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Abstract

The objective of this thesis was to study the combined biological and physical-chemical treatment of
phosphorus in wastewater treatment plants using intermittent aeration in order to optimize performance
and identify the potential for nutrient recovery. While combined treatment in alternating aeration
activated sludge systems has become a standard in France, optimization scenarios to allow better nutrient
recovery have been developed. The possibility of coupling treatment with ferric salts and producing a
valuable iron phosphate product is an important target. One of the challenges of this work was to generate
knowledge for a better understanding and modeling of these systems.

Firstly, a literature review presents the current state of knowledge in the field, especially regarding the
combined biological and physical-chemical removal of phosphorus, the reaction mechanisms of iron, and
the progress in the field of modeling.

An experimental study was then carried out on the scale of a real treatment plant using an intermittent
aeration system (Villefranche de Lauragais). On this site, the aeration control was particularly optimized
for the complete removal of nitrogen by nitrification and denitrification. Through an intensive
measurement campaign, using on-line sensors and laboratory analysis, the performance and dynamics of
phosphorus removal were characterized. This work was carried out within the framework of a European
project (CircRural4.0) aiming at optimizing nutrient removal and recovery in rural plants while maintaining
high energy efficiency. Dedicated periods were devoted to purely biological treatment, without iron input.
This analysis showed that the requirement of an average concentration of less than 2 mg P/L can be met
by biological treatment only. However, this result is only achieved by integrating constraints in the
aeration cycles and sludge management. Indeed, kinetic experiments have shown that the anoxic
phosphorus uptake rate is significantly lower than the aerobic uptake rate, and anaerobic periods can lead
to disturbances in phosphate release. To ensure a more reliable removal and to achieve low phosphate
concentrations, different levels of iron dosing were tested to complement the biological system. A minor
dosage (50% lower than the theoretical recommended dosage) was found to be sufficient to maintain
very good quality. After having noticed a peak in phosphate release during the extraction and sludge
treatment periods, a specific dosing method on the dewatering liquors was successfully implemented.

This type of installation operates with extended solids retention times and the fate of iron and phosphates
in the sludge stream was examined. For this reason, a series of specific experiments on iron reduction
kinetics and its consequences was then carried out. These experiments confirmed the biological nature of
the reduction process and showed that the reaction is not limited by the electron donors present in the
activated sludge. Indeed, an additional substrate (lactate and acetate) only slightly increases the rates.
Furthermore, the overall reactions were described with first-order kinetics, and most of the iron was
reduced after 24 h and almost all after 48 h. The most influential parameter was the concentration of
suspended solids (microbial biomass), the influence of which was introduced to a mathematical model.
Throughout the experiments, the release of phosphate was observed in parallel with the reduction
processes. This release was analyzed together with the iron and sulfate concentration in order to reveal
the conditions favorable to the precipitation of vivianite (iron phosphate).



The impact of sulfate concentration on iron reduction was studied, and the results show that an increase
in sulfate concentration does not influence the rate of Fe(lll) reduction, but causes an increased release
of phosphate, due to the appearance of sulfides and competitive precipitation processes with iron. This
interaction requires detailed attention in activated sludge in order to profit from it to the fullest in
phosphorus recovery processes.

Finally, in the last chapter, a complete model of the alternating aeration treatment plant was developed,
based on the Sumo21 model. The challenge was to improve the predictive quality of the model for the
biological treatment and the combined phosphorus treatment under these conditions. Some processes
were refined such as the prediction of iron reduction and oxidation based on laboratory experiments. The
parameters of the biological phosphorus removal model were calibrated, in particular the kinetics of
phosphate release and reabsorption in anaerobic, aerobic, and anoxic conditions. A method for
controlling intermittent aeration was developed and the influence of the degree of aeration on
phosphorus removal was successfully described. The hypothesis of an inhibition of biological phosphorus
removal by iron was evaluated and different iron dosing strategies were simulated. Finally, the
perspectives for the improvement of the model were discussed. This model will constitute a basis for
further work, the aim of which could be to numerically simulate operating solutions for the recovery of
iron phosphate



Résumé

L'objectif de cette theése était d’étudier le traitement combiné du phosphore, biologique et physico-
chimique, dans des systemes d’épuration de petite taille, afin d'optimiser les performances et d'identifier
le potentiel de récupération des nutriments. Alors que le traitement combiné dans des systemes de boues
activées a aération alternée est devenu une norme en France, des scénarios d’optimisation pour
permettre une meilleure valorisation des nutriments se sont développés. La possibilité de coupler le
traitement a base de sels ferriques et de produire un produit valorisable de phosphate de fer est une
perspective. L'un des enjeux de ce travail était de générer des connaissances permettant une meilleure
compréhension et une meilleure modélisation de ces systémes.

Tout d’abord une revue de la littérature présente I'état actuel des connaissances du domaine, notamment
en ce qui concerne I'élimination biologique et physico-chimique combinée du phosphore, les mécanismes
réactionnels du fer, et les progres en termes de modélisation.

Une étude expérimentale a ensuite été menée a I’échelle d’une installation réelle de traitement utilisant
un systeme d'aération intermittente (Villefranche de Lauragais). Sur ce site le controle de I'aération était
particulierement optimisé pour une élimination compléete de I'azote par nitrification et dénitrification. Au
travers d’'une campagne intensive de mesure, par des capteurs en ligne et des analyses de laboratoire, les
performances et la dynamique de I’élimination du phosphore ont été caractérisées. Ce travail était réalisé
dans le cadre d'un projet européen (CircRural4.0) visant a optimiser I'élimination et la récupération des
nutriments dans les usines rurales tout en maintenant une efficacité énergétique élevée. Des périodes
dédiées ont été consacrées a un traitement purement biologique, sans apport de fer. Cette analyse a
permis de montrer que l'exigence d'une moyenne de concentration inférieure a 2 mg P/L peut étre
satisfaite par un traitement biologique. Cependant, ce résultat n’est atteint qu’en intégrant des
contraintes concernant les cycles d'aération et la gestion de I'extraction des boues. En effet les
expériences cinétiques ont montré que la vitesse d’absorption anoxique est significativement plus faible
gue la vitesse d’absorption en aérobie, et les périodes anaérobies peuvent entrainer une libération
perturbante de phosphate. Pour assurer une garantie plus forte et atteindre de faibles concentrations en
phosphate, différents niveaux de dosage de Fer ont été testés pour compléter le systeme biologique. Une
dose mineure (50% inférieure a la dose théorique recommandée) s'est avérée suffisante pour maintenir
une tres bonne qualité. Aprés avoir constaté un relargage de phosphate lors des périodes d’extraction et
de traitement des boues, une méthode de dosage spécifique sur les liqueurs de déshydratation a été mise
en place avec succes.

Ce type d’installation fonctionne avec des temps de rétention prolongés et le devenir du fer et des
phosphates dans la filiere boue était questionnée. Pour cette raison un travail spécifique sur les cinétiques
de réduction du fer et ses conséquences a ensuite été réalisé. Ces expériences ont confirmé la nature
biologique du processus de réduction et montrent que la réaction n’est pas limitée par les donneurs
d'électrons présents dans les boues activées. En effet un substrat supplémentaire (lactate et acétate)
n‘augmente que trés légerement les taux. De plus, les réactions globales ont été décrites avec une
cinétique de premier ordre, et la majorité du fer était réduite apres 24 h et en quasi-totalité apres 48 h.



Le paramétre le plus influent était la concentration en matiéres en suspension (biomasse microbienne)
dont l'influence a été traduite par un modéle mathématique. Tout au long des expériences, la libération
de phosphate a été observée parallelement aux processus de réduction. Cette libération a été analysée
conjointement avec les teneurs de fer et sulfate de maniére a révéler les conditions favorables a
I'apparition de vivianite (phosphate de fer). L'impact de la concentration en sulfate sur la réduction du fer
a été étudié, et les résultats montrent qu’une augmentation de cette concentration en sulfate n’influence
pas le taux de réduction du Fe(lll), mais provoque une libération accrue de phosphate, due a I'apparition
des sulfides et aux processus de précipitation compétitif avec le fer. Cette interaction nécessite une
attention détaillée dans les boues activées afin de I'exploiter au mieux dans les processus de récupération
du phosphore.

