of hours and depends on the specific target simulation time.

Numerical simulations are performed to describe the formation and evolution of
anaerobic granular biofilms, to study the ecological succession occurring in the granule
and explore the effects of the main factors on the process. In particular, five numerical
studies are carried out: the first numerical study (NS1) describes the de novo granulation
process in a bioreactor fed with an influent wastewater rich in sugar; the second study
(NS2) investigates the effect of influent composition on granule evolution and ecology;
the third study (NS3) explores the role of the attachment phenomenon on granule evo-
lution; the fourth study (NS4) investigates the effects of the biomass density on the
transport of soluble substrates and, consequently, on the growth and stratification of
biomass within the granule; and the fifth study (NS5) simulates the effects of different
detachment regimes on granule size and dynamics. Lastly, a sixth study (NS6) analyses
the effects of the number of granules on the process. The values used for the parameters
under study are presented in Table [3.3|for all numerical studies.

The initial concentration of the soluble substrates in the bulk liquid 57 is assumed
the same as the influent wastewater. No microbial biomass is present in the influent
flow (1" = 0), while non-null initial concentrations of planktonic biomasses in the
bulk liquid 97, are set to simulate the reactor inoculated with an anaerobic sludge. In

particular, it is considered that the granular reactor is inoculated with the sludge coming
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from a suspended-based anaerobic reactor and fed with the same influent wastewater.
Therefore, the initial concentrations of planktonic species in the bulk liquid (represen-
tative of the inoculum) are derived from numerical results of an ADM1-based model
[1].

In granular bioreactors, intense hydrodynamic conditions will improve the aggrega-
tion of planktonic cells and the formation of granules. Consequently, for all the sim-
ulations reported in this Chapter, the bioreactor volume V' and the influent flow rate
Q are assumed constant and equal to 400 m? and 600 m3d~!, respectively, leading to
high hydrodynamic velocities and a very low hydraulic retention time (HRT = 0.667 d).
Such values are within the range of hydraulic retention times (HRT) values typical of
granular biofilm systems [112]. Moreover, the organic loading rate (OLR), defined
as the amount of daily organic matter treated per unit reactor volume, is set equal to
5.25 kg m~ d~1. The number of granules N has been selected through an iterative
procedure which involved the detachment coefficient A\, with the aim to guarantee a 25%
filling ratio [30, 28] by considering 1mm as steady-state particle radius, an average size
representative of these anaerobic granular communities (83, 26, 27].

Diffusivity of soluble substrates in biofilm is assumed to be 80% of diffusivity in
water [22]]. The diffusion coefficients in water for all soluble substrates are taken from
Stewart (2003) [111]], see Table[3.2]

The simulation time 7 is fixed to 300 d for all simulations. This time interval guar-
antees to achieve the steady-state configuration for all model variables: concentration
of soluble substrates S7(t) and planktonic biomasses v (¢) in the bulk liquid; granule
size R(t); sessile biomass fractions f;(r,t), concentration of soluble substrates .S;(r,t)

and planktonic species v;(r, t) within the biofilm.
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3.4.1 NSI1 - Anaerobic granulation process

The first numerical study (NS1) describes the de novo granulation process occurring
in a granular reactor fed with sugar: SZ = 3500 g m™3, S = S = ST =
S¢;, = 0 (RUNI). The initial concentration of the planktonic biomasses (reactor
inoculum) is derived from an ADM1-based model following the procedure introduced

above: ¢§u,o =300 g m_37 w*Bu,O = w;;ro,o =50 g m—3, ch,O = 100 9 m—3'

1200

1000 -

800 .

600 -

R [pm]

400

200 .

1 1 1
0 50 100 150 200 250 300
time [d]

Figure 3.2: NS1 - Biofilm radius evolution over time. Influent wastewater composition:
S§, = 3500 g m~? (Sugar), S, = 0 (Butyrate), S§,, = 0 (Propionate), Si. = 0
(Acetate), S¢'y, = 0 (Methane).

Numerical results are summarised in Figs. [3.2}{3.6] In Fig. [3.2]the evolution of the
granule radius R(t) over time is reported. A vanishing initial value is assigned to R(t)
att = 0 (R(0) = 0). During the first days, the granulation process has its maximum
intensity and the granule size increases. The variation of R(t) is almost exhausted
during the first 70-100 days, after which it reaches a steady-state value of about 1 mm.

In Fig. [3.3]the distribution of sessile species within the granule is shown at different
times. After 5 d the granule has a radius of about 0.3 mm and is constituted mostly by
acidogens (blue) which are favoured by the high concentration of sugar initially present
in the bulk liquid. However, the granule core is also composed of methanogens (red)

which have high propensity to attach due to their filamentous structures and aggrega-
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Figure 3.3: NS1 - Microbial species distribution in the diametrical section and across
the radius of the granule, at 7' = 5d, T = 15d, T = 40 dand T" = 70 d. Influent
wastewater composition: S& = 3500 g m~—2 (Sugar), S% = 0 (Butyrate), S =0
(Propionate), S’ = 0 (Acetate), Sy, = 0 (Methane).

tion properties. At 7' = 15 d, the consumption of sugar and the production of volatile
fatty acids (VFAs) in large amount by acidogenesis affects the biomass distribution:
the methanogenic core grows while the acidogens occupy the outer layer of the gran-
ule, and the acetogens (green) and inert (black) fractions become be visible. For later
times (40-70 d), the radius almost reaches the steady-state value, a significant amount
of inert material accumulates (especially in the innermost part of the domain), and ho-
mogeneous fractions of methanogens and acetogens are found throughout the granule -
except the outermost part, where a thin layer of acidogens is established. This stratifi-

cation is due to the distribution of soluble substrate concentrations along the radius of

the granule, shown at 7' = 300 d in Fig. [3.4] The concentration of sugar in the outer-
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Figure 3.4: NS1 - Distribution of soluble substrates along the granule radius at 7" =
300 d. Sg,: Sugar, Sp,: Butyrate, Sp,,: Propionate, S4.: Acetate, Scp,: Methane.
Influent wastewater composition: Sa = 3500 g m~% (Sugar), Si%, = 0 (Butyrate),
Pro = 0 (Propionate), S%. = 0 (Acetate), S¢'y, = 0 (Methane).

most layers promotes the growth of acidogens, which have a higher maximum growth
rate than the other species. Otherwise, the substrate concentrations reduce towards the
centre of the granule. Shortage of substrates affects acidogens more than other species,
due to their high sugar half saturation constant (see Table[3.2). Then, since the acetate
half saturation constant for methanogens is very low, they are able to grow even under
low substrate concentrations and prevail in this central area.

Fig. [3.5 presents the trend of each microbial species within the granule over time.
This result confirms the microbial succession described above. The biofilm is initially
constituted predominantly by acidogens mg,, (blue) and methanogens m 4. (red). Their
mass within the biofilm achieves a maximum and then decreases to a steady-state value
when the substrates required by their metabolism (sugar and acetate, respectively) are
limited and the decay process prevails. The growth process of acetogens mpg, + mMpy,
and the accumulation of inert m; are slower and take place over a longer period. How-
ever, all microbial species exhibit steady-state values 150-170 days after granule gene-
sis. Furthermore, the total microbial mass m,; (dashed black line) follows the trend of

the radius reported in Fig. [3.2] Indeed, assuming a constant density p, the variation of
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Figure 3.5: NS1 - Evolution of mass of sessile species within the reactor. mg,: mass
of sugar fermenters, mg,,: mass of butyrate consumers, mp,,: mass of propionate con-
sumers, ma.: mass of acetoclastic methanogens, m;,: total sessile mass. Influent
wastewater composition: S, = 3500 g m~® (Sugar), S§, = 0 (Butyrate), Sg,, = 0
(Propionate), S, = 0 (Acetate), S¢'y, = 0 (Methane).

mass within the granule is related to the variation of volume.

Lastly, the trends of soluble substrates and planktonic biomass within the bulk liquid
are shown in Fig. [3.6] In the initial phase, the biofilm granules are small, and the
consumption and production of soluble substrates are governed by planktonic biomass.
In particular, planktonic sugar fermenters 1, (blue in Fig. [3.6fbottom) degrade sugar
S§, (blue in Fig. [3.6}top) and produce volatile fatty acids (VFAs): i.e. butyrate Sp,
(green in Fig. [3.6}top), propionate S, (magenta in Fig. [3.6}top) and acetate 57, (red
in Fig. [3.6}top). Meanwhile, the concentration of all planktonic biomass within the bulk
liquid is reduced due to two distinct phenomena: part is converted in sessile biomass
during the granulation process and part is rapidly washed out due to the hydrodynamic
conditions (i.e. low HRTs in ’high rate’ bioreactors). For these reasons, no microbial
species in planktonic form is present within the reactor after 5-7 days. After the washout
of the planktonic biomass, the substrates trend is influenced exclusively by the sessile

metabolic activity: the residual sugar S, and VFAs (S%,,, Sp,, and S .) are consumed

with different velocities according to the consumption rate of the corresponding sessile
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Figure 3.6: NS1 - Evolution of soluble substrates (top) and planktonic biomass (bottom)
concentrations within the bulk liquid. S%,: Sugar, Sj,: Butyrate, S}, : Propionate,
S’h.: Acetate, Sip, - Methane, 15, : Sugar fermenters, ¢,,: Butyrate consumers, ¢p,.,:
Propionate consumers, %.: Acetoclastic methanogens. Influent wastewater composi-
tion: S% = 3500 g m~? (Sugar), S%, = 0 (Butyrate), S = 0 (Propionate), S, = 0
(Acetate), S&;, = 0 (Methane).

microbial species and significant amount of methane S¢;, (black in Fig. @top) is
produced. After 30 days substrates concentrations within the bulk liquid reach a steady-
state value. High concentrations of methane (the end product of the AD process), and

negligible concentrations of sugar and VFAs, are found in the bioreactor and in the

effluent.

3.4.2 NBS2 - Effects of influent wastewater composition

The results presented in the previous section describe the dynamic evolution and the
steady-state configuration of anaerobic granular biofilms growing in a sugar-fed biore-
actor. However, the composition of the influent wastewater affects the granulation pro-
cess and regulates the ecological succession and the growth of individual species. Since
the influent wastewater treated in anaerobic granular systems originates from any one
of various applications and sources, and thus presents variable compositions of the or-

ganic load, it is interesting to compare the model results for different types of influent
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wastewater. In particular, in this study (NS2) different influent compositions and biore-
actor inocula are set as model input: (RUN2: S% = 2000 g m=3, S% = S% =
S = 500 g m~, Sy, = 0, U0 = 170 g M, Uhug = Vg = 40 g m,
Wi = 100 g m~3; RUN3: Sif = Sip = S = §in = 880 g m™3, Sin, = 0,
Vsuo = 70 g m™, Yp, 0 = 50 g m™>,9p,,0 = 40 g m™, Y., = 110 g m™;
RUNS: S%, = ¥y, = 0. S5, = S§, = S5 = 1170 g m™ 0,0 = 0. i, =
60 g m ™3, Up,,0 = 40 g m™?, ¥, o = 110 g m~?). These cases have been compared

with the case of reactor fed with only sugar (RUN1). The results are summarised in

Figs. [3.743.11]
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Figure 3.7: NS2 - Biofilm radius evolution over time for different influent wastewa-
ter compositions. S¢.,: Sugar, S}, : Butyrate, S : Propionate, S'.: Acetate, S¢y,:
Methane.

Fig. shows the trend of the granule radius R(t) over time. Granules of different
sizes are formed. These differences are related to the sessile biomass growth, which
varies according to the substrates present in the influent wastewater. Specifically, sessile
growth is affected by anabolic and catabolic pathways of the microbial metabolism: the
yield of acidogens on sugar Y, is higher than the yields of the other species, and
thus the amount of acidogenic biomass grown per unit of substrate consumed is higher

than the other species. Therefore, the steady-state size of the granule increases with
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increasing sugar concentration in the influent SZ!. For S% = 0 (RUN4), the granule

achieves the smallest size.
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Figure 3.8: NS2 - Microbial species distribution in the diametrical section and across
the radius of the granule at 7' = 70 d, for different influent wastewater compositions.
RUNI: S¢ = 3500 g m™3, Sip, = Sp., = S = S¢y, = 0; RUN2: S =
2000 g m™3, S§, = Sp, = SY. = 500 g m™?, Sy, = 0; RUN3: S¢ = S}, =

., = S = 880 g m3, S&y, = 0; RUN4: S% = 0, Sip, = Sp., = S =
1170 g m™2, S@y, = 0. S¢.: Sugar, Sii.: Butyrate, Sp.: Propionate, S%.: Acetate,
S¢'y, - Methane.

The distribution of sessile biomass within the granule in the four cases is reported
in Fig. at T = 70 d. As the sugar concentration in the influent S& increases, the
fraction of acidogens fg, (blue) increases, especially in the outer part of the granule,
where there is maximum availability of substrate. When the sugar concentration S&,

decreases from 3500 g m~3 (RUN1) to 880 g m~2 (RUN3), the acidogenic fraction
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present in the external part of the biofilm significantly reduces. Obviously, no acidogens
are found within the granule when sugar is absent in the influent wastewater (RUN4).
In addition, as the concentration of butyrate S%,, propionate S%.  and acetate S;’, in the
influent increases going from RUN1 to RUN4, an increase in the fractions of acetogens

fBu + [pro (green) and methanogens f4. (red) is observed.
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Figure 3.9: NS2 - Relative abundances of microbial species within the granule at several
times under different influent wastewater compositions. SZ: Sugar, Si: Butyrate,
Si,: Propionate, S'f.: Acetate, S¢vy, : Methane.

0"

The relative abundance of sessile microbial species is reported for different simula-
tion times in Fig. @ When sugar is present in the influent (RUN1, RUN2, RUN3), the
initial phase of the granulation is governed by acidogens (which have a higher growth
rate) and methanogens (which have high attachment velocities). The acidogenic frac-
tion (blue) reaches a maximum after 7 d and then decreases when the availability of
sugar in the bulk liquid reduces. When sugar is not present in the influent (RUN4), the
granulation process is dominated by methanogens (red) and acetogens in small amounts
(green). In all four cases, the maximum fraction of methanogens is observed at the be-
ginning of the process due to their granulation properties. Then, the methanogenic
fraction reduces due to the decay process and the competition with acidogens and ace-

togens. Furthermore, the acetogenic fraction is negligible in all cases during the initial
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phase of the granulation and grows when other microbial species become less compet-
itive, and sugar is converted to butyrate and propionate. The microbial relative abun-
dances related to the steady-state value confirm the results introduced in Fig. the
fraction of acidogens increases with the increase of the sugar in the influent; the frac-
tions of methanogens and acetogens increase with increasing VFAs in the influent; in
all cases, inactive biomass (black) represents approximately 50% of the total sessile

biomass within the granule.
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Figure 3.10: NS2 - Evolution of soluble substrates concentrations within the bulk lig-
uid for different influent wastewater compositions. Sg,: Sugar, S;,: Butyrate, Sp,:
Propionate, 57 : Acetate, Sy, : Methane.

The model results related to the bulk liquid are summarised in Fig. [3.10] and Fig.
[3.T1] which show how the concentration of soluble substrates and planktonic biomass
changes over time. As reported in Fig. [3.10} the composition of the influent wastewater
affects the trend of the substrates mostly in the initial phase. In all cases, the AD process
is completed in about 30 days: sugar (blue), butyrate (green), propionate (magenta) and
acetate (red) are totally consumed and the concentration of methane (black) achieves a
steady-state value. Notably, different productions of methane are observed as the com-
position of the influent changes. Concerning the concentration of planktonic biomass

shown in Fig. [3.11] the concentration of acidogens (blue) is affected by the composition

87



CHAPTER 3. MULTISCALE MODELLING OF DE NOVO ANAEROBIC

GRANULATION
‘ 200 : ,
--RUN3 - RUN4| — | [RUN1 ~—RUN2 - -RUN3  RUN4
L) i
£
KL
. £100
=
+
=
* M
=
0 P ‘
10 15 0 5 10 15
time [d] time [d]
200
‘\ [—RUNI —RUN2 ---RUN3 - RUN4|
\
o RUN1: S, = 3500 g m™®,Sg., = S, = Sif. =0

\ RUN2: 8§, = 2000 g m™*, S, = S, = Sif. = 500 g m™
RUN3: S5, = S, = Sp,, = 5}, =880 g m=3 \
RUN4: S =0, S, = S, = S = 1170 g m™

time [d]

Figure 3.11: NS2 - Evolution of planktonic biomass concentrations within the bulk
liquid for different influent wastewater compositions. 15,: Sugar fermenters, %,
Butyrate consumers, 9},,.,: Propionate consumers, 1% .: Acetoclastic methanogens.

of the influent in the initial phase of the granulation process (0-7 days). Conversely, the
concentration of acetogens (green) and methanogens (red) in planktonic form have low
growth rates and are washed out due to the dilution phenomenon even when significant

concentrations of VFAs are present in the influent.

3.4.3 NS3 - Effects of granulation properties

The characteristics of the microbial community play a fundamental role in the anaero-
bic granulation process. In particular, it is affected by the granulating properties of the
planktonic biomass present in the bioreactor. In the management of full-scale bioreac-
tors, several strategies are pursued to improve the aggregation properties of the micro-
bial community, reduce the time required for granulation and improve the efficiency of
the wastewater treatment process. For example, the direct addition of the quorum sens-
ing molecule acyl homoserine lactone (AHL) during granule formation might remark-
ably improve the granulation process in granular bioreactors [84, 94, [113]. Equally,
bioaugmentation is regarded as a promising method to improve granulation and reduce

the start-up in full-scale plants [[114} 115, 116]. The addition to bioreactors of selected
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microbial cultures depth in self-aggregation has been described [[117]. Overall, such
strategies positively alter the granulation properties of planktonic microbial communi-
ties.

In this framework, a numerical study (NS3) is conducted to investigate the effects on
granulation of the granulating properties of the biomass. For this purpose, nine simula-
tions (RUNS - RUN13) are carried out with different attachment velocities v, ;. The nine
values of v, ; used are chosen by increasing and reducing the default values (presented
in Table through different multiplication factors (0.05,0.1,0.25,0.5,1,2,3,4,5).
The concentration of soluble substrates in the influent wastewater Sj?" and the initial
concentration of planktonic biomass in the bioreactor ¢ set for this numerical study

are the same used in NS1 and are reported in Table 3.3

600

500

R [pm]

100/

0 100 200 300 0 2 4 6 8 10
time [d] time [d]

Figure 3.12: NS3 - Biofilm radius evolution over time for different attachment velocities
Vg, (left), with a focus on the first 10 days (right). v, ,: value of attachment velocity
of the *" planktonic species set in RUNI1. Influent wastewater composition: S¥ =
3500 g m~3 (Sugar), S% = 0 (Butyrate), S%' = 0 (Propionate), S%'. = 0 (Acetate),
S¢ty, = 0 (Methane).

The results of this study are reported in Figs. The temporal evolution of
the granule radius R(t) is shown in Fig. From Fig. (right) it is clear that
different attachment velocities v, ; lead to different growth rates of the granule in the

initial phase of the process: when the inoculated microbial community is more inclined
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to grow in sessile form, the granulation process occurs faster and the granule reaches
the steady-state size sooner. However, such steady-state size is not dependent on the
attachment velocity. Indeed, the profiles of R(t) for different v, ; get closer over time

and reach the same steady-state value.
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Figure 3.13: NS3 - Mass of microbial species within the granule at 7' = 10 d, T' = 20 d,
T=30d, T =50d,T =100dand T = 300 d under different attachment velocities
Vqi- RUNS: v, ; = 0.05 7,4, RUNG6: v,; = 0.1 9,,;, RUN7: v,; = 0.25 0,,, RUNS:
Vi = 0.5 Vg, RUN9: v,; = 04, RUN10: v,; = 2 0,,, RUNI11: v,; = 3 0q4,
RUNI12: v,; = 4 04,4, RUN13: v, ; = 5 0,;. U4, value of attachment velocity of the ith
planktonic species set in RUN1. Influent wastewater composition: S& = 3500 g m ™3
(Sugar), S, = 0 (Butyrate), Sp., = 0 (Propionate), S’ = 0 (Acetate), Sy, = 0
(Methane).

Fig. 3.13]and Fig. [3.14] report the mass and the relative abundance of the different
sessile microbial species within the granule, respectively. Again, relevant differences
concern the initial phase (7' = 10-20 d), when the total sessile mass, proportional to the
granule size, is higher in the case of more intense attachment process. However, after
long times both the total sessile mass and the relative abundance of individual microbial
species within the granule are no longer affected by v, ; and all simulations achieve the
same steady-state configuration.

Other interesting results refer to the effects that the granulation process has on the

planktonic biomass v; (Fig. [3.I5) and soluble substrates S; (Fig. [3.16) within the
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Figure 3.14: NS3 - Relative abundances of microbial species within the granule at
T=10d,T=20d,T=30d,T =50d,T = 100 d and T" = 300 d under different
attachment velocities v, ;. RUNS: v,; = 0.05 9,,, RUN6: v,; = 0.1 0,,;, RUNT:
Vai = 0.25 17(177;, RUNS: Va,i = 0.5 60,,1" RUNO: Va,i = 6a,ia RUN10: Va,i = 2 ﬁa,i’
RUNI1: v,; = 3 044, RUNI2: v,; = 4 0,3, RUNI3: v,; = 5 U44. Uq;: value
of attachment velocity of the i** planktonic species set in RUN1. Influent wastewater
composition: SZ = 3500 g m~3 (Sugar), S¥, = 0 (Butyrate), S = 0 (Propionate),
S’ = 0 (Acetate), S¢y, = 0 (Methane).

bioreactor. The concentration profiles of the planktonic acetogens vy, + ¢'p,., (green)
and methanogens ¢, (red) in the bulk liquid, as shown in Fig. [3.15] are not very sensi-
tive to the variation of v, ;. Indeed, the reduction of the planktonic biomass 1] depends
on two phenomena: attachment and dilution. The reduction of %, , V%, and 9% . oc-
curs in the initial phase of the process, when the granules are small and the attachment
flux of planktonic biomass (proportional to the granule surface A(t)) has limited effects
on the properties of the bulk liquid. On the other hand, the dilution process is promi-
nent: the hydrodynamic conditions (i.e. high flow rate, low HRT) and slow metabolic
growth (due to low maximum growth rates and limited substrate) lead to washout of
planktonic acetogens and methanogens. This dilution process is not affected by gran-
ulation properties and therefore leads to similar profiles by varying v, ;. Conversely,

the planktonic acidogens g, (blue) have higher growth rates and optimal conditions

to grow (sugar-rich influent). Hence, they are retained in the bioreactor for longer and

91



CHAPTER 3. MULTISCALE MODELLING OF DE NOVO ANAEROBIC
GRANULATION

——RUN5 =—RUN7 —RUN9 ---RUNII RUNl}‘

RUNS RUN7 RUN9 RUNI1 RUN13
A—°~RUN6 ---RUN8 —RUN10 ~—-RUN12

200 ‘ RUNG - RUNS — RUN10 - RUNI2

400
—
E 300 ,
o0 b
5200 L N\ Vi Va,i
100 % \
N \\\ \\\s\\
o E: R e :
0 5 10 15 20 5 10 15 20
time [d] time [d]
—~RUN5 —RUN7 —RUN9 ---RUNI1  RUNI3
20017-+-RUN6 -*-RUNS — RUN10 ---RUN12
- RUNS: Voi = 0.05 i RUN10: Vai = 2 Tai
E RUNG: ai = 0.1 %;  RUNII: Vai = 3 Vo,
22100 Vai RUN7: Vo =0.25 Uai RUNI2: Vai =4 Uaji
- | [ — RUNS: Vo =0.5 Ty RUNI3: Vo =5 ¥ay
= i RUN9: Vg = Uai
O By
0 5 10 15 20

time [d]

Figure 3.15: NS3 - Evolution of planktonic biomass concentrations within the bulk
liquid for different attachment velocities v, ;. ¥g,: Sugar fermenters, 1%,: Butyrate
consumers, ¢'p,.,: Propionate consumers, 1% .: Acetoclastic methanogens. v, ,: value
of attachment velocity of the i** planktonic species set in RUN1. Influent wastewater
composition: S, = 3500 g m~* (Sugar), Si, = 0 (Butyrate), S%., = 0 (Propionate),
S'tt = 0 (Acetate), Sy, = 0 (Methane).

are depopulated mainly due to the granulation process, which is strongly influenced by
U,,;. Consequently, different values of v, ; correspond to different profiles of planktonic
acidogens 9g,,: the higher v, ;, the faster the reduction of the concentration 9, in the
bulk liquid.

Fig. [3.16]shows the trend of soluble substrates within the bioreactor. As just men-
tioned, in the first few days the granules have a small size and the consumption and
production of soluble substrates mainly depend on the metabolic activity of the plank-
tonic biomass. Consequently, in the initial phase the trends of soluble substrates are
not affected by attachment conditions. For later times, the granule size and the amount
of sessile biomass in the bioreactor increase, and the trend of the substrates becomes
more sensitive to v, ;: for small values of v, ; the concentrations of soluble substrates

reach steady-state conditions in 40-50 days while for high values of v, ; half the time is

required to reach a steady-state configuration.
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Figure 3.16: NS3 - Evolution of soluble substrates concentrations within the bulk liquid
for different attachment velocities v, ;. S§,: Sugar, Sp,: Butyrate, Sp,,: Propionate,
S’he: Acetate, S¢.y,: Methane. 9, ;: value of attachment velocity of the it" planktonic
species set in RUN1. Influent wastewater composition: S%. = 3500 ¢ m~3 (Sugar),
%, = 0 (Butyrate), Sp., = 0 (Propionate), S = 0 (Acetate), S¢%;, = 0 (Methane).

3.4.4 NS4 - Effects of biomass density

Biomass density of the granules involved in granular biofilm systems is highly variable
due to several factors, such as hydrodynamic conditions, shear forces and production.
Firstly, high shear forces lead to stronger and denser granules, while weaker and more
porous granule structures develop under lower shear forces [12, [87, [118]]. Moreover,
EPS production is generally thought to increase cell surface hydrophobicity and pro-
mote the formation of a sticky matrix favouring granulation of new cells or flocs [83]].
Thus, EPS positively influences the granulation process, contributing to the mainte-
nance of the structural integrity of the biofilm matrix and improved biomass density.
Biomass density is a crucial property of granular biofilms because it regulates the mass
transfer, the consumption of soluble substrates within the granules and, consequently,
the growth of microbial cells and the dynamics of the granules. As a result, granules
of different densities typically have different sizes and are characterized by different

microbial stratifications.
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In this context, a numerical study (NS4) is performed to describe the evolution of
biofilm granules with different biomass densities. Four simulations (RUN14 - RUN17)
are carried out using four different values of biomass density p (RUN14: p = 20000 g m 3,
RUN15: p = 70000 g m~3, RUN16: p = 120000 g m~3, RUN17: p = 170000 g m=3).
The concentration of soluble substrates in the influent wastewater S]?” and the initial
concentration of planktonic biomasses within the reactor ¢}, set for this numerical
study are the same used in NS1 and are reported in Table [3.3] Numerical results are

summarised in Figs. 3.1743.19

—RUNI14 (p = 20000 g m™?)
—RUNI5 (p = 70000 g m™*)
RUN16 (p = 120000 g m™)
—RUN17 (p = 170000 g m ™)
Il 1 1
0 50 100 150 200 250 300

time [d]

Figure 3.17: NS4 - Biofilm radius evolution over time for different biomass densities
p. Influent wastewater composition: SZ, = 3500 g m~ (Sugar), S, = 0 (Butyrate),
S, = 0 (Propionate), S’ = 0 (Acetate), S¢y;, = 0 (Methane).

TO

The evolution of the granule radius R(t) over time is shown in Fig. It is clear
that the higher the biomass density of the granule, the smaller the steady-state radius
achieved. This is due to different mass transfer conditions occurring within the granule:
higher biomass densities entail higher fluxes of soluble substrates exchanged between
the bulk liquid and granules. For this reason, for higher densities, the substrates in the
bulk liquid are consumed faster and the metabolic growth rates driving the growth of

the granule are, on average, lower. This leads to smaller granules, in accordance with

Liu and Tay (2002) [12].
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Figure 3.18: NS4 - Microbial species distribution in the diametrical section and across
the radius of the granule at 7' = 70 d, for different biomass densities. RUN14: p =
20000 ¢ m~2, RUN15: p = 70000 g m~3, RUN16: p = 120000 g m 3, RUNI17:
p = 170000 g m~>. Influent wastewater composition: S%' = 3500 ¢ m~> (Sugar),
%, = 0 (Butyrate), Sp., = 0 (Propionate), S’ = 0 (Acetate), S¢y;, = 0 (Methane).

The microbial ecology for the four values of p and at T' = 70 d is reported in Fig.
[3.18] As can be seen, granules with different densities have different microbial distribu-
tions. In particular, when p = 20000 g m 3 (RUN14) an homogeneous distribution is
observed: although acidogens (blue) have a tendency to gather in the outermost layers

and methanogens (red) and acetogens (green) have the tendency to populate the internal

part, the microbial distribution within the granule is fairly homogeneous. This is due to

95



CHAPTER 3. MULTISCALE MODELLING OF DE NOVO ANAEROBIC
GRANULATION

the mass transfer of the soluble substrates within the granule: low biomass density leads
to small gradients of soluble substrates across the granule and an homogeneous growth
of the different microbial species is observed throughout the biofilm. As the density
of the biofilm increases (RUN15-RUN17), the gradient of soluble substrates across the
biofilm increases and the layered distribution of the biomass is clearer and more visible:
acidogens are strictly confined in the outer layer, while acetogens and methanogens are
mostly present in the inner part. These results are in agreement with the experimental

evidence reported by Batstone et al. (2004) [26].
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Figure 3.19: NS4 - Mass (left) and relative abundances (right) of microbial species
within the granule at 7' = 300 d for different biomass densities p. Influent wastewater
composition: SZ = 3500 g m~3 (Sugar), S%, = 0 (Butyrate), S%'. = 0 (Propionate),
S’ = 0 (Acetate), S¢y, = 0 (Methane).

In Fig. [3.19]the mass (left) and the relative abundance (right) of the sessile micro-
bial species within the biofilm are shown at the steady-state condition (7' = 300 d).
Higher biomass density leads higher amount (left) and fractions (right) of dead biomass

accumulated as inert (black).
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3.4.5 NS5 - Effects of erosive detachment

The evolution of the granule size is the result of a dynamic equilibrium between biomass
growth, attachment of new biomass, and detachment processes. The detachment flux
is essentially related to the erosion process occurring on the granule surface, due to
the effect of the hydrodynamic shear forces developing in the bioreactor [119]]. These
forces are highly variable due to the influence of several factors, such as liquid upflow
velocity, gas production, particle-particle collision, eventual mixing systems, and the

geometry of the bioreactor [12,[118]].
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Figure 3.20: NS5 - Biofilm radius evolution over time for different detachment coef-
ficients A. Influent wastewater composition: SZ! = 3500 g m™> (Sugar), S%, = 0
(Butyrate), Sp., = 0 (Propionate), S’ = 0 (Acetate), S¢y;, = 0 (Methane).

Through this perspective, it is interesting to investigate the role of detachment phe-
nomena induced by shear stress on the anaerobic granulation process, and to study their
effects on granule size and, consequently, on the distribution, amount and relative abun-
dance of sessile biomass within the granule. For this purpose, the fifth and last study
(NS5) is carried out based on eight simulations (RUN18 - RUN25) with eight differ-
ent values of the detachment coefficient )\, to simulate different shear stress conditions.