Enfin, dans le dernier chapitre, un modele complet de la station d’épuration a aération alternée a été
développé, sur la base du modéle Sumo21. L'enjeu était d’améliorer la qualité prédictive du modeéle pour
le traitement biologique et le traitement combiné du phosphore. Certains processus ont été affinés
comme la prédiction de la réduction et oxydation du fer sur la base des expériences menées au
laboratoire. Les parametres du modéle de déphosphatation biologique ont été calibrés, en particulier les
cinétiques de relargage et réabsorption des phosphates en anaérobie, aérobie et anoxie. Une méthode
de contréle de I'aération l'intermittente a été développée et l'influence du degré d’aération sur la
déphosphatation a été décrit avec succes. L’hypothéese d’une inhibition de la déphosphatation biologique
par le fer a été évaluée et les différentes stratégies de dosage du fer ont été simulées. Enfin les
perspectives d’amélioration du modele ont été discutées. Ce modeéle constituera une base pour de futurs
travaux plus approfondis dont le but pourrait étre de simuler numériquement des solutions d’exploitation
permettant de réaliser la récupération de phosphate de fer.
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General introduction

The Phosphorus challenge

Phosphorus is an essential micronutrient for all organisms. Human phosphorus consumption has been
linear thus far: consumption via food and disposal via waste and wastewater. This approach with
increasing population and thus demand is unsustainable for numerous reasons. There are various aspects
supporting the need for a circular P economy from the general necessity of P for food production (and
increasing demand for efficient fertilizers), widespread environmental concerns (eutrophication) to
geopolitical questions (regarding phosphate rock deposits, inequality caused by unstable food prices)
(Roy, 2017). P cycle in nature through weathering, biological use, sedimentation, and eventual geologic
uplift is a very slow process, while the rate of consumption is ever-increasing. With an integrated
approach, this negative effect can be mitigated (Vaccari, 2009). As pollution from wastewater was linked
to eutrophication, significant effort was invested into properly treating collected wastewater, and
eventually, the need for nutrient recovery encourages researchers to find pathways for various removal

technologies to the recovery of a safe, pure economically feasible product.

Often even the primary goals (i.e. reducing effluent concentrations to protect the receiving waters) meet
challenges and the result of mitigation of these effects takes time (often due to the diffuse pollution from
agricultural lands). According to an assessment of the ecological status of the European surface waters, in
Adour-Garonne River Basin/Watershed (France), up to 60% of water bodies are still considered as not in
a good ecological status or potential, and this is mainly due to high nitrogen and phosphorus content. At
the same time, the agricultural soil in France is often P deficient, which indicates inefficient fertilizer use.
While the European regulation determines effluent limits based on the receiving water, increasing

constraints are imposed even in small water bodies.

Several small plants face challenges with efficient P removal, as they often face difficulties with the
resources for monitoring, optimization, and operation. A retrofitted facility for example may not perform

efficiently biological P removal, and it needs to be supplemented with chemicals.

Vi



Nutrient recovery from wastewater has received increasing attention recently. Indeed, phosphorus
recovery from wastewater was selected as one of the top one hundred green activities by an EU-wide
technical classification system (EU Taxonomy) to assess different economical activities that may
contribute to the achievement of the EU Green Deal. Although this report may not consider all applicable
technologies and is limited to phosphorus, it shows that P recovery gains a new level of significance on an

international legislative level as well.

In France, the frequently used chemical addition during P removal leads to the poor development of P
recovery, as struvite recovery is better suited for purely biological systems (often with digester) without
metal dosage, and this is quite rare with stringent phosphorus limits. It is essential to re-examine the

chemical use and/or evaluate different potential recovery products.

The need for a better understanding of combined P removal strategies

Several plant configurations have been developed for biological nutrient removal. Conventional multiple
basin systems (such as Bardenpho, UCT) are efficient and reliable for purely biological P removal.
However, they are not a common design for small/medium facilities. Indeed, in France, intermittent
aerated systems are more widespread, usually optimized for complete nitrogen removal via
nitrification/denitrification. While these facilities are efficient and robust regarding nitrogen removal,
often face challenges with biological P removal. In order to comply with the effluent limits, these systems
are supplemented with chemical dose (commonly Fe(lll) salts). However, the interaction between
biological and physical-chemical P removal in these types of facilities is not well understood. This leads to

suboptimal operation and difficulties to reach effluent limits in case of a system disruption.

Besides the interactions between chemical dose and biological processes, it is important to consider the
interactions between iron and phosphorus (and sulfur), especially for recovery purposes, for which the

mobility of P is crucial for the recovery product.

Iron is widely used for different purposes (prevention of H.,S formation, coagulation, and phosphate
removal) in WRRF. The use of aluminum is also considered to be efficient during wastewater treatment,
but the use is often debated as the direct spreading of sludge for agricultural purposes is restricted in

many countries due to the bio-availability and toxicity of the metal.

Vil



The main interest of this thesis is to assess iron-interaction, as it is a more commonly used coagulant in
France and increased attention for P recovery via vivianite. Vivianite (Fes(PO4),*8(H,0)) is a Fe(ll)
precipitate, therefore it is important to examine reductive conditions at the facilities. The obvious zone
for vivianite recovery would be an anaerobic digester, however, it is not common to have anaerobic
digesters at small facilities. With the clarification of the reduction kinetics, alternative ways can be found

even at small facilities.

Functional groups of microorganisms use energetically more favorable electron acceptors. It is important
to clarify these relations as typically various electron acceptors are available in activated sludge. Sulphate
reduction needs to be considered, as a competing process, not only in the scope of the hierarchy of
terminal electron-accepting processes but also in the subsequent precipitation processes as it can cause

additional P release.

Iron reduction can be an important mechanism for modeling systems with long anaerobic periods,
sidestream fermentation, as well as intermittent aeration systems. In various full-plant models, iron

reactions are already included, these reactions are revisited and evaluated in this thesis.

The thesis outline and objectives

The aim of the thesis was to investigate phosphorus removal technologies for small/medium facilities
applying combined biological and physical-chemical phosphorus removal. The objectives were either to
better quantify the dynamic phenomenon and to give new insight into dynamic modeling which is a
powerful approach for optimizing activated sludge systems. Each chapter represents a different approach
highlighting the areas that need to be further investigated and proposing enhancement on the efficiency

of currently/widely used strategies.

Chapter 1 explores the status quo and recent developments in the field. A detailed literature review is
given on phosphorus removal technologies, focusing specifically on biological P removal mechanisms and

configurations, as well as physical-chemical removal using iron salts.



Nutrient recovery technologies are also presented, specifically struvite and vivianite recovery, these
having the highest recovery potential for the discussed facility-types. As vivianite recovery requires
reduced iron forms, known reduction mechanisms and kinetics are presented in natural and engineered

aquatic environments.

Redox cycling of different elements may impact plant operation and removal efficiency, therefore
research exploring relevant topics such as terminal electron accepting processes is also introduced.

Available and widely used biokinetic models are also described.

This chapter provides an overview of the recent and ongoing research related to the further chapters of
the thesis. While in the introduction of each chapter a relevant literature background is given, more

detailed information is provided in Chapter 1.

Chapter 2 is a case study of a rural wastewater treatment plant where nutrient removal is carried out via
combined biological and physical-chemical techniques. This chapter addresses the related operating
challenges and aims to identify the biological contribution to the overall phosphorus removal, correlation
with aeration and solids concentration (including wastage strategies), and finally the optimization of

chemical use.