The values used are A\ = 4, 8,12, 16, 20, 24, 28,32 m~! d~!. The concentration of solu-
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ble substrates in the influent wastewater Sj-” and the initial concentration of planktonic
biomasses within the reactor ¢;, set for this numerical study are the same used in NS1
and are reported in Table[3.3]

It should be noted that, contrary to the attachment, the detachment phenomenon
increases as the biofilm size increases and has a negligible effect on the initial phase
of granulation (c4(t) = AR%(t)). For this reason, the study does not focus on initial

biofilm formation but investigates the long-term effects of the detachment process.
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Figure 3.21: NS5 - Microbial species distribution in the diametrical section and across
the radius of the granule at 7' = 70 d, for different detachment coefficients. RUN18:
A =4mtdl RUNI9: A = 8 m~! d7!, RUN2I: A = 16 m~! d~!, RUN25:
A = 32 m~ ' d'. Influent wastewater composition: S%. = 3500 g m~> (Sugar),
S, = 0 (Butyrate), S, = 0 (Propionate), S}’ = 0 (Acetate), S¢y;, = 0 (Methane).
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Fig. [3.20] summarises the effects that different detachment conditions have on the
variation of the granule radius R(t) over time and on the granule steady-state size. As
explained above, the formation and the initial evolution of the granule are not affected
by the detachment phenomenon. Indeed, it is clear that the trend of R(¢) is not influ-
enced by A until 7" = 10-20 d. When the granule reaches a 600 pm radius, it becomes
very sensitive to the detachment coefficient: as A increases, the erosion phenomenon
increases, and a smaller steady-state granule size is achieved. However, the steady-state
granule radius has a less than linear behaviour with increasing A. Furthermore, in the
case of positive attachment flux, steady-state R(¢) tends asymptotically to 0 for A tend-
ing towards an infinite value. Indeed, when R(¢) = 0 the detachment flux is null (see
Eq[3.19) and any positive value of attachment flux is enough to trigger the expansion of
the spherical free boundary domain.

Fig. [3.21] presents the distribution of sessile biomasses within the granule under
four different detachment conditions (A = 4,8,16,32 m~t d™'), at T = 70 d. As
A increases, an increase in the active biomass fraction fs, + fpu. + frro + fac and a
reduction in the inert material f; occur within the granule. Moreover, for all A values the
granule is mainly comprised of acidogens (blue) in the external layers, and methanogens
(red) and acetogens (green) at the nucleus. This distribution appears more evident when
the granule is larger (low \) and there are higher gradients of soluble substrates along
the radius.

Finally, Fig. reports the steady-state mass (top) and the relative abundance
(bottom) of sessile microbial species within the granule under different detachment
conditions, at 7" = 300 d. Since the density is constant and equal in all simulations, the
total sessile mass within the granule is directly proportional to the granule size. Then, a
higher value of detachment coefficient A leads to a smaller granule, and consequently,
a smaller sessile mass both overall and for individual species (Fig. [3.22}top). The
relative abundances shown in Fig. [3.22] (bottom) confirm the results presented in Fig.

[3.21} higher erosion conditions lead to smaller granules which are characterized by a
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Figure 3.22: NS5 - Mass (top) and relative abundances (bottom) of microbial species
within the granule at 7' = 300 d for different detachment coefficients A. Influent
wastewater composition: SZ, = 3500 g m~3 (Sugar), S¥, = 0 (Butyrate), S&, = 0
(Propionate), S’ = 0 (Acetate), S&y, = 0 (Methane).

higher fraction of active biomass.

3.4.6 NSG6 - Effects of number of granules

The latest numerical study (NS6) has been developed with the aim of investigating
the effects of the parameter N (number of granules) on the process. For this pur-
pose, five simulations (RUN26 - RUN30) have been carried out with different values
of Ng (RUN26: Ng = 2.4e9, RUN27: N = 7.4€9, RUN28: Ng = 2.4e10, RUN29:
Ng = 7.4e10, RUN30: Ng = 2.4ell). The concentration of soluble substrates in the
influent wastewater S;'-” and the initial concentration of planktonic biomasses within the
bioreactor 1}, are set equal to NS1 and are reported in Table @ The results of this
study are shown in Figs. [3.23}3.27]

Fig. [3.23] shows the evolution of the granule radius over time. The steady-state
granule size appears to be strongly affected by N¢. In particular, higher Ng leads to
smaller granules. This result is intuitive: indeed, the availability of substrates for the

single granule reduces when N¢ increases, and this leads to a lower metabolic growth
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Figure 3.23: NS6 - Biofilm radius evolution over time for different numbers of granules
Ng. Influent wastewater composition: S&., = 3500 g m~2 (Sugar), S, = 0 (Butyrate),
S, = 0 (Propionate), S’ = 0 (Acetate), S¢y;, = 0 (Methane).
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Figure 3.24: NS6 - Evolution of mass of sessile species within the reactor. mg,,: mass
of sugar fermenters, mp,,: mass of butyrate consumers, mp,,: mass of propionate con-
sumers, m .. mass of acetoclastic methanogens. Influent wastewater composition:
S@ = 3500 g m™3 (Sugar), S¥# = 0 (Butyrate), S%. = 0 (Propionate), S%. = 0
(Acetate), S&y, = 0 (Methane).

of sessile biomass.

Although the size and mass of the single granule decrease as N increases, an in-

crease in the overall mass of sessile species within the bioreactor is observed, as shown
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Figure 3.25: NS6 - Microbial species distribution in the diametrical section and across
the radius of the granule at 7' = 70 d, for different numbers of granules Ng. RUN26:
N¢g = 2.4e€9, RUN27: Ng = 7.4e9, RUN28: Ng = 2.4el10, RUN29: Ng = 7.4el0,
RUN30: Ng = 2.4ell. Influent wastewater composition: S& = 3500 g m ™~ (Sugar),
St = 0 (Butyrate), S, = 0 (Propionate), S’ = 0 (Acetate), S¢¥;, = 0 (Methane).
in Fig. [3.24] This results in an increase in the filling ratio (biomass volume over reac-
tor volume): going from RUN26 (Ng = 2.4e9) to RUN30 (Ng = 2.4ell), the filling
proportion increases from 16% to 42%.

The microbial distribution within the granules for the five values of Ng, atT' = 70 d,
is reported in Fig. [3.25] From this figure it is clear that N does not significantly
influence the microbial stratification of the granules. This occurs because the higher
gradient of substrates concentration within the larger granules is balanced by the higher

availability of substrates for the single granule (lower N¢).

The difference in the trend of sessile masses over time affects the trend of the sub-
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Figure 3.26: NS6 - Evolution of soluble substrates concentrations within the bulk liquid
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Figure 3.27: NS6 - Evolution of planktonic biomass concentrations within the bulk
liquid for different numbers of granules N¢. %,: Sugar fermenters, v%,,: Butyrate
consumers, ¥p,,: Propionate consumers, 9%.: Acetoclastic methanogens. Influent
wastewater composition: S& = 3500 g m~? (Sugar), S% = 0 (Butyrate), S%. =0
(Propionate), S’ = 0 (Acetate), S¢%;, = 0 (Methane).

strates concentration within the reactor, as shown in Fig. [3.26, When N is higher,

sessile masses in the reactor are greater throughout the process and consequently the
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influent substrate and its products are consumed more rapidly. In addition, small dif-
ferences are also observed in the equilibrium values: when Ng is lower, the amount
of biomass present in the bioreactor is not able to complete the degradation of sugar,
butyrate, propionate and acetate, which are present even at the steady-state condition,
albeit at small concentrations. This leads to slightly different efficiencies in terms of
methane production.

Finally, the overall attachment flux occurring from the bulk liquid to the granules in
the first days clearly increases as the number of granules N increases. Then, a more

rapid reduction in the concentration of planktonic species is observed (Fig. [3.27).

3.5 Discussion

3.5.1 Model assumptions

An anaerobic granular biofilm reactor is an extremely complex and heterogeneous,
multiphase, biological system, characterized by properties that vary over time and space.
This system is constituted by a liquid medium where an assorted microbial meta-community
is immersed. Most of this community is organised into granular aggregates: individual,
spherical, biological structures with variable densities and comprised of species rep-
resenting several different microbial trophic groups in sessile form which enhance the
spatial heterogeneity. The life cycle of the de novo granules includes an initial phase of
granulation, which leads to granule formation; a maturation phase, in which the granule
size increases; and a final phase of breaking [120]. The pieces of biofilm deriving from
the breaking of a granule may, in turn, originate new granules. During this evolution, the
granule is affected by complex phenomena, which radically influence its structure and
suddenly change its properties: granulation processes of planktonic biomass; metabolic
growth and decay of sessile biomass; particle-particle interactions; EPS secretion; gas

production; invasion processes by planktonic cells; and detachment processes induced
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by intense hydrodynamic conditions and shear stress. The combination of these factors
leads to a biological community consisting of many granules that co-exist in parallel,
and vary, over time, and which differ from one another in size, density and microbial
distribution. In addition, the location inside the bioreactor influences the characteris-
tics of the granules. Indeed, due to the geometry and the hydrodynamic conditions
of these systems, gradients in the concentrations of soluble substrates establish along
the bioreactor and amplify the differences between granules located at different points
throughout the system. However, in some cases mixing devices are added to the system,
to enhance the circulation of the sludge granules and to reduce the gradients without the
need to increase the flow rates and velocity.

Given its physical and biological complexity, the mathematical modelling of an
anaerobic granular-based system necessarily requires the introduction of some model
assumptions. In this perspective, the model presented in this Chapter describes the
anaerobic granular system as a domain having a constant liquid volume where a fixed
number of granules is immersed. All granules are assumed to have identical evolution
and properties (same size, same density, same constituents). The single granule is mod-
elled as a spherical, free boundary domain having a biomass density constant in time
and space. Under the assumption of perfect mixing, the properties of the bulk liquid, in
particular the concentration of soluble substrates and planktonic biomass, are supposed
to be the same at every point and vary only over time. The attachment is modelled as
a continuous, deterministic process which depends linearly on the concentration of the
planktonic biomass. The detachment process is modelled as a continuous mass flux that
detaches from the granule due to the effect of shear-induced erosion. No contribution by
detachment to planktonic or attached biomass is considered in this model. Indeed, the
detached biomass has different characteristics from both sessile and planktonic biomass
and needs several hours to return to the planktonic state [121, 122} [123]]. Since the HRT
of this bioreactor is very low, the detached biomass does not have enough time to con-

vert. Anyway, modelling the detached species within the bioreactor as a new set of
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variables, able to grow and convert the soluble substrates, was found to have a negligi-
ble effect on the biological dynamics involved (data not shown). The process of invasion
by planktonic cells present in the bulk liquid is modelled as a diffusive transport across
the granule. This eliminates the restrictions on the granule’s ecological structure that
could be generated in particular cases, and guarantees the growth of each sessile micro-
bial species where optimal metabolic conditions prevail. Finally, suspended substrates
in the influent wastewater, gas transfer processes and EPS production are neglected as
they are not significant for the purposes of the numerical investigation presented in this
Chapter: qualitatively studying the anaerobic granulation process, the evolution of the
granules over time and the related ecological succession.

It 1s emphasized that all assumptions introduced are consistent and do not com-
promise the objectives of the model: describing the genesis, evolution and ecology of
anaerobic granules and the biological treatment process of an anaerobic granular-based

bioreactor.

3.5.2 Size, microbial distribution, and ecology of biofilm granules,

and the evolution of bulk liquid characteristics

The dimensional evolution of the granule is described through the expansion of a spher-
ical, free boundary domain, whose radius varies over time. In particular, the de novo
granulation process is modelled starting from an initial condition where all the biomass
present in the reactor is in planktonic form and there are no biofilm granules. Subse-
quently, the aggregation of planktonic cells leads to granule formation. The evolution
of the granule over time is governed by the positive contributions of sessile metabolic
growth and attachment flux of planktonic biomass and by the negative contribution of
the erosive detachment flux. In the initial phase of the process, the size of the gran-
ule grows exponentially due to the high availability of substrates. This leads to high

rates of sessile metabolic growth, and the high attachment flux induced by the pres-
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ence of planktonic biomass within the bulk liquid and the negligible detachment flux,
proportional to the granule size (04(t) = AR%(t)). Later, the concentrations of soluble
substrates and the planktonic biomass within the bulk liquid reduce. This leads to a
reduction in metabolic growth and attachment flux. In addition, the detachment flux
intensifies as a result of the granule size increase. Consequently, the growth of the gran-
ule decreases until it reaches a steady-state value regulated by the balance between the
positive source from sessile growth and the negative detachment flux.

The numerical studies show that the evolution of the granule size and its equilibrium
value are deeply influenced by some factors, such as the erosion intensity, the mass
transfer of soluble substrates, the composition of the influent, the granulation properties
of the planktonic biomass present in the inoculum and the number of granules within
the system. The model results presented in NS5 report that the granule size is governed
by the erosive detachment: intense detachment forces on the granule surface limits its
growth. This qualitative result is in agreement with previous observations [12, [118|
119].

As reported in NS2, the composition of the influent can affect the size of the granule
due to the anabolic pathway of the species involved in the process. For example, the
consumption of sugar induces more growth of sessile biomass compared to the con-
sumption of the other substrates. As a result, for equal OLRs, an influent with higher
sugar concentrations leads to the growth of more sessile biomass and larger granules.
NS4 reports that more soluble substrate is consumed in denser granules, per unit of vol-
ume, and that the metabolic growth rates therefore decrease faster and lead to smaller
equilibrium sizes, in accordance with Liu and Tay (2002) [12]. NS3 suggests that the
granulation properties of the planktonic biomass regulate the evolution of the granule,
especially in the initial phase of biofilm formation. More precisely, when the plank-
tonic biomass is more prone to form biofilm structures and to grow in sessile form, the
granulation process is more intense, and the granules grow faster. Finally, NS6 shows

that the number of granules present in the system affects the steady-state granule size
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by influencing the substrates dynamics within the bulk liquid.

In addition, the model describes the microbial ecology that develops in the gran-
ule and shows the distribution of the different microbial species. In the initial phase,
the granulation process is governed by acidogenic and methanogenic species. This
is in agreement with several studies [83) 88, 90] reporting that methanogens play a
fundamental role in the formation of the initial nucleus of the granule. Indeed, some
methanogenic cells have a filamentous morphology [83]] and the ability to employ quo-
rum sensing strategies (84, 94, 95| to improve their granulating properties and increase
granulation efficiency. At the same time, acidogens have higher growth rates than other
species, and are therefore abundant in the granule from the beginning of the process.
Acidogens and methanogens exhibit the tendency to grow in different areas of the gran-
ule: the first in the outermost layer and the second in the inner part. This distribution
becomes more evident over time. In particular, when the granule is mature, it is con-
stituted by a large internal part populated by methanogens shielded by a thin external
layer of acidogens. This happens because the growth rate of acidogens is higher than
other species in the presence of adequate concentrations of substrate (external layers),
while methanogens are able to adapt better than other species to shortage of substrates
(internal layers). For extended periods, an homogeneous growth of acetogens, and the
presence of inert material deriving from biomass decay, is also observed. Many experi-
mental studies [97, 26] show a microbial distribution within anaerobic granules similar
to the results proposed by the model.

However, the model suggests that some factors, such as the composition of the in-
fluent, the biomass density, and the erosive detachment intensity can radically affect the
microbial distribution. For example, NS2 shows that in the case of higher sugar con-
centrations within the influent wastewater, the granules that develop during the process
have more acidogenic biomass. Conversely, when only VFAs are present in the influ-
ent, acidogens do not develop, and methanogens and acetogens dominate the granule.

Furthermore, the model qualitatively reproduces the microbial distribution observed
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by Batstone et al. (2004) [26] in granules of different densities (study NS4). The
biomass density deeply influences the mass transfer of the soluble substrates and, thus,
the microbial ecology. Accordingly, low densities lead to small gradients of soluble
substrates across the granule, and an homogeneous distribution of the microbial species
is observed throughout the biofilm. More pronounced gradients develop within denser
granules, leading to a more stratified distribution of biomass. According to the NS5
study, the detachment intensity appears to be an additional factor affecting the micro-
bial distribution in an anaerobic granule, especially affecting the amount of active and
inactive biomass: as mentioned above, intense erosion results in the formation of small
granules where there is high availability of substrates, and active biomass prevails over
inactive biomass; meanwhile, weaker erosion induces the formation of larger granules
populated by more inactive biomass accumulating in the innermost zone of the granule
due to the limitation of soluble substrates.

Furthermore, the model describes how the granulation process influences the char-
acteristics of the bulk liquid and the effluent, in particular the concentration of plank-
tonic biomasses and soluble substrates. The planktonic biomasses are present in the
inoculum initially introduced in the bioreactor and represent the microbial community
that initiates the granulation process. In the first few days, the concentration of plank-
tonic biomass decreases rapidly as a consequence of attachment and dilution. The first
concerns the aggregation of planktonic biomass, which converts to sessile form and
contributes to the establishment of granular structures. The second is the result of the
short HRT of the bioreactor. Indeed, as already reported, the HRT of granular-based
systems is fixed short enough to guarantee hydrodynamic conditions and shear forces
optimal for the granulation process. Such HRTs are highly unfavourable for plank-
tonic biomass, which has insufficient time to grow and is consequently diluted [88]. In
agreement with this, after a few days the planktonic biomass is completely washed out.
Planktonic acidogens remain in the bulk liquid longer than other species due to their

higher growth rate. Soluble substrates are produced, or consumed, in the bulk liquid
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due to the effect of planktonic and sessile biomass. In the initial phase, the granules
are small and the substrates are converted mainly by planktonic biomass. Subsequently,
when the size of the granules increases, and the planktonic biomass has already been
washed out, the trend of the substrates in the bulk liquid is governed by the granular
biomass. Note that soluble substrates and planktonic biomass achieve the steady-state
values over a shorter time than sessile biomass in the granule. The effluent appears to
be purified at the steady-state, with the complete conversion of sugar and VFAs into
methane.

Obviously, the trend of planktonic biomass and soluble substrates within the bulk
liquid is influenced by the influent composition (study NS2). Furthermore, NS3 shows
that the granulation properties of the planktonic microbial community initially present
in the bioreactor deeply affect the velocity of the de novo granulation process. When
the granulation process occurs faster, the conversion rate of substrates is higher, and
the process reaches the steady-state sooner. Accordingly, the model results confirm that
improving granulation properties of the microbial community allows for the process
to be expedited and long bioreactor start-up times [84] be reduced, which represents a
critical issue in the operation of granular-based systems. Finally, the number of granules
present in the bioreactor influences both the dynamics of the planktonic species and the
bioreactor performance (NS6). A higher number of granules implies an overall higher
attachment flux and, therefore, a faster reduction of planktonic species. At the same
time, a higher number of granules leads to higher sessile masses and, consequently, to

faster and more effective conversion of sugars and VFAs into biomethane.

3.6 Conclusions

In this Chapter, a mathematical model able to reproduce the de novo granulation process
involved in a generic, granular biofilm system has been introduced. The work presents

the derivation of the model equations, which govern the expansion of the granule; the
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growth of sessile biomass; and the transport of substrates and planktonic cells within
the granule, under the assumption of radial symmetry. Such equations have been de-
rived from mass balances considerations in the framework of continuum mechanics.
Processes of growth, and decay, of attached and planktonic biomass; attachment from
bulk liquid to biofilm; detachment from biofilm to bulk liquid; invasion of planktonic
cells; and conversion, and diffusion, of soluble substrates are modelled. The model has
been applied to anaerobic granular systems to test its qualitative behaviour and study
the process for a case of biological and engineering interest. The model takes into ac-
count the different contributions that individual microbial trophic groups can provide
to the granulation process. Specifically, in the case of the anaerobic digestion pathway,
the model is able to consider the fundamental role that some species of methanogens
play in granulation by setting appropriate values of attachment velocity. The results
shown describe exhaustively the anaerobic granulation process; the main properties of
the granules, such as dimensional evolution, ecology, biomass distribution, microbial
relative abundance and distribution of soluble substrates; and the evolution of the bulk
liquid characteristics (soluble substrates and planktonic biomass). Finally, further nu-
merical studies have been carried out to investigate the effects on the process of key
factors.

The most interesting observations resulting from the numerical studies include:

* The anaerobic granule presents a typical microbial stratification: methanogens
and acetogens populate the innermost layers of the granule, and are shielded by a
thin external layer of acidogens; the thickness of these layers depends on multiple
factors (e.g. composition of the influent wastewater, biomass density, detachment

forces).

* Intense flow rates and short HRTs, typical of granular biofilm systems, limit the

growth of planktonic biomass, which is washed out.

* The influent wastewater composition affects the evolution, ecology and microbial
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stratification of the granules.

The granulation properties of the planktonic biomass considerably influence the
start-up period of the system. Strategies, such as controlling hydrodynamic con-
ditions, stimuling quorum sensing stimulation, and bioaugmentation may reduce

the duration of this stage and enhance the efficiency of bioreactor start-up.

The density of biomass regulates the mass transfer of soluble substrates and, con-
sequently, the distribution of microorganisms within the granule: denser granules
have a more layered structure whilst less dense granules have a more homoge-

neous structure.

The detachment erosion has a large impact on the granule size and the ratio of
active to inactive biomass: more erosion leads to smaller granules constituted by

larger fractions of active biomass.

The number of granules can significantly affect the granulation process (with re-
spect to granule size) and slightly impact on bioreactor performance (with respect

to substrate conversion and methane production).

Most of the results shown are qualitatively in accordance with the experimental

evidence from the literature. Accordingly, this model is able to correctly simulate both

the formation and maturation of anaerobic granules by focusing on both the transient

and the steady state. From an engineering point of view, this allow us to conclude

that the model proves to be a useful tool in studying both the start-up and the routine

treatment processes of anaerobic granular biofilm systems. Furthermore, the model can

be applied to any biological process proceeding in a granular-based system by choosing

suitable model variables and kinetic expressions.

In any case, some model parameters, such as the values of the attachment velocities

of the planktonic biomass, are introduced here for the first time and should be calibrated,

and validated, on the basis of experimental data. Finally, with a view to future work, the
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detachment process leading to the breaking of granules and the consequent formation
of further, new granules, could be included in the model, to describe the entire life cycle

of biofilm granules.

113



Chapter 4

Spherical free boundary problem for
the initial phase of multispecies

granular biofilm growth

4.1 Introduction

In most natural and human environments, microorganisms do not live as pure cultures
of dispersed single cells, but are frequently embedded in a self-produced matrix of ex-
tracellular polymeric substances (£ PS), forming complex, dense and compact biofilms
[4,15]. Many species from several trophic groups may coexist in such microbial consor-
tia, where they interact through synergistic and antagonistic activities. Although natural
biofilms typically develop as planar layers attached to suitable surfaces, in some engi-
neering systems the aggregation occurs due to the self-immobilization of cells into ap-
proximately spherical-shaped biofilms [[10]. Differently from the free-swimming plank-

tonic cells, bacteria living in a biofilm benefit from interspecies cooperation, showing

This Chapter will be submitted as: Russo, F., Tenore, A., Mattei, M.R., Frunzo, L. Spherical free
boundary problem for the initial phase of multispecies granular biofilm growth.
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higher resistance capacities to toxic substances and antibiotics [[103]].

Biofilm formation, both in the case of planar and granular biofilms, is a dynamic
and complex process which consists of several stages resulting from physical (substrate
transport, invasion, attachment, detachment, etc.) and biochemical factors (microbial
growth, substrate conversion, etc.) [103]]. The qualitative trend of this process is il-

lustrated in Fig. 4.1} The formation process of granular biofilms (known as granula-

Figure 4.1: Biofilm lifecycle. (I) De novo granulation: biofilm formation by self-
immobilization of planktonic species. (II) Granular biofilm growth: switch of mode of
growth from planktonic to sessile; EPS production; attachment phenomena by plank-
tonic species. (III) Granular biofilm maturation: invasion phenomena by planktonic
species; detachment and dispersal phenomena.

tion process) is initiated by pioneering planktonic cells, which attach with each other
through an initial attachment process. Such cells switch their mode of growth from
planktonic to sessile and constitute the first sessile microbial colony [6]]. Once attached,
bacteria proliferate and secrete £ PSS, and the biofilm expands over time as a result of
microbial metabolic activities. During the maturation stage, several extremely hetero-
geneous microenvironments form within the granular biofilm, leading to new biological
conditions which can promote the microbial invasion phenomena. Thus, the biofilm is
colonized by motile planktonic cells which penetrate the biofilm matrix and proliferate

as a new sessile biomass, where ideal conditions for their metabolic activities occur.
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Furthermore, external shear forces, nutrients depletion and biomass decay lead to the
detachment of cells from the biofilm into the surrounding medium. Conversely, de-
tachment can be initiated internally, leading to the dispersion of individual planktonic
cells.

Despite the large number of mathematical works on multispecies biofilms growth
and formation developed in the framework of continuum mathematical modelling both
in the case of planar [124, [125, [126] and granular biofilms [27, 28} 130], most of them
completely neglect the attachment process in the initial phase of the biofilm forma-
tion. Indeed, usually the initial conditions of location, size, and biofilm composition at
the onset of the simulations are arbitrarily assigned. Only the 1D biofilm model and
the granular biofilm model introduced by D’ Acunto et al. (2019, 2021) [24} 127]] and
Tenore et al. (2021) [128] focus on the de novo formation of biofilms, by considering a
vanishing initial domain.

According to D’ Acunto et al. (2019, 2021) [24, 127/], the present Chapter mainly
deals with the modelling of the flux of planktonic species moving from the bulk liquid
to the granular biofilm surface, which seems to be the main regulating mechanism for
biofilm early stage attachment [[6]. The mathematical model presented in this Chapter
considers the initial biofilm formation mediated by pioneering planktonic cells as well
as the colonization process. Specifically, it considers two state variables representing
the planktonic and sessile phenotypes and the conversion from the first to the second
during the granulation process. Attachment is modelled as a continuous deterministic
process which depends on the concentrations of the planktonic species in the surround-
ing medium [24, [127], while the invasion process is modelled by considering an addi-
tional reaction term, which depends on the concentration of planktonic species within
the biofilm [23]]. Note, that modelling the attachment phenomenon does not require
the definition of any initial conditions as the initial biofilm domain is supposed to be
equal to zero and the species composition is modelled according to the environmental

conditions.
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The Chapter is organized as follows. Sectiond.2] presents the spherical free bound-
ary value problem that models the attachment process in the initial phase of multispecies
granular biofilm formation in the framework of continuous models [22]. The spherical
free boundary is represented by the granular biofilm radius under the assumption of
radial symmetry, and is governed by a first order differential equation that depends on:
microbial growth, attachment, invasion and detachment. Biofilm formation is initiated
by the attachment process, which leads to consider an initial vanishing domain of the
granular biofilm. The growth of the attaching species is governed by non-linear hy-
perbolic partial differential equations (PDEs). During the first instants of the biofilm
formation, the free boundary velocity is greater than the characteristic velocity of such
hyperbolic system, and, consequently, it is a space-like line [24} [127]. The initial-
boundary conditions for the microbial concentrations are assigned on this line, and they
are equal to the microbial species relative abundances in the biomass which attach on
the granule-bulk liquid interface. Moreover, the attachment flux is modelled as a linear
function of the planktonic species concentration, each of which is characterized by a
specific attachment velocity [24} 128, [127]]. The free boundary value problem is com-
pleted by a system of semi-linear elliptic PDEs that governs the quasi-static diffusion
of substrates. Moreover, it has been proved that equations describing the growth and
transport of sessile biomass hold for » = 0 in Section #.2] Section [4.2.2] introduces
the characteristic coordinates that allow for the conversion of the differential equations
into integral equations. The complete integral version of the original differential free
boundary problem is provided in Section f.3] An existence and uniqueness theorem
of solutions is shown in Section .4 in the class of continuous functions. Finally, the

conclusions of the work are outlined in Section
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4.2 Modelling the initial phase of multispecies granular
biofilm growth

The free boundary approach introduced in D’ Acunto et al. (2021) [127] for modeling
the initial phase of the multispecies 1D biofilm formation and growth in the framework
of Wanner-Gujer model [22] is here applied to the case of multispecies granular biofilm.
The growth of multispecies granular biofilm is governed by the following system of
non-linear hyperbolic partial differential equations:

oX;(r,t) 10,4,

o + ﬁa(r u(r, t) Xi(r,t)) = pirps + piri, 1= 1,...,n, 4.1)

where X;(r,t) denotes the concentration of the i** microbial species; ¢ and 7 indicate
time and space variables, respectively; u(r,t) denotes the velocity of the microbial
mass; ry; and r; are the specific growth rates due to sessile and planktonic species,
respectively; p; is the constant density. The granular biofilm center is located in r = 0.

The function r,,,; depends on sessile species X; , ¢« = 1,...,n, and substrates Sj,
jJ =1, ..., m, while the function r; depends on planktonic species ¥; , 7 = 1,...,n, and

substrates S;, j =1, ...,m:

i = T (X(7r, 1), S(r, 1)), 4.2)

ri = ri((r,t),S(rt)), 4.3)

where X = (X1, ..., X,), ¥ = (Y1, ..., ¥n), S = (S1, ..., Sm)-

u(r, t) is governed by the following equation:

ou(r,t)
or

— _2%(:, t) + ;(TMJ + Ti)a U(O, t) =0. (4.4)

The diffusion of substrates and colonizing species within the biofilm is governed by
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semi-linear parabolic partial differential equations that are usually considered in quasi-

static conditions:

10 [ ,05 B .

- S,jﬁg(r W) =rg;(X(r,1),8(r,t)), j=1,....m, (4.5)
10 282/11 o -

- w,iﬁa <7° or > — 7"1/“(’(#(7’, t)? S(T, t))? 1= 17 e N, (46)

where g ; denotes the conversion rate of the j* substrate and ry ; indicates the con-
version rate due to the switch of the mode of growth from planktonic to sessile; and
Dg; and D, ; are the diffusivity coefficients of the substrates and the planktonic species
within the biofilm, respectively.

The biofilm size R(t) (the radius of the biofilm granule) represents the spherical
free boundary of the mathematical problem. Its evolution is governed by the following

equation [22, 24, [127]:
R(t) = u(R(t),t) + 0a(t) — 0a(t), (4.7)

where o, denotes the attachment velocity of biomass from bulk liquid to biofilm and o4
denotes the detachment velocity of biomass from biofilm to bulk liquid. The function
o, linearly depends on the concentrations of the microbial species in planktonic form

i=1,...,n,9" = (Y], ...,¥;), suspended in the bulk liquid [22} 24} 107, [127], each

of which is characterized by a specific attachment velocity v, ;:

Ua(t) = Z Ua,i(t) = Zi:l ’l;)aﬂwj(t) . (48)
i=1 ¢

The attachment velocities can be assigned constant or can be considered as functions
of the environmental conditions affecting biofilm growth, that is substrates concentra-
tions, biofilm composition itself, electrostatic and mechanical properties of the surface.

Meanwhile, the function o, is modelled through a continuous flux from granule to bulk
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liquid, which is a quadratic function of the granule radius R(¢) [110]:

o4(t) = 6R*(), (4.9)

where ¢ depends on the mechanical properties of the biofilm. In the initial phase of
biofilm formation, the attachment process prevails and the detachment process is very
small, since so is R? . Therefore, as shown by D’Acunto et al. (2021) [127] in this
circumstances it is o, — 04 > 0 and the free boundary velocity is greater than the char-
acteristic velocity (R(t) > u(R,t)). Thus, the spherical free boundary is a space-like
line. For mature biofilms the spherical free boundary R becomes greater, the detach-
ment is the prevailing process (0, — 04 < 0) and the free boundary is a time-like line.

The initial-boundary conditions for Eqs. (#.1), (¢.3)-(.7) are the following [24} [127]:

oS, :
a_r](o’t) =0, Sj(R(t),t) = S;(t), j=1,...,m, 4.11)
o, . .

L(0) = 0. (4.13)

In Eq. @.I0), X;o(t) is the relative abundance of the i*" species in the biomass
attached to the granule-bulk liquid interface [127]. More precisely, X, o(¢) can be eval-

uated as [127]]:

Va5 (1)
Z?:l Va, i} (1)

According to Eq. (4.14), the concentration of the microbial species at the granule-

Xi,O(t) = Pis 1= 1, N, (414)
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bulk liquid interface X;(R(t), (t)), for a multispecies granular biofilm under attachment
regime, depends on the concentrations of the species in planktonic form present in the
bulk liquid and its attachment capacity. Note that, when all microbial species in the

bulk liquid are characterized by the same attachment velocity, Eq. (4.14) reduces to:

Xio(t) 47 (1)
pi >im Ui (t)

that is the volume fraction of the i microbial species at the granule-bulk liquid in-

Li=1,..,m, (4.15)

terface assumes the same value of the volume fraction within the bulk liquid. This
reproduces the case of a granular biofilm that will be initially constituted by all micro-
bial species inhabiting the surrounding liquid environment. However, going on with
time the biofilm composition is affected by other factors such as substrate availabil-
ity, specific microbial growth rate, invasion phenomena, detachment flux. Regarding
the diffusion of substrates and planktonic species, the boundary conditions (.11]); and
(@.12), are the no flux conditions at the granule center (r = 0). While, the boundary
conditions (@.11)); and (#.12), are Dirichlet conditions, which state that the values of
the substrates and planktonic species on the free boundary are the same as in the bulk
liquid. The functions S} (t) and 1} (t) are prescribed functions in general.

An equivalent expression of Eq. can be obtained by using the volume fractions
fi defined as f;(r,t) = X;(r,t)/pi, i = 1,...,n, subjected to the constraint: Y . | f; =
1. Considering f; in Eq. yields:

Ofi(rt) 19
2

o T g (P S ) = g b i = 1n, (416)

In this case, the initial condition (#.10) is replaced by:

where:
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Xio(t)
Pi

fio(t) = (4.18)

In summary, the attachment process in the initial phase of multispecies granular

biofilm growth is expressed by the following spherical free boundary problem:

% + l2(7‘2%)(1') = pirni(X,S) + piri(,8),0 <r < R(t), t >0, i=1,..,n,
ot r2or ’

(4.19)

XAR(t),t) = Xi’(](t), t > 0, 1= 1, ey 1 (420)

R(t) = u(R(t),t) + 0a(¢*), t > 0, R(0) =0 (4.21)

u(r,t) — 2u(r?)

o . + G(X(r,t),S(r,t),(r,t)), 0 <r < R(t), u(0,t) =0,

(4.22)

where:

G(X(r,1),8(r,t),9(r,t) = Z(wﬂ- 1), (4.23)

(4.24)

08, . :
a—r”(o,t) =0, Sj(R(t),t) = Sj(t), t >0, j=1,..,m, (4.25)
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— 1/12%% <r2((§;il> = ryi(Y(r,t),S(r,t)), 0 <r < R(t), t >0, i=1,..,n,
(4.26)
O . :
0,1 = 0. (R = (1), 1> 0.i= 1. 4.27)

Note that Eq. (4.21)) refers to the initial phase of biofilm formation, when the de-

tachment flux o, is negligible compared to o,. The spherical free boundary R(t) is a

space-like line and Eq. (4.20) provides the initial conditions for the microbial species

in sessile form on the free boundary.

4.2.1 Remark1

Eq. (4.19) has an apparent singularity for » = 0. In this Section, it has been proved

that Eq. (4.19)) holds also for » = 0, as the singularity may be eliminated.

Eq. (4.19) can be rewritten as:

0Xi(r) | pQulnt) | 200 0Xiet) | 0Xi)

ot or r or

i=1,..n. (4.28)

Consider the Taylor’s series expansion of u(r,t) about r = 0:

3u(0,t)r N

u(r,t) = u(0,t) + o

(4.29)

Taking into account the boundary condition in Eq. (4.22), it follows:
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lim u(r, t) _ Gu((),t)‘
r—0 7 or

By considering Eq. (4.30), Eqs. (4.22)) and (4.28)) for » = 0 may be replaced by:

(4.30)

du(0,t)  G(X(0,1),5(0,1),4(0, 1))

= 431
or 3 ’ (4.31)
0X;(0,1) ou(0,t)
T + 3X2(07 t) (97‘ - per,z + PiT%- (432)
Substituting Eq. (4.31)) in Eq. (4.32) yields:
0X;(0,1
XL — st oo X0.0GX0,0,80.0,90.0). (333)

Eq. (4.33) replaces Eq. (4.28) for » = 0 and confirms that Eq. (4.19) holds also for
r=0.

4.2.2 Characteristic coordinates

Consider the characteristic-like lines r = r(t) of system (#.1I). They are defined by the

differential equation:

= u(r(t),t). (4.34)

Since they also depend on the starting point ¢y, we will use the notation 7(t) =
¢(to, t). Therefore, more precisely, the characteristics are defined by the following ini-

tial value problem:

%(fo, t) = U(C<t0, t), t), C(to, to) = R(to) (435)

In particular, for ¢, = 0 we have:
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%(O, t) = u(c(0,t),t), ¢(0,0) =0, (4.36)

since R(0) = 0. The initial value problem (4.36)) admits the solution ¢(0, t) = 0 because
of condition in Eq. (4.22).

In characteristic coordinates, the integral form of Eq. (4.22)) can be written as:

1 o, 9]
u(c(to,t),t):m/o (1, t)GX(c(T,t),t),S(c(T,t),t),4p(c(T, t),t))EC(T, t)dr.
(4.37)
Consider Eq. @.21]) for R written for ¢ = ¢y:
R(t) = 0a((t)) + u(R(to). o), B(0) =0, (74 > 0). (4.38)

Since u(R(ty),to) = u(c(to, o), to), we can use Eq. in Eq. (4.38) to obtain:

R(to) = 0a(¥"(t0))

b G ). o), S(E(r ). ), el ), ) 5 el o
(4.39)

After, integrating over (0, t,) we obtain:

Rito) = / ' oa(a*(6))d8

+ /Oomde /0 CZ(T,e)G(X@(T,e),e),S(C(T,9),9),¢<c<7,9),9))£c(ﬁg>d7_
(4.40)
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Equation (4.40) is the desired integral equation for R in characteristic coordinates.
Note the function R defined by Eq. (4.40) satisfies the differential equation in (4.38));
and the initial condition (4.38)),. Therefore, the integral equation (4.40) is equivalent to

the differential initial value problem (4.38).
Substituting Eq. in Eq. (¢.39), it follows:

%c(to,t) _ Lt) /0 "2 )G (X (e(r 1), 1), S(e(r 1), 1), (el t),t))%(ﬂ Pdr,

CQ(to,

Let us integrate over (%o, t):

C(to, t) — C(to, to)

_ /t %‘” /0 OCZ(T, 0)G(X(c(7,0),0),S(c(r,0),0),p(c(r, 9),9))%:(7, 0)dr,

(4.42)
C(to, t) = R(to)
4 / 62(;—079)% / (7, 0)G(X(c(r.0),0),S(e(r,0).,0), (el e»e»%m 0)dr,

(4.43)
Lastly, substituting expression (#.40) of R(y) in Eq. (4.43)) yields:

(to, 1) = / ' ala*(6))d8
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+/0 0 7 d@/ (1,0)G(X(c(7,0),0),S(c(1,0),0),p(c(T, 9),8))%(7’, 0)dr

tq o 9e
+/t0 = H)dQ/O c“(1,0)G(X(c(T,0),0),S(c(1,0),0),(c(T, 0),0))5(7, 0)dr.

to,
(4.44)
Equation (4.44) is the desired integral equation for the characteristics. Note that
the function c¢(¢o, t) defined by (4.44)) satisfies the differential equation in (.33)); and
the initial condition (#.33),. Therefore, the integral equation (4.44)) is equivalent to the
differential initial value problem (4.35).
In addition, the partial derivative of c(t, t) with respect to ¢, satisfies the following

integral equation:

(%coso,t) ou(W* (1)) / G(X (c(to, ) >s<c<t0,e>,e>,w<c<to,e»e»aitoc(to,e)de.
(4.45)

The previous equation is needed as dc/Jt, appears in the integral equations (4.44))

and (4.40).

Consider system (4.19) rewritten in characteristic coordinates:

d;t(i (c(to, 1), t) = pirara(X(c(to, 1), 1), S(c(to, t), 1))+ pirs (W (c(to, t), 1), S(c(to, ), 1))

_Xi(c(th )7 )G()(( (t07 )a ) S(C(t())t)’t)7¢(c(t07t)7t))70 Sty <t< Ta @:17 ey 1,
(4.46)
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where Eq. (4.22)) was used. The initial conditions for ¢ = ¢, are derived from (4.20):

Xi(C(tg, to), to) = Xl(R(t0)7 to) = Xiyg(to), 7= 17 ey (447)
From ({.46), it follows:
dX; .
X lto, 1), 1) = X elto, 1),£).8(clto, ), ) elto, 1), 1)), 0 Sto <t ST, i=1, .,
(4.48)
where:
Fi = pi/’n]\/[,i + Pili — XlG, L= 1, o, n. (449)

Integrating Eq. (#.48) over (¢, t) yields:

Xi(C(to, t), t) = Xi’()(to)

+/tF,~(X(c(t0,7'),7'), S(c(to, 7),7), % (c(to, 7),7))dr, 0 <to <t <T,i=1,...n
! (4.50)
The equation above is the desired integral equation for X; in characteristic coordi-
nates. Note that the integral equation (4.50)) is equivalent to the differential initial value

problem ([.46)-(#.47).

Consider Eq. (#.24) rewritten in characteristic coordinates:

(tlo )88T< (to,t)%(c(to,t% )):—TSJ(X( (to,1),1),S(c(to, 1), 1)), 7=1,...,m.

4.51)

The boundary conditions (4.25) for (4.5T)) assume the following expressions in char-
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acteristic coordinates:

50.0) = D (e(0,1),1) = 0, S,(RW).1) = Syfelt,0).1)) = S; (1), @52

because of (4.35)) and (@.36). From {.51):

0 dS; 0
D {100 52 el 1).0) ==Xt s Xelt 0,1) 8(c, ). ) ol ).
(4.53)
Integrating the equation above over (0, to) yields:
2 95; © 0
Dg ;c (tg,t)a—(c(to,t),t) = — c(r,t)rsj(X(c(r, 1), t), S(c(T, t),t))a—c(T, t)dr.
r 0 T
(4.54)
where the boundary condition (4.52)); was used. From (4.54):
0
Ds -3 (clto,),1)
S SN / * 2 gy (X (e, 1), 1), S(el(r. 1), ) 2clr D)
- (to, )ato 0 o ; S,J sy U)s )y sy U )y 87' ) .
(4.55)

Integrating the equation above over (%, t) yields:

Ds;S;(c(to, 1),t) = Ds ;55 (t)

+ /t > (;’t)%c(e,t)de /0 A, t)rs;(X(e(r, 1), ), S(e(r, t),t))%c(f, t)dr,
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0<to<t<T, j=1,..,m, (4.56)

where the boundary condition (4.52), was used. The equation above is the desired
integral equation for S; in characteristic coordinates. Note that the integral equation

(4.536) is equivalent to the differential initial value problem (4.51)-(4.52).

Similarly, consider Eq. (4.26)) rewritten in characteristic coordinates:

! 9 (2 0 =—ryip(c & 1= n
Dw,jma(c (t07t)ﬁ(c(t07t)at))_ ¢,z(¢( (t07t)7t)’s( (tht)7t))’ _17"'7 ’

(4.57)
The boundary conditions for assume the following expression in char-

acteristic coordinates:

O
or

o,
or

(0,1) =

(C(Ov t)a t) =0, wz(R(t>7 t) = wi(c(ta t)? t)) = wz*(t)v (4.58)

because of (4.35)) and (.36). From {.57):

Dw,ja% (cQ(tg, t)%(c(tg, t), t)) =—C*(to, t)ryi@p(c(to, t),1),S(c(to, 1), t))a%c(to, t).

(4.59)

Integrating the equation above over (0, ty) yields:

oY
Dyt 1) 5

to a
(C(to, t)> t) = - / Cz (7—7 t)rzp,i W’(C(T» t)a t)? 8(6(7—7 t)v t))EC(T, t)dT
0
(4.60)
where the boundary condition (4.58)); was used. From (4.60):
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0
Dy,
1/171 ato wz(c(t07 t)’ t)

19
c2 (to, t) ato ¢

(to, 1) /0 "2 )y sl 1), 1), S(e(r, t),t))%c(ﬂ t)dr. (4.61)

Integrating the equation above over (g, t) yields:

Dy iti(c(to, t),t) = Dy 7 (1)

t 0
+ /to 62(;, ) %0(9, t)do /0 CZ(T, tryi(P(c(r,t),t),S(e(r, ), t))%c(ﬂ t)dr,

0<to<t<T,i=1,..n, (4.62)

where the boundary condition (4.58); was used. The equation above is the desired

integral equation for v; in characteristic coordinates. Note that the integral equation

(4.62) is equivalent to the differential initial value problem (4.57)-(4.58).

4.3 Spherical free boundary value problem in charac-
teristic coordinates

The integral problem is summarized below by using the following positions:

x(to, t) = X(c(to, t),t), x(x1,...,2Ts), (4.63)
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s(to, 1) = S(c(to,1),1), S(51, . Sm)s (4.64)

W(tg,t) = p(c(to,t),t), ¥(Vy,...,¥,), (4.65)

The integral equations for z; follow from (4.50)

t
Tilto t) = Xi,0<t0)+/ Fi(x(to, 7). 8(t0, 7), @(to, 7))dr, 0 <ty <t < T, i =1, ...
to

(4.66)

The integral equations for s; follow from (#.56)

t 0 Oc Jc
s;(to, t) :S;(t)—i—/t d@/0 F ;(x(7,t),s(7,t),c(0,t), c(T, t),%(é,t),a(r,t))dﬂ

O<to<t<T, j=1,..,m, (4.67)

where F} ; is defined in at the end of this Section. Similarly to s, the integral

equations for 1; follow from (4.62)):

¢ 0 Oc Jc
U, (to, t) :wf(t)—i—/t d&/o Fyi(¥(7,t),s(7,1),c(0,t), c(r, t),%(ﬁ,t),g(r,t))dﬂ

O<to<t<T,i=1,...,n, (4.68)

where F), ; is defined in (4.76)).

The integral equation for R follows from (4.40):

R(to) = X(to)
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to 0
+/ d@/ Fr(x(7,0),s(1,0),¥(7,0),c(0,0),c(,0), 8—(7’, 0))dr, 0 <ty <T,
0 0

c
-
(4.69)

with ¥(to) and F}, defined in (4.77)-(4.78)), respectively.
The integral equations for ¢(¢o, t) and dc/0t, can be obtained from (4.44)) and (4.45))

rewritten in terms of characteristic coordinates:

c(to,t) = X(to)

+/00d9/0 F.1(x(7,0),s(7,0),%¥(7,0),c(8,0), (T, 8),6—:(7, 0))dr

t to
+/ d@/ F.o(x(7,0),s(7,0),¥(T,0), c(to,0), c(T,0), %(T, 0))dr, 0 <ty <t<T,
to 0
4.70)
Oc t Oc
—(to,t):/ch(X(to,0),S(t0,9>,‘1’(t0,0),—(to,0))d0+0‘a(l:[’*(to)),0<t0<t§T,
ato tO ’ ato
“4.71)
where:
dc
Fc,l(X(ﬂ@)’S(Tﬁ%‘I’(Tﬁ),C(@,@),C(T,@),E(T,G))
R 0)G(x(r,6),5(7.0), (7, 0) 2 (7, ) @72)
- C2<97 e)c T? T? b T7 ) T’ 87_ T’ ) M
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F.o(x(7,0),s(7,0),¥(T,0),c(to,0), c(T, ), %(7’, 0))

1 5 I
- 62(%79)0 (1,0)G(x(T,0),s(7,0), ¥(T, 9))87 (1,0), (4.73)

dc

FC73(X<t0, 0), S(to, 0), \I’(to, 9) a 0(

to,0))

dc

= G(x(to, 0), s(t0,0), ¥ (t0, 0)) 5~

(to, 0). (4.74)
The functions introduced in equations (4.67)-(#.69) are defined below

F j(x(7,t),s(7,t),c(0,1t),c(T, 1), 29(9 t), g (1,1))

A(r, t)rsj(x(r,t),s(T, ))&9(0 t)— (7’ t), (4.75)

Fy (¥ (7,t),s(7,t),c(0,1),c(T,1), 29(0 t), ST(T t))

_DwgcQ(; OB, 1,507, ))22(9 t)%(m), (4.76)
S(ty) = / * (T (0))d6, @77)

= A(1,0)G(x(r,0),s(7,0), ¥(r,0)) — (T 0). (4.78)
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4.4 Uniqueness and existence theorem

An existence and uniqueness theorem for the integral problem (4.66)-(4.71) can be
proved in the space of the continuous functions as generalization of the results in

D’Acunto et al. (2019,2021) [24, [127].

Theorem 1 Suppose that:

(a) z;(tg, 1), 5;(tg, 1), W;(to, 1), c(ty, 1), ¢, (tg, 1) € CO([0, Th] x [0, T4]), Ty > 0,
i=1,..,n, j=1,....,m, and L(t,) € C°([0, T}]);

(b) Xio(to), oa(¥*(t0)), Si(t),v;(t) € CU[0, Th]), i =1,...,n, j=1,....,m;

(C) |xz - Xi,0| S h$,i7 1= ]_,...,TL,' v, —

(]

s; =S| < hey, Jo= 1, my

Qﬂﬂ S hd,,i, Z = 1,...,n;

L—Z| < hr,

Cc — 2’ S hc,l;

Cty = Oa| < hega, where
Pyiy s s P is oy het, he o are positive constants;
(d) E,Z = 1,...771, FSJ‘,‘]’ = 1,...,m, Fd),iai = 1,...,n, FL,FCJ,FQQ,FC’?, are

bounded and Lipschitz continuous with respect to their arguments
M; =max|F|, i =1,...,n, M,; =max|Fy;|, 7 =1,....,m,

My; =max|Fy;|, i =1,...,n, M, = max|Fy|,

Mc,l - maX(|Fc,l|7 |Fc,2|)7 MC,Q = max |Fc,3|7

|E(X,S,’l’/)) - Fz<i7§7{b)|

< Ai [Z|$k—57k|+2|5k—§k|+ |y — k\] s 1=1,..n,
k=1 k=1 =1

|F8,j(x> S, ¢, Cto) - FS,j(ia éa 67 6to)|

< Asjj

n m
> e = Bl D L5y = Sl + e =l + ey, — ét0|] Li=1,..m,
k=1 k=1

|Fyi(T,s,¢,¢,) — Fyi(0,8,6,¢, )
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< Ay

k=1 k=1

|FL(x,8,¥,c,¢,) — FL(X,8, U, ¢, Cry )|

<AL [Z’Dﬁk—fﬂﬂLZ’Sk—gﬂ+Z|¢k—&k|+|C_5H’|Cto
k=1 k=1 k=1

’FCJ(Xasu ‘11767 Cto) - F (5( é ‘il )’

Z|\I’k_\1/k|+2|sk_§k’+|c_é|+|Ct0 _5t0|] ,i=1,..,n,

- 6750‘] )

< Act [Z’xk — Iy +Z’5k — 5 +Z‘\Ijk — Ul +le—él + e, _6t0|] ;

k=1 k=1 k=1

|Fc,2(X787 \II,C, Cto) - F ()N( é @707 5t0)’

< Ac2 [Z |2, — Ty + Z sk — 8l + Z e — el + e — el + |ey, — 5t0|] )
k=1 k=1 k=1

|Fla(x,8, W, ¢, ) — Fuo(X,8, 9,6, )|

< )\0,3

Z |z, — Ty + Z A +Z (W), = Uyl + ey, — 5t0|] )
k=1 k=1 k=1

when (ty,t) € [0, Th] x [0, T3] and the functions x,, s;, V,, L, ¢, ¢, satisfy the assump-

tions (a)-(c).

Then, integral system (#.66)-(@.71) has a unique solution x;, s;, V,, R, ¢, ¢,, €

Co([0, T x [0, T)),

where

z, h hyn | h
T= mln{Tl, ! \/ \/ ,\/M,w’1 ,..,\/]Ww’ L
¢71 wn

Moreover, 'T' satisfies the following condition,

al? 4+ bT < 1,

where

a=> Aej D> i+ AL+ Aer + Az, b= N+ Aas.

7j=1 =1 =1
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Proof: Denote by (2 the space of continuous functions x;(t,t), s;(ty,t), ¥i(ty,t),

R(ty), c(to, ), ¢,y (to: 1), to € [0, T, t € [0, T}, and endow it with the uniform norm

¢, 8, %, Ly ¢, ¢y, )|

n m n
= Zmax\xﬁ + Zmax |s;] + Zmax |W;| + max | R| + max |c[ + max [c, |.
il —a il Q Q Q

Consider the map (x*,s*, ¥*, R*,c¢*, ¢} ) = A(x,s,¥, R, c, ¢, ),

where (x*,s*, W* R* c*, c; ) = RHS of equations (.66)-(@.71). Let us prove that A

maps {2 into itself. Indeed,

|l’;k — Xi,O‘ < MT < hx,ia 1= 17 sy 1

’S; - S;’ < Msij2 < hs,ja ‘g;k — \I/;k‘ < M¢7iT2 < h/i[),ia 1= 1, ., n, j = 1, S, Mm,
|R* = X| < MT? < hy, |¢ = 8| <2Me1T? < hey, ¢, —
Consider (%,8, ¥, R,¢,¢, ) € Qand let (X*,8", W, R*,&*,¢ ) = A(%,8, ¥, R, ¢,¢,).

It is possible to obtain
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Therefore,
|(x", 8", ¥, R*, ¢, cp) — (X%,8, @7, R*, &, & )|
< Al|(x,8, ¥, R,c.c,) — (%,8, ¥, R,&¢,)|,
where
A=aT?+bT.
According to A < 1, proving Theorem O

The existence and uniqueness result has been obtained for an arbitrary number of
microbial species n and dissolved substrates m, with non-linear reaction terms. The
uniqueness result provides a solid base for the further numerical calculations. Moreover,
we stress that all hypotheses of the theorem are not suggested by mathematical artefacts,

but they are mostly qualitative and naturally derived from biological considerations.

4.5 Conclusions

The Chapter presents for the first time the qualitative analysis of the spherical free
boundary problem where the initial free boundary value is zero. The presented model
considers both the initial attachment phase and the growth of new sessile species within
the biofilm mediated by the invasion process. This allows to properly reproduce the
evolution of granular biofilms starting from the initial formation and including the es-
tablishment and growth of new species. The modeling of the initial phase of granular
biofilm formation allows describing the biofilm growth without arbitrarily fixing the
initial composition of the biofilm. The existence and uniqueness result has been ob-
tained for an arbitrary number of microbial species n and dissolved substrates m, with
non-linear reaction terms. The uniqueness result provides a solid base for the further
numerical calculations. Moreover, we stress that all hypotheses of the theorem are not
suggested by mathematical artefacts, but they are mostly qualitative and naturally de-

rived from biological considerations. The influence of the environmental conditions
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on the attachment process represents a key factor in the mathematical modelling of the
granular biofilm genesis and attachment phenomenon. This aspect has not been consid-

ered in this Chapter, and it requires further investigations.
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Chapter 5

Multiscale modelling of the start-up
process of anammox-based granular

reactors

5.1 Introduction

In the last decades, granular sludge technologies have completely revolutionized the
treatment and valorization of industrial and municipal wastewater as they can be ap-
plied for the simultaneous removal of organic, nitrogen and phosphorus compounds
and the production of bioenergy [14]. Granular sludge reactors are biofilm systems
where biomass grows arranged in granules, dense and compact aggregates with an ap-
proximately spherical shape [11]. In contrast to the traditional biofilm systems, where
biofilms develop on solid surfaces, biofilm formation in granular sludge reactors oc-
curs due to the self-immobilization of cells without the involvement of a surface, in a

process known as granulation. Such process can be initiated from an inoculum in gran-

This Chapter will be submitted as: Russo, F., Tenore, A., Mattei, M.R., Frunzo, L. Multiscale mod-
elling of the start-up process of anammox-based granular reactors.
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ular or suspended form. In the latter case, the process is named de novo granulation.
Conversely to conventional wastewater systems, high amounts of extracellular poly-
meric substances (EPS) constitute biofilm granules which, consequently, have higher
biomass densities, more regular shapes and stronger structures [13]. These character-
istics also provide protection for sensitive microbial species which have difficulties to
develop in suspended form [88]. Moreover, due to the high settling velocity of granu-
lar sludge, solid-liquid separation is facilitated [[129]] and high biomass concentrations
can be achieved in the system [130]. Additionally, the geometry and free movement
of granules limit external boundary layer resistances and promote the mass transport
of substrates towards the various granule microbial layers [14]. All these features con-
tribute to high removal efficiencies and reduced-footprint systems, and, consequently,
specific granular biofilms, such as aerobic, anaerobic and anammox granules, have been
adapted for various wastewater treatment processes.

Although the traditional process of nitrification-denitrification (N/D) is commonly
used to remove nitrogen compounds from wastewater, it is energy-intensive as it re-
quires dissolved oxygen supply for ammonium oxidation. Moreover, an external car-
bon source is necessary for the heterotrophic metabolism of denitrifying bacteria, in the
case of low carbon-to-nitrogen ratio wastewater. Therefore, in recent years, the com-
bination of partial nitritation and anammox processes (PN/A) has been increasingly
studied for the treatment of nitrogenous wastewater. Such process allows the conver-
sion of ammonium into molecular nitrogen: in the first step the partial nitritation takes
place and about half of the ammonium present in the wastewater is converted to ni-
trite by ammonia-oxidizing bacteria (AO B); then, in the subsequent anammox step,
the nitrite produced and the remaining ammonium are simultaneously converted into
nitrogen gas and small amounts of nitrate by anammox bacteria (AM X). In the case of
suspended biomass, the two processes occur in separate reactors arranged in series as
they require aerobic and anoxic conditions. The granular biofilm technology represents

a cost-effective and alternative solution, since both processes can be carried out simulta-
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neously in a granular sludge reactor. Indeed, the formation of two distinct zones inside
the granules is induced by providing a constant and appropriately low oxygen level in
the reactor: an external zone where oxygen necessary for partial nitritation is guaran-
teed and an internal zone where oxygen is not present and ideal anoxic conditions for
anammoXx Processes Occur.

Compared to the traditional N/D process, PN/A granular process results in lower
aeration costs, C'O, emissions and sludge production. Additionally, due to the au-
totrophic metabolism of anammox bacteria, no external addition of carbon is required.
For these reasons, PN/A granular process is considered a promising technology for
N-removal. Nevertheless, anammox bacteria are very sensitive to environmental and
operating conditions, and are characterized by very low growth rates and cellular yields
(131,132,133} 134, 135, 136]. Consequently, the start-up of anammox granular sludge
reactors is a long and complex process, which represents the main drawback of this tech-
nology [132,135]] and deeply impacts the operating strategies and procedures [[137]].

The start-up process of anammox granular sludge systems can be divided into four
phases: cell lysis phase, lag phase, activity elevation phase and stationary phase [131,
132113311134, 1138}, 139]]. The lysis phase occurs frequently when microbial species con-
stituting the granular sludge inoculum find new and unknown environmental conditions
and carry out processes of microbial autolysis leading to the disintegration of biofilm
granules. A transition period occurs in the successive lag phase, when the biomass be-
gins to adapt to the reactor conditions and new biofilm granules begin to develop. In
the elevation phase, the well-adapted biomass grows and a continuous and increasing
ammonium and nitrite removal is observed. Finally, in the stationary phase, red mature
granules are detected, dominated by anammox bacteria, with the presence of ammonia-
oxidizing bacteria and denitrifying heterotrophic bacteria. In this phase, an optimum
and stable N-removal efficiency is achieved [132,[138].

Many studies deal with the start-up of PN/A granular sludge systems by focusing

on factors which govern the biological processes involved and the growth of anam-
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mox bacteria, such as inoculum sludge, hydraulic retention time, dissolved oxygen,
temperature, pH, wastewater composition and reactor configuration. Among these,
the inoculation procedure appears to be a key element to reduce the start-up period
[138,140]]. In experimental works reported in literature, different selected sludges have
been used as inocula of lab-, pilot- and full-scale bioreactors, such as anaerobic granular
sludge (131} 132, 133} 1134, [139], flocculant nitrification sludge [131, 133} [137]], floc-
culant denitrification sludge [[131], activated sludge with or without addition of anam-
mox sludge [139]. Anaerobic granular sludge can be a competitive alternative solution,
as the biomass is already in granular form and acclimatized to anaerobic conditions.
Moreover, the conventional flocculant sludge represents a further alternative, due to
its greater availability. The latter two types of inoculum can also be enriched with
anammox sludge. In this context, the search for new procedures and strategies that can
significantly accelerate the process start-up remains an interesting challenge.

The study of the anammox process and start-up strategies through experimental
activities requires high cost and long time, mainly due to very low growth rates of
anammox bacteria. Consequently, mathematical modelling appears to be an attractive
alternative solution for the description and optimization of PN/A granular sludge reac-
tors, for the understanding and investigation of microbial dynamics which govern the
growth of anammox granules, and for testing a wide range of environmental and op-
erational conditions which could influence the process. In the recent years, numerous
mathematical models have been proposed to describe anaerobic (26, 27, 28, [141]], aer-
obic [142] [143] [101]] and anammox processes [29, [30, 31, 144, [145] in granular-based
systems, by considering the evolution of biofilm granules. Depending on the approach
used to model the development and the structure of granular biofilms, two types of
models can be distinguished: continuum and discrete models. The first ones describe
granular biofilms as spherical continuum domains, through a quantitative and deter-
ministic approach [27, 28, 130, [142]], while discrete models, such as individual-based

models [101} 99], consider microbial cells as discrete entities and introduce elements
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of randomness and stochastic effects in the solution. Most of continuous models have
been formulated as spherical free boundary problems with radial symmetry. Some of
them take into account attachment [26} |104, |128] and invasion [128]] processes. More-
over, the initial formation of biofilm granules has been modelled in Tenore et al. (2021)
[128] by setting a zero initial granule radius. Continuum models frequently assume
one single granule size class [30} [144, [145]], while someone takes into account the size
distribution of granules within the reactor by considering more size classes [27, 28}, 131]].
However, some works [28,131]] demonstrate that one single size class allows to correctly
describe the global treatment process, while the granule size distribution could be re-
quired to investigate more specific aspects, such as the microbial composition and the
solute exchange between granules of different sizes. Although most models consider
all the biomass in the granular form, a few include both the sessile biomass and the
planktonic biomass present in the reactor and model the microbial mass fluxes between
granular biofilms and liquid medium [128, [145]. Many free boundary models describe
the granules evolution by fixing the steady-state dimension [30, 31, 144} [145], while
in other works the steady-state dimension is supposed to be a function of microbial
metabolic activities and operating conditions of the system [28| [146]]. Except for a few
cases [147], almost all models on granular biofilms consider the perfect retention of
biofilm granules and, consequently, assume the number of granules in the system as a
constant [[142, [30]].

Among the models on granular biofilms, some focus on processes of partial nitri-
tation and anammox [30, 31, [144]], by taking into account the dynamics of main mi-
crobial species involved, such as ammonia-oxidizing bacteria (AO B), nitrite-oxidizing
bacteria (NOB), anammox bacteria (AM X)) and main soluble substrates, such as am-
monium, nitrite and nitrate . However, someone includes also the conversion of organic
compounds by heterotrophic bacteria [145) [148]]. Indeed, when sufficient amounts of
organic carbon occur in the system, heterotrophic bacteria can play a negative role in

the N-removal process, by proliferating within the granules and competing with AOB
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and AMX.