Combined biological and physical-chemical phosphorus removal is fairly common in France. Through the
example of this facility, common practices are presented with high efficiency and robust nitrogen removal
as well as operating challenges. A specific monitoring campaign was realized in the framework of the
CIRCURURAL4.0 Sudoe-Interreg project, in order to collect some data for almost three years. The aeration

control system named Inflex developed by INSA-TBI was also installed and assessed during this period.

The impact of different factors (aeration strategies, influent loads, mixed liquor suspended solids (MLSS)
concentration, sludge retention time (SRT), chemical dose strategies) is evaluated on the nutrient removal
efficiency. Secondary P release locations and scenarios are identified and different remediations are
implemented/piloted (such as aiming Fe dose specifically at these loads). As chemical dose and dosage
point are important parameters, considering redox transformations of major interacting components

(SO4%, Fe(lll)) is important.

Despite the plant does not include anaerobic digestion, PO, release in the sludge line is observed and an

original iron dosing on the sludge liquor recirculation is evaluated.



Chapter 3 examines iron reduction mechanisms in activated sludge through a comprehensive series of
experiments in order to define Fe(lll) reduction in activated sludge and identify key influencing
parameters. A detailed understanding of Fe(lll) reduction processes can give an insight into the P retaining

capacities throughout the process and the implications for removal and recovery potential.

Even though it was already established that extended anaerobic retention time such as in an anaerobic
digester results in a complete reduction of Fe(lll), the information on the activated sludge reactors with
shorter (<24h) anaerobic retention time needed to be clarified. The experiments are designed to closely
observe the beginning of the reaction as well as the complete reaction. Sludge was collected from two
different plants for comparison, further scenarios were completed with sludge from the mainly discussed

reference facility.

Under anaerobic conditions, the major electron acceptor in activated sludge is sulphate. For
understanding the interactions/order of terminal electron-accepting processes, anaerobic kinetic tests

are carried out with various initial sulphate to ferric iron ratios.

Chapter 4 summarizes the findings of the field observations and laboratory measurements and attempts
to integrate them into the full plant Sumo model using the Sumo2S model as a basis, in which several
sulfur and iron reactions are already included with special regard to the observed interactions of

phosphorus and iron and the configuration of the partner facility.

Influent characterization was carried out by a dedicated measurement campaign and a specific process

unit was developed for the configuration to describe aeration control.

Based on the findings, a calibrated process model extension is presented with a specific focus on the main

challenges of the facility regarding phosphorus removal modeling.

Several questions and theories were met during the model development, and conceptual model extension

and suggestions for future development are also presented.
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Chapter 1 - Recent advances in biological and physical-chemical P

removal and recovery



1.1. Introduction and context

After eutrophication of receiving waters has been clearly linked to excess nutrients from effluents (as a
point source of pollution), there has been a long tradition to remove nitrogen and phosphorus (P being
often the limiting nutrient) from wastewater. Specifically, phosphorus removal has been carried out by
biological, physical-chemical means (precipitation with Fe, Al, or Ca being the most common) or the

combination of the two.

In the European Union (EU), a common collection and treatment legislation has been introduced in 1991
for effluent quality to protect receiving waters and prevent/mitigate eutrophication (Council Directive
91/271/EEC). The document specifies planning, regulation, monitoring, and report principles, and requires
and defines collection and treatment levels, domestic and industrial discharges into the collection system,
monitoring of the facilities and receiving water, and the conditions of sludge disposal and reuse as well as
water reuse. Within high compliance with these regulations, according to a 2020 implementation report
(Technical Assessment, 2020), by 2016, the majority of EU citizens have access to basic sanitation (95%
compliance rate to connection, 88% to secondary, and 86% to more stringent treatment), challenges

remain and further development is necessary, especially regarding sensitive areas.

Moreover, new legislation is in preparation aiming to promote a circular economy in the water industry
as well (European Commission, 2020). There are different estimations on what amount of mineral
fertilizers could be replaced by P recovery from sewage sludge. According to a model-based calculation
provided by Kok et al (2018), human discharge into wastewater could cover 20% of the fertilizer demand,
while a press release by the European Commission (EC) in 2018 (IP/18/6161) estimates that 30% of
mineral P fertilizers could be replaced by bio-waste recycling (including domestic sewage sludge,
biodegradable waste, and agricultural waste). However, fertilizer trade regulations need to be revised to
achieve progress in the circular economy. As the economic feasibility of P recovery from sewage sludge is
debated, legislation can stimulate the transition process. In some member states such as Finland,
Germany, and Sweden authorities have taken specific steps to define and accomplish P recovery targets

(Stark, 2004).



1.2. Biological Phosphorus removal

1.2.1. Recent knowledge on biological phosphorus removal optimization

Since the early studies of the last fifty years (Milbury et al., 1971; Barnard, 1976; Ekama et al., 1983;
Wentzel et al., 1986; Comeau 1990a, 1990b) biological phosphorus removal has been extensively studied.
These studies established the major mechanisms of P removal and provided fundamental observations

and proposals of configurations that are still of major interest.

Biological P removal requires two distinct steps regarding operation (Figure 1.2-1). Under anaerobic
conditions, Phosphorus Accumulating Organisms (PAQ) can store carbon in a readily biodegradable form
(such as volatile fatty acids (VFA)) using the energy available from stored polyphosphate (PP) cleavage to
produce intracellular polyhydroxy alkanoates (PHA) and consequently release orthophosphate during the
process. At this stage, the PHA content of the PAOs increases and the PP decreases. Under aerobic
conditions, stored PHA is oxidized by an available electron acceptor (oxygen or nitrate) providing energy
for cell growth and PP storage (luxury uptake) along with stabilizing counter-cations. The net accumulation
of PP is greater than the release during the anaerobic phase, resulting in efficient P removal under the

right conditions.

Anaerobic

Aerobic €O, +H,0

Figure 1.2-1. Simplified visualization of anaerobic (A) and aerobic (B) processes of PAO (Seviour et al., 2003)



Accumulated PP, as an energy reserve for growth and maintenance, gives an advantage to PAOs over
heterotrophs as soon as alternance between anaerobic and aerobic conditions is provided. However,
glycogen accumulating organisms (GAO), facultative anaerobes as well, have similar metabolism as PAOs,
and certain conditions may favor GAO growth over PAO growth. PAO and GAO have been found to coexist

in EBPR activated sludge but GAOs do not contribute to phosphorus accumulation and removal.

Mino et al. (1998) investigated the diversity of enhanced biological phosphorus removal (EBPR) sludge
biomass and summarized, that PAO and GAO metabolisms are very similar, with the extension, that GAOs
use glycogen as their sole energy source, and store without P release. It was confirmed, that a fraction of
PAO is able to use nitrate as an electron acceptor. Saunders et al. (2003) identified Candidatus
Accumulibacter phosphatis (Accumulibacter) and Candidatus Competibacter phosphatis (Competibacter)
to be the most abundant PAO and GAO (respectively) present in their EBPR study, suggesting that with
significant GAO present, carbon demand would increase due to the VFA uptake of GAO. Acinetobacter
was also isolated as PAO in various facilities (Wagner et al.1994, Kong et al.2005) including Actinobacteria
which was later defined as Tetrasphaera (Liu et al.2019). As this review summarized, the Tetrasphaera
genus consists at least of four isolated species and holds various characteristics: the ability to metabolize
and/or ferment glucose and amino acids, and their metabolic pathways are adaptable to the conditions.
While the extent of PP storage of Tetrasphaera is still under investigation, it was shown that in synergy

with Accumulibacter, a high level of P removal can be achieved (Figure 1.2-2).

PO,

Figure 1.2-2. Simplified presentation of Tetrasphaera and typical PAO processes and interactions under anaerobic and aerobic

conditions (Barnard et al., 2017)



The main drivers of the competition between PAO and GAO have been widely investigated. It was clarified
earlier that VFA is a suitable carbon source for both groups. However, fractionation revealed that while
acetate is readily available for both PAO and GAO, propionate was poorly utilized by GAO (Oehmen et
al.2004). Different GAO such as Alphaproteobacteria Defluviicoccus Vanus (Defluviicoccus) was also shown
to be abundant in EBPR facilities and may metabolize propionate but as Taya et al. (2013) showed, not
able to use nitrite as electron acceptor. A different study (Rubio-Rincon et al.2017) showed, that PAO and
GAO do not compete in every case, but for example, may form a synergic relationship through two steps

of denitrification, where the different groups utilize different electron acceptors (Figure 1.2-3).
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Figure 1.2-3 Anoxic processes of denitrifying GAO and PAO synergy according to Rubio-Rincon et al. (2017)

Lopez-Vazquez et al. (2008) examined the effect of various parameters on the PAO-GAO competition.
They reported that despite VFA dosing being an important factor to consider (if an external carbon source
is necessary) the composition did not result in significant changes between the different organisms.
Therefore they concluded that overdosing of VFA could be detrimental to P removal efficiency, and they
did not find evidence of a preferred VFA fraction in the investigated samples. As previous studies (Smolder
et al., 1993; Felipe et al., 2001) have established, higher pH favor PAO metabolism over GAO. To take
advantage of this, considering influent total nitrogen (TN) / pH in the anaerobic tank, a well-defined
denitrification step is proposed by the authors. On the contrary, higher temperature appears to benefit
GAO growth, which may be problematic for summer conditions (>20°C) but explain good performance at
relatively low temperatures (Lopez-Vazquez et al., 2008). However, PAO like Tetrasphaera which can
utilize more complex carbon compounds from the influent can possibly ameliorate bio-P removal

efficiency in such conditions.



Low dissolved oxygen (DO) conditions also appear to favor PAO growth over GAO. Keene et al. (2017)
found that with a low DO environment, GAO relative abundance is negligible (<0.2%) while identified
Accumulibacter as the dominant PAO species. Multiple studies have demonstrated efficient P removal
with low DO concentration (Downing et al., 2014, Jimenez et al., 2014, Jimenez et al., 2017) and found

that anoxic/micro-aerated P uptake in some cases is comparable to conventional aerobic conditions.

Erdel et al. (2007) found that PAO may alter their metabolism, using a glycolytic pathway to generate
energy under anaerobic conditions. Temperature can be a controller for such a shift resulting in lower P
removal efficiency in higher temperatures. They argued, therefore the loss in P removal efficiency may
not be a result of PAO-GAO competition in every case, but rather the metabolic shift in PAOs. Acevedo et

al. (2017) also observed the metabolic shift phenomena when PP was limited.

1.2.2. Optimization of EBPR configuration

Four conventional EBPR configurations are presented on Figure 1.2-4. These are implemented for
complete biological nutrient removal (biological phosphorus removal and nitrogen removal via
nitrification-denitrification). Anaerobic-anoxic-aerobic (A20) (Spector, 1979) is a commonly used
configuration with an anaerobic — anoxic and aerated (oxic) tank, where internal mixed-liquor return
sludge is directed from the aerated to the anoxic tank to ensure minimal nitrate recycling to the anaerobic
tank via return activated sludge (RAS). The 5-stage (modified) Bardenpho (Barnard, 1978) configuration
operates with five zones — anaerobic, anoxic, aerobic, anoxic, and aerobic — which provides highly efficient
and reliable nutrient removal. The Modified University of Cape Town (mUCT) configuration consists of a
series of four reactors; anaerobic, two consecutive anoxic, and an aerobic tank with internal nitrate-free
sludge recycling from the first anoxic to the anaerobic and to the second anoxic from the aerobic zone,
and RAS to the first anoxic zone. Similarly to A20, Virginia Initiative Plant (VIP) process (Mines and Thomas,
1996) also uses three reactors (anaerobic, anoxic, and oxic zones), however, it operates with two internal
recycling routes: anoxic zone recycle (ARCY) from the anoxic to anaerobic zone and nitrified recycle (NRCY)

from aerobic to anoxic zone and RAS is directed to the anoxic tank.
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Figure 1.2-4 Conventional EBPR configurations (a) A20 (b) Bardenpho (c) mUCT (d) VIP, designed in SUMOZ21 software

To ensure proper effluent quality, several operational parameters need to be considered, such as
sufficient carbon source for P and N removal (configurations designed according to minimize
supplementation), hydraulic retention time (HRT), and sludge retention time (SRT) (too long SRT can be
detrimental for PAO and result in secondary release), internal recycle flows (minimize nitrate and oxygen

recycle to anaerobic zone).

Biological phosphorus removal efficiency relies on the influent VFA and the overall potential can be

calculated (Houweling et al., 2010). A widespread practice to improve EBPR is the addition of VFA.



A convenient and economically efficient way to provide additional VFA is through on-site fermentation
through pre-fermenters, RAS/WAS, or mixed-liquor fermentation. Barnard et al. (2017) summarized the
development and understanding of mixed-liquor sludge fermentation which produces enough VFA to
ameliorate P removal and consequently the development of side-stream enhanced biological phosphorus
removal (S2EBPR).In an early S2EBPR configuration (Lamb, 1994), a nonconventional flowsheet is
implemented, such as a portion of RAS being directed to a sidestream fermenter. The effluent of this
fermenter is directed to the anaerobic zone and provides substrate for PHA storage, while primary

effluent is directed to the anoxic zone.

Barnard et al (2017) concluded that S2EBPR configurations are more efficient in certain PAO selection,
such as Tetrasphaera. To optimize the process, they pointed out some important operating parameters,
namely the importance of mixing and control of flows (primary effluent as well as RAS) recommended
HRT and SRT. Moreover, ORP was also considered a good indicator, as low ORP conditions are required

for these processes, but absolute values may vary significantly at different facilities.

Tooker et al. (2018) summarized the main mechanisms of S2EBPR processes on lab-scale and full-scale
examples (Figure 1.2-5). They demonstrated that with sufficient HRT, side stream fermenters can provide
enough VFA for stable P removal. Under extended anaerobic retention time, increase PHA accumulation
was observed for PAOs. Additionally, they can outcompete GAOs due to the anaerobic maintenance of
PAOs via PP cleavage. Various genera of PAOs were identified which may also be beneficial for P removal

stability.

There are several case studies of different sludge fermentation strategies, such as primary sludge
fermentation (PSF) (Bratby et al., 2012), Unmixed inline MLSS fermentation (UMIF) (Barnard et al., 2010,
Dunlap et al., 2017), side-stream MLSS fermentation (SSM) (Tremblay et al., 2005), side-stream RAS
fermentation (SSR). Fan et al. (2021) demonstrated the efficiency of these interactions with a completely
eliminated P and significantly reduced sludge in SBR using WAS fermentation while reaching a high (91.4%)

relative abundance of Tetrasphaera.
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Figure 1.2-5 Examples of S2EBPR configurations (Tooker et al., 2018). (a) Side-stream RAS fermentation (SSR) (b) Side-stream
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fermentation (UMIF)

1.2.3. Modeling Biological Phosphorus Removal

Activated Sludge Model No. 2d (Henze et al., 1999) introduced biological phosphorus removal processes
to the general ASM model describing anaerobic and aerobic processes of EBPR, including PHA storage

(anaerobic P release ) and PP storage as well as aerobic growth and lysis of PAOs and PP and PHA lysis.

In the General model of Barker and Dold (1997) further processes were included, introducing denitrifying

fraction of PAOs and the use (albeit not equivalent to oxygen) of nitrate as an electron acceptor.

More detailed metabolic models (Smolders et al., 1993) include the Tricarboxylic Acid (TCA) cycle and
Embden-Meyerhof (EM) pathways of intracellular glycogen storage, to consider the reasons beyond the
variation of VFA uptake to P release ratio and also accounting for the effect of pH. In addition, Kuba et al.

(1995) included denitrifying phosphorus removal in the metabolic model, demonstrating the use of

different electron acceptors.