Models on PN/A granular systems propose some interesting numerical studies, aimed
at describing the PN/A process and to look into the effects of some key factors on the
reactor performance and microbial composition of granules. Specifically, the effects
of the following factors have been investigated: bulk oxygen concentration [30, 29]
and aeration pattern [[149]], granule size [30, 31, 29, [148] and granule size distribution
[31]], influent concentration of ammonium [30, 29] influent concentration of COD and
heterotrophic growth [1435] [148]. Furthermore, the impact of the coexistence of micro-
bial flocs and granular biofilm on the reactor performance is studied by Hubaux et al.
(2015) [1435]]. The emission of nitrous oxide (NoO) and nitric oxide (NO) occurring in
the treatment process is investigated by Vangsgaard et al. (2012) [144]], exploring the
effects of ammonium load, granule size and temperature. Finally, a model which pro-
pose the integration of methane removal in PN/A granular sludge reactors is reported
by Castro-Barros et al. (2018) [[150].

In this context, the present Chapter proposes a mathematical model aimed at de-
scribing and investigating aspects of the PN/A granular sludge bioreactor that have
never been addressed in literature, such as the initial formation of anammox granules
(anammox de novo granulation) and the start-up process. The general framework has
been introduced in Tenore et al. (2021) [128] for anaerobic biofilm granules and has
been applied here to PN/A processes. The model is formulated as a spherical free
boundary value problem under the assumption of radial symmetry. The de novo granu-
lation process is modelled by assuming a vanishing initial granule size [24, [127]. This
means that all the biomass present in the system at the beginning of the process is in
planktonic form (flocculant sludge inoculum). Then, the granules formation is initiated
by attachment phenomena. By using a continuum approach [22} [106], the model takes
into account the dynamics of soluble substrates and biomasses in planktonic and ses-
sile form. In particular, processes of microbial growth, substrates conversion, microbial

invasion, attachment and detachment are included in the model.
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This model has been integrated numerically by developing an original code in the
MaTLab platform and numerical studies have been carried out for the following pur-
poses: (1) test the model behaviour, (ii) explore the formation, evolution and ecology of
anammox granules in PN/A granular sludge systems, (iii) study the autotrophic nitro-
gen removal through PN/A processes, (iv) investigate and optimize the process start-up
of these bioreactors. In particular, numerical simulations have been carried out to in-
vestigate how the size and the addition time of the anammox inoculum can affect and
optimize the process start-up. The numerical results refer to both the individual biofilm
granule and the global reactor performance and include the distribution and relative
abundance of active sessile biomasses within the granule, the evolution of granule di-
mension, and the profiles of soluble substrates and planktonic biomasses within the
reactor. This Chapter is organized as follows. The mathematical model is reported in
Section[5.2] while the biological context is described in Section[5.3] where model vari-
ables and kinetic rate equations are introduced. Numerical studies are presented and

discussed in Section[5.4] Finally, the conclusions are outlined in Section [5.5]

5.2 Mathematical Model

As mentioned in Section [5.1] the mathematical formulation of granular biofilm reac-
tors presented in Tenore et al. (2021) [128]] for anaerobic digestion is applied here to
partial nitritation/anammox granular processes. In this Section, the model equations are
reported.

A granular-based reactor is an extremely complex multiphase biological system
which need the introduction of some assumptions in order to be modelled. It is supposed
here to consist of two distinct components: the granular biofilm phase and the bulk lig-
uid phase. These components influence each other through continuous mass exchanges
involving sessile and planktonic biomass and soluble substrates. The granular biofilm

phase is represented by a fixed number of biofilm granules (Ng) immersed within the
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bulk liquid and assumed to have identical properties at any instant of time. Specifically,
biofilm granules are modelled as spherical free boundary domains with radial symmetry
and with a vanishing initial radius. The attachment flux of planktonic biomass from the
bulk liquid is accounted to initiate the granulation process. Biofilm granules evolves
over time as a result of various processes such as metabolic activities, detachment and
transport of sessile biomass, diffusion and conversion of soluble substrates and inva-
sion of planktonic species. The term attachment is used here to indicate the aggregation
of planktonic cells, which contributes to the genesis and growth of biofilm granules.
Invasion phenomena consist in the colonization of a pre-existing granule mediated by
planktonic motile cells living in the surrounding environment, which can penetrate the
porous matrix of the biofilm and convert to sessile biomass. Detachment phenomena
lead to sessile biomass losses, induced by external shear forces, substrates depletion
and biomass decay.

In order to model all these processes, the following model variables have been con-

sidered within the granular biofilm domain:

radius of the biofilm granule: R(t),

* concentration of n sessile species: X;(r,t), i =1,...,n,

* concentration of n planktonic invading species: 1;(r,t), i = 1, ..., n,
* concentration of m dissolved substrates: S;(r,t), j = 1,...,m.

The free boundary domain is described by the time-dependent granule radius R(t),
while all other variables are expressed as functions of the time ¢ and the radial coor-
dinate r, where = 0 identifies the granule center. The liquid present in the voids of
granules is not included as a model variable, since it is supposed to not play a limiting
role in the microbial metabolic activities. Soluble substrates and planktonic cells are
supposed to not occupy biofilm volume due to the small particle size and the biofilm

volume is constituted just by sessile biomasses. Assuming that all sessile species have
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the same constant density p, the biofilm volume fraction of each individual species f;
can be calculated by dividing X; by p. Furthermore, it is assumed that the sum of the
biomass volume fractions is equal to one at each location and time, > " | f; = 1 [108].
Since X; and f; are mutually dependent variables, only f; is included among the model
unknowns.

The reactor is modelled as a completely mixed continuous system. Therefore, the
properties of the bulk liquid are the same at every point and change over time due to
the conversion processes of the planktonic biomass and soluble substrates present in the
bulk liquid and due to mass exchanges with the biofilm granules. In order to take into
account these aspects, the following model variables have been considered within the

bulk liquid:

* concentration of n planktonic biomasses: ¢} (t), i = 1,...,n,

* concentration of m dissolved substrates: S (t), j = 1,...,m.

In the following, all model equations and boundary and initial conditions related to
the biofilm domain and the bulk liquid domain are reported.
The growth and the transport of the i sessile species across the granular biofilm is

governed by the following hyperbolic partial differential equations (PDEs):

E)Xi(r, t) 1 8 2 .
Sy (Pl )X, 1)) = praga(r, £, X,8) 4 pri(r,1,4,8).
i=1,...n0<r<R(),t>0, (5.1)
Wt
Xi(R(t),t) = Caiip i oo(t) —oalt) >0,  (5.2)

N w0 1=
Zz‘:l Va i (t)
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where u(r, t) is the biomass velocity, rys;(r, t, X, S) and r;(r,t,%, S) are the specific
growth rates due to sessile and planktonic species, respectively, X = (Xi,..., X,,),
S = (S1,..,Sm)> ¥ = (Y1, ..., %), va, is the attachment velocity of the i planktonic
biomass and )} (¢) is the concentration of the i*" planktonic biomass in the bulk liquid.

When the attachment flux from bulk liquid to granule o,(¢) is higher than detach-
ment flux from granule to bulk liquid o,(t), the free boundary is a space-like line and
the condition (5.2) at the interface granule-bulk liquid » = R(t) is required. Conversely,
when o,(t) is lower than o4(t), the free boundary is a time-like line and the condition
(5.2) is not needed, because the properties of the boundary are regulated by the internal
points of the domain.

The function u(r, t) satisfies the following problem:

du(r,t) — 2u(r1)

o " +G(r,t,£,S,9), 0<r < R(t), t >0, (5.3)

w(0,t) =0, t > 0. (5.4)

where G(r,t.£,S,¢) = >0 (rari(r, ¢, £,S) +r;(r.t,4,S)) and f = (f1, ..., ).
By considering Eq. (5.3), Egs. (5.1)) and (5.2)) can be rewritten as follows:

L) e, )P0 (0, 0,8,8) 140,00, 8) = Ll G188, 9),
i=1,..,n,0<r < R(t), t>0, (5.5)
AR = —2e%T 0 et —ou(t) > 0. (5.6)

ST 1=
> i1 Vaiti (t)
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The free boundary evolution is described by the granule radius R(¢) and depends
on processes of sessile metabolic growth, detachment and attachment. Attachment phe-
nomena dominate the granulation process, while detachment phenomena become pre-
dominant as the granule dimension increases. The variation of R(t) is governed by the
following ordinary differential equation (ODE), derived from the mass balance on the

granule volume:

R(t) = 04(t) — oq(t) + u(R(t),1), (5.7)

R(0) = 0. (5.8)

In particular, attachment process is modelled through a continuous flux from bulk
liquid to granule, given by the sum of the attachment fluxes of each planktonic species
044(t), which are linearly dependent on the concentration of planktonic biomasses
within the bulk liquid ¥} (¢) [24} 127]:

- > i1 Vit (1)
0a(t) = ;aaﬂ(t) =S (5.9)
Meanwhile, the detachment process is modelled through a continuous flux from

granule to bulk liquid, which is a quadratic function of the granule radius R(t):

oq(t) = AR*(1), (5.10)

where A is the detachment coefficient and is supposed to be equal for all microbial
species.
The diffusion and conversion of planktonic cells and soluble substrates within the
biofilm granule are governed by the following parabolic PDEs:
O;(r, t)

T Dy
at w’

82% (T, t) - 2Dw’Z 8%(7‘, t)
or? T or

= T’lb,i(ra t? ’lpa S)7
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i=1,..n,0<r<R({),t>0, (5.11)
O e
E(O’t) =0, Yi(R(t),t)) =i (t), i=1,...,n, t >0, (5.12)
aS;(r, ) 02S;(r,t)  2Dg; 0S;(r,t)
jé?—t ~ Dsy 8]r2 o : j@r = rs;(nt.£,8),
j=1..m0<r<R({t),t>0, (5.13)
%55 0.0 =0, 5 =Si(t), j = 5.14
W(O7t)_07 J(R(t)7t))_ j(t)7 J=1..m, t>0, (5.14)

where 7,;(r,t,4,S) and rg(r,t, £, S) represent the conversion rate of ' invading
species and j' substrate, respectively; Dy ; and Dg ; denote the diffusion coefficients
in biofilm for the " planktonic species and ;' dissolved substrates, ¢} (t) and S (t)
denote the concentrations of planktonic cells and dissolved substrates within the bulk
liquid, respectively. All equations which refer to the biofilm domain do not require
initial conditions, since the extension of the biofilm domain is zero at ¢ = 0.

7 (t) and S7(t) represent the solutions of the following ordinary differential equa-
tions (ODEs), which describe the dynamics of planktonic biomass and soluble sub-
strates within the bulk liquid, respectively, and are derived from mass balances on the

bulk liquid volume:

OYi(R(1),1)

V() = QI — (1) — A()NaDy, =

+ 1,4t S%) — 044 (t) pAlt),

i=1,..nt>0, (5.15)
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05;(R(t), 1)

VSi(t) = Q(S)" — S;(t)) — A(t)NeDs, o

+ Tg',j(t? ¢*7 S*)J

j=1,..m, t>0, (5.17)

SH0)=5" j=1,..,m, (5.18)

where V' is the volume of the bulk liquid, assumed equal to the reactor volume, () is
the continuous flow rate, A(t) is the area of the granule and is equal to 47 R%(t), ¢! is
the concentration of the planktonic species ¢ in the influent, S;-" is the concentration of
the substrate j in the influent, 7, ,(r, ¢, ", S*) and r§ ;(r, ¢, 9", S*) are the conversion
rates for ¢} and S}, ¢} is the initial concentrations of the i" planktonic species within
the bulk liquid, S* = (S5, ..., S%), ¥* = (¥, ..., ¥%).

No contribution by detachment to planktonic or detached biomass is considered
in this model. Indeed, the detached biomass has different characteristics from both
sessile and planktonic biomass, and several hours are required for its conversion into
the planktonic form [[121} 122} [123]]. Moreover, granular-based reactors are typically
characterized by high selection pressures (low H RT" and high velocities) to promote the
biomass aggregation [11]. Under these high selection pressures, granules are retained
in the reactor, while planktonic and detached cells are rapidly washed out [[88]].

The mass of the i*" sessile species within the granule can be derived from:

R(t)
m;(t) = /0 4rrpfi(r,t)dr, i =1,...,n, (5.19)
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while, the total mass can be calculated as follow:

4

Miot(t) = > my(t) = ngRg(t). (5.20)
=1

5.3 Modelling de novo anammox granulation

The mathematical model described in the previous Section has been applied to the
partial nitritation/anammox process, with the aim of describing the dynamics of anam-
mox granules and investigating the start-up of combined partial nitritation-anammox
reactors.

The anaerobic ammonia oxidation process (anammox process) allows to remove
nitrogen from wastewater via anaerobic pathways of specific autotrophic microbial
species, known as anammox bacteria. Such bacteria use ammonium as electron donor
to convert nitrite into nitrogen gas and small fractions of nitrate. However, since nitrite
are not commonly present in nitrogenous wastewater, the anammox process is preceded
by a partial nitritation step, where the necessary amount of nitrite is produced. As
mentioned in Section under appropriate operating conditions these two processes
can be carried out simultaneously in one single granular sludge reactor, exploiting the
coexistence of anoxic and aerobic zones within biofilm granules.

In order to comprehensively model the treatment process and the evolution of gran-
ules occurring in these reactors, all the main biological processes, microbial species
and soluble substrates have been considered. Specifically, processes of nitritation,
anammox, denitrification, organic carbon and nitrite oxidation are supposed to occur in
biofilm granules and in the bulk liquid, induced by the metabolic activities of the plank-
tonic and sessile biomass. Hence, the following active microbial species have been con-
sidered both in sessile and planktonic form: aerobic ammonia-oxidizing bacteria AOB,
anaerobic ammonia-oxidizing bacteria AM X, aerobic nitrite-oxidizing bacteria NOB

and facultative heterotrophic bacteria H B. All sessile species are supposed to decay
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and produce sessile inactive biomass / which accumulate within the biofilm granules.
Conversely, although it is assumed that planktonic biomasses also decay, the inactive
biomass in planktonic form has not been included in the model because it is likely to
play a negligible role in the development of the successive processes. Moreover, in
order to describe the metabolic activity of the active microbial species, the following
soluble compounds have been modelled: ammonium N Hy, nitrite NOs, nitrate NOs,
soluble organic carbon OC' and oxygen Os.

During the nitritation process, ammonium-oxidizing bacteria AO B convert ammo-
nium N H, and oxygen O, to nitrite N O, under aerobic conditions, according to the

following reaction:

NH;} +1.505 = NOy + HyO +2H" (5.21)

Under aerobic conditions, nitrite /NO, is oxidized with O, to form nitrate NO3 by

nitrite-oxidizing bacteria NOB:

NO;y +0.50; = NO; (5.22)

During anammox processes, under anoxic conditions, anammox bacteria AM X
convert ammonium N H, and nitrite N O, in nitrogen gas and little amounts of nitrate

NQOs3, as follows:

NH; +1.32NO; + 0.066HCO; + 0.13H*

— 1.02N5 + 0.256 NO5 + 0.066C H2Op 5No 15 + 2.03H20 (5.23)

The model considers metabolic processes of facutative heterotrophic bacteria H B as

well. Specifically, H B are supposed to growth both in aerobic and anoxic conditions.
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Under aerobic condition, they oxidate organic carbon OC' by using free oxygen O,
while they carry out two denitrification reactions under anoxic conditions: in the first
they oxidate OC' by using the nitrate bound oxygen and NOj5 reduces to nitrite N Os;
in the second they oxidize OC' by using nitrite bound oxygen and NO, reduces to
molecular nitrogen.

In summary, the list of all model variables is reported below:

fi(z,t), i € {AOB,AMX,NOB,HB, I}, (5.24)
Wi(z,t), i € {AOB, AMX,NOB, HB}, (5.25)
S;(z,1), j € {NH;, NOy, NO3, OC, 05}, (5.26)
Wi(t), i € {AOB, AMX,NOB, HB}, (5.27)
Si(t), j € {NHy, NOyy NO3, OC}. (5.28)

As mentioned in Section a constant and appropriate oxygen level is maintained
in PN/A granular reactors, in order to guarantee distinct zones for ideal growth of both
anaerobic and aerobic species. To model this, oxygen concentration is assumed to be
variable only within the biofilm Sp, (z, t), where it varies due to microbial consumption
and diffusion phenomena. Instead, oxygen concentration in the bulk liquid does not
represent a model variable and is fixed at a constant value S5, () = S0,

Biological pathways described above have been included in the model through the
mathematical formulation of the reaction terms. In particular, specific growth rates due

to sessile species 7 ; in Egs. (5.3)) and (5.5]) are modelled as Monod-type kinetics:
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Mg = fz(ul —k‘dﬂ'), 1€ {AOB,AMX, NOB,HB}, (529)
SNH, S0,
= HMmax , (5.30)
HAOB = Hmaz,AOB Kaopnu, + Svu, KaoB,0, + So,
Kanvx,0, SN, Sno,
= Hmaz : , (531)
HAMX = Hmaz, AMX Kamxo0, + S0, Kamvx no, + Sva, Kanvx no, + Sno,
SNO, S0, SNH,
= Mmazx 5 (532)
HNOB = Hmaz,NOB Kno,no, + Svo, Knos,o, + So, Knop,ni, + SN,
MHB = UHB,1 T UHB2 + HHB3 =
_ Soc S0, "
— Mmaz,HB
Kupoc + Soc Kup,o, + So,
SNH, By fiman it Ky 0, Soc SNOs "

Kypno, + Snm, Kypo, + S0, Kupoc + Soc Kup.nos + Snos

o Kup.o, Soc "
2Mmax,HB
Kupo, + S0, Kupoc + Soc

SNOs SN,

Sno, + Snos Kup,nu, + Snh,

y SNOs SNO» SNH, (5.33)
Kup no, + Sno, Svo, + Svos Kap,nm, + Snm,’

where fimax; 1S the maximum growth rate for biomass ¢, K; is the affinity constant of
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the consumed substrate for biomass ¢ and k,; is the decay constant for biomass 4, 3
and (3, are the reduction factors for denitrification.
The formation rate of inactive biomass is given by the sum of decay rates of each

active species, modelled as first order kinetics:

rag = Y fi kag, i € {AOB,AMX, NOB, HB}. (5.34)

The specific growth rates due to planktonic species r; in Egs. (5.3) and (5.3), with
i€ {AOB, AM X, NOB, HB}, are defined as:

YaoB SN, S0,

, (5.35)
p Kaopno, + Snu, Kaoso, + So,

T40B = keol,AOB

Yamx  Kamx,o, SNH, SNo,

TAMX = Keol, AMX ;
Kamx,0, + S0, Kavx ni, + Sva, Kavx,no, + Sno,

(5.36)
rvon = ko vo YnoB SNO» So, SN,
NOB — Mcol,NOB )
Knos,no, + Svo, Knos,o, + So, Kno,nw, + Sna,
(5.37)
_ VuB Soc S0, SNH,
rap = k?coz,HB +
p \Kupoc + Soc Kup,o, + S0, Kup nu, + SNH,

SNO; Kup.o, Soc SNOs "

_l’_
Sno, + Snos Kup.o, + S0, Kupoc + Soc Kup.nos + Snos

SNH, SNO, Kup o, Soc

X X
Kupnu, +Svu,  Sno, +Snvos, Kupo, +So, Kupoc + Soc
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(5.38)

y SNO» SNH, )
Ky no, +Snvo, Kupnu, + Snm, 7

where k., ; is the maximum colonization rate of motile species 4.

The conversion rates of planktonic species 7, ; in Eq. (5.11)) are expressed by:

1
Pui = T i € {AOB,AMX,NOB, HB}, (5.39)

where Y, ; denotes the yield of non-motile species i on the corresponding motile species.

While, the conversion rates for soluble substrates within the biofilm rg ; in Eq.(5.13),

with j € {NHy, NOy, NO3, OC, O5}, are listed below:

1 ) 1 ,
TS NHy; = (( - Ya - ZN,B) taosfaos + ( — Ya — ZN,B) panvx famx+
OB MX

—iN,B (MNOBfNOB +puarfas + puB2foB + MHB,3fHB>> 2 (5.40)

1 ! 1 n 1 s 1 f N
T = — S —
S,NOo YAOBHAOB AOB Yirrx 114 HAMX JAMX YNOB,MNOB NOB
1 ! L fap+ (1 ! 1 f (5.41)
Yig 1'14NHB72 HB Y, 1'72#HB73 HB | P, .
1 ! . 1 f (1 1 1 f
T =|— - |
S,NO3 11 4NAMX AMX Yvon HUNOBJNOB Yug ) 11 4MHB,z HB | P,
(5.42)
1
rsoc =~y — pusifus + pas2fus + pusfus | p (5.43)
HB
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3.43 1.14 1
rso, = | | 1— taosfaop+| 1— unosfnop+ | 1——— |puBifus | p,
Yaon Ynos Yus
(5.44)

where Yo p is the yield of AOB on N Hy, Y x is the yield of AM X on NHy, Yyon
is the yield of NOB on NO, and Yy is the yield of HB on OC.
Moreover, the conversion rates of planktonic biomasses rj‘m- within the bulk liquid

in Eq. (5.19) are defined as:

T:L,i =7 (u; — kas), 1 € {AOB,AMX,NOB, HB}, (5.45)
0B = Himaz,AOB KAOBj*Zfi S m@i‘:: 5 (5.46)
fAMX = Hmaz, AMX KAAIjiij2§OQ KAMX,isz:‘ S, KAMX,i}z:):‘ o, (5.47)
HNOB = Hmaz,NOB Sivo, So, Sy . (5.48)

Knos,no, +Syo, Knos.o, + So, Kno,nm, + Sy,

* _ * * * _
Hup = Mupi + Hup2 T HeB3 =

rad *
SHo So, SN,

Kupoc + Spc Kupo, + So, Kapna, + Syg,

= HUmaz,HB +

* *
SNOs KHB7O2 SBC SNOs
rad * *
SNo, T 9805 Kup,0, + So, Kusoc + SHe Kup.nos + Syo,

+Bl Hmaxz,HB
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* *
NO, Kup o, Soo
* * rad *
Svo, T Svo, Kup.o, +So, Kusoc + SHe

*
SNH4

— + Bolimaz,HB
Kupnm, + Sy,

Sx Sx
X L B, N (5.49)
Kypno, + SN02 Ky NH, + SNH4

while, the conversion rates of soluble substrates 7% ; within the bulk liquid in Eq.(5.17),

with j € {NHy, NOy, NO3, OC'}, are listed below:

1 . . . N
TS NHy, = - —iNB |HaosYaos T | — —iN,B | HAMXVanx T
’ Yaon Yanx
—INB (/LNOBWVOB + uaB 1V + tEB2 YR + NHB,Z&w;IB) > : (5.50)
r = N+ — -

S,NO Yion Ha0BY A0B Yaux 114 HAMXY A x Yros HUNOBYNOB

1 ! L Vg + (1 ! ! (1 (5.51)
Yig 1'14,LLHB,2 HB Yup ) 1.72 HREB3YHB |, .

L 0y —I——1 Yo+ (1 BN N (1

Tk = —_—

S,NO; 1‘14,U«AMX AMX YNOB,MNOB NOB Yir 1‘14MHB,2 HB |
(5.52)

* 1 * * *
rsoc = “Yun <MHB,1¢HB + naB 2V + ,UHB,31/1HB)7 (5.53)

The values used for all stoichiometric and kinetic parameters are reported in Table
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Parameter Definition Unit Value Ref
Hmaz,AOB Maximum specific growth rate for AOB d-1 2.05 1]
Mmaz, AMX Maximum specific growth rate for AM X d—t 0.08 [151]
Hmaz,NOB Maximum specific growth rate for NOB d-1 1.45 [151]
Mmaz,HB Maximum specific growth rate for H B d-1 6.0 [151]
k4, A0B Decay-inactivation rate for AOB d-1! 0.0068 [151])
ka, aMx Decay-inactivation rate for AM X d—1 0.00026 [151]
ki NOB Decay-inactivation rate for NOB d-1 0.004 [151]]
ka,HB Decay-inactivation rate for H B d—1 0.06 [151]
KaoB,NH, N H, affinity constant for AOB gN m—3 24 [151]
KA0B,0, O affinity constant for AOB gOa m—3 0.6 (1510
Kanmx,nm, NHj affinity constant for AM X gN m~3 0.07 (1510
Kamx,NO, NOx affinity constant for AM X gN m—3 0.05 [151]
Kanmx,04 Oq inhibiting constant for AM X gOa m—3 0.01 1151]
KyoB,NH, N H affinity constant for NOB gN m—3 0.1 [151]
KnoB,NO, NOQOxq affinity constant for NOB gN m—3 5.5 [151]
KNOB,0, Oy affinity constant for NOB gOa m—3 2.2 [151]
Ky NH, N Hy affinity constant for H B gN m—3 0.1 [151]
Kpp,Nno, NOx affinity constant for H B gN m—3 0.5 [151]
Kgp No, NOQOg affinity constant for HB gN m—3 0.5 1151]
Kup,oc OC affinity constant for H B gCOD m~3 4.0 1]
Kppg,o, Og affinity/inhibiting constant for H B gOa m—3 0.2 [151]
YaoB AOB yieldon NHy gCOD gN—1 0.150 [151])
Yanmx AMX yieldon NHy gCOD gN~—1! 0.159 [151])
YnoB NOB yield on NO2 gCOD gN—1 0.041 (1510
Yun H B yield on Oq gCOD ¢gCOD—1 0.63 [L51]
iN,B N content of biomass gN gCOD—1 0.07 1s1]
51 Reduction factor for denitrification NO3 — NOa —— 0.8 [151]
B2 Reduction factor for denitrification NO2 — No —— 0.8 [151]
kcot,i Maximum colonization rate of i*" planktonic species d-1 0.02 (a)

Yy.i Yield of non-motile microorganisms on motile species —— 0.02 (a)

Ds nH, Diffusion coefficient of N Hy in biofilm m2d—1 1.49-10~4 [22]
Ds No, Diffusion coefficient of N Oz in biofilm m2d-1 1.12-10~%  [145]
Ds Nnoy Diffusion coefficient of NO3 in biofilm m2d-1 1.12-10~%  [143]
Ds oc Diffusion coefficient of OC' in biofilm m2d—1 0.83-10~% [22]
Ds. o, Diffusion coefficient of Oz in biofilm m2d-1 1.75-10~%  [22]
Dy ; Diffusion coefficient of i*" planktonic species in biofilm m2d-1 1075 (a)

Va,AOB Attachment velocity of AO B planktonic species md~1 3.75-1073 (a)

Va, AMX Attachment velocity of AM X planktonic species md-t 0 (a)

Va,NOB Attachment velocity of NO B planktonic species mdt 3.75-1073 (a)

Va,HB Attachment velocity of H B planktonic species md~1 3.75-1073 (a)

P Biofilm density gCOD m=3 25000 (a)

A Detachment coefficient m~1d-1 25 (a)

\4 Reactor volume m3 400 (a)

Q Volumetric flow rate m3 d—1 2000 (a)

Ng Number of granules in the reactor —— 2.4 .1010 (a)

?OQ Oxygen level in the bulk liquid gO2 m™3 0.75 (a)

(a) Assumed

Table 5.1: Kinetic, stoichiometric and operating parameters used for numerical simula-
tions.
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5.4 Numerical studies and results

5.4.1 Influent characteristics, reactor configuration and simulation

parameters.

Numerical simulations have been carried out to test the model behaviour, simulate
the evolution and ecology of anammox granular biofilms and investigate the treatment
process occurring in PN/A granular sludge reactors, with a focus on the start-up phase.

The modelled influent wastewater represents a typical high ammonium wastewater
treated in PN/A granular sludge reactors. It is characterized by 300 g N m = of ammo-
nium and 50 gCOD m~3 of soluble organic carbon, while nitrite and nitrate amounts
are supposed to be negligible. Specifically, Sy, and S, are set to 0.0001 gN m ™ in
order to avoid numerical errors arising from zero concentrations in the kinetic expres-
sions. The constant oxygen level within the reactor is fixed at 0.75 gO, m 3. Microbial
biomasses are assumed to be not present in the influent (/! = 0).

The strategy of using two separate inocula is studied: at ¢ = 0 the bioreactor is inoc-
ulated with the activated sludge coming from a conventional nitrification-denitrification
reactor, where anammox biomass is not present. Once the process has started, an anam-
mox inoculum is added at a fixed time instant ¢ 45, x. Then, the AM X planktonic cells
are supposed to colonize the granules through invasion phenomena and grow in sessile
form in the innermost part, where anoxic conditions are guaranteed. The parameter
tanmx has been varied in the simulations to investigate the effect of granules dimen-
sion on anammox growth. The activated sludge inoculum is modelled by setting the
initial concentration of planktonic biomasses in the bulk liquid: V%050 = Yyopo =
Vo = 300 gCOD m™>, ¥, = 0. Meanwhile, in order to consider the addition
of the anammox inoculum at t4p/x, Eq. (5.15) for ¢%,, has been replaced by the

following impulsive ordinary differential equation (IDE):
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OVanmx(R(t),t)

VQ/.}ZMX(t) = Q( ,TMX - wleX(t)) - A(t>NGDw,AMX

or

+r0 anx (60", 8%) — 00 amx (t)pA(t), t# taux, t >0,

ijwx (tAMX ) = wleX,tAM x = wleX (tXMX> - @\MX (tZMX>v

(5.54)

(5.55)

where % is the concentration of anammox planktonic biomass added in the
AMX tamx

bulk liquid at ¢ 45/ x and is related to the anammox inoculum size. 1%, (t},,x) and

i x (tanx) are the right and left limits of 1%,  at time ¢ 4,/ x. Since the parameters

Yanrx.ayy a0d tanx are varied in numerical studies, their values will be provided

below, case to case.

Parameter  Definition Unit Value
S8, Inlet concentration of ammonium gN m=3 300
0, Inlet concentration of nitrite gN m™  0.0001
WO, Inlet concentration of nitrate gNm=3  0.0001
Sa, Inlet concentration of organic carbon gCOD m=3 50
Ya0B.0 Initial concentration of planktonic AOB gCOD m™3 300
YNoB.o Initial concentration of planktonic NOB gCOD m~3 300
YirB.o Initial concentration of planktonic H B gCOD m~=3 300
VA nrx.any, Concentration of AMX sludge added in the reactor at tapyx  gCOD m™2  varied!
tanx Addition time of AM X sludge d varied?

IThe values used are reported in the text

Table 5.2: Wastewater influent and inoculum composition.

Reactor volume V is assumed equal to 400 m3 [30, 31} [145] and fed with a constant

flow rate Q of 2000 m? d~! (hydraulic retention time HRT = 0,2 d). The detach-

ment contribution to planktonic or detached biomass is neglected, since the H RT is

very low. Indeed, the detached biomass has different characteristics from both ses-
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sile and planktonic biomass and needs several hours to return to the planktonic state
[121, 122} 1123]]. Moreover, under such hydrodynamics conditions granules are retained
in the reactor, while planktonic and detached cells are rapidly washed out. The number
of granules N has been selected through an iterative procedure which involved the de-
tachment coefficient A [152]], with the aim to guarantee a 25% filling ratio [30, 31}, [145]]
by considering 1 mm as steady-state particle radius (an average size representative of
the anammox granules [30, 31, [145]]). In accordance with [22], diffusivity of soluble
substrates in biofilm is assumed to be 80% of diffusivity in water. The values reported
above for all operating parameters are characteristic of PN/A granular reactors [153]].
All model parameters have been summarized in Table[5.1and Table[5.2]

Four numerical studies have been performed:

* the first study (S1) presents a reference case to test the model behaviour and
explores the de novo granulation of anammox granules and the global treatment

process of PN/A granular bioreactors;

* the second study (S2) examines the effect of the anammox addition time ¢ 45;x

on the start-up process and granules evolution;

¢ the third study (S3) investigates the influence of anammmox inoculum size ¥, x ¢/

on the start-up process and granules evolution;

* the last study (S4) analyzes the combined effects of both the addition time and

the size of the anammox inoculum on the start-up process.

5.4.2 S1 - Partial nitritation/anammox process in granular-based

reactors

In the first numerical study (S1) the de novo anammox granulation and the dynamics
of solutes and planktonic biomasses within the PN/A granular system are investigated.