PAO and GAO competition has been also included in metabolic models, Oehmen et al. (2010) classified
different species with reported abundance at EBPR facilities by substrate uptake mechanism, preferred

VFA, source of reducing power, and the ability to use nitrite and/or nitrate as electron acceptor (Figure

1.2-6).
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Figure 1.2-6 Detailed anaerobic metabolism of different PAO and GAO by Oehmen et al. (2010)

As phosphorus removal techniques evolved through time, conventional models required more calibration
to fit specific configurations such as side stream EBPR. Based on S2EBPR observations on PAO mechanisms
and PAO parameters, Dunlap et al. (2016) proposed a new model framework (Figure 1.2-7) to improve
EBPR models. Their work included two distinct groups of PAOs with different mechanisms, representing a
conventionally included in models as a mixed culture of PAO and GAO and a specific group of PAO with a
separate parameter set. A conventional group of PAOs (PAO1) describes a wide range of processes
observed in conventional EBPR systems. In contrast side-stream conditions, operating with extended
anaerobic HRT and therefore low ORP, are dominated by a different group (PAO2) with fermenting ability.

Here, GAOs are outcompeted by present PAOs, with Tetrasphaera assumed to be the dominant species.
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Figure 1.2-7 EBPR model framework proposed by Dunlap et al. (2016)

Varga et al. (2018) extended this approach, modifying the two groups of PAOs to separate, competing
PAO and GAO groups in the full plant SUMO model. GAOs (previously included in PAOs, therefore altering
observed parameters) are not able to accumulate PP and PAOs have different metabolism according to
the conditions. In this model, both PAOs and GAOs use a single carbon source (VFA) and store one carbon
storage component (PHA and GLY respectively) under anaerobic conditions. A fraction of both groups is
able to denitrify. Under low ORP conditions, PAOs are able to ferment and outcompete GAOs. Certain
conditions such as high temperatures favor GAOs, while micro aeration favor PAO growth. These complex
interactions enable the model to describe sufficiently well a wide range of configurations but are

especially useful in S2EBPR simulations.

Santos et al. (2020) presented most recently a detailed metabolic model, including different subgroups of
PAO and GAO (relating to their denitrifying capability), describing their competition through operating
conditions and metabolic shifts, endogenous processes, and anaerobic and aerobic maintenance
processes, PAO fermentation as well as their interactions within the microbial ecology in the activated
sludge. This detailed model increased the ability to predict complex dynamic interactions and EBPR

performance.
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1.3. Iron chemistry in water and wastewater treatment

1.3.1. Role of iron in wastewater treatment

Iron salts are frequently used in various steps of the wastewater collecting and treatment system to avoid

operational problems and meet effluent requirements. In general, at different dosage points, the chemical

addition serves different purposes:

e Sewer system — to prevent H,S-derived corrosion and odor (more details)

o Prevention of toxic sulfide formation in order to protect sewer workers and limit unpleasant

smells in an urban area and sewer corrosion (WERF, 2007)

o Recent studies have been conducted that sewer-dosed iron has a positive impact on P

removal and even H,S formation in digesters (Rebosura et al., 2018)

o retention time: a few hours

® Mainstream wastewater treatment — Chemically enhanced primary treatment and phosphorus

removal. Depending on the dosage point and design, the P removal can be classified as (Metcalf

& Eddy, 2014):

O

O

Pre-precipitation: the chemical is dosed into the primary settler and the P is removed with
the primary sludge. This solution is widely applicable and ensures low metal leakage
however the least efficient dosage point and may cause dewatering problems and
requires polymer addition.

Simultaneous precipitation: the chemical is dosed to the primary clarifier effluent, the
mixed liquor, or the effluent of the activated sludge process, before sedimentation, and
removed with the wasted activated sludge. This solution requires low capital costs and is
highly efficient, improving the stability of the activated sludge, however, the overdose of
the metal may cause pH toxicity in low alkalinity wastewaters therefore pH control may
be necessary.

Post-precipitation: the chemical is dosed to the effluent of the secondary clarifier and
removed in subsequent sedimentation or effluent filters. The lowest P effluent of the
mentioned methods can be achieved with this precipitation as well as the most efficient
metal use occurs here, however, this dosage point represents the highest capital costs

and highest risk of metal leakage.
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® Digester —to prevent H,S formation and biogas contamination, and to prevent unwanted struvite
precipitation. While unwanted struvite precipitation can be minimized with the immobilization of
phosphorus and alternative scaling problems of vivianite formation may also occur. Prot et al
(2021) observed significant scaling in digesters, attributed to the temperature dependency of

vivianite solubility.

1.3.2. Physical-chemical mechanisms of phosphate removal with iron

The mechanism of iron dosage had been considered for a long time as double precipitation (FePO, +
Fe(OH)s) where the iron hydroxide would be a parasite reaction (Deronzier and Choubert, 2004). However,
more recent works recognized that iron hydroxide, or more accurately hydrous ferric oxides (HFO),
precursors of ferrihydrite, play a major role in phosphate removal as a substrate for P adsorption and
incorporation of P in the HFO structure along with the formation of mixed cation phosphates (Metcalf and
Eddy, 2014). The surface complexation model (Smith et al., 2008) describes how the precipitation of XHFO
provides a number of adsorption sites for ions on its surface. Hauduc et al. (2015) adapted this approach

focusing only on phosphates adsorption and co-precipitation.

More generally Szabo et al. (2008) found that when dosing Fe(lll) salts, the dominant process is co-
precipitation of phosphate into the HFO structure in case of pre- and post-precipitation due to intensive
mixing, whereas during simultaneous precipitation (in activated sludge), the main process is adsorption
of phosphate (chemisorption, physisorption) onto the surface of formed HFO. In this case, the effect of
aging seems to be very significant, as with the structural changes of HFO - increasing density - fewer active

sites are available for reaction (Smith et al., 2008).

Typically the chemicals are proposed to be dosed into the secondary clarifier influent, this way the
interference with activated sludge processes can be minimized (due to alkalinity consumption). The major
fraction of P is orthophosphate, which can be precipitated and separated during the settling process.

However, the current practice is to dose iron directly in the aeration basin.
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Szabo et al. (2008) investigated the effect of mixing, reaction types, aging of flocs, pH, alkalinity, metal
dose, metal type, initial P content, residual P, and organic content of wastewater. They found that
instantaneous P removal happens within 1 minute, the majority of removal (90%) within 30 minutes, and
the rest in the next few hours. When mixing intensity is low, the instant removal is impaired but slow
adsorption reactions continue (surface complexation). Ideally, high mixing intensity at the dosage point,
where metal hydroxides are formed, provides sufficient contact between ferric and phosphate ions. Low
effluent P can be achieved in a wide range of pH (optimal pH is 5-7) if other parameters (e.g. mixing) are
sufficient. With extremely low pH, precipitation of metal hydroxide is limited, mostly soluble phosphate
complexes form, and redissolution occurs even with a higher coagulant dose. At high pH, the surface of
metal hydroxides is more negatively charged, and soluble iron hydroxides form, resulting in decreasing
phosphate removal efficiency. However, for pH>10, calcium and magnesium can form precipitates with

phosphate, and low P effluent can be achieved without metal salts.

Phosphate removal with aluminum and ferric salts shows similar efficiency, and pH dependency is
comparable, whereas pre-polymerized salts show lower efficiency. Phosphate removal is negatively
affected by high influent COD (both soluble and total) and also higher TSS, as carboxylic and phenolic
groups may compete with phosphate for binding sites. Generally, the required metal-to-phosphate ratio
exceeds the stoichiometric Me: P=1 ratio, and typical influent P concentrations require doses above 1.5 —
2 depending on the effluent limits. The optimal case is when the initial Me:P ratio is the same in the
precipitate, meaning negligible residual phosphate in the effluent. Relative phosphate removal efficiency
increases with increasing influent phosphate concentration, while to achieve low effluent P, a higher
metal dosage is required. A tertiary dosage of iron salts (paired simultaneous dose) can be an efficient
way to significantly reduce iron dose while achieving a very low level of effluent P concentration, due to

the assumed high active HFO content of the recycled sludge (Takacs et al., 2006).