As mentioned in Section the granular sludge reactor is initially inoculated with
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activated sludge while an anammox inoculum is added later. Such study concerns a
reference case (RU N1) where the addition time of anammox inoculum ¢ 4,7 x 1S set to
10 d and the anammox inoculum size ¥,y . . 18 set to 500 gCOD m~*. Numerical

results are summarized in Figs. [5.1}{5.4]

T
* * * *
Sy H,y Sy 0, 5,\'()5 Soc

0.5 1 15 2 2.5 3
time [d]

T
h* ——h v* o
500 - Yaos VYamx YNoB VirsH

: : 1 —
0 0.5 1 1.5 2 2.5 3
time [d]

Figure 5.1: S1 - Evolution of soluble substrates (top) and planktonic biomasses (bot-
tom) concentrations within the bulk liquid in the first 3 days. S, : Ammonium, Sy,0,:
Nitrite, Sy0,: Nitrate, S5 Organic carbon, 1%, 5: Aerobic ammonia-oxidizing bac-
teria, ¢’ ,,x: Anaerobic ammonia-oxidizing bacteria, ¥y, 5: Aerobic nitrite-oxidizing
bacteria, 1};5: Heterotrophic bacteria. Wastewater influent composition: Sy, =
300 gN m~? (Ammonium), S, = 0.0001 g N m~* (Nitrite), Sy, = 0.0001 gN m™3
(Nitrate), S&, = 50 gCOD m~? (Organic carbon). Fixed oxygen concentration within
the reactor: Sp, = 0.75 gO; m~3. Concentration of AM X bacteria added in the reac-
tor: Yiarx.eany = 900 gCOD m~3. Addition time of AM X sludge: tapx = 10 d.

Fig. [5.1] shows the time evolution of soluble substrates and planktonic biomasses
within the bulk liquid during the initial 3 days. Initially, biofilm granules have small size
and the dynamics of substrates are governed by planktonic biomass. In particular, under
aerobic conditions nitritation and NOy and OC' oxidation occur in the reactor due to
the metabolic activities of planktonic AOB, NOB and H B. Ammonium SY,;, (blue in
Fig. @-top) is consumed and converted into nitrite Sy, (red in Fig. @-top) by plank-
tonic AOB v’ (nitritation process), and subsequently nitrite is converted into nitrate

SNo, (yellow in Fig. top) by planktonic NOB 1)} 5 (nitrite oxidation). Meantime,
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the consumption of organic carbon S, (cyan in Fig. [5.T}top) indicates the activity of
planktonic H B 1)} 5. This initial trend is followed by a turnover phase in which the
planktonic biomass rapidly decreases (Fig. [5.1}bottom) due to the granulation and the
low hydraulic retention time (HRT) and it is replaced by the sessile biomass of grow-
ing biofilm granules. Nevertheless, initially the amount of grown sessile biomass is still
low to compensate the lost contribution of substrates conversion by planktonic biomass,
and sudden increases in ammonium and reductions in nitrite and nitrate are observed.
In real granular-based plants, the decrease of planktonic biomass is sometimes slowed
down by considering variable HRTs or loading rates [[137,[134]]. Although these proce-
dures have been not included in the model, this does not compromise its reliability in

describing the successive biological processes and substrates dynamics.
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Figure 5.2: S1 - Evolution and steady-state of soluble substrates and AM X plank-
tonic biomass concentrations within the bulk liquid (top) and of mass of active ses-
sile species within the granule (bottom). S%,,: Ammonium, Sy,: Nitrite, Syp,:
Nitrate, Sf,~: Organic carbon, 1%,,y: Anaerobic ammonia-oxidizing bacteria, mg,:
mass of aerobic ammonia-oxidizing bacteria, mp,: mass of anaerobic ammonia-
oxidizing bacteria, mp,,: mass of aerobic nitrite-oxidizing bacteria, m 4.: mass of
heterotrophic bacteria. Wastewater influent composition: ?\7}14 = 300 gN m~—3 (Am-
monium), Sy, = 0.0001 gN m~? (Nitrite), Sk, = 0.0001 gN m~* (Nitrate),
Si, = 50 gCOD m™3 (Organic carbon). Fixed oxygen concentration within the re-
actor: Sp, = 0.75 gO, m~3. Concentration of AM X bacteria added in the reactor:
Vhrix i = 900 gCOD m~3. Addition time of AMX sludge: t4nx = 10 d.
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Fig. [5.2 shows the time evolution of soluble substrates and planktonic AM X con-
centrations, and sessile masses within the system, until a steady-state configuration is
reached. After the initial days, the variation of the substrates concentration due to the
sessile metabolism begins to be visible. In particular, since granules are still small, aer-
obic conditions are found in almost all the biofilm domain and dynamics of substrates
are governed by aerobic sessile species: AOB convert ammonium (blue in Fig. [5.2}
top) into nitrite (red in Fig. [5.2}top) and H B oxidate organic compounds (cyan in Fig.
[5.2}top). On the contrary, the conversion of nitrite to nitrate (yellow in Fig. [5.2}top)
by NOB is not visible. This happens because NOB have a high O affinity constant
and are less competitive than AOB and H B at low oxygen levels. Consequently, high
masses of sessile AOB and H B and negligible amounts of NOB are observed in the
first 30 days (Fig. [5.2}bottom). Furthermore, no anammox biomass is detected in the
reactor until ¢ 45, x = 10 d, when the anammox inoculum is added and a discontinuity
is generated in the graph of planktonic AM X concentration (Fig. [5.2}bottom). Then,
planktonic AM X invade the innermost layers of granules, where anoxic conditions op-
timal for their anaerobic metabolism are found and begin to grow in sessile form. The
nitritation process by AOB lead to the partial removal of ammonium, which reaches a
temporary equilibrium at about 50% of the influent concentration, while all the organic
matter is oxidized aerobically by H B. At this moment, a very long transition phase
begins, in which ammonium and nitrite concentrations remain almost constant. Gran-
ules are fully developed and present anoxic conditions and shortage of organic carbon
in the internal layers, which inhibit the AOB and H B growth. At the same time, such
anoxic conditions and the simultaneous presence of ammonium and nitrite in the reactor
promote the AM X growth. However, as the AM X biomass is characterized by very
low growth rates, the further ammonium and nitrite consumption induced by the anam-
mox process begins to be relevant after 100 days. Specifically, a considerable growth of
anammox biomass is observed between 100 and 200 days and leads to the consumption

of ammonium and nitrite and small production of nitrate. The steady-state configuration
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shows a residual ammonium concentration lower than 40 — 50 gCOD m~3, and very
low concentrations of nitrite and nitrate. In conclusion, the system presents an ammo-
nium removal efficiency of about 90%, which is achieved through a two-stage treatment
process: the first stage is governed by AO B which halve the ammonium concentration
and produce nitrite necessary for the successive stage; the second stage is governed by

AM X which consume a further relevant amount of ammonium by using nitrite.
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Figure 5.3: S1 - Active microbial species distribution in the diametrical section, at
T =15d, T =50d, T = 120d, T = 150 d, T = 300 d. Wastewater influent
composition: S}y = 300 gN m~* (Ammonium), Sy, = 0.0001 gN m~* (Nitrite),

v, = 0.0001 gN m~3 (Nitrate), S&, = 50 gCOD m~3 (Organic carbon). Fixed

NOs3 .
oxygen concentration within the reactor: Sp, = 0.75 gO, m~3. Concentration of

AM X bacteria added in the reactor: ¢, x ... = 500 gCOD m~3. Addition time of
AM X sludge: t4px = 10 d.

In Fig. [5.3] the distribution of sessile species within the granule is shown at 15,
50, 120, 150 and 300 days. At 7" = 15 d, the granule is constituted mostly by H B
(cyan), which have high growth rates, and AOB (blue), favored by the availability of
ammonium and oxygen. At 7" = 50 d, the granule is fully developed and is charac-

terized by internal anoxic zones. Therefore, acrobic AOB and H B accumulate in the
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outermost layers of the granule, while AM X (red) grow in the centre. However, due
to the low growth rate, a small AM X core only begins to be visible at 7" = 120 d.
Their growth intensifies strongly in the successive phases, up to a steady-state configu-
ration where the granule is dominated by AM X while AOB and H B are limited to the
thin outermost layer. The amount of NOB (yellow) present in the granule is negligible
throughout the process. Such result is in agreement with [[154]], which shows that low
oxygen levels limit the NO B metabolic pathways. Indeed, as explained above, NOB
are less competitive than AOB and H B in the presence of low oxygen concentrations.
This is beneficial for the ammonium removal process because NO B metabolic activi-
ties would include the consumption of nitrite necessary for the AM X growth.

The microbial distribution and the relative abundance here reported are in agreement
with experimental observations in literature [154, [155, [156l]. However, they can be
influenced by various factors, such as the granule size, the oxygen level in the reactor,
the influent composition. First, the AM X/AOB ratio within the granules varies due
to the granule size and the oxygen level. Specifically, large granules (described in
this study) have more extended anoxic zones and consequently are characterized by an
high AM X/AOB ratio, while smaller granules have reduced anoxic cores and lower
AM X /AOB ratios [154, [156]. Then, the extension of the anoxic zone and therefore
the AM X /AOB ratio increases as the oxygen level set in the reactor decreases [30,
145]]. Furthermore, the influent composition can affect the evolution of granules and
the relative abundance of individual species. For example, as shown in Mozumder et
al. (2014) [148]], the presence of organic substance within the influent promotes the
heterotrophic growth in the granules.

Lastly, the evolution of the granule radius over time R(t) is reported in Fig.
R(t) starts from a vanishing initial value and it increases rapidly during the first days,
when the granulation process is more intense. It reaches a temporary constant value
after 30 days, and increases slightly again due to the anammox growth. The final steady-

state value is approximately 1 mm.
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Figure 5.4: S1 - Biofilm radius evolution over time. Wastewater influent compo-
sition: Sy, = 300 gN m™® (Ammonium), S¥,, = 0.0001 gN m~* (Nitrite),
S¥o, = 0.0001 gN m~? (Nitrate), S§i. = 50 gCOD m~* (Organic carbon). Fixed

oxygen concentration within the reactor: Sp, = 0.75 gO; m~>. Concentration of

AM X bacteria added in the reactor: ¢, x, ... = 500 gCOD m~>. Addition time of
AM X sludge: tapx = 10 d.

5.4.3 S2 - Effects of the anammox addition time on the process

Results presented in Section [5.4.2] describe the evolution and dynamics of anammox
granules in a granular-based reactor inoculated initially with a nitrifying/denitrifying
activated sludge and later with an anammox sludge. The addition time of the anammox
inoculum appears to be a key element in the process, since the development of the
anammox biomass strongly depends on the conditions inside the reactor at the addition
time. Specifically, different addition times can lead to different scenarios. In such
context, this study (S2) focuses on the effects that the addition time of anammox sludge
t anmrx has on the growth of anammox granules and on the duration of the start-up period.
For this purpose, six simulations (RUN2 — RUNT) have been carried out by setting
the addition time ? 4, x equal to 0, 3, 5, 10, 20 and 40 days, respectively. The inoculum
Size Vlnrx .., D@ been fixed equal to 500 gCOD m~3 for all simulations. Results

are reported in Figs. [5.5H5.9]

Fig. [5.5]shows the oxygen concentration within the granule at ¢ 4, x for simulations
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Figure 5.5: S2 - Oxygen concentration within the granule (diametrical section) at the
in

addition time of AM X sludge tayx. Wastewater influent composition: NH, =
300 gN m~* (Ammonium), Si,, = 0.0001 g N m~* (Nitrite), Sy, = 0.0001 gN m™3
(Nitrate), S, = 50 gCOD m~3 (Organic carbon). RUN3: tayx = 3 d; RUN4:
tAMX =5 d, RUNOb: tAMX =10 d, RUNG: tAMX =20 d, RUNT: tAMX = 40 d.
Fixed oxygen concentration within the reactor: Sp, = 0.75 gO; m~3. Concentration
of AM X bacteria added in the reactor: ¢, x ., = 500 gCOD m™>.

RUN3 — RUNT. As can be seen, the extension of the anoxic zone increases as ¢ 45 x
increases. Indeed, when the anammox inoculum is introduced in the initial phase, gran-
ules are small and oxygen fully penetrated. On the other hand, when the inoculum is
added later, granules are fully developed and almost completely anoxic, except for the
most external layers. The extension of the anoxic zone at ¢ 4, x affects the invasion and
the growth of the anammox biomass.

This is visible in Fig. [5.6] where the distribution of anammox sessile biomass at
different times is reported for simulations RUN2, RUN4, RUN5, RUNT7. When the
AM X addition occurs at the beginning of the process (RU N 2), the invasion process is
inhibited by the presence of oxygen throughout the biofilm. Hence the anammox growth
is very slow. Conversely, when t4),x is high (RUN4, RUNb5, RUNT) anammox
cells colonize the anoxic granule core and grow more rapidly in sessile form. Anyway,

although the addition of the anammox inoculum can be delayed to promote more intense
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Figure 5.6: S2 - AM X distribution within the granule (diametrical section) at 7" = 90 d,
T =120d,T = 150d, T = 180 d, T = 260 d for different addition times of

in

AMX sludge tapx. Wastewater influent composition: v, = 300 gN m~3 (Am-
monium), Sy, = 0.0001 gN m~> (Nitrite), Sy, = 0.0001 gN m~* (Nitrate),
S, = 50 gCOD m™3 (Organic carbon). RUN2: tayx = 0; RUN4: tayx = 5 d;
RUNDS: tayx = 10d; RUNT: tanx = 40 d. Fixed oxygen concentration within the
reactor: Sp, = 0.75 gO, m~3. Concentration of AM X bacteria added in the reactor:
Vhrmx iy = 200 9gCOD m=3.

invasion phenomena, this also leads to a delay in the initiation of the anammox process.
This means that the effects of £4),x on the anammox growth are not unique. Indeed,
the complete development of the anammox biomass for ¢ 45, x = 10 d (RU N5) appears
earlier than for ¢ 45y x = 40 d (RUNT).

Since t 4);x influences the anammox growth, it affects also the rate of the biolog-

ical processes within the reactor. The concentrations of soluble substrates and AM X

planktonic biomass within the reactor are reported in Fig. [5.7] As can be seen, the
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Figure 5.7: S2 - Evolution of soluble substrates and planktonic AM X concentrations
within the bulk liquid for different addition times of AM X sludge tayx. Syp,:
Ammonium, Sy,: Nitrite, Sy,: Nitrate, Si: Organic carbon, ¥ ,,x: Anaerobic
ammonia-oxidizing bacteria. Wastewater influent composition: Si;, = 300 gN m=3
(Ammonium), Sy, = 0.0001 gN m~* (Nitrite), Sy, = 0.0001 gN m~? (Nitrate),
S, = 50 gCOD m™ (Organic carbon). RUN2: tapx = 0; RUN3: tayx = 3 d;
RUNA4: tapyx = 5 d; RUND: tapyx = 10 d; RUNG: tayx = 20 d; RUNT:
tamx = 40 d. Fixed oxygen concentration within the reactor: EOQ = 0.75 gOy m~3.
Concentration of AM X bacteria added in the reactor: ¢/, . = 500 gCOD m=3.

first stage of the process (first 100 days) does not depend on ¢ 45, x, since the amount of
anammox sessile biomass is limited and plays a negligible role. The successive trends
of ammonium S35, (blue) and nitrite Sy, (red) concentrations are influenced by the
anammox biomass and, therefore, by ¢4,,x, while not significant variations of nitrate
S¥o, (yellow) and organic matter S¢ (cyan) occur. When the anammox growth is
faster, ammonium and nitrite are more rapidly consumed and the time necessary to
reach the steady-state configuration decreases. Specifically, the minimum duration is
achieved for ¢ 45, x = 20 d, while the start-up in the case of {4y, x = 0 is not yet com-
pleted after 260 days. Furthermore, ¢4,,x does not affect the planktonic AM X wash
out after the addition. No variation is observed for planktonic AOB, NOB and HB

concentrations (data not shown).

Fig. [5.§] displays the relative abundances of active microbial within the granule
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Figure 5.8: S2 - Relative abundances of active microbial species within the granule
at T = 100d, T = 120d, T = 140d, T = 160d, T = 180 d, T = 260 d
for different addition times of AM X sludge tap/x. Wastewater influent compo-
sition: Sy, = 300 gN m~* (Ammonium), S¥, = 0.0001 gN m~ (Nitrite),

No, = 0.0001 gN m~® (Nitrate), Sg = 50 gCOD m~? (Organic carbon). RUN2:
tAMX = O; RUN3: tAMX =3 d; RUNA4: tAMX =5 d; RUNA: tAMX = 10 d;
RUNG: tayx = 20d; RUNT: tanx = 40 d. Fixed oxygen concentration within the
reactor: Sp, = 0.75 gO, m~3. Concentration of AM X bacteria added in the reactor:
Virix oy = 000 gCOD m=3.

at different times. It confirms the results previously described: the growth process of
anammox biomass is deeply affected by ¢ 45, x and is faster in the case of ¢ 45, x = 20 d
(RUNG). However, in all cases except t4n;x = 0 (RUN2), the steady-state microbial
distribution is reached within the observation period of 260 days.

Lastly, the evolution of the granule radius R(¢) over time is shown in Fig. tamx
affects the granule evolution in the second stage of the process (Fig. [5.9}right), since
the further radius increase around 100-180 days is associated to the AM X growth.
However, the steady-state granule dimension achieved is not dependent on ¢ 4 x .

From all these results, it is clear that the addition time of the anammox inoculum
t anrx influences the rate of biological processes related to the AM X biomass and there-
fore the duration of the start-up period. Anyway, it does not affect the steady-state

configuration and the removal efficiency of the process.
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Figure 5.9: S2 - Biofilm radius evolution for different addition times of AM X sludge
tanmx (left), with a focus to the last 210 days (right). Wastewater influent compo-
sition: Sy, = 300 gN m™® (Ammonium), S¥,, = 0.0001 gN m~* (Nitrite),

Wo, = 0.0001 gN m~* (Nitrate), S5, = 50 gCOD m~* (Organic carbon). Fixed

oxygen concentration within the reactor: Sp, = 0.75 gO, m™3. Concentration of

AM X bacteria added in the reactor: ¢, x ., = 500 gCOD m™>.

5.4.4 S3 - Effects of the anammox inoculum size on the process

As explained in Section [5.1] the most interesting strategy to carry out the start-up of
a PN/A granular reactors is based on the use of anammox sludge inocula. However,
although this strategy allows to significantly reduce the start-up duration, it has high
costs related to the limited availability of anammox biomass around the world.

Therefore, in order to optimize timing and costs, an exhaustive knowledge of ef-
fects of anammox inoculum and its size on the process start-up is needed. To this aim,
the present study (S3) analyzes numerically the role that the anammox inoculum size
Yhnrxia,y Plays in the process and investigates how this size affects the duration of
the start-up period. Six simulations (RUNS8 — RUN13) have been carried out with
different values of ¢/}, ,, .. (100,300,500, 700, 1000, 1500 gCOD m~3), while the
addition time of anammox sludge ¢ 45;x is fixed to 10 d. Results are summarized in
Figs. [5.T0H5.13|

Fig. reports the distribution of anammox species within the granule for ¢% ;v ;.
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Figure 5.10: S3 - AM X distribution within the granule (diametrical section) at 7" =
90d, T = 120d, T = 150d, T = 180 d, T = 260 d for different concentra-
tions of AM X bacteria added in the reactor ¢,/ ,,, .- Wastewater influent com-
position: S¥y, = 300 gN m™* (Ammonium), Sy, = 0.0001 gN m~* (Nitrite),

No, = 0.0001 gN m~? (Nitrate), Sgz = 50 gCOD m~? (Organic carbon). RUNS:
Virrx iy = 100 gCOD m~3; RUN10: Virix iy = 900 gCOD m~=3; RUN11:
VX = 700 gCOD m™%; RUN12: ¢lyxy,, = 1000 gCOD m~3. Fixed
oxygen concentration within the reactor: Sp, = 0.75 gO; m™>. Addition time of
AM X sludge: t4px = 10 d.

equal to 100, 500, 700, 1000 gCOD m~3, at different times. Since the invasion process
is proportional to the concentration of AM X planktonic biomass, it becomes more in-
tense as the AM X inoculum size increases ¢,/ x;,,, - Then, by increasing the AM X
inoculum size, the anammox sessile biomass grows faster and the steady-state microbial
distribution is reached earlier. However, 7%,y ,,, . has no effects on the steady-state

configuration.
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Figure 5.11: S3 - Evolution of soluble substrates and planktonic AM X concentrations
within the bulk liquid for different concentrations of AM X bacteria added in the re-
actor Yy x s ONH,: Ammonium, Sy, : Nitrite, Syo,: Nitrate, S: Organic
carbon, 1% ,,x: Anaerobic ammonia-oxidizing bacteria. Wastewater influent com-
position: Sy = 300 gN m~* (Ammonium), Sy, = 0.0001 gN m~? (Nitrite),

No, = 0.0001 gN m~* (Nitrate), S, = 50 gCOD m~? (Organic carbon). RUNS:
Virix s = 100 gCOD m™%; RUN9: Vpx s, = 300 gCOD m™; RUNIO0:
Virix s = 900 gCOD m™3; RUN1L: ¥y, = 700 gCOD m™3; RUN12:
YVhrmx iy = 1000 gCOD m™3 RUN13: ¥inrxei, = 1900 gCOD m™2. Fixed
oxygen concentration within the reactor: Sp, = 0.75 gO; m ™. Addition time of AM X

sludge: tapx = 10 d.

Trends of soluble substrates and AM X planktonic biomass within the reactor are
reported in Fig. [5.11} The AM X inoculum size influences the rate of anammox pro-
cesses and then, the trend of substrates involved. The first stage seems to be independent
Of YWnrx 1,4,y SINCE anammox processes are negligible and the grown AM X biomass
is not still sufficient to significantly affect the substrates concentration. In the second
stage, anammox processes intensifies and the consumption rates of ammonium SY,,
(blue) and nitrite Sy, (red) varies with the variation of %,y .- As the addition
time of the AM X inoculum ¢ 47 x, the AM X inoculum size does not affect the steady-
state concentrations of substrates and AOB, NOB and H B planktonic biomasses (data

not shown).

Fig. [5.12] displays the relative abundances of active microbial species within the
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Figure 5.12: S3 - Relative abundances of active microbial species within the granule at
T=100d,T =120d,T =140d,T = 160d, T = 180 d, T = 260 d for different
concentrations of AM X bacteria added in the reactor ¢ 5, , .- Wastewater influent
composition: S}y = 300 gN m™* (Ammonium), S¥,, = 0.0001 gN m~* (Nitrite),

No, = 0.0001 gN m~* (Nitrate), S = 50 gCOD m~? (Organic carbon). RUNS:
Varx oy = 100 gCOD m~3; RUNY: Varxiayy = 300 gCOD m~3; RUN10:
Virrx iy = 900 gCOD m~3; RUN11: Virrx iy = 100 gCOD m~—3; RUN12:
VX ianx = 1000 gCOD m™; RUN13: ¢y x ., = 1500 gCOD m™. Fixed
oxygen concentration within the reactor: Sp, = 0.75 gO m~3. Addition time of AM X
sludge: tapx = 10 d.

granule at different times. It confirms that as ¢%,,x,,, . increases, the anammox
growth is faster and the steady-state distribution is achieved earlier.

Fig. reports the evolution of the granule radius R(t) over time for different
Yhnix iy As noted above, an increase in ¢,y ,,,, 1eads to a faster anammox
growth and thus a faster increase in R(t).

From the results shown it is possible to draw a general conclusion: the AMX
growth rate and the duration of the process start-up are directly proportional to the
AM X inoculum size. Anyway, it has no effect on the steady-state configuration occur-

ring inside the reactor.
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Figure 5.13: S3 - Biofilm radius evolution for different concentrations of AMX
bacteria added in the reactor ¢,y ,,, . (left), with a focus to the last 210 days
(right). Wastewater influent composition: Sy, = 300 gN m™* (Ammonium),
SNo, = 0.0001 gN m~® (Nitrite), S¥,, = 0.0001 gN m~* (Nitrate), S, =
50 gCOD m~3 (Organic carbon). Fixed oxygen concentration within the reactor:
So, = 0.75 gOy m™3. Addition time of AM X sludge: t4x = 10 d.

5.4.5 S4 - Combined effects of anammox addition time and anam-

mox inoculum size

The last numerical study (S4) analyzes the combined effect of the addition time ¢ 45, x
and the anammox inoculum size ¢’ /v, , ., on the biological process, in order to show
how the choice of these operating parameters affects the process start-up of PN/A gran-
ular bioreactors. For this purpose, 25 simulations are performed by varying ¢ 45, x and
Yanrx.ia,y (Values reported in Table . The duration of the process start-up is as-
sumed equal to the time necessary to achieve the steady-state ammonium concentration
T~
Fig. shows the anammox sessile mass m 4, x for different ¢ 457 x and ¢, Xitanrx

These results are shown for 7" = 170 d, which is the minimum time, among all the simu-
lations carried out, necessary to reach the steady-state anammox sessile mass (RU N 25:
tanvx = 20 d5 Ylinrx 0 = 1500 gCOD m~3). As the VA M X 140 INCTEASES, M AN X

at 7' = 170 d increases. However, m 45, x has a less than linear behaviour with increas-
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Table 5.3: Values of the parameters investigated in the numerical study S4.
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Figure 5.14: S4 - Amount of AM X sessile biomass m 4y, x at T = 170 d for differ-
ent addition times of AM X sludge t4y/x [3 - 40 d] and different concentrations of
AM X bacteria added in the reactor ¢,/ x, ... [100 - 1500 gCOD m~?*]. Wastewater
influent composition: Sy, = 300 gN m™* (Ammonium), S}, = 0.0001 gN m™?
(Nitrite), Si/p, = 0.0001 gN m~? (Nitrate), S5, = 50 gCOD m~? (Organic carbon).
Fixed oxygen concentration within the reactor: Sp, = 0.75 gOy m™>.

ing ¥, Xobanx: On the other hand, m 4),x does not present a unique trend as t4p;x
varies. Specifically, it increases as t 45, x increases up to 20 d, while it decreases again
fortaprx > 20 d . As explained in Section this happens because the further delay
in the addition of the AM X inoculum prevails over the further acceleration in the pro-
cess of invasion and anammox growth related to the increase of the anoxic zone within
the granule.

The duration of the start-up 7™ for different tan/x and ¥, x; ,,,, 18 reported in
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Figure 5.15: S4 - Time necessary to achieve the steady-state ammonium concentra-
tion 7™ for different addition times of AMX sludge t4px [3 - 40 d] and dif-
ferent concentrations of AMX bacteria added in the reactor ¢,/ . [100 -
1500 gCOD m~?). Wastewater influent composition: S¥;, = 300 gN m™* (Am-
monium), Sy, = 0.0001 gN m~> (Nitrite), Sy, = 0.0001 gN m~* (Nitrate),
56"0_2 50 gCOD m~3 (Organic carbon). Fixed oxygen concentration within the reac-
tor: So, = 0.75 gOy m™3.

Fig. [5.15] As expected, 7" presents a behavior inversely proportional to the anammox
mass mayx at T' = 170 d. When the invasion and growth of anammox biomass are
more intense, m ), x grows faster. As a result, ammonium consumption is faster and
the steady state value is achieved earlier.

It seems evident that the duration of the start-up can be reduced by increasing the
anammox inoculum size and by adding it when most part of granules is under anoxic
conditions. However, some considerations need to be done. First, higher is the anam-
mox inoculum size, higher is the total cost. Furthermore, as can be seen in Fig. @],
the time saved for the start-up is reduced as the inoculum size increases. For example,
considering a 50% increase of ¢} /v, from 1000 to 1500 gCOD m~? (dash-dot
line and thick line, respectively), the start-up period reduces only by a few days. Finally,

the anammox inoculum should be added into the reactor at the time that maximizes the

rates of anammox growth and ammonium removal.
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5.5 Conclusions

In the present Chapter, a mathematical model on the combined partial nitritation/anammox

granular system is proposed. Such model describes the de novo anammox granulation
through the expansion of a spherical free boundary domain with radial symmetry, and
simulates the start-up process of this wastewater system by considering both the biofilm
and bulk liquid dynamics. In particular, growth and decay of sessile and planktonic
biomasses, diffusion and conversion of substrates, invasion phenomena of planktonic
biomass, attachment and detachment phenomena are modelled. A planktonic anammox
inoculum is supposed to be added in the system at a specific time. Then, microbial
invasion is accounted to initiate the anammox sessile growth.

Numerical results related to both the individual biofilm granule and the reactor
start-up phase are presented. The evolution and composition of the biofilm granule
mainly depend on oxygen trends. When the granule is small, high oxygen concentration
throughout the granule promote the growth of aerobic species (AO B and H B bacteria).
On the contrary, when the granule reaches larger dimensions, anoxic conditions arising
in the granule center favor the anaerobic metabolic activity of AM X bacteria. In the
final steady-state configuration, granules are dominated by AM X bacteria and small
amounts of AOB and H B bacteria are detected in the outermost layers. Furthermore,
NO B bacteria are negligible throughout the process due to the low oxygen level in the
reactor set for all the simulations. Although such results are qualitatively in agreement
with experimental evidence, they can vary due to crucial factors, such as the granule
size, the oxygen level in the reactor and the influent composition.

Numerical results show that, during the start-up phase, 90% of ammonium is re-
moved from the wastewater influent through a two-stage treatment process: the first
stage is governed by the aerobic oxidation of ammonium and organic carbon by AOB
and H B bacteria; the second stage is governed by AM X bacteria, which oxidize rel-

evant amounts of ammonium anaerobically, by using the nitrite produced in the first
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stage. The long start-up duration (200 — 220 d), measured as the time necessary to
achieve a stationary configuration, is due to the slow anammox metabolism.

Moreover, numerical studies have been carried out to investigate the effects of two
significant factors influencing the formation and evolution of anammox granules and,
consequently, the duration of the start-up period: the anammox inoculum size and the
anammox addition time. Such parameters affect the anammox invasion and growth,
and then, the time necessary to reach the stady-state condition. As expected, the start-
up duration is inversely proportional to the AM X inoculum size, while it does not
have a unique trend as the anammox addition time varies. However, it is clear that the
best solution to minimize the start-up duration is to add the anammox inoculum when
granules are almost fully developed, and their core is under anoxic conditions.

The combined effect of the addition time and the anammox inoculum size on the
start-up process is finally investigated, with the aim of providing a numerical support in
the choice of the start-up strategy. However, it should be noted that such model results
are qualitative, and a calibration procedure should be carried out in order to provide

engineering relevance to the model output.
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Chapter 6

Multiscale modelling of heavy metals
adsorption on algal-bacterial

photogranules

6.1 Introduction

Increased use of metals in process industries has resulted in the production of large
quantities of wastewater effluents containing high level of toxic heavy metals [157].
Due to their non-degradable and persistent nature, tendency to accumulate, and haz-
ardous effects on living organisms and environment, heavy metals removal represents a
great challenge in the wastewater treatment field [[18} 157, 158, [159]. The relevance of
these topics in environmental engineering has led to the development of new technolo-
gies for removing heavy metals from wastewater. Methods for removing metal ions
from aqueous solutions include physical, chemical, and biological processes [160].

Conventional physical/chemical technologies, such as chemical precipitation, ion ex-

This Chapter will be submitted as: Russo, F., Tenore, A., Mattei, M.R., Frunzo, L. Multiscale mod-
elling of heavy metals adsorption on algal-bacterial photogranules.
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change, activated carbon adsorption and membrane processes, are often ineffective or
expensive in the case of very low metals concentrations [158, [159] [161]]. Removal of
heavy metals from wastewater through adsorption, particularly biosorption, emerges
as a promising alternative technology. Compared with conventional heavy metals re-
moval methods, biosorption has several advantages: utilization of renewable biomateri-
als; possibility to treat large volumes of wastewater; high selectivity; recovery of bound
heavy metals from the biomass; no supplementation of expensive chemical reagents;
low production of hazardous waste [159].