1.3.3. Iron species in aquatic environments and particulate iron forms

Iron speciation in aqueous systems is controlled by oxidation-reduction, complexation, and solids
formation and dissolution. The level of oxidation is basically imposed by pH and redox potential (Figure
1.3-1), which are both influenced by the presence of acid-base reactions, various electro-active couples
as well as microbial reactions. Both iron(ll) and iron(lll) domains are found in aquatic environments, and
similarly in wastewater treatment plants. As iron species are examined in the thesis in detail, the

illustration of a Pourbaix diagram is limited to iron species.
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Figure 1.3-1 Pourbaix diagram for iron, adapted from Kappler and Straub (2005)

Regarding the solid forms, there are 16 different kinds of iron oxides with various crystal structures
(Cornell and Schwertmann, 2003) which generally have low solubility. Almost all Fe oxides are crystalline
(the degree of crystallization depends on the conditions of their formation). Ferrihydrite is a poorly
crystalline precipitate, that transforms into more crystalline iron oxides and therefore an important
precursor. The composition seems to be variable, especially regarding OH and H,0, the preliminary
formula is FesOgsH*H,0 (Cornell and Schwertmann, 2003). Due to their high specific surface area, they are
effective sorbents. The most widespread in WRRFs (and also abundant in natural surface environments)
is ferrihydrite, whose composition (regarding OH and H,0) seems to be variable. As it only exists in nano-
crystals, without other kinds of stabilization, it may transform into a more thermodynamically stable iron

oxide with time.

There are Fe oxides (e.g. magnetite) that contain Fe(ll) and Fe(lll) as well, and Wiistite (FeO) only contains
Fe(ll). The structure of wiistite is usually non-stoichiometric (O-deficient) and an important intermediate
for iron reduction. It is generally considered that iron(ll) forms more stable crystals under reductive
conditions. With regards to WRRFs, the most significant ones are vivianite (Fes(PO4),), pyrite (FeS,), and

siderite (FeCO,).
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1.3.4. Iron redox-cycling in aquatic environments

Iron may occur in both oxidized and reduced forms in natural or engineered aquatic environments
depending on the conditions. In some cases, these conditions are variable due to biological or chemical
reactions and diffusion, e.g. in the sediments transition zone or in a WRRF, causing redox transformation

of iron species (Figure 1.3-2).

Reduction Oxidation
(dominant mechanism: (dominant mechanism:
chemoorganotrophy) chemolithotrophy)
Fe3*
Organic matter \ Organic matter
CO, + H,0
Fa2+ 0,/ NO;s + CO,

Figure 1.3-2 Basic presentation of iron redox mechanism

At circumneutral pH conditions, abiotic Fe(ll) oxidation is rapid therefore Fe(ll) oxidizers must compete
with abiotic oxidation. One mechanism occurring in micro-aerated conditions is that iron oxidizing
bacteria (FeOBs) are able to form amorphous ferrihydrites or oxy-hydroxides which then provide suitable
electron acceptor for dissimilatory Fe(lll) reduction (Roden 2012). These processes can be observed in situ
in complex soil matrices and freshwater sediments. Blothe and Roden (2009) suggested that under
circumneutral pH conditions, redox-cycling of iron is likely to take place in virtually all redox interfacial
environments. Based on these observations, these principals can be applied to the dynamically changing

conditions of water resource recovery facilities.

Under anoxic conditions, it was observed, that Fe(ll) oxidation occurs (Nielsen and Nielsen, 1998). Nitrate
does not react directly with Fe(ll) so there is no competition between abiotic and biotic nitrate-dependent
Fe(ll) oxidation. This oxidation is mostly due to denitrifiers, even if there are some cases of nitrate-
dependent Fe(ll) oxidation without the addition of organic compounds (chemolithotrophs) as reported by
Straub et al.1996. In experimental nitrate-dependent redox cycling, it was demonstrated that for 75% of
Fe(ll) oxidation cases, nitrate got reduced to ammonium (Coby et a/.2011) which means the production

of ammonium to some extent needs attention in WRRF.
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Table 1.3-1 Microbial groups catalyzing iron redox transformations (Kappler and Staub, 2005)

Habitat/Conditions Electron donor Electron pH Microbial Representative strains
acceptor metabolism
Oxic Fe(ll) 0, Acidic Fe(ll) oxidation Thiobacillus ferrooxidans
Sulfobacillus acidophilus
Fe(ll) 0, Neutral Gallionella ferrugmea
Leptothrix ochracea
Anoxic Fe(ll) NOs- Neutral NOs- dependent Acidovorax sp. Strain BrG1
Fe(Il) oxidation Azospira oryzae strain PS
Fe(ll) CO, Neutral Phototrophic Rhodobacter ferrooxidans
Fe(ll) oxidation strain SW2
Rhodovulum iodosum
Organic or Fe(lll) Acidic Fe(lll) reduction Acidiphilium cryptum sp JF-5
inorganic Thiobacillus thiooxidans
compounds
Organic or Fe(lll) neutral Fe(lll) reduction Geobacter metallireducer
inorganic Shewanella oneidensis
compound

There are several groups of prokaryotes that use Fe as a source of energy generation in their catabolism.

Table 1.3-1 highlights the relevant groups according to Kappler and Staub (2005) with representative

strains taking part in Fe redox cycling. Such microbial processes can be classified according to metabolism

as follows (Roden, 2008):

e Chemoorganotrophy (using organic electron donor)

o Oxidation of particulate organic matter

o Reductive dissolution of Fe(lll) at circumneutral pH coupled with organic acid and H;

oxidation

o Formation of magnetite, siderite, vivianite, pyrite, and other metal-sulfides

e Chemolithotrophy (using an inorganic electron donor)

o Aerobic and nitrate-dependent FeS oxidation

o Oxidation of Fe(ll) in FeS

o Nitrate-dependent Fe(ll) oxidation (soluble and particulate)

e Mixotropy

o Oxidative precipitation of Fe(lll) oxides

o Aerobic and nitrate-dependent oxidation of FeS

o Nitrate-dependent Fe(ll) oxidation (soluble and particulate)
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1.3.5. Microbial community and Fe(lll) reduction

Diverse groups of microorganisms take part in Fe(lll) reduction. The ability of Fe(lll) reducing organisms
to outcompete sulfate reducers and methanogens has been demonstrated and has significance for WRRF
operation and maintenance. Under the conditions that occur during wastewater treatment, several types
of organisms of Fe(lll) reducing capabilities can be found. Lovely (2006) summarized the metabolic and
phylogenetic diversity of these organisms. Many fermentative bacteria can grow with Fe(lll) as a minor
electron acceptor, but growth is also possible without the presence of iron. Respiratory bacteria that grow

with sulfate as an electron acceptor in anaerobic conditions may also reduce iron.

There are also bacteria that conserve energy from Fe(lll) reduction, using organic carbon (mainly acetate)
or hydrogen. For example, the Geobacteraceae family can oxidize organic compounds completely to CO,,
using Fe(lll) as the sole electron acceptor. Moreover, most strains can oxidize acetate completely.
Gheothrix fermentants can oxidize short-chain fatty acids completely and they can grow fermentatively

on organic acids. There are also many thermophilic and acidophilic organisms that will not be discussed.

Unlike the aforementioned groups of strictly anaerobic bacteria, there are several facultative genera
(including Shewanella, Ferrimonas, and Aeromonas) that can grow aerobically and under anaerobic
conditions using Fe(lll) as an electron acceptor. When oxygen is present, they can usually use a diverse
range of electron donors, but anaerobically for Fe(lll) reduction only hydrogen and small chained organic
acids are available electron donors. Shewanella species are able to incompletely oxidize organic acids to

acetate.

1.3.6. Iron reduction mechanisms

Iron(lll) reduction in aquatic environments can happen both through abiotic and biotic pathways (Roden
2008, Lovely 2006). However, under the conditions that occur at WRRFs, microbial Fe(lll) reduction seems

to be dominant.
Mineral-water interactions occur through three basic mechanisms (Roden 2008):

1. Enzymatic reactions for energy generation or biochemical processes of the
production/consumption of the dissolved or solid phase compound
2. Non-enzymatic reactions in the bulk phase (promoted by enzymatic production/consumption of

compounds)
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3. Non-enzymatic reactions promoted by cell-surface ligands (e.g. cell-surface adsorption or surface

nucleation/precipitation)

The Fe(lll) reducing organisms are able to produce redox-active proteins on the outer surface of the cell
that facilitates the electron transfer of stored organic carbon to Fe(lll) oxides outside the cell. In the
absence of the enzyme, a spontaneous reaction between intracellular organic carbon and extracellular
Fe(lll) oxides does not occur. These prokaryotes also have the capability to provide a surface for the
sorption of metal ions on the cell membrane which then can nucleate creating small particles through this

reaction (Schultze-Lam et al., 1996).

The formation of these fine-grain minerals occurs in two different ways: passive microbially induced
formation, where the cations bind to the surface anions creating a surface nucleation site, or active
microbially induced mineral formation, where the enzymatic electron transfer the metabolic end product
forms mineral on the cells (Southam, 2000). These observations have significance for activated sludge
processes where the relatively homogenous, small particle distribution may impact the reduction rates

(as opposed to sediments and soil matrices).

To combine earlier observations and models, Roden (2008) proposed a model for direct enzymatic Fe(lll)
reduction. According to their summary, the three mechanisms include: 1) Direct reduction 2) Chelator
promoted reduction 3) Electron-shuttling promoted reduction, including “geopilins” that may facilitate

the process.

1.3.7. Iron reduction kinetics

In the conditions that occur during wastewater treatment, iron can be found in both oxidized (Fe(lll)) and
reduced (Fe(ll)) forms. The most current practice is to dose Fe(lll) salts (e.g. ferric chloride) whereas Fe(ll)
salts can be also used (e.g. Ferrous sulfate). The dosage point signifies the initial conditions and expected
retention time of the iron salts in unaerated or aerated zones. Therefore the reaction rates can be
determined, their significance assessed in plant operation, and incorporated into models, as soon as the
oxidation level is known. According to the conditions iron forms different amorphous precipitates or
crystals with various structure that impacts bio-availability and the phosphate-removing capacity.

Understanding the iron redox cycle seems therefore a crucial issue to optimize chemical use (regarding

both the dosage point and the iron species) and increase nutrient recovery potential.
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Previous studies on activated sludge systems show that iron reduction begins under anaerobic conditions
(Nielsen, 1996; Lovley, 2013; Chen et al., 2018) and confirmed that complete reduction is carried out after
long anaerobic HRT (~20 days) which explains the observations of Fe(ll) mineral (such as vivianite and
pyrite) formation in digested sludge (Wilfert et al., 2016).

The kinetic reduction rates determined by these studies are summarized in Table 1.3-2. Wilfert et al.
(2016) confirmed that after extended anaerobic retention time (e.g. which occurs in an anaerobic
digester), the dominant iron species becomes Fe(ll) and the major precipitates are stable crystals formed
with phosphate (vivianite) or sulfide (e.g. pyrite). Considering phosphorus recovery potential from sludge,
iron(Il) mineral (vivianite) was preferred due to the separating possibilities of the crystals with magnetic

properties and crystal growth dynamics as opposed to the amorphous flocs of iron(lll) precipitates.

Table 1.3-2 Kinetic rates for iron reduction in different studies

Reference/study Unit (First order / zero Reduction rate Comment

order)

Roden and Wetzel (2002) d? 0.178 -0.392 Slurries, natural water
sediments

Chen et al. (2003) d? 3.312-10.944 S. putrefaciens CN32 in
PIPES-phosphate buffer
solution

Wang et al. (2019) d? 1.2-1.44 First order constant,
Biological and chemical
activated sludge (linear
fitting 24 h)

Frederickson et al. (2003) umol/h 14.3-50 Initial rate for the first 50h,
with variable lactate
addition

Nielsen (1996) mg Fe/g VSS.h 0.9-3.7(5.4) Potential reduction rates in
activated sludge

Wang et al. (2019) mg Fe/g VSS.h 1.02-2.99 Biological and chemical
activated sludge (linear
fitting 24 h)

In the mainstream, the typical anaerobic HRT (a few hours) is much lower than digester and the primary
goal of iron addition is to reach low phosphate concentration. Usually, Fe(lll) is dosed in the aeration tank
where it forms ferrihydrites and more stable iron-hydroxides. Adhikari (2017) suggests that ferrihydrite
has a high organic carbon binding capacity (surface adsorption) and due to the poorly crystalline structure,

should be more available for reduction than other more structured crystalline Fe(lll) oxides.
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The reduction of Fe(lll) may cause phosphate release (secondary phosphate release, desorption, and
anaerobic polyphosphate breakdown), and therefore impacts the global phosphate removal performance
of the facility. Nielsen and Keiding (1998) found that the FeS formation (subsequent to iron reduction)

may also cause the disintegration of flocs which has detrimental effects on phase separation.

1.3.8. Recent models for describing iron-based phosphate removal

Different models describing chemical P removal have been focusing on the interaction between
amorphous ferrihydrite and orthophosphate. There has been a long history of chemical equilibrium
(Luedecke et al., 1988; WEF, 1998) and kinetics (Henze et al., 1995) approaches (and the combination of
the two) to describe the precipitation of ferric hydroxy-orthophosphate (formulated as Fe,PO4(OH)s-3 by

Stumm and Morgan, 1970) and hydrous ferric oxide (HFO) and subsequent adsorption of P on the surface.

Smith et al. (2008) introduced the surface complexation model (SCM) which defines the main precipitation
and P removal mechanisms: adsorption of phosphate onto HFO and the co-precipitation of ferric
phosphates. The fraction of these precipitates depends on operating conditions (eg. co-precipitation
requires rapid mixing). The model incorporates structural changes of HFO with time (“aging”) as the
particles get more dense (however, not crystalline, as the typical aerobic HRT would not be sufficient for
crystallization) and fewer active surface sites are available. Hauduc et al. (2015) extended and validated

this concept in the full plant model (SUMO) as this is summarized on Figure 1.3-3.
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Figure 1.3-3 Description of adsorption and co-precipitation of phosphate on hydrous ferric oxides - HFO (Hauduc et al., 2015)

Recent full plant models, developed for plant-wide modeling, incorporating multiple mineral precipitates

were proposed in the last decade (Mbamba et al., 2016, 2019; Solon et al., 2017; Hauduc et al., 2019).

These models present links between Fe — P — S reactions in wastewater treatment, both in mainstream

and sidestreams.

Solon et al. (2017) incorporated a simplified version of the HFO model in a full-plant model (ADM, ASM2d,

and PCM type with interfaces) to describe chemical P removal, including the formation of HFO and

adsorption of phosphate subsequent formation of FeS in the digester, multiple mineral formation to

describe nutrient recovery processes.
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Figure 1.3-4 A simplified version of the HFO model coupled to ASM2d (Solon thesis, 2017)
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Hauduc et al. (2019) incorporated iron and sulfur reactions in the SUMO model (Dynamita, SUMO2S full-
plant model) where detailed biological and chemical interactions were included (Figure 1.3-5). Aside from
the complete sulfur cycle, iron reduction and oxidation processes, precipitation of vivianite, ferric sulfide,

struvite, and calcium phosphate were also included. The model is further discussed in Chapter 4.
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Figure 1.3-5 Fe-P-S interactions by Hauduc et al. (2019)

1.4. Combined chemical and biological treatment in alternated aeration

systems

1.4.1. Alternated aeration systems

Alongside achieving low effluent nutrient concentration, energy efficiency has been a major driving force
of design optimization. Aeration accounts for the majority of energy use in a WRRF. Therefore it has been
a common interest to optimize aeration for each specific activated sludge configuration. While the
multiple basin systems (Modified Ludzack-Ettinger process (MLE), Bardenpho, Phoredox, UCT) are
recognized as the most efficient configurations for nutrient removal, the single tank or two tank systems
with intermittent aeration has also become a standard, especially in rural areas and small or medium
WRREFs in France. The advantage of intermittent systems is their (apparent) simplicity, avoiding internal

recirculation pumps, and being adaptable with a variable aeration frequency.

23



It should be mentioned that such intermittently aerated AS with continuous feeding can achieve a low
level of nitrate and ammonia because the dilution rate is sufficiently high, as for most of the AS designed

with a low loading rate (e.g.: in France: 0.1 KgBODs/KgSSt.m™ and HRT around 24 hours, as a standard).

Due to the seasonal, weekly, and diurnal variations (flow and temperature), such intermittent systems
need good aeration frequency regulation. ORP regulation in activated sludge is an example of using a very
universal physical parameter to define specific processes. Charpentier et al. (1998) showed that carbon,
sulfur, and nitrogen components go under redox transformations in an activated sludge system and
defined a “biological window” of the Pourbaix-diagram (Potential EH-pH graph) in which these reactions
occur (Figure 1.4-1). This study demonstrated that with proper mixing, chemical additions (such as a
moderate amount of iron salts for P removal or chlorination to prevent bulking) do not present notable
interference. ORP control is especially recommended for small and medium facilities to ensure the

stability of the processes but is also advantageous in larger plants.
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Figure 1.4-1 “Biological window” of Eh-pH diagram where redox transformation occurs in AS systems (Charpentier et al., 1998)

Paul et al. (1998) demonstrated the validity of using the bending point of DO to indicate the end of
nitrification (“ammonia valley”) and the bending point of the ORP curve to indicate the beginning and the
end of denitrification (“nitrate knee”) with different system loads. They found that in specific cases, these
bending points may not appear, however, this still gives information on the operating conditions of the

facility.
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These principles have been successfully used in DO/ORP control systems (Figure 1.4-2) and implemented
in various facilities (e.g. in France for instance within the inflex system developed by BIOTRADE in
collaboration with INSA). Additionally, de la Vega (2012) introduced new parameters to further optimize
the control: ORP arrow to characterize the anoxic phase and Oxygen Rise Average Slope (ORAS) which

includes oxygen utilization rate (OUR) during the aeration phase.
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Figure 1.4-2 ORP, DO and pH curves presenting specific bending points associated with nitrogen removal (a: end of nitrification,
8 beginning of denitrification, and y end of denitrification) in aeration cycles (figure by Michel Mauret, personal communication,

2018)

Aside from complete nitrogen removal, Sasaki et al. (1993) demonstrated over 95% TP removal (effluent
TP<0,2 mg P/L) on a pilot scale, with consecutive intermittent aeration reactors, allowing extended cycles
in the first reactor and therefore ensuring P release and sufficient PHA storage while maintaining
aerobic/anoxic conditions in the second. They suggest that this strategy is advantageous to small and

medium facilities and it requires relatively low additional investments for retrofitting existing plants.

In practice, biological removal efficiency is highly variable and not systematically estimated in full-scale

intermittent aerated AS, because simultaneous metal addition is performed in most facilities.

Some recommendations were given in the FNDAE report n°29 (Deronzier and Choubert, 2004) for
phosphorus removal in rural plants in France. From the study of 6 different A/O activated sludge plants

the efficiency of biological P removal varies from 56 to 89% (Deronzier and Choubert, 2004).

The biological removal efficiency was estimated to be 60-70% for dry weather conditions but only in the
range of 30-50 % for diluted water (rain period or groundwater infiltration). A recommendation was to
maintain good denitrification in order to limit nitrate recirculation in the anaerobic zone, which is known

to be detrimental to polyphosphate accumulation.
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The survey contains several plants implementing intermittent aeration, however, the exact mechanism
and the effect of intermittent aeration on P removal are not discussed. Nonetheless, these varying
conditions may explain the significant variation of the biological fraction of the P removal and the related

issues (such as the unstable period in performance, and the need for re-adjustment of chemical dose).

1.4.2. Terminal electron-accepting processes

When considering (biological) iron transformations in wastewater, it is essential to incorporate them into
the entire ecology of activated sludge systems. As functional groups of microorganisms capture energy
from a specific reaction (e.g. oxidation of acetate by sulfate) either by catalyzing the full reaction or a
specific step of the reaction in a symbiotic community it is important to consider which available electron
acceptor is the most energetically favorable. This may drive competition between different
microorganisms (competitive exclusion) as the ecological advantage depends on the ability to capture
more energy. It is generally assumed, that the functional groups follow a thermodynamic hierarchy for
the competition for the same electron donor. However, Bethke et al. (2011) found an instance of

mutualism, namely in the formation of iron sulfide (FeSy).

Finally, in WRRF, the consideration of the sequence of the dominant electron-accepting processes (Figure

1.4-3) may be helpful as an indicator of the conditions and the system state in general.
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Figure 1.4-3 Dominant electron-accepting processes (EPA 542-R-13-018)

1.4.3. Common practices with combined biological and physical-chemical removal

Minton and Carlson (1972) summarized typical combined biological and physical-chemical phosphorus

removal strategies by dosage points as primary, simultaneous, and tertiary (Figure 1.4-4).
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They suggest considering several parameters when optimizing the process: pH (sensitivity of the
precipitates), alkalinity (e.g. nitrification depends on alkalinity) formation and settleability of biological-
chemical flocs (reconsidering dosage strategy during high hydraulic loads), hydraulic conditions in the final
clarifier and retention time. It is also a common practice to temporarily use chemical dosage (e.g. during

summer to meet effluent requirements to supplement EBPR).
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Figure 1.4-4 Chemical dosage strategies presented by Minton and Carlson (1972)

Paul et al. (2001) investigated the effect of the type of P removal on excess sludge at several French
facilities. As they found, the majority of the facilities (83%) implement some sort of chemical dosage (88%
iron and 12% alum) which have important implications not only on the sludge production itself, but the
sludge handling as well, since direct spreading for agricultural purposes was (and still is) a common
practice in France. The excess sludge production as well as the chemical use itself represent a significant
cost in the operation of the facilities. After analyzing the data from 35 different facilities, and based on a
rational model considering the typical French sewage characteristics, it was concluded that EBPR alone
can achieve 58% removal for a BOD:P ratio of 25 (typical ratio in the nineties). However, the biological P
removal performance would increase up to 80% for a BOD:P ratio of 36, as soon as the phosphorus from
detergents would be removed (decreasing from 2.5 to 1.7 g P/PE.d). This last situation is certainly reached

today but metals are still widely used in practice for complementing biological P removal.
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Regarding the global operating cost and the environmental impacts of wastewater treatment, it seems
logical to encourage biological P removal and minimize the use of chemicals. Paul et al. (2001) showed
that the operating cost of pure physical-chemical treatment is 6 times higher than EBPR, considering
chemicals and sludge disposal costs. The combined treatment allows a reduction of 50% of the costs
compared to pure physicochemical. For typical domestic sewage with BOD: P=30, phosphorus removal
generates 10% of supplementary sludge with EBPR but an excess of 20% for physical-chemical treatment
(Paul et al., 2001). Coats et al. (2011) concluded with a comprehensive life cycle assessment (LCA) that
with increasing chemical usage also the adverse environmental impact of the chemical treatment also
increased, therefore, from a holistic environmental point of view chemical dose should be minimized
while maintaining the effluent quality with encouraging biological processes. Considering the extra costs
and potential harm to biological processes, it is clear that optimizing combined biological and physical-
chemical P removal would require maximizing EBPR and controlling chemical dose precisely while

maintaining proper operating