Biosorption is a complex combination of processes, consisting of the physical ad-
herence or bonding of ions and molecules (sorbate), dissolved or suspended in a liquid
phase (solvent), onto a solid surface (adsorbent) [[159, 160, 162, 163, |164]. Until now,
a variety of biomaterials and microorganisms have been used as biosorbent for the re-
moval of heavy metals, such as algae, bacteria, fungi, and yeast [159]. Such living or
dead organisms are able to bind and concentrate metals, metalloids, radionuclides, and
other toxic pollutants from even very dilute aqueous solutions [159, 160, 164} [165].
Several factors can affect the mechanism of metal biosorption, such as the properties of
the biomass (living or non-living, type of biomass, phenotype), the presence of other
competing ions, and the environmental conditions (pH, temperature, etc.) [158] [159].
Among them, the biomass phenotype may be considered one of the most important
factors. The use of freely-suspended microbial biosorbents has some disadvantages,
including small particle size, low density, poor mechanical strength, low rigidity, diffi-
culty in separating biomass and effluent, and poor biomass regeneration [[159,1160,163].
For this reason, in recent years immobilized biomass has been regarded an interesting
alternative. In addition, cell agglomeration promotes the secretion of extracellular poly-
meric substances (£ PS), which further contribute to microorganisms protection and
metals biosorption [[166, 167, 168].

The simultaneous removal of organic substances and heavy metals from wastewa-

ter is still a major engineering problem. Algal-bacterial systems are expected to have a
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great potential in removing organic and inorganic compounds in a single treatment step,
combining high adsorption capacities of microalgae and cyanobacteria with low pro-
cess costs [169]. Indeed, microalgae and cyanobacteria show great tendency to produce
EPS and high metal binding affinity. Moreover, the photosynthetic activity leads to
the production of oxygen and allows the oxidation of carbon and nitrogen compounds
by heterotrophic and nitrifying bacteria without external supplementation of oxygen
[15) [16]]. In this context, self-immobilized granular algal-bacterial consortia, known
as oxygenic photogranules (OPGs), are considered as an effective and promising tech-
nology for biosorption of inorganic pollutants and degradation of organic compounds
from wastewater [17,18]]. In the last years, great attention has been devoted to individ-
ual removal of heavy metals [19, 170] or organic compounds [[15}171] in OPGs-based
systems. Still, up to the present, there is knowledge lack regarding their contextual
removal, although these pollutants usually exist together in industrial wastewater.

In this framework, mathematical modelling represents a useful tool to explore the
granulation process of OPGs and the adsorption of heavy metals on the matrix of biofilm
granules. Biosorption is usually described through isotherms, which represent the equi-
librium relationship between the adsorbate concentration in the liquid phase and the
adsorbate concentration onto the adsorbent phase at a given temperature. For the ad-
sorption of a single component, the most widely used isotherm model is the Langmuir-
Freundlich model, which is the combination of Langmuir model and Freundlich model
[159]. Although biosorption isotherm models have been widely recognized as efficient
tools to provide a suitable description of the experimental behavior, kinetic modelling
is typically preferred for practical applications and process design. Pseudo-first and
pseudo-second order kinetic equations are the most widely used rate equations for the
adsorption process [[159]. Nevertheless, more comprehensive, and accurate models need
to be developed to better explore the complex relationships which establish between the
biosorbent and the sorbate. A mathematical model accounting for the biosorption pro-

cess of heavy metals on the different components of a multispecies biofilm has been
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presented by D’Acunto et al. (2018) [[162] in the case of planar biofilm. This mono-
dimensional biofilm model is conceived in the framework of continuum mathematical
modeling of biofilm growth and explicitly accounts for the diffusion and adsorption
of heavy metals on the biofilm matrix. Nevertheless, none of the existing models ad-
dressed the evolution and dynamics of granular biofilms formation and the adsorption
processes on their solid matrix.

In this context, the present Chapter introduces a mathematical model to investigate
the mutual interactions between the formation of oxygenic photogranules (biosorbents)
and the adsorption of heavy metals (sorbates) on their solid matrix. The de novo gran-
ulation process of OPGs in a granular-based sequencing batch reactor (SBR) has been
addressed by Tenore et al. (2021) [152]]. It examines all the main factors influenc-
ing the granulation process of algal-bacterial photogranules for the treatment of typical
municipal wastewater. In this Chapter, the OPGs model has been extended to explic-
itly account for heavy metals diffusion from bulk liquid to biofilm and their adsorp-
tion on the matrix of biofilm granules. Following the approach proposed by Masic
and Eberl (2012, 2014) [106, [107] in the case of one-dimensional planar biofilms, the
mesoscopic granular biofilm model has been coupled to the mass balances within the
macroscopic bioreactor by using a continuum approach [22]]. This multiscale approach
leads to model the formation and ecology of the biofilm granules and the performances
of the SBR system, considering the interaction between the granules and bulk liquid.
The granular biofilm model, derived in Tenore et al. (2021) [128]], is formulated as a
spherical free boundary value problem under the assumption of radial symmetry. Pro-
cesses of microbial growth, attachment, and detachment are included to describe the
formation and expansion of granules. The de novo granulation process is modelled
by assuming that all biomass initially present in the bioreactor is in planktonic form.
Mathematically, this corresponds to consider a vanishing initial value of the granule
radius, using the approach introduced by D’ Acunto et al. (2019,2021) [24}[127] in the

case of planar biofilm. Attachment is modelled as a continuous flux (from the bulk
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liquid to the biofilm) of planktonic species, which aggregate, switch their phenotype
from planktonic to sessile and initiate the granulation process. Detachment is modelled
as a continuous flux (from the biofilm to the bulk liquid) proportional to the square of
the granule radius. The model accounts for the first time the dynamics of the detached
biomass and its influence on the biological process. Specifically, detached microbial
species are modelled as a new set of variables, and are supposed to grow on soluble
substrates and switch to planktonic form. Furthermore, the model includes the diffu-
sion and consumption/production of soluble substrates, due to the metabolic activity of
sessile, planktonic and detached biomasses.

The model considers the adsorption of heavy metals on the granular solid matrix.
Experimental observations show that each biofilm component is characterized by the
presence of specific number of adsorption sites, which are able to adsorb the contami-
nants present in the wastewater. For this purpose, model equations describing the varia-
tion of free binding sites, and diffusion and adsorption of metals have been here derived
for the first time in the case of granular biofilm, by following the approach proposed by
Tenore et al. (2021) [[128]. The variation of free binding sites is assumed to depend on
the biofilm growth and adsorption process, and is modelled through a system of hyper-
bolic partial differential equations (PDEs) [162]. While, the diffusion and consumption
of the sorbates is described by a system of parabolic PDEs [162].

All the main components of the OPGs are accounted in the model in sessile and
suspended (planktonic and detached) form: phototrophs, facultative heterotrophic bac-
teria, nitrifying bacteria, £'PS and inactive material (£'PS and inactive material are
accounted only as sessile biomass). Since cyanobacteria (included among phototrophs)
play a predominant role in the granulation of oxygenic photogranules due to their fila-
mentous morphology [[15} 16} 172], phototrophs are assumed to have better attachment
properties and to enhance the attachment of other species [152]]. Moreover, the model
accounts the diffusion and conversion of inorganic and organic carbon, nitrate, ammo-

nia, oxygen, and metal. The soluble substrates are involved in the metabolism of micro-
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bial species, while metal adsorbs on matrix of biofilm granules. Notably, the presence
of metals in a such biological system results in a dual effect: it enhances the production
of EPS by sessile species [20] and negatively affects the microbial metabolic activities
[169]. This is modelled including an inhibition term for metal and a stimulation term
for £ PS production in all microbial kinetics. Light is included in the model to con-
sider its effects on the metabolic activity of phototrophs. Specifically, light intensity is
supposed to be constant in the bulk liquid and vary within the granules due to attenua-
tion phenomena. Various numerical studies have been performed to investigate how the
metal concentration and the adsorption properties of the biofilm components may affect
the evolution of the process.

The Chapter is organized as follows. The mathematical model is introduced and
described in Section [6.2] while the biological context is described in section [6.3] Nu-

merical studies and results are reported in Section [6.4] and discussed in Section[6.5]

6.2 Mathematical model

The mathematical model simulates the biosorption process of heavy metals within a
granular-based sequencing batch reactor (SBR) with a multiscale approach. The SBR
system is modelled as a batch bioreactor having a cyclic configuration, in which Ng
identical granules are immersed. For this purpose, two different biological compart-
ments can be identified: the granule mesoscale and the bioreactor macroscale. The
model is able to contextually describe the de novo granulation process of granular
biofilms, SBR performances, and biosorption process. The interactions between the
mesoscale and macroscale are accounted in the model, by considering exchange fluxes
(from/to bulk liquid and to/from biofilm) of dissolved substances (substrates, products,
and heavy metals) and biomasses (in sessile and suspended form). By using a contin-
uum approach, the model accounts all main phenomena involved in the de novo gran-

ulation process: attachment process by planktonic cells; growth and decay of sessile,
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planktonic and detached biomasses; FPS secretion; diffusion of dissolved substrates
within the granule; conversion of dissolved substrates within the granules and the bulk
liquid; detachment process; conversion of detached biomass into planktonic biomass.
Moreover, the biosorption process of heavy metals on granule matrix is included in the
model, by considering the diffusion and bioconversion of metals, and the variation of
free absorption sites.

Modelling of both the granule mesoscale and bioreactor macroscale is discussed
in detail, describing the processes, assumptions, variables, equations, and initial and

boundary conditions involved.

6.2.1 Granule mesoscale model

The mathematical model describing the de novo granulation process derived by Tenore
et al. (2021) [128] has been here extended to model the biosorption process of heavy
metals on granular biofilms matrix. The granule mesoscale consists of a fixed number
of biofilm granules (Ng) immersed within the bulk liquid and assumed to be identical
at each instant. Specifically, each granule is assumed as constituted by various par-
ticulate components (including active microbial species, extracellular polymeric sub-
stances, and inactive biomass). The granules expansion depends on growth and decay
processes of the various species, attachment flux from the bulk liquid to the biofilm, and
detachment flux from the biofilm to the bulk liquid. The growth of microbial species
depends on the presence of nutrients necessary for their metabolic activities. The nutri-
ents are modelled as soluble substrates able to diffuse within the granules. Granulation
process is initiated by attachment of pioneering planktonic cells, while detachment phe-
nomena lead to the loss of sessile biomass, induced by external shear forces, substrates
depletion and biomass decay. Each component of the granules has a specific absorp-
tion capacity and is characterized by the presence of a certain number of free binding

sites, quantified as volume fractions. The heavy metals (sorbates) are modelled as dis-
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solved substances, which diffuse across the granules and are subjected to absorption
phenomena on the various biofilm components.

The granular biofilm is modelled as a spherical free boundary domain under the
assumption of radial symmetry. The evolution of free boundary domain is described
by the variation of the granule radius R(¢). A vanishing initial domain (R(0) = 0) is
considered to fully model the de novo granulation process. The center of the granule is
located at » = 0, where r denotes the radial coordinate. The granule model includes n
microbial species in sessile form X;(r,t), m, dissolved substrates S;(r,t), n free bind-
ing sites Xy, (r,t), mo — m; heavy metals M;(r,t). All these variables are expressed in
terms of concentration and modelled as functions of time ¢ and space r. Each micro-
bial species is supposed to have the same biomass density p, and the same density of
binding sites py. By dividing sessile species concentrations X;(r,t) by p and the free
binding sites concentrations Xy, (r,t) by pp, biofilm volume fractions f;(r,t) and free
binding sites volume fractions 6;(r, t) are achieved. Notably, both f;(r,¢) and 6;(r,t)
(in absence of metals adsorption) are constrained to add up to unity at each location and
time ()., fiand > 6;) [108].

In summary, the model components describing the granular biofilm mesoscale are:

X;,i=1,...n, X=(X1,...X,) (6.1)
fi = X7 i=1,..n, £=(f1,. f) (6.2)
Siyj=1,...my, S= (S, ..., 5m,) (6.3)

Xo, i=1,...n, Xo= (X, .., Xp) (6.4)
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X,
0 ="% i=1,...n, 0=(0,...6,) (6.5)
Po
Mj, ] :7’TI,1—|—1,...,7’)’L27 M: (Mml—‘rla-'-aMmz) (66)

Based on the continuum approach introduced in Wanner and Gujer (1986) [22] for
one-dimensional planar biofilms, the model equations for granular biofilms were de-
rived in Tenore et al. (2021) [128]] under the assumption of radial symmetry from mass
balance considerations in a differential volume of a spherical domain.

The growth and the transport of sessile species within the granular biofilm is gov-

erned by the following system of non-linear hyperbolic partial differential equations

(PDEs):
Afi(r,1t) Afi(r,1) -
at —|—U(T, t) ar - TM,i(T7t7f7S7M> - fi(ra t)ZTM,i(Tutaf7S>M>7

i=1

i=1,..,n,0<r <R(t),t>0, (6.7)

where (7, t, f, S, M) is the growth rate of the 7' sessile microbial species; and u(r, t)
is the biomass velocity.

u(r, t) is governed by the following equation:

du(r,t) u(r,t)
= — . < . '
o . + 3 rai(rt,£,.8, M), 0 <7 < R(t), t >0 (6.8)

=1

The evolution of the free boundary domain is described by the variation of the
biofilm granule radius R(t), according to the following equation derived from global

mass balances considerations on the granule volume:
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R(t) = u(R(t),t) + 04(t) — oq4(t). (6.9)

Attachment flux is modelled as a continuous mass flux from the bulk liquid to the
granule, given by the sum of the attachment fluxes o, ;(¢) of the planktonic microbial
species present in the liquid phase. The term o, ;(t) is modelled as a linear function of

the concentration of the i*" planktonic species in the bulk liquid [24, 127]:

o) =3 ot = 3 LaiD), (6.10)
i=1 i=1 P
where v, ; is the attachment velocity of the " planktonic species; and 1} (t) is the
concentration of the i** planktonic species within the bulk liquid.
While, detachment flux is modelled as a quadratic function of the granule radius

[110]. The term 0,4,(t) is modelled as the product between the detachment flux and

biofilm volume fraction of the ! sessile biomass at the interface biofilm - bulk liquid:

oa(t) = Zad,i(t) = Z)\RQ(t)fi(R(t),t) = AR*(t), (6.11)

where )\ is the detachment coefficient and is supposed to be equal for all microbial
species.

Attachment phenomena prevail on detachment phenomena in the initial stage of the
de novo granulation process, while detachment phenomena become predominant as the
granule dimension increases.

The diffusion and conversion of soluble substrates are governed by the following

system of parabolic PDEs:

8Sj(7’, t) _D A82Sj(7”, t) _ 2D57j aSj(’I’, t)
ot ST 2 r or

=Ts; (’I", ta f7 S7 M)7

j=1..my, 0<r<R(t),t>0, (6.12)

193



CHAPTER 6. MULTISCALE MODELLING OF HEAVY METALS ADSORPTION
ON ALGAL-BACTERIAL PHOTOGRANULES

where 7g;(r,t,f,S, M) represents the conversion rate of the 4" substrate; and Dg;
denotes the diffusion coefficient in biofilm for the ;" dissolved substrate.

A further system of PDEs in a spherical free boundary domain has been derived
under the assumption of radial symmetry to model the variation of free binding sites
and diffusion and adsorption of metals. As in the case of sessile species, the transport of
free binding sites is modelled as an advective process [162]. Thus, the model equations

governing the dynamics of the free binding sites take the following form:

00Xy, (r, t 10
% + ﬁ%(TQU(Ta t)X0i<T7 t)) = p@rﬁ,i(T7 t7 X@a M) + %MM,i(Ta t7 X7 S) M))

i=1,..,n,0<r<R({),t>0, (6.13)

where gy ;(r, t, X, S, M) is the i*" specific growth rate; and 7 ;(r, t, X, M) is the con-
sumption rate of the i*" sessile species absorption sites. The term % pari(r, t, X, S, M)
accounts for the increment of free binding sites due to the sessile biomass growth; while,
their consumption is related to biosorption and decay processes, which are taken into
account through 7 ;(r, t, Xy, M).

Dividing Eq.(6.13)) by py and considering Eq. (6.2) and Eq. (6.3) yields:

89i(r, t) 10 2 o
By + ﬁa(r u(r,t)0;(r,t)) =ro;(r,t, 0, M) + pupri(r, t, £,S, M),
i=1,.,n, 0<r<R(),t>0, (6.14)
00;(r,t) ou(r,t)  2u(r,t)0;(r,t) 0;(r,t)
e ;(r,t) o + " + u(r,t) B =
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=719,;(r,t,0, M) + pupri(r, t, £,S, M),

i=1,..n, 0<r <R(t), t>0. (6.15)
Substituting Eq.(6.8) into Eq.(6.13)) yields:

89i<r> t)
ot

+ u(r, t)—%g:’ B _

7“9,1’(73 ta 07 M) + ﬂM,i(rv t7 f7 S7 M) - 91'(7“, t) Z TM,Z'(Tv tv fa Sa M)a

=1

i=1,...,n, 0<r<R(t),t>0, (6.16)

As for soluble substrates, the transport of dissolved heavy metals is modelled as a

diffusive process [162]], and it is expressed as follows:

ale<7', t) 021Mj(7", t) QIDMJ 8Mj(r, t)
_ . — : =rai(r,t,0,M
ot MI 2 r or rag(r.t,6, M),
j=mi+1,..me, 0 <7 < R(t), t >0, (6.17)

where 74 ;(r,t,0,M) and D), ; denote the adsorption rate and diffusion coefficient of

the 7" dissolved metal within the biofilm.

6.2.2 Bioreactor macroscale model

The reactor macroscale is modelled as a sequencing batch reactor in which Ny gran-
ules having the same properties are immersed. Specifically, the reactor is characterized
by the presence of a number of soluble substrates involved in the biological process
and heavy metals taking part in the biosorption process. Besides the sessile biomass

(granules), also planktonic and detached biomasses are considered in the bulk liquid.
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Planktonic species contribute to the genesis of the granules, while detached biomass is
formed as a result of the detachment process. The modelling choice to include plank-
tonic and detached biomass as two different variables derives from the experimental
experience that the newly detached biomass has different properties from both sessile
and planktonic biomass [121} 122} 123]]. Both planktonic and detached biomasses (sus-
pended biomasses) contribute to the conversion of soluble substrates in the bulk liquid.
Reconversion of detached biomass into planktonic biomass is also modelled. The biore-
actor model is formulated for n microbial species in planktonic form ¢} (), n microbial
species deriving from the detachment process ¢ (t), m1 dissolved substrates S7 (t), and
my — my heavy metals M7(t). All these variables are expressed in terms of concentra-
tion and modelled as functions of time and not of space, since the reactor is modeled
as a completely mixed reactor. An SBR is based on a sequence of treatment cycles

constituted by four phases:

* filling phase, in which the reactor is fed with a fixed volume of wastewater;

* reaction phase, in which the wastewater volume is biologically treated through

the biomass present in the system;
* settling phase, which consists in the solid-liquid separation;

» emptying phase, in which the clarified supernatant is partially removed from the

reactor.

The filling, settling and emptying phases are supposed to be instantaneous, and the du-
ration of the reaction phase is supposed to be the same as the cycle duration. 100%
settling efficiency is assumed for biofilm granules, while the suspended biomass has a
partial settling efficiency. Moreover, since the volume occupied by the biomass in gran-
ular and suspended form is neglected, the reactor volume is assumed to be the same
as the liquid volume. The cyclic configuration of the SBR is modelled with a system

of first order impulsive ordinary differential equations (IDEs) [152, [173]. An IDE is
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described by three components: the continuous-time differential equation, which gov-

erns the state of the system between impulses; the impulse equation, which describes an

impulsive jump and is defined by a jump function at the instant the impulse occurs; and

the jump criterion, which defines a set of jump events in which the impulse equation is

active.

In summary, the model components describing the bulk liquid are:

vii=1,..,n, Y= (Y], ..., 0%),

W;i, 1= 17 ey T, ’lp(*i = W;, 7wzn)7

St G =1, m, 8= (S5, ..., Sh),

M, j=mi+1,..,mg, M" = (M, ... M} ),

while, the system of IDEs is the following:

V1/): (t) - _Ua,i<t)pA(t> + T;Z,i(t 1/)*7 S*a M*) + Té‘,i(t 77[)2)7

el0,T), t #£tp,i=1,..,nt>0,

szl (t) = Ud,l(t)pA(t) + r;d,i(t7 1;0;7 S*7 M*) - ré’,i(ta 'lb;),

€[0,T], t£tpi=1,...nt>0,
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95;(R(1),1)

VSi(t) = —A(t)NgDs, +rk (1", 5, ST, M),

or
el0,T], t #£ts, j=1,....,mq, t>0, (6.24)
VM (t) = —A(t)NGDMJW,
tel0,T), t#tr,j=mi+1,....,mg, t>0, (6.25)

where V is the volume of the bulk liquid; A(¢) is the area of the spherical granule and
is equal to 4w R*(t); 77, ;(t,4p*,S*, M*) and 77, (t,4;, S*,M*) are the growth rates
for the i*" planktonic and detached biomass, respectively; ey (t, 4", 15, S*, M*) is the
conversion rate for the 5" soluble substrates; and r¢.i(t,1y) is the reconversion rate of
the i*" detached biomasses into planktonic form.

The jump functions associated to Egs. (6.22))-(6.25)) are:

AV} (ty) = 0F(60) =i () = =y (t;), k=1,..,h, i=1,...,n, (6.26)

ASH(t) = ST(6) = S (ty) = —wSH(t5) +wS™, k=1, h, j=1,...,my, (6.28)
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AM; (te) = M;(60) =M () = —wM; (6 )+wM", k=1,..h, j = my+1,...,my,

(6.29)
where 7 is the fraction of suspended biomass removed during the emptying phase; w is
the emptying/refilling ratio; S;” and M ;” are the concentrations of the j*" substrate and
7" metal in the influent; 0 =ty < t; < ... < tp < tpp1 = 1, typ1 — tp = 7; T is the
duration of the eyele; v (i), 5, (). 3 (6). M (t). w7 (67) w5, (). S (¢). and
M (t;) are the right and left limits of )}, v , S5 and M at time .

Such systems of IDEs are derived from mass balance considerations and describe
the dynamics of planktonic and detached biomasses, soluble substrates, and heavy met-
als within the bulk liquid. Equation (6.22) represents the mass balance of the i*" micro-
bial species in planktonic form. In particular, the mass variation over time within the
bioreactor (first member) is due to the exchange flux related to the attachment process
(first term of the second member), the metabolic activity in the bulk liquid (second term
of the second member), and the conversion of the detached biomass into planktonic
form (third term of the second member). Similarly, Eq. (6.23)) represents the mass bal-
ance of the i*" detached microbial species. In particular, the mass variation over time
within the bioreactor (first member) is due to the exchange flux related to the detach-
ment process (first term of the second member), the metabolic activity in the bulk liquid
(second term of the second member), and the conversion of the detached biomass into
planktonic form (third term of the second member). Obviously, the attachment flux
represents a negative contribution for the planktonic biomasses, while the detachment
process is a positive contribution for the detached biomasses. The conversion rate from
detached to planktonic state causes two opposite contributions: positive in the equation
of planktonic species and negative in the equation of detached biomasses. Eq.
represents the mass balance of the j" soluble substrate. In this case, the mass variation

over time within the bioreactor (first member) is due to the exchange flux between the
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bulk liquid and the granular biofilms related to the diffusion phenomenon (first term of
the second member) and its consumption and/or production occurring in the bulk liquid
and mediated by the planktonic and detached biomasses (second term of second mem-
ber). Lastly, Eq. (6.23)) represents the mass balance of the j** dissolved metal. In this
case, the mass variation over time within the bioreactor (first member) is due to only the
exchange flux between the bulk liquid and the granular biofilms related to the diffusion
phenomenon. Indeed, its consumption in the bulk liquid mediated by the planktonic

and detached biomasses is neglected.

6.2.3 Initial and boundary conditions

To integrate Eqgs. (6.7)-(6.9), (6.12)), (6.16), (6.17), (6.22)-(6.23), it is necessary to

specify initial and boundary conditions. The de novo granulation process is modelled

by coupling a vanishing initial condition to Eq. (6.9):

R(0) = 0. (6.30)

The boundary condition for Eq. (6.8)) is given by:

w(0,¢) =0, ¢ > 0. (6.31)

The granule radius R(t) represents the free boundary of the mathematical problem.
Its variation, governed by Eq. (6.9), depends on attachment o, and detachment o,
velocity. In the initial phase, the granule radius is small and, consequently, attachment
prevails on detachment. Therefore, it is 0, — 04 > 0 and the free boundary is a space-
like line. During maturation, the granule dimension increases, and the detachment is
the prevailing process. Thus, it is 0, — 04 < 0, and the free boundary is a time-like
line. When the free boundary is a space-like line, there is a mass flux from bulk liquid
to granule, and the biofilm volume fractions at the granule-bulk liquid interface are

dependent on characteristics of the bulk liquid. In particular, the volume fractions of
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sessile biomass depend on the concentration of planktonic biomass in the bulk liquid:

Ua,iw: (t)

= t=1,...,n,t>0, 0,(t) — 04(t) >0, (6.32)
Ei:l Vo, 07 ()

fi(R(t),t) =

while, the volume fractions of the free binding sites are fixed equal to the biofilm volume

fractions at the granule-bulk liquid interface:

0;(R(t),t) = f;(R(t),t), i=1,....n, t >0, g4(t) — o4(t) > 0. (6.33)

When the free boundary is a time-like line, there is a mass flux from the granule
to the bulk liquid. Thus, the volume fractions at the interface are regulated exclusively
by the internal points of the biofilm domain and conditions and are not
required.

For what concerns substrates and metals diffusion (Eq. (6.12) and Eq. (6.17)), a
no flux condition is fixed at the granule center (r = 0), and a Dirichlet condition is

considered at the granule-bulk liquid interface (r = R(t)):

%(O,t) =0, Sj(R(t),t) = S;(t), j=1,...,m1, t >0, (6.34)
oM, o
or (07t) :Oa MJ(R(t)vt>) :Mj (t)7 J :m1+17-'-7m27 > 07 (635)

Note that S7(t) and M (t) are the solutions of Eq. (6.24) and Eq. (6.25), respec-
tively.

Egs. (6.7), (6.12), (6.16)), and refer to the biofilm domain and do not require

initial conditions, since the extension of the biofilm domain is zero at ¢ = 0.
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Lastly, the following initial conditions are considered for Egs. (6.22))-(6.23):

VE0) =g, i = 1,.0m, (6.36)
W5 (0) =1 i=1,..n, (6.37)
Si(0) = Sig, j=1,..,my, (6.38)

M(0) = MYy, j=myi+1,...,ma, (6.39)

where v}, V% . S5, and M, are the initial concentrations of the i planktonic and
detached biomass, and the j** soluble substrate and dissolved metal within the bulk

liquid, respectively.

6.3 Biochemical framework: OPGs granulation and ad-
sorption processes

The mathematical model described above simulates the biosorption process of metals
on the matrix of biofilm granules, occurring in a granular-based SBR system, and is
able to contextually describe granules genesis and ecology, bioreactor performances,
and adsorption process of inorganic compounds. In this Chapter, the model is applied

to study the ecology of OPGs and the adsorption process of a metal on their solid matrix.

6.3.1 Metabolic kinetics of OPGs

All main biological processes involved in the OPGs lifecycle are included in the math-

ematical model. For this purpose, phototrophs P H, heterotrophic bacteria H, and nitri-
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fying bacteria NV are taken into account as active microbial species. While, the following
soluble substrates are considered: inorganic carbon /C', organic carbon DOC!, nitrate
NQOs, ammonia N H3, and dissolved oxygen O.

The growth metabolism of phototrophs is affected by light. Two different processes
of phototrophic growth in presence of light are taken into account, based on the available
nitrogen source. In presence of N Hj, phototrophs carry out photosynthesis, consum-
ing IC' and N H3 and producing Oy and DOC'. In absence or shortage of ammonia,
phototrophs can grow by using NOj3 as nitrogen source. Furthermore, the model takes
into account the inhibition induced by the presence of O; on the photosynthetic ac-
tivity. In absence of light, DOC, Oy, and N Hj3 are consumed by the phototrophs,
which produce /C'. Heterotrophic bacteria use DOC' as a source of carbon and energy,
and produce inorganic carbon /C'. They are assumed to grow under aerobic condition
directly using O, as well as anoxic condition using N O3 as oxygen source (denitrifica-
tion process). As in the previous case, this aspect is modelled using an inhibition term
for oxygen in the nitrate-based heterotrophic growth kinetic [174]]. Nitrifying bacteria
include ammonia-oxidizing bacteria and nitrite-oxidizing bacteria. For this reason, they
are responsible for N H3 conversion into N O,, and the subsequent N O, conversion into
NQOs;. The same biological processes are supposed to occur in the bulk liquid, where
planktonic and detached biomasses consume or produce the j soluble substrate. The
mathematical model considers the production of £ PS and inactive material only in
sessile form. Indeed, the £ P.S production by suspended biomass has been neglected
because it is much lower than sessile production [152], as well as the production of
suspended inactive biomass that does not play any role in the biological process. More-
over, phototrophs are regarded as the main £ PS contributors [20], and this aspect has
been considered in the model by adopting different values of £'PS fraction produced

by the microbial species.
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6.3.2 Adsorption process

Compared to conventional physical/chemical technologies, biosorption is effective and
less expensive when the metal concentration is below 100 mg L~ [18] 137, [158], 159,
161]]. Both living and dead (metabolically inactive) biological materials are able to
adsorb toxic heavy metals, as various functional groups are found on their cell wall
offering strong attraction forces for the metal ions and providing high metal removal
efficiency [159]. Specifically, extracellular substances produced by microorganisms
have a crucial role in biosorption of metals [168]] and are considered the major potential
agents in biosorption processes [20]. In metal-stressed conditions microorganisms are
induced to produce a higher amount of £/P.S, increasing the adsorption potential of the
microbial consortium [20, 21]]. Moreover, microorganisms not only regulate the synthe-
sis of £ P.S in response to toxic elements, but also increase £/P.S adsorption capacities
[20]. These aspects are included in the model by adopting a higher adsorption con-
stant for £ PS and considering a stimulation term for £ PS production in all microbial
kinetics. Also phototrophs and inactive material play an important role in adsorption
processes, as they show high metals removal efficiency and can achieve more effective
biosorption of metals than bacteria and fungi [21]]. Indeed, metal accumulation capac-
ity of phototrophs is comparable or sometimes higher than chemical sorbents [175],
and, in addition, as mentioned before they are the main £ P.S producers [20]. The use
of dead biomass could be a preferred alternative, as it offers high metals adsorption
capacity, easy recovery of biosorbed metals, absence of toxicity limitations and nutri-
ents requirements for growth [159, [160]. However, in the case in which the solvent
consists of industrial wastewater rich in metals, organic and nitrogen compounds, the
problem related to the nutrients requirement is overcome and the utilization of algal-
bacterial biomass allows to combine the advantages of £ PS, microalgae and inactive
material. Lastly, metals adsorption by suspended biomasses is neglected. Indeed, pop-

ulations of planktonic and biofilm cells adsorb metals in different ways [[176], and it is
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experimentally proved that immobilized bacterial cells have much higher biosorption
capacities than suspended cells [[177]. Moreover, the use of freely-suspended micro-
bial biosorbents has further disadvantages including small particle size, low density,
poor mechanical strength, and little rigidity, while the use of biofilms minimize these

disadvantages [160].

6.3.3 Modelling of heavy metals adsorption on OPGs

In summary, the following variables are included in the model:
* Granule variables:

— Five sessile microbial species: phototrophs fpy (7, t), heterotrophic bacteria
fu(r,t), nitrifying bacteria fy(r,t), EPS fgps(r,t), and inactive biomass
fr(rt).

— Five soluble compounds: inorganic carbon Sy (r, t), organic carbon Spoc(r, t),

nitrate Syo, (7, t), ammonia Sy, (r,t), and dissolved oxygen So, (r, ).

— Five fractions of free binding sites related to: phototrophs Op (r,t), het-
erotrophic bacteria 0y (r,t), nitrifying bacteria Oy (r,t), EPS Ogps(r,t),

and inactive biomass 0;(r, t).
— One heavy metal: M (r, ).
* SBR variables:
— Three planktonic microbial species: phototrophs ¢'%, (), heterotrophic bac-
teria ¢5;(t), and nitrifying bacteria ¢} (¢).

— Three microbial species deriving from biofilm detachment: phototrophs

Y3, (t), heterotrophic bacteria 1 (), and nitrifying bacteria ¢ (t).

— Five soluble compounds: inorganic carbon S;(t), organic carbon S}, (t),

nitrate Sy, (t), ammonia S, . (), and dissolved oxygen Sp,_ (t).
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— One heavy metal: M*(t)

In order to account the light dependency of the phototrophic metabolism, light in-
tensity is included as a model variable: I(r,t). Iis assumed to be a piecewise-constant
function in the bioreactor to simulate the day-night cycle, while it varies across the

granule radius due to attenuation phenomena, according to the Lambert-Beer law:

I(r,t) = Iye ket BO=p 0 < < R(t), t > 0, (6.40)

where [ is the light intensity in the bioreactor and k;,; is the light attenuation coeffi-
cient [178]. Also the negative effect of photoinhibition is accounted in the model [[152]].
Indeed, excess light can photoinhibit and slow down photosynthesis activity of pho-
totrophs [179]. In accordance with [180], such phenomena is modelled by using the

following optimum type expression:

] t _I(r,t)
(1) -4 ,0<r<R(®),t>0, (6.41)

é1 (’f‘, t) =

I opt
where I, is the optimum light intensity for phototrophs.

The OPGs granulation process is governed by phototrophs, in planktonic form
which are able to aggregate and enclose non-phototrophic biomass in a rigid and spher-
ical structure thanks to their filamentous morphology [[15,[171]. As proposed by Tenore
etal. (2021) [[152], this aspect is taken into account assuming that the attachment veloc-
ities of heterotrophic and nitrifying bacteria are functions of the planktonic phototrophs

concentration within the bioreactor:

a,t ¥ t .
Gaslt) = me i € {PH,H,N}, (6.42)
Vai = Vg, i € {PHY, (6.43)
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_ Ug,ﬂb;]{(t)
Kpg + ¢py(t)

Va.i(Vpr (1)) ;i€ {H, N}, (6.44)

where vgﬂ- is the maximum attachment velocity of the i suspended species and K py
is the cyanobacteria half saturation constant on the attachment of heterotrophs and ni-
trifiers.

All reaction terms of the model are reported below. The sessile biomasses growth

rates )7, and conversion rates for soluble substrates within the biofilm rg ;, reported in

Eq. (6.7), Eq. (6.8)), and Eq. (6.12) are modelled as follows:

rai =Y Qi Vi, i € {PH,H N,EPS, I} k=1,..m, (6.45)
k

rs; =Y Bjk k. j € {IC,DOC,NOs, NH;, 0o}, k =1,....,m, (6.46)
k

where m denotes the number of biological processes occurring in the biofilm and ac-
counted in the mathematical model; «; is the stoichiometric coefficient of the ith
biofilm component referred to the k" biological process within the biofilm (Table ;
B; 1. is the stoichiometric coefficient of the j™ soluble substrate referred to the k™ bio-
logical process within the biofilm (Table ; v, represents the kinetic rate of the k"
biological process within the biofilm (Table [6.3). Moreover, the conversion rates of
planktonic biomasses r;j, detached biomasses T;Zdi and soluble substrates 7“:57 ; within

the bulk liquid, reported in Egs. (6.22)-(6.24)) are defined as:

=3 of vi, i € {PH H N} k=1,..m, (6.47)
k

=Y @ vi, i € {PH H N}, k=1,.,m, (6.48)
k
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rs; = > Bk v, j €{IC,DOC,NOs, NHs}, k =1,...,m, (6.49)
k

5, =Y Bk Vi + kra(Sjsa — S7), 5 € {02}, k=1,...m, (6.50)
k

where m denotes the number of biological processes occurring in the bulk liquid and
accounted in the mathematical model; k, and So, s, are the oxygen mass transfer co-
efficient and the oxygen saturation concentration in the bulk liquid, respectively; o, is
the stoichiometric coefficient of the i" planktonic species referred to the k" biological
process within the bulk liquid (Table ; @ 1s the stoichiometric coefficient of the
it" detached species referred to the k' biological process within the bulk liquid (Table
; 537 1. is the stoichiometric coefficient of the j th soluble substrate referred for the k"
biological process within the bulk liquid (Table [6.5); v represents the kinetic rate of
the k" biological process within the bulk liquid (Table .

Detached biomass has different characteristics from both sessile and planktonic
biomasses [121} 122} [123]]. Experimental observations suggest that the surface prop-
erties of detached cells clearly differ from those of planktonic and sessile cells for at
least the first 48 h after detachment [122]]. For this reason, the reconversion rate of the
i" detached species into planktonic form, reported in Eq. (6.22) and Eq. (6.23), is

modelled as follows:

req = Ko, (1), (6.51)

where K¢ is the conversion constant from detached to planktonic form.

Regarding the adsorption process, the consumption rate of the free binding sites 74 ;
and the specific growth rate of sessile species i5; in Eq. (6.16)), and the adsorption rate
of the dissolved metal 4 in Eq. are listed below:
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7“971' = _<kads,iM + kd,i)eia 1 € {pH, H, N, EPS, [}, (652)

pari =Y i v, i € {PH,H N, EPS, I} k=1,.,m, (6.53)
k

ra = _Y;lds,ipekads,iMeiv { S {PH7 H7 Na EPS? I}) (654)

where m denotes the number of growth processes occurring in the biofilm and ac-
counted in the mathematical model; k4 ; is the decay-inactivation rate for the it" micro-
bial species; Y,45; and k,q4s,; represent the biosorption yield and the adsorption kinetic
constant of the i** microbial species; py is the density of the binding sites.

As mentioned above, in metal-stressed conditions microorganisms regulate the syn-
thesis of £ PS and are induced to produce more. To include this aspect in the model,
EPS fraction produced by each the microbial species is modelled as function of the

metal concentration:

Kgps; = Kgps (1 + (6.55)

woan)
where K eps; and K ; are the E'PS fraction produced by the i'" microbial species in
absence of toxic pollutants and the stimulation constant for EPS of the i*" microbial
species. The model takes into account also the toxic effect of metals on microbial

metabolic processes, by considering an inhibition term in all microbial kinetics:

in
KM

= Kn M (6.56)

In

where K is the inhibition coefficient for the generic heavy metal.

The values used for all stoichiometric and kinetic parameters are reported in Table

6.7
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Ypu | Ui | UN | Yapy | Yau | Yay | Rate
1 1 Vf
2 1 Vg
3 1 V;
4 1 vy
5 1 ug
6 1 ug
7 1 u;
8 1 u§
9 1 V;
10 1 vio
11 1 vl
12 1 VTQ
13 1 Vi3
14 1 viy
15 1 Vi
16 1 v
17 1 iy
18 1 vig

Table 6.4: Biochemical rate coefficients (a;, and &;,) of the biological processes
within the bulk liquid.

ite, DOC NO; NH; 0, Rate

1 B k-DOC;;l.OO% kpoc 0704 kD%2C+1 v
2 _ kDOC;;l-UO?f’ kpoc — 0704 kDo%zl.Mog v
3 1-1.0025 Ypoc __1 _ _0.1704 _1-Ypoc X
- 32Ypoc Ypoc 32Ypoc 32Ypoc 3
4 | ga —0.02076 - -5 — 37y +0:03125 vi
5 | azyy —0.02076 v - 320-1§H +0.02857 -2 vE
6 — 335 ﬁ —(0.00593 + ﬁ) 7ﬁ + 5 v
7 B kDOCSJ;Loo% kpoc —0.704 ’“D%2C‘+1 v
8 -~ ’»‘Doc345140025 kpoc 70.‘13204 kDOC3+21.3409 v
9 1-1.0025 Ypoc __ 1 _ _0.1704 _1-Ypoc vx

32Ypoc Ypoc 32Ypoc 32Ypoc 9
10 ﬁ — 0.02976 —ﬁ -2 —ﬁ +0.03125 vio
11 ﬁ — 0.02976 —i —ﬁ + 0.02857 -2 vy
12 — 335 ﬁ —(0.00593 + 141},N) —ﬁ + 35 vy
13 vig
14 Z/f4
15 Vf5
16 l’fG
17 uf7
18 V{S

Table 6.5: Biochemical rate coefficients (53} ;) of the biological processes within the
bulk liquid.
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Parameter Definition Unit Value Ref
Mmaz,PH Maximum specific growth rate for PH d=T 2.368 [174]
poosp PH Maximum specific growth rate for PH respiration d-t 0.237 [174]
Mmaz, H Maximum specific growth rate for H d—1 4.8 [181]
Mmaz,N Maximum specific growth rate for N d-1 1 [181]]
ka, pr Decay-inactivation rate for PH d—1 0.1 [174]
ka, 7 Decay-inactivation rate for d-1 0.1 [174]
ka N Decay-inactivation rate for NV d-1 0.1 [174]
Kpu.ic 1C half saturation coeff. for PH kmol(IC) m—3 10—4 [174]
Kpm,poc DOC half saturation coeff. for PH kg(COD) m—3 5-1073 [174)
Kpm,NoO, N O3 half saturation coeff. for PH kmol(NO3) m~—3 1.2-10°6 [174]
Kpu,Nm; N Hs half saturation coeff. for PH kmol(NH3z) m™3 1.2-107%  [174]
KpH,0, O2 half saturation coeff. for PH kmol(O2) m~3 3-104 [174)
KIiDnH,I Light inhibition coefficient for PH kmol(e")m™2d~! 8.107° [174]
Ku poc DOC half saturation coeff. for A kg(COD) m™—3 4.1073 [174]
Ky ,Nos N O3 half saturation coeff. for H kmol(NO3) m~—3 3.6-107° [174]
Ko NH, N Hs half saturation coeff. for H kmol(NHz) m~3 3.6-1076  [182]
Kg.0, O3 half saturation coeff. for H kmol(O2) m~3 6.25-10~6  [174]
Kn,ic IC half saturation coeff. for N kmol(IC) m~3 104 [174]
KN NH, N H3 half saturation coeff. for N kmol(NHsz) m—3 7-107° [174]
Kn,o0, O3 half saturation coeff. for N kmol(O2) m~3 1.56-10~5  [I74]
6"2 maz Max inhibition coefficient of O2 on PH kmol(O2) m~3 10—3 [183]
Rrcso, Half saturation coeff. for O5 inhibition —— 0.35 [183]
Kin Inhibition coefficient of M kg(M)m=3 0.1 (a)
Yy Yield of H on DOC kg(COD) kg(COD)~! 0.63 [174)
YN Yield of N on NO3 kg(COD) kg(NO3 — N)~1! 0.24 [174]
Ypoc Yield of PH on DOC' kg(COD) kg(COD)~1 0.5 (a)
k EPS,PH EPS fraction produced by PH —— 0.23 (a)
keps,m EPS fraction produced by H —— 0.18 [184]
keps,N EPS fraction produced by N —_ 0.075 [184]
kpoc DOC release fraction by PH —— 0.05 [178]]
kLa O3 mass transfer coefficient d-1 23.3 [181]
S04, sat O2 saturation concentration in bulk liquid kmol(O2) m—3 2.4-10"% [181]
Iopt Optimum light intensity for P H kmol(e")m~2d~! 0.01728 [183]
Iy Incident light intensity in the reactor kmol(e”)m—2d~1! 0.008 [152]
kot Light attenuation coefficient m?2 kg~ 1 210 [174]
kads,PH Sorption constant of P H m3 kg(M)~1d~1 1-103 (a)
Kads, b Sorption constant of H m3 kg(M)~1d1 2.10! (a)
kads, N Sorption constant of N m3 kg(M)~1d—1 210! (a)
kads, EPS Sorption constant of EP.S m3 kg(M)~1d~! 2-103 (a)
kads,1 Sorption constant of [ m3 kg(M)~1d1 2.102 (a)
)i Stimulation constant for EPS kg(M)m~—3 0.05 (a)
Yods,i Yield of M on " microbial species kg(M) N;;els 1 (a)
Ds,1c Diffusion coefficient of IC' in biofilm m2d-1 1.32-10~% [I74)
Ds poc Diffusion coefficient of DOC' in biofilm m2d—1 0.83-10~4 122]
Ds Noy Diffusion coefficient of N O3 in biofilm m2d-1 1.18-10~*  [174]
Ds NHs Diffusion coefficient of N Hz in biofilm m2d-1 1.49-10~% [22]
Ds o0, Diffusion coefficient of O in biofilm m2d-t 1.75-10~% [22]
Dg m Diffusion coefficient of metal in biofilm m2d-1 6.05-10~°  [I86]
vg,PH Attachment velocity of ¥, ¢ md~1 3.10°3 (a)
”g,H Attachment velocity of 7, md~! 5-1074 (a)
vg,N Attachment velocity of ¥}, md~! 5-1074 (a)
Kpy Half saturation coeff. of ¢} ;; on 7, ¥} attachment kg(COD) m~—3 3.1072 (a)
Ko Conversion coeff. from detached to planktonic form d-1 0.5 (a)
p Biofilm density kg(COD) m~—3 37 [181]
po Binding sites density Nites m=3 20 (a)
A Constant detachment coefficient —lg-1 40 (a)
14 Reactor volume m3 400 (a)
Ng Number of granules in the reactor —— 2.4-1010 (a)
T Duration of the cycle d 0.25 (a)
¥ Fraction of suspended biomass lost in the emptying —— 0.2 (a)
w Emptying/refilling ratio —— 0.5 (a)
tiight Time of light condition d 0.125 (a)
tdark Time of dark condition d 0.125 (a)

(a) Assumed

Table 6.7: Kinetic, stoichiometric and operating parameters used for numerical simula-

tions.
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6.4 Numerical studies and results

The model has been integrated numerically by developing an original code in Mat-
Lab platform. Hyperbolic PDEs and (6.16) have been integrated by using the
method of characteristics, applied for the first time in the planar biofilm context by
D’Acunto and Frunzo (2011) [32]. The method of lines has been used to solve the

diffusion-reaction PDEs (6.12) and (6.17). The ODEs for ¢7, ¢, S}, and M} (Eqgs.

(6.22)-(6.25)) have been integrated by using the MatLab routine ode45, based on a
Runge-Kutta method. Numerical simulations have been performed to investigate the
genesis and evolution of oxygenic photogranules, the microbial species stratification
and interaction between the functional trophic groups, and to study the SBR perfor-
mances in terms of substrates removal and metal adsorption. Specifically, the first study
(SET1) investigates the treatment process of a typical industrial wastewater containing
a low concentration of a generic heavy metal. Both the granules ecology and the process
evolution have been investigated, focusing on metal effects on biofilm formation and its
removal process. The second study (S ET'2) investigates how the metal concentration
affects the OPGs formation and adsorption processes in terms of microbial growth and
removal efficiency. Finally, the third study (S E7T'3) explores the role of the adsorption
capacities of all the microbial species in the adsorption process.

The wastewater influent is supposed to be fed discontinuously in the SBR. As men-
tioned before, in each cycle the reactor is filled with a fixed volume V' of wastewater,
and the substrates are biologically degraded in batch conditions. The bioreactor volume
V is assumed constant and equal to 400 m?>. The number of granules Ng has been se-
lected through an iterative procedure varying the detachment coefficient A [128]], with
the aim to obtain a 25% filling ratio by considering granules with a steady-state radius
of about 1 mm (an average size representative of OPGs [16, [172]). After the reaction
phase, the solid-liquid separation occurs in the reactor, whereby perfect settling has

been considered for granules (no granule is removed from the reactor during the empty-
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ing phase). While the fraction of suspended biomass lost during the emptying phase has
been set equal to 20%. At the end of each cycle the reactor is only partially emptied and
refilled with a new liquid volume to be treated (emptying/refilling ratio w = 50%). As
explained above, the reaction phase is supposed to be the same as the duration of the cy-
cle 7, and it consists of 3 hours of darkness and 3 hours of light (t4a,1 = tiight = 0.125 d
and 7 = 0.25 d) [152, [172]. In the light phase, the reactor is supposed to be homoge-
neously illuminated and the incident light intensity I is fixed at 0.008 kmol m=2 d*
[152].

The same wastewater influent composition is considered for each treatment cycle.
It is characterized by S%, = 180 g m~3 (inorganic carbon), S%,, = 500 g m~2 (or-
ganic carbon), Si'y, = 50 g m~® (ammonia), Si,, = 0 (nitrate), S&. = 0 (oxygen).
Such concentrations reflect the typical wastewater [187] and are usually used in ex-
perimental works [19]]. The concentration of the heavy metal in the influent M™ is
varied in the numerical studies, and its values will be provided below, case to case. The
initial concentrations of soluble substrates S7, and metal M in the bulk liquid have
been set equal to the concentration within the wastewater influent (S]"-" and M™). On
the contrary, no suspended biomass is supposed to be present in the influent ()" = 0
and zbfj} = 0), while phototrophic inoculum of suspended phototrophs is considered,
where planktonic heterotrophic and nitrifying bacteria are present in smaller amounts:
Vhpo = 600 g m™2, ¢} o = by, = 50 g m~* [152]]. The initial concentration of de-
tached species ¢}, , in the bulk liquid has been set equal to zero (¢, , = 0). Note that
no addition of oxygen is considered (S@”2 = (), since it is provided by photosynthesis
of phototrophs.

Since the phototrophs are the major £/P.S producers in algal-bacterial biofilm, their
EPS fraction produced in absence of toxic pollutants is assumed to be higher than
heterotrophs (IN(EP&H = (.18 [184]) and nitrifiers (f(Epg,N = 0.075 [184]) and is
fixed at K eps.pa = 0.23. Such value is within the range of typical EPS fraction

values of phototrophic biomass [[174]. Regarding the adsorption kinetic constants of the
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biofilm components, k,qs £ps, Kads, prr and k.45 ; are supposed to be much higher than
Kads,;r and kqqs v, since the adsorption process is predominantly governed by EPS,
phototrophs and inactive material. Finally, as mentioned above, attachment velocity of
phototrophs is assumed to be a constant value and it is set equal to the average value
of attachment velocities of microalgae and cyanobacteria used by Tenore et al. (2021)
[152]]. All parameters used in this model are reported in Table

The simulation time 7 is fixed to 200 d for all simulations. This time interval guar-
antees to achieve the steady-state configuration in terms of: performance of SBR cy-
cles (including soluble substrates S;‘, metal M*, planktonic species v}, and detached
biomasses 1} ), granule size R(t); microbial composition and distribution within the
granules (in terms of fraction f; and mass m;); volume fractions of free binding sites 6;;

and concentration of free metal M within the biofilm.

6.4.1 SET1 - Evaluation of metal removal from industrial wastew-

ater in OPGs-based system

The first set SET'1 describes the treatment process of a typical industrial wastewater
with a low concentration of metal (M = 100 g m~3), occurring in a granular-based
sequencing batch reactor (simulation S'1). The microbial stratification of oxygenic pho-
togranules, nutrients degradation, and metal adsorption are investigated. The SET'1
results are shown in Figs. [6.116.4]

Fig. reports the evolution of the overall mass of sessile species m;(t) (top)
and photogranule radius R(t) (bottom) over time. The active sessile biomasses consti-
tuting the biofilm matrix (phototrophs, heterotrophs and nitrifiers) grow by converting
the nutrients, and decay producing inert material. Such biomasses can interact with
each other, cooperating and/or competing. In presence of light, phototrophs produce
Oy and DOC consuming /C and N H3 (or NOs), and consequently they promote the

heterotrophs and nitrifiers growth. Indeed, heterotrophic bacteria require Oy (or NO3

217



CHAPTER 6. MULTISCALE MODELLING OF HEAVY METALS ADSORPTION
ON ALGAL-BACTERIAL PHOTOGRANULES

~
20
w
S —_m —_— — —_
a PH mH mN ’anS m[
Y
S
=
S0 J
3
s
a
S | | | 1 1 |
= 0 20 40 60 80 100 120 140 160 180 200
time [d]
1000 - 1
B
N
& 500 .
O L L L L L L L L L
0 20 40 60 80 100 120 140 160 180 200
time [d]

Figure 6.1: SET1 - Evolution of biofilm radius and mass of sessile species over

time. Wastewater influent composition: S%, = 180 g m™3 (inorganic carbon),
Boc = 500 g m™* (organic carbon), S}y, = 50 g m™® (ammonia), Sy, = 0

(nitrate), Sg, = 0 (oxygen), M™ = 100 g m~* (metal). Incident light intensity:
Iy = 0.008 kmol m~2 d~!. Duration of the cycle: 7 = 6 h. Time of light expo-
sure: tjigne = 90% T.

in anoxic condition) and DOC' for their metabolic activities. While N H3 and O, are
necessary for nitrifying bacteria, which compete with phototrophs for /C. However,
nitrifiers produce NOj3 necessary for heterotrophs in anoxic condition and for pho-
totrophs in lack or shortage of NV H3. Under dark conditions, phototrophs compete with
heterotrophs and nitrifiers for Oy and with all heterotrophs for DOC'. In return, het-
erotrophic bacteria produce /C necessary for the metabolism of phototrophs in light
conditions and nitrifiers. In the initial days, the intense attachment process leads to
the formation of photogranules mainly composed by phototrophs. Oxygen production
during the photosynthesis promotes the growth of heterotrophic bacteria. Thus, the het-
erotrophic biomass rapidly increases with respect to the other microbial species, thanks
to their high growth rates in presence of elevate availability of DOC'. It should be
noted that the metabolism of all biomasses is initially inhibited, due to the presence of
free metal. In this phase the photogranule slowly increases, achieving a radius of about

600 pm (Fig. - bottom). After 40 days, when a relevant amount of metal is already
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adsorbed on biofilm matrix, a more rapid phototrophs (blue) growth is observed. As
consequence, heterotrophs (red) metabolism and production of £ P.S (magenta) and in-
ert material (black) are favoured. This, in turn, leads to a faster increase of the granule
radius. Subsequently, the detachment process becomes more relevant and limits the
granule expansion leading to a steady-state dimension of about 920 pum. A very low
mass of nitrifying bacteria (yellow) is observed throughout the process, because they
have lower maximum growth rates than heterotrophic bacteria which are more compet-

itive in the use of O, in presence of DOC..
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Figure 6.2: SET'1- Active microbial species distribution and concentration of free metal
within the diametrical section of the granule, at 7' = 20 d, T' = 30 d, T" = 40 d,
T =50d, T = 80 d. Wastewater influent composition: Si% = 180 g m™® (inorganic
carbon), S7,c = 500 g m™* (organic carbon), Sy, = 50 g m™* (ammonia), S, =
0 (nitrate), S, = 0 (oxygen), M™ = 100 g m™> (metal). Incident light intensity:
Iy = 0.008 kmol m=2 d~'. Duration of the cycle: 7 = 6 h. Time of light exposure:
tlight =50% T.

Fig. [6.2] shows the microbial stratification within the granule (from first row to
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fourth row) and the free metal concentration (fifth row) at different times. After 20 and
30 days, significant fractions of phototrophs (blue) and heterotrophs (red) can be ob-
served throughout the granule. Indeed, phototrophs are responsible for the genesis of
the photogranules due to their granulation properties, while heterotrophic bacteria have
the highest growth rate. Obviously, in the initial stage of the process the concentra-
tion of free metal (black) is still elevate and the metal diffuses throughout the granule
inhibiting the microorganisms growth. Passing from 7" = 30 d to 7" = 40 d the concen-
tration of free metal significantly reduces thanks to the growth of phototrophs (see Fig.
[6.4). Indeed, phototrophs have a tendency to secrete £P.S higher than other microbial
species, and both phototrophs and £ P.S have higher adsorption capabilities than het-
erotrophs and nitrifiers. Thanks to the metal consumption, phototrophs are in turn less
inhibited and continue to grow. The steady-state of microbial species distribution and
free metal concentration is achieved at 7" = 80 d. Note that phototrophs and FPS are
present in relevant amounts and a clear microbial species stratification can be observed:
phototrophic biomass accumulates in the outermost layers, where optimal light condi-
tions are guaranteed; heterotrophic bacteria predominantly populate the external part of
the granule; £ P.S (magenta) is homogeneously distributed throughout the granule. In
addition, as observed in Fig. [6.1] nitrifying bacteria (yellow) are almost absent. As re-
gard the free metal diffusion, after the complete evolution of the granule, the adsorption
process is completed, and a gradient of free metal concentration can be observed across
the granule: the free metal concentration goes from low values in a thin external layer
to zero in the internal part.

Biofilm volume fractions and free binding sites volume fractions along the granule
radius at different times are reported in Fig. As shown in fig. after 20 days
the granule has achieved a radius of about 500 pm and the binding sites of each biofilm
component are almost completely consumed. This is ascribed to the combination of dif-
ferent factors: high concentration of metal in the influent wastewater, which is rapidly

adsorbed on the granule matrix, granules not completely developed and overall char-
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Figure 6.3: SET'1 - Distribution of microbial species and free binding sites across the
radius of the granule, at 7' =20d, T = 40 d, T = 60 d, T = 80 d. Wastewater influent
composition: S%, = 180 g m™ (inorganic carbon), S¥,, = 500 g m™* (organic
carbon), Sy, = 50 g m™* (ammonia), S{/,, = 0 (nltrate) S§. =0 (oxygen), M"™ =
100 g m~3 (metal). Incident light intensity: I, = 0.008 kmol m~2 d~!. Duration of the
cycle: 7 = 6 h. Time of light exposure: ;g5 = 50% 7.

acterized by a small number of binding sites; low fraction of phototrophs throughout
the granule. As shown in Fig. [6.2] when the phototrophs and E'PS fractions start to
be relevant (7' = 40 d), the adsorption process is favoured, microorganisms are less
inhibited, and the granule radius increases. As a consequence, new free binding sites
are formed and immediately occupied. Passing form 7" = 40 d to T' = 60 d the granule
radius undergoes a further significant increase (Fig. [6.1)), and the residual metal con-
centration is completely adsorbed (see Fig. [6.4) thanks to the high volume fractions
of free binding sites. After 80 days the granule radius, microbial species distribution
and volume fractions of free binding sites have achieved the steady-state configuration.
Confirming what has been observed in Fig. [6.2] the granule is mainly composed by
EPS, phototrophs, inert material, and heterotrophs. The residual binding sites still free
indicates the algal-bacterial granules containing in the SBR are perfectly able to remove
the metal present in the influent wastewater.

Fig. [6.4]reports the concentration of soluble substrates and metal within the reactor
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Figure 6.4: SET1 - Evolution of soluble substrates and metal concentrations within
the reactor. Wastewater influent composition: S%, = 180 g m™ (inorganic carbon),

boc = 500 g m~? (organic carbon), Sy, = 50 g m~® (ammonia), Sy, = 0
(nitrate), Sg, = 0 (oxygen), M = 100 g m~3 (metal). Incident light intensity: I, =
0.008 kmol m~2 d~1. Duration of the cycle: 7 = 6 h. Time of light exposure: tlight =
90% .

over time. The observation period includes the process start-up until the achievement
of the steady-state representative of the working configuration of the reactor. It should
be noted that such concentrations have a discontinuous trend, due to the SBR config-
uration. In the initial phase, the biofilm granules are small, and the consumption and
production of soluble substrates are governed by planktonic biomass (see Fig. [6.6).
Heterotrophic bacteria and phototrophs have higher growth rates than other microbial
species. Thus, DOC' (red) and N H3 (cyan) consumption and /C' (blue) production
can be observed. When photogranules dimension increases, biological processes starts
to be governed by sessile species. After 10 days, the oxygen (magenta) produced by
phototrophs in presence of light is not sufficient for heterotrophs and nitrifiers, and no
NOs (yellow) is present in the reactor. Thus, a temporary equilibrium in term of sol-
uble substrates characterizes the system from 10 to 40 days. In this time frame, the
metal (black) is slowly adsorbed on granules matrix and the metal inhibition effect on

metabolic microbial activities reduces over time. As observed in Fig. [6.2] this favours
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phototrophs growth. Consequently, thanks to O, production (magenta), heterotrophic
bacteria growth is promoted. Moreover, in this phase phototrophs are in turn responsi-
ble for more rapid metal adsorption, thanks to their elevate £/P.S productions and high
adsorption capabilities. Metabolic activities of phototrophs and heterotrophs result in

the complete N H3 and DOC' degradation, /C' consumption, and M adsorption after
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Figure 6.5: SET'1 - Evolution of soluble substrates and metal concentrations within the
reactor, from 199 d to 200 d (four consecutive six-hours treatment cycles). Wastewater
influent composition: Sj% = 180 g m™* (inorganic carbon), S¥,~ = 500 g m~> (or-
ganic carbon), Si'y, = 50 g m~® (ammonia), S}y, = 0 (nitrate), Sg. = 0 (oxygen),
M™ = 100 g m~2 (metal). Incident light intensity: I, = 0.008 kmol m~2 d~!. Du-
ration of the cycle: 7 = 6 h. Time of light exposure: t;;4,;, = 50% T (grey portions
indicate the dark phases, white portions indicate the light phases).

Once the photogranules have reached a steady-state dimension and microbial strat-
ification, the trend of the substrates and metal concentrations are repeated identically
in each cycle. Fig. [6.5]shows the evolution of the substrates and metal concentrations
over time in the reactor in the period between 199 and 200 days. Note that each cycle
identically repeats four times in a single day, and, for this reason, it is representative of
the operating conditions of the system, while the substrates and metal concentrations at

the end of each cycle are representative of the effluent composition. Solid lines repre-
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sent the trends of /C' (blue), DOC' (red), NOs (yellow), N H3 (cyan), O, (magenta),
M (black) concentrations during the cycles. Each cycle is constituted by three hours
of dark phase (gray parts of the graphs) and three hours of light phase (white parts of
the graphs). While the circle and cross markers represent the concentrations of sub-
strates and metal in the effluent and influent, respectively. At the end of each cycle (at
199.25, 199.50, 199.75, and 200 days) there is a discontinuity between the inlet and out-
let concentration values, due to the procedure of emptying and refilling in the reactor.
Due to the absence of light, in the first part of each cycle phototrophs and heterotrophs
compete for O, (produced in the previous cycle), DOC and N H3 producing /C. Con-
textually, a small amount of nitrifiers contributes to the conversion of Oy, IC' and N Hj
into NO3;. When oxygen is completely consumed, anoxic heterotrophs grow consum-
ing DOC and NO3. When also the concentration of nitrate reaches zero, the trend of
substrate concentrations does not show high variations until the end of the dark period.
In light conditions, phototrophs carry out photosynthesis, consuming N H3 and IC', and
producing large amount of O, necessary for heterotrophs and nitrifiers. Nevertheless,
heterotrophic bacteria are more competitive in the use of O in presence of DOC'. As a
result, the DOC concentration reduces and /C concentration increases. When the or-
ganic carbon ends, oxygen produced by phototrophs is used by nitrifying bacteria. For
this reason, /N Hs and IC' concentrations decreases, and /N(Os concentration increases.
When also N Hj is completely consumed, phototrophs grow on NO3. At the end of the
cycle, NH;, DOC have been completely removed, and a very low concentrations of
NOs (less than 5 g m~3) and a concentration of about 30 g m =2 of O, are observed.
Indeed, the biomass of nitrifying bacteria within the granule and their growth rate are
very low, therefore the production of NOj is limited. Regarding the metal adsorption,
as already observed in Fig. [6.1] (top) at the steady-state the granule is mainly composed
by phototrophs, £ PS and inert material which are the major responsible for the ad-
sorption process. Thus, during the day/night cycle the metal is completely adsorbed on

granule matrix.
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Figure 6.6: SET1 - Evolution of planktonic and detached biomasses concentrations
within the reactor over time. Wastewater influent composition: S%., = 180 ¢ m™ (in-
organic carbon), S5 = 500 g m ™ (organic carbon), Sy, = 50 g m~* (ammonia),
S¥o, = 0 (nitrate), S¢. = 0 (oxygen), M™ = 100 g m~* (metal). Incident light in-
tensity: Iy = 0.008 kmol m~2 d~'. Duration of the cycle: 7 = 6 h. Time of light
exposure: tj;gn = 50% T.

The concentration of planktonic and detached biomasses within the reactor over
time is shown in Fig. [6.6] As for soluble substrates and metal (Fig. [6.4), the ob-
servation period includes the process start-up until the achievement of the steady-state
representative of the working configuration of the reactor. Also in this case, such con-
centrations have a discontinuous trend, due to cyclic behaviour of the SBR. Several
factors can affect the suspended biomasses evolution over time. Attachment phenom-
ena contribute to decrease the concentrations of planktonic species, while detachment
phenomena promote the growth of detached biomasses. Both types of biomasses grow
on soluble substrates and decay. Moreover, their concentration reduces during the emp-
tying phase due to their non perfect settling properties. Lastly, detached biomasses
reconvert into the planktonic cells after 48 h from the detachment. In the initial stage
of the process, granules have still small dimension and there is an elevate availability
of nutrients. As consequence, the substrates dynamics within the reactor are governed

by planktonic biomass. Heterotrophic bacteria have higher growth rate than other mi-
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crobial species, and their concentration rapidly increases. When the photogranules di-
mension increases, biological processes are governed by sessile species. Since then,
the amount of substrates available for suspended biomass reduces and the concentra-
tion of heterotrophs in planktonic form decreases over time. Other species have low
growth rates, and their concentrations decrease over time from the beginning of the
process, due to the wash-out and attachment process. After 20 days, photogranules are
already formed and the detachment process becomes relevant. This results in the in-
crement of the concentration of heterotrophic detached biomass. Indeed, as shown in
Fig. [6.2] the granule is initially composed by large amount of heterotrophs. After 40
days, sessile phototrophs grow within the granule and, consequently, the concentration
of phototrophic detached biomass increases due to the detachment process. The conver-
sion of heterotrophic and phototrophic detached biomasses into planktonic form causes
a further increment of planktonic species. Subsequently, due to the shortage of DOC
(Fig. [6.4) a slight reduction of planktonic species concentration within the bulk liquid
can be observed again. Overall, after 60 days all suspended species within the reactor

achieve a steady state value.

6.4.2 SET2 - Effects of metal concentration on OPGs formation

and adsorption processes

Metals in wastewater may increase the sessile production of FPS, and, at the same
time, may be the cause of stress conditions responsible for the death of microbial cells.
More studies are necessary to identify a concentration range that allows microorganisms
to grow and secrete /P S maximizing the removal efficiency of metals from wastewa-
ter. In this numerical study S ET2, the efficiency of metal adsorption on the matrix of
biofilm granules and the inhibiting effect on OPGs formation are investigated by con-
sidering different concentrations of metal. For this purpose, eleven simulations (S2 -

S512) have been carried out by setting the concentration of metal in the influent M™
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equal to 0, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 ¢ m~3. The concentration of
soluble substrates in the influent wastewater Sji-” and initial concentration of planktonic
biomasses within the reactor 1}, set for this numerical study are the same as in SET'1.

Numerical results are summarized in Figs. [6.7H6.12]
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Figure 6.7: SET?2 - Phototrophs distribution within the granule (diametrical section) at
T=20d,T=40d, T =60d,T = 180d,T = 200 d for different metal concentrations
in the influent M. Wastewater influent composition: S¥, = 180 g m™3 (inorganic
carbon), S7,c = 500 g m™* (organic carbon), Si'y, = 50 g m™* (ammonia), S¥,, =
0 (nitrate), S5, = 0 (oxygen). S4 : M™ = 40 g m™>, S6 : M"™ = 80 g m™?,
ST M™ =100 gm=3, 88 : M™ =120 g m=3, S10 : M = 160 g m~3. Incident
light intensity: Iy = 0.008 kmol m~2 d~'. Duration of the cycle: 7 = 6 h. Time of
light exposure: ¢j;4n: = 50% 7.

The concentration of metal in the influent affects the adsorption process as well
as the microbial species stratification of OPGs. The distribution of the phototrophic
sessile biomass at different times is reported in Fig. for the following simulations:
S4 (M™ = 40 g m=3), S6 (M™ = 80 g m™3), ST (M*™ = 100 g m~3), S8 (M =
120 g m™3), S10 (M™ = 160 g m~3). When the metal concentration present in the

bioreactor is very low (54), phototrophs are less inhibited and grow faster within the

227



CHAPTER 6. MULTISCALE MODELLING OF HEAVY METALS ADSORPTION
ON ALGAL-BACTERIAL PHOTOGRANULES

granule. Conversely, a higher concentration of free metal results in a higher inhibition
effect and leads to a slower growth of phototrophs. It means that for wastewater richer
in metal the growth of the phototrophic species and the adsorption process occur in a
longer time. Thus, the maximum fraction of phototrophs is observed later going from
S4 to S8. However, after long times the phototrophs distribution is no longer affected
by M™ and all simulations achieve the same steady-state configuration after 200 days,
except for M = 160 g m~3. Indeed, in this case (510) the metal concentration is too
high, and the biomasses growth and the granule formation are strongly inhibited by the
presence of free metal. As a result, the photogranule does not completely develop and

the absence of phototrophs is observed throughout the granule at 200 days.
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Figure 6.8: SET?2 - Mass of microbial species within the granule at 7' = 20 d,
T =30d,T =40d,T =50d,T = 60d, T = 200 d for different metal con-
centrations in the influent M. Wastewater influent composition: S%, = 180 g m™3
(inorganic carbon), S7,- = 500 g m™® (organic carbon), Sy, = 50 g m~> (ammo-
nia), Si,, = 0 (nitrate), S&. = 0 (oxygen). S2 : M™ =0, S3 : M™ = 20 g m™*,
S4 : M™ = 40 g m™3, S5 : M™ = 60 g m™3, S6 : M™ = 80 g m~3,
ST M™ = 100 g m™3, S8 : M™ = 120 g m™3, S9 : M™ = 140 g m3,
S10 : M™ = 160 g m=3, S11 : M™ = 180 g m~3, S12 : M™ = 200 g m 3.
Incident light intensity: Iy = 0.008 kmol m~2 d~!. Duration of the cycle: 7 = 6 h.
Time of light exposure: t;;5,; = 50% 7.

This is visible also in Fig. [6.8] where the mass of sessile microbial species within the

granule is shown at different times. Relevant differences concern the initial phase of the
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process when the total sessile mass is higher for low metal concentrations. However,
after long times (when the adsorption process is completed) the sessile mass of the
individual microbial species within the granule is no longer affected by the presence of

metal for M lower than 140 g m 3.
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Figure 6.9: SET?2 - Biofilm radius evolution over time for different metal concentra-

tions in the influent M. Wastewater influent composition: S%, = 180 g m™ (inor-
ganic carbon), 53'300 = 500 g m~? (organic carbon), 5\?1{3 = 50 g m~3 (ammonia),

No, = 0 (nitrate), S5, = 0 (oxygen). S2 : M™ = 0, S3 : M™ = 20 g m™?,
S4 - M = 40 g m=3, S5 : M"™ = 60 g m3, S6 : M™ = 80 g m~3,
S7T . M"™ = 100 g m™3, S8 : M = 120 ¢ m™3, S9 : M = 140 g m~3,
S10 : Mim — 160 g m=3, S11 : M™ — 180 g m=3, S12 : M — 200 g m~>,
Incident light intensity: Iy = 0.008 kmol m~2 d~!. Duration of the cycle: 7 = 6 h.
Time of light exposure: ¢;;4: = 50% 7.

The evolution of the granule radius R(¢) over time is shown in Fig. M
affects the granule evolution in the initial stage of the process. For low concentrations of
metal, the granule radius increases earlier, small inhibiting effects are observed during
the granulation process, and the adsorption process is completed faster. When M is
higher or equal to 100 g m 3, the granule partially grows, and a further radius increment
associated to phototrophs growth can be observed later. Note that passing from S6 to
S8 the phototrophs growth and the subsequent further increment of the granule radius

are increasingly slowed down by the presence of free metal, as observed in Fig.
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Instead, when M is equal to 140, 160, 180 and 200 g m 3 the phototrophic biomass
growth is totally inhibited. Hence, the absence of phototrophs observed in Fig. and

Fig. is confirmed by the incomplete development of the granule.
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Figure 6.10: SET?2 - Metal concentration evolution within the reactor for different

metal concentrations in the influent M**. Wastewater influent composition: S¥, =
180 g m~? (inorganic carbon), S5~ = 500 g m~? (organic carbon), Siy, = 50 g m ™
(ammonia), Sy, = 0 (nitrate), Sg, = 0 (oxygen). S2 : M =0, S3 : M™ =
20gm=3,94 : M™ =40 g m=3, S5 : M™ = 60 g m™3, S6 : M = 80 g m~3,
S7T:M™=100gm=3,58: M =120 gm=3,89 : M™ = 140 g m~3, S10 : M" =
160 g m™3, S11 : M*™ = 180 g m™3, S12 : M™ = 200 g m 3. Incident light intensity:
Iy = 0.008 kmol m~2 d~'. Duration of the cycle: 7 = 6 h. Time of light exposure:
tlight =50% T.

The metal and substrates concentrations in the effluent after each SBR cycle are
displayed in Fig. and Each point represents the concentrations of metal and
substrates in the effluent at the end of each cycle. Fig. [6.10|shows that for low metal
concentration in the influent wastewater, the adsorption process is rapid and almost lin-
ear. When M™ is equal to 100 and 120 g m 3, the removal process slows down at
T = 20 d. The phototrophic biomass is characterized by lower growth rate than het-
erotrophs, and the inhibiting effect related to the presence of free metal further limits
their growth process. Later, after 30 days, a considerable growth of phototrophs allows

to successfully complete the adsorption process. Specifically, higher is the metal con-
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centration in the influent and slower is the adsorption process. This is related to two
aspects: the amount of free metal to adsorb is larger, and the phototrophs growth is
slower due to the stronger metal inhibition effect. As shown in Fig. for M higher
or equal to 140 g m~3 the granule is not completely developed, and a small amount of
EPS and a not visible fraction of phototrophs are present in the granule. Consequently,
the adsorption process is not yet completed after 200 days.

The effluent concentration of soluble substrates is reported in Fig. [6.11] The ini-
tial phase of the process, in which DOC and N Hj are consumed and /C' is produced,
is faster when the metal concentration in the influent is lower. Indeed, the inhibit-
ing effect delays the granulation process and, as consequence, the substrates consump-
tion/production. The subsequent phase is governed by phototrophs, which promote the
metabolic activities of the heterotrophic bacteria producing O,. When M is higher,
phototrophs growth is slower, and oxygen is less rapidly produced. As a result, time
necessary to reach the complete degradation of DOC and N H3 and the maximum /C
reduction increases. Specifically, the same effluent composition both in terms of metal
(Fig. and substrates (Fig. is achieved at the steady-state for M lower than
140 g m~3. Indeed, in the latter cases, phototrophs do not grow during the observed
simulation period and the degradation of nutrients occurs only partially.

The steady-state configuration of the residual free binding sites within the biofilm
granule is reported in Fig. [6.12] Obviously, when no metal is present in the influent
wastewater (52), no adsorption site is occupied during the granulation process and the
sum of all volume fractions returns 1 at each location and time. The numerical results
show that, for values of M between 20 and 120 g m 3, the adsorption process re-
quires a growing number of binding sites. Consequently, a decreasing residual amount
of adsorption sites can be observed, although the granule achieves the same steady-
state dimension. Lastly, in the cases in which the metal concentration is too high, the
adsorption process is not completed (from S9 to S12), the granule does not completely

develop due to the stronger inhibiting effect, and the binding sites are almost occupied.
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Figure 6.11: SET2 - Evolution of soluble substrates concentration within the reactor
for different metal concentrations in the influent M. Wastewater influent composition:

&, = 180 g m™? (inorganic carbon), S7,, = 500 g m~?* (organic carbon), Sy, =
50 g m~3 (ammonia), S}y, = 0 (nitrate), S5, = 0 g m™> (oxygen). S2 : M = 0,
S3:Mm™=20gm=3,84: M™ =40 gm=3,55: M"™ =60 ¢gm=3, S6: M" =
80 gm=3,S7: M™ =100 gm=3, S8 : M =120 g m~3, S9 : M™ = 140 g m~3,
S10 : M™ =160 g m=3, S11 : M™ = 180 g m~3, S12 : M™ = 200 g m~3. Incident
light intensity: Iy = 0.008 kmol m~2 d~'. Duration of the cycle: 7 = 6 h. Time of
light exposure: #j;4n = 50% 7.

232



CHAPTER 6. MULTISCALE MODELLING OF HEAVY METALS ADSORPTION
ON ALGAL-BACTERIAL PHOTOGRANULES

LR R

n
)
S
3
§° 1000 1000 1000 1000
=
=
= S6 S7
N B
é 1 1 1
0.5 0.5 0.5
s —_A; %
g 0 500 1000 0 500 1000 1000 500 1000
S space [pm]
§ S10 S11 SI12
=
<! : : =y, 16, Y
0.5 05 0.5 0, B0,
0 — 0 —= 0 —
0 500 1000 0 500 1000 0 500 1000
space [pm] space [pm] space [um]

Figure 6.12: SET2 - Distribution of the residual free binding site across the radius of
the granule for different metal concentrations in the influent M at T' = 200 d. Wastew—
ater influent composition: S¥, = 180 g m™ (inorganic carbon), S¥,~ = 500 g m~
(organic carbon), S}y, = 50 g m ™ (ammonia), S¥,, = 0 (nitrate), Sg! = 0 (oxygen).
S2:Mm™=0,93: M™ =20gm=3,54: M =40 gm=3, S5 : M = 60 g m~3,
S6 : M™ = 80 g m=3, ST : M™ = 100 g m™3, S8 : M™ = 120 g m3,
S9 : M = 140 g m=3, S10 : M™ = 160 ¢ m~3, S11 : M = 180 g m~3,
S12 : M™ = 200 g m~3. Incident light intensity: Iy = 0.008 kmol m~2 d—. Duration
of the cycle: 7 = 6 h. Time of light exposure: #;;5,; = 50% 7.

6.4.3 SET3 - Effects of metal adsorption capabilities on OPGs for-

mation and adsorption processes

Experimental works show that heat or acid pretreatments enhance the metal adsorption
potential of algal-bacterial biomass [[175]. Metal affinity to the biomass could be manip-
ulated by pretreating the biomass with alkalies, acids, detergents, and heat, which may
increase the amount of adsorbed metal and reduce the time necessary for the adsorption
process [188]]. Indeed, a physical/chemical pretreatment affects the permeability and
surface charge of the biomass and makes the adsorption sites more accessible for metal
biosorption [159]. In this context, a numerical study (SET'3) is performed to inves-
tigate the pretreatment effect on the evolution of biofilm granules and metal removal.
Five simulations (513-517) have been carried out using different values of binding sites

densities pg.
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Figure 6.13: SET'3 - Biofilm radius evolution over time for different densities of bind-
ing sites py. Wastewater influent composition: S%, = 180 g m~? (inorganic carbon),

oo =500 g m~? (organic carbon), S}y, = 50 g m™* (ammonia), Sy, = 0 (ni-
trate), S5, = 0 (oxygen). S13 : py = 10 N, m™>, S14 : pg = 20 N5, m™2,

sites sites
S15 ¢ pg = 30 Ngyoo m™3, S16 @ pg = 40 N2, m™3, S17 : pg = 50 N2, m™>.

sites sites

Incident light intensity: Iy = 0.008 kmol m~2 d~'. Duration of the cycle: 7 = 6 h.
Time of light exposure: t;;44; = 50% 7.

The five values of py used are: 10, 20, 30, 40, 50 N2,.. m 3. The concentration of

sites
soluble substrates in the influent wastewater Sj" and initial concentration of planktonic
biomasses within the reactor ¢} set for this numerical study are the same as in SET'1.
Numerical results are summarized in Figs.

The time evolution of the granule radius R(t) is shown in Fig. It is clear
that different densities of binding sites py affects the granule evolution in the second
stage of the process, since the further radius increment around 20-50 days is associated
to the phototrophs growth and phototrophs and £ PSS have better adsorption capabili-
ties. Indeed, when py increases, the granulation process occurs rapidly and the granule
reaches the steady-state size quickly. However, such steady-state size is not dependent
on the binding sites density. Indeed, the profiles of R(t) get closer over time and reach
the same steady-state value, except for pg = 10 Ng,., m~>. It leads to conclude that

with very low densities of binding sites the granulation and adsorption process do not
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Figure 6.14: SET'3 - Mass of microbial species within the granule at 7' = 20 d, T' =
30d, T=40d,T =50d, T =60d, T = 200 d for different densities of binding sites
pe. Wastewater influent composition: S = 180 g m™3 (inorganic carbon), S¥,, =
500 g m™? (organic carbon), Sy, = 50 g m™* (ammonia), Sy, = 0 (nitrate), Sg! =
0 (oxygen). S13 : pg = 10 N2,,, m™3, S14 : py = 20 N&,., m™3, S15 : py =
30 Ny, m2, 516 : pp = 40 Ns"ztes m=3, S17 : ps = 50 N¢,., m~>. Incident light
intensity: Iy = 0.008 kmol m~2 d~!. Duration of the cycle: 7 = 6 h. Time of light
exposure: tj;gn = 90% T.

completely evolve.

Fig. [6.14]reports the sessile mass of the different microbial species within the gran-
ule. Again, relevant differences concern phototrophs growth. The phototrophs mass
increases faster when the algal-bacterial consortium have higher binding sites densi-
ties. Metal removal and phototrophs growth positively influence each other. A faster
metal adsorption enhances the phototrophic growth rate, and phototrophs contribute to
accelerate the metal removal process thanks to their high adsorption properties.

This is visible also in Fig. [6.15] where the phototrophic sessile biomass within
the granule is shown at different times. Again, relevant differences concern the time
frame which goes from 20 to 50 days. By increasing py, phototrophic sessile biomass
grows faster and the steady-state microbial distribution is reached earlier. However, the
steady-state distribution is the same for all values of densities, except for the simulation

S13, in which no phototrophic biomass is detected throughout the granule.
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Figure 6.15: SET'3 - Phototrophs distribution within the granule (diametrical section)
atT =20d, T =30d, T =40d, T = 50d, T = 200 d for different densities
of binding sites py. Wastewater influent composition: S%, = 180 g m ™~ (inorganic
carbon), S, = 500 g m™~? (organic carbon), S}y, = 50 g m~* (ammonia), S, = 0

(nitrate), S, = 0 (oxygen). S13 : pg = 10 Ng,,, m™3, S14 : pg = 20 N, m™?,
S15 ¢ pg = 30 Ng,yoo m™3, S16 @ pg = 40 N2, m™3, S17 : pg = 50 N2, m™>.

Incident light intensity: Iy = 0.008 kmol m~2 d~'. Duration of the cycle: 7 = 6 h.
Time of light exposure: t;;54; = 50% 7.

Fig. [6.16] presents the steady-state configuration of the residual free binding sites

o
sites

within the biofilm granule. Obviously, for py equal to 10 m~3 the adsorption
process is not completed (513), the granule does not completely develop due to the
stronger inhibiting effect, and the binding sites are almost occupied. On the contrary,
for higher values of binding sites density an increasing residual fraction of adsorption
sites can be observed (514 — S17).

Fig. [6.17) and [6.18] show the trend of soluble substrates and metal concentrations
in the SBR effluent, respectively. each point represents the concentrations of substrates

and metal in the effluent at the end of each cycle. As mentioned before, in the initial

stage of the process the consumption and production of soluble substrates mainly de-
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Figure 6.16: SET'3 - Distribution of the residual free binding site across the radius
of the granule for different densities of binding sites pp at 7' = 200 d. Wastewater
influent composition: S%, = 180 g m 3 (inorganic carbon), S%,, = 500 g m~3 (or-
ganic carbon), Si'y, = 50 g m~® (ammonia), Sy, = 0 (nitrate), S, = 0 (oxygen).
S13 1 pg = 10 No,., m™3, S14 : pg = 20 N%,.. m~3, S15 : py = 30 N2, . m~3,

sites sites sites

S16 : pg = 40 NS,,, m=3, S17 : pg = 50 N2, . m~3. Incident light intensity:

sites sites

Iy = 0.008 kmol m~2 d~!. Duration of the cycle: 7 = 6 h. Time of light expo-
sure: tyigne = 90% T.

pend on the metabolic activity of heterotrophic biomass. Consequently, the trends of
soluble substrates are not affected by the variation of py, since the role of heterotrophic
bacteria in the adsorption process is marginal. For later times, phototrophic biomass
starts to grow, and the trend of substrates (Fig. and metal (Fig. [6.18)) becomes
more sensitive to py. For high values of py, the concentrations of soluble substrates
and metal achieve the steady-state values earlier and the time required to completely

adsorb the residual metal decreases. For pg = 10 N2, m~3, the metal adsorption pro-

sites
cess does not complete, because of the absence of phototrophs and the small amount of
EPS observed throughout the granule.

From the numerical results, it is clear that the density of binding sites py influences
the adsorption process rate of the free metal, and, therefore, the time necessary for the

metal removal. Anyway, it can be concluded that the steady-state configuration in terms

of biofilm dimension, microbial species stratification, and metal removal efficiency of
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Figure 6.17: SET3 - Soluble substrates concentration evolution within the reactor
for different densities of binding sites py. Wastewater influent composition:
180 g m™? (inorganic carbon), S5, = 500 g ™~ (organic carbon), iy, = 50 g m >
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(ammonia), S},
S14 : py = 20 N°
S17 : pg = 50

the process are not affected by py above a critical value.

NO

sites

sites

= 0 (nitrate), Sg,
m=3, S15 : py = 30 N°

sites

= 0 (oxygen). S13 : py
m=3, S16 : ps = 40

sites

NO

sites

mn

¢ —

m=3,

m~3. Incident light intensity: Iy = 0.008 kmol m~2 d~!. Dura-
tion of the cycle: 7 = 6 h. Time of light exposure: t;;5,: = 50% T.
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Figure 6.18: SET3 - Evolution of metal concentration within the reactor for differ-
ent densities of binding sites pg. Wastewater influent composition: S%, = 180 g m™3
(inorganic carbon), SPo- = 500 g m™* (organic carbon), Sy, = 50 g m™* (am-
monia), Sy, = 0 (nitrate), S, = 0 (oxygen). S13 : py = 10 Ng,., m ™2,

sites
S14 : pg = 20 N, m™3, S15 : pg = 30 N2, m™3, S16 : pp = 40 N2,,, m™3,
S17 : pg = 50 N

sites
sites

m~3. Incident light intensity: Iy = 0.008 kmol m~2 d~'. Dura-
tion of the cycle: 7 = 6 h. Time of light exposure: t;;5,: = 50% 7.

6.5 Discussion and conclusions

Biosorption is proving to be a promising alternative to conventional methods for the
removal of metals from municipal and industrial effluents, as microorganisms and their
derived products have high biosorption capabilities of inorganic compounds. Indeed,
conventional physico/chemical methods for metals removal are expensive and ineffi-
cient for very low metals concentrations [1359, [157, 161, [158]. Biosorption offers sev-
eral advantages including cost effectiveness, high efficiency, minimization of chemical
compounds utilization, and regeneration of biosorbents [159]. Nevertheless, there are
practical limitations as living biomass is very sensitive to high metal concentrations
[169]. An understanding of metal toxicity effects in biofilms is crucial to the success-
fully design bioreactors for the contextual removal of organic contaminants and metals.
The mathematical model proposed in this Chapter allows to simulate the formation and

evolution of oxygenic photogranules within a granular-based sequencing batch reac-

239



CHAPTER 6. MULTISCALE MODELLING OF HEAVY METALS ADSORPTION
ON ALGAL-BACTERIAL PHOTOGRANULES

tor and describing the adsorption process of metals on the matrix of biofilm granules.
The most interesting observations resulting from the numerical studies are summarized

below:

* The adsorption process on oxygenic photogranules matrix shows high removal
efficiency. These numerical result is in accordance with experimental works in
which more than 99% of metal present in aqueous solutions is absorbed using
algal-bacterial granules, thanks to their excellent adsorption capacities [18, [19}

170].

* The results outline the key role of phototrophs and £'PS in the metal removal
process, as phototrophs are good biosorbents and metals stimulate the production
of £ PS in greater amount and with higher adsorption capabilities. These results
reflect what has been observed in Yang et al. (2020) [19], where a comparison
between conventional bacterial granules and algal-bacterial photogranules is per-
formed, demonstrating that algal-bacterial granular biofilms show advantages in

both biosorption capacity and granular stability.

* Furthermore, the model confirms that the performances of the adsorption process
can be significantly affected by the metals concentration present in the wastewa-
ter. Highest removal efficiencies are achieved for low concentrations of metal in
the influent [[159]]. Indeed, higher is the metal concentration in the influent and
stronger will be the inhibiting effect on the microbial growth. Although EPS
content significantly increases in presence of metals [18]], numerical results show
that it is not sufficient in case of very high metal concentration. Moreover, as
shown by Yang et al. (2015) [18], biomass growth is not or is little inhibited
by certain concentrations of heavy metals, confirming that algal biomass could
efficiently remove them through intracellular accumulation and extracellular im-

mobilization.
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* Lastly, the model results show how a higher density of binding sites, induced by
heat or acids pretreatments, may enhance the adsorption process and reduce the
time required for the complete degradation of substrates and removal of metals

[188].

Most of the results shown are qualitatively in accordance with the experimental
evidence reported in literature. Accordingly, this model is able to correctly simulate
both the formation and maturation of oxygenic photogranules and removal process of
toxic metals. From an engineering point of view, this allows to conclude that the model
represents a useful tool in studying the removal processes of both organic and inorganic
compounds in granular-based sequencing batch reactor systems.

The present work demonstrates the potential applicability of the algal-bacterial gran-
ules towards removal of more than one heavy metal. Nevertheless, their joint removal
could be not as easy as the removal of a single contaminant. This could be caused by
antagonistic effects between the different metals. Looking forward, research activities
should be geared towards ways to minimize the antagonistic effects between contami-

nants.
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Chapter 7

Conclusion and future perspectives

Mathematical models and in particular their application to systems for wastewater
treatment have been recognized as useful tools to improve the understanding of the
fundamental mechanisms regulating biological processes evolution, and to predict sys-
tems behaviour and performance under different operational conditions, without rely-
ing on build-up specific experimental activities. In this context, the present disserta-
tion proposes novel mathematical models able to widely describe unclear and not well-
understood physical and biochemical aspects for some wastewater treatment system.

An original mathematical model for heavy metals removal from electronic waste
using dark fermentation combined with the leaching process is proposed in Chapter
2. The integration of the dark fermentation with metals leaching results in a complex
biochemical process, mainly due to the interactions between the biological process and
chemical reactions. This study is aimed at investigating the utilization of dark fermenta-
tion effluent as leaching solution, since it is rich in organic acids with valuable leaching
properties. The model is able to describe both the dark fermentation and metal dissolu-
tion process, which can contextually or consecutively occur in a batch bioreactor. The
mathematical model is calibrated based on experimental data of ad-hoc lab-scale tests:
cumulative hydrogen production, glucose degradation, organic acids accumulation, and

metals concentration trends. Moreover, further numerical simulations are performed to
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analyze the interactions between the fermentation and the leaching processes, and to
investigate how metals inhibition affects the biological process and how metals concen-
tration affects the efficiency of the leaching process.

The second part of the thesis deals with the mathematical modelling of granular
biofilms. In Chapter 3, a multiscale mathematical model is derived in order to simulate
the evolution process of granular biofilms within a continuous reactor. The model pre-
dicts the granule formation from the initial granulation process until the achievement
of the steady-state configuration. The multiscale approach allows to accurately pre-
dict both the formation and growth of biofilm granules and biological treatment process
occurring in the system. Furthermore, the model is applied to an anaerobic granu-
lar system in order to test its qualitative behavior and to explore the main aspects of
the de novo anaerobic granulation. Numerical studies are performed to investigate the
effects that key factors have on the anaerobic process, such as wastewater influent com-
position, granulation properties of planktonic species, biomass density, hydrodynamic
conditions, and the number of granules. Numerical results show that the attachment
process plays an important role on the anaerobic granules formation and that the model
is able to well-reproduce the microbial stratification of anaerobic granules observed in
the literature.

Chapter 4 presents the spherical free boundary value problem that models the at-
tachment process in the initial phase of multispecies granular biofilm formation in the
framework of continuum mechanics. Specifically, the initial attachment phase which
leads to the granule formation is modelled by assuming that all biomass initially present
in the bioreactor is in planktonic form. Granule formation and expansion is governed by
microbial growth, attachment, invasion and detachment processes. Finally, a theorem
on the existence and uniqueness of the solutions is presented in the class of continuous
functions. Moreover, it is proved that equations describing the growth and transport of
sessile biomass, which have an apparent singularity, hold for » = 0 (granule center).

In Chapter 5, the multiscale mathematical model introduced in Chapter 3 is applied
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to the partial nitritation/anammox process occurring in a continuous granular-based re-
actor. The aim of this study is to describe and investigate the initial formation of anam-
mox biofilm granules and the main factors influencing the start-up of anammox-based
systems. In particular, original numerical studies are performed to examine how the size
and the addition time of the anammox inoculum can affect and optimize the start-up
process. Numerical results show the partial nitritation and anammox processes evolu-
tion over time and granules microbial composition, demonstrating the fundamental role
that invasion process of anammox bacteria has on the biological process evolution and
system performances.

Finally, in Chapter 6 a modified version of the multiscale model derived in Chapter
3 is applied to study the biosorption process of heavy metals on the matrix of oxygenic
photogranules (OPGs) within a granular-based sequencing batch reactor. From the nu-
merical results presented, it can be concluded that the application of algal-bacterial
biofilms for detoxification of wastewater rich in organic and inorganic compounds rep-
resents an interesting and promising technology. Effects of metals concentrations and
adsorption properties of the biofilm components are investigated through a numeri-
cal approach. Model results show that microbial interactions between phototrophs
(cyanobacteria and microalgae) and heterotrophs and £/PS secretion appear to be fun-
damental factors in the metal adsorption process. Consequently, after being calibrated
and validated, the proposed model can be a useful tool for start-up and management
activities of future full-scale OPGs-based plants for the contextual removal of nutrients
and metals contained in industrial wastewater.

Most of the numerical results shown are qualitatively in accordance with the ex-
perimental evidence available in literature and demonstrate the potential of the math-
ematical models proposed in the present dissertation. However, the calibration of the
models to collected data is inevitable and required to effectively use biofilm models in
engineering systems design. Further works will be dedicated to activities of sensitivity

analysis, calibration and validation of these models.
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Detachment, which consists of the release of biofilm clusters, should be investi-
gated in more detail. Detached biomass has different characteristics from both sessile
and planktonic biomasses, and needs several hours to return to the planktonic state and
take part again in attachment or invasion processes. Nevertheless, experimental obser-
vations show that the detached biomasses do not differ from planktonic cells in terms of
adhesion properties. In this context, it would be interesting to develop a mathematical
model able to account for the formation of further new granules, starting from detached
clusters, in order to describe the entire life cycle of biofilm granules [120].

Furthermore, all models proposed in this work consider a constant biofilm density
equal for all the biofilm components at each time and location. Starting from this, a
future modelling work could include the biofilm porosity and density, as further model
variables, with the aim of modelling the pores formation and their evolution over time.
Indeed, experimental evidence shows that biofilm density increases with the growth of
the biofilm dimension, leading to more compact and denser biofilms, and that higher
density limits substrates diffusion within biofilm, since their diffusivity is strictly de-

pendent on the biofilms density [[12].
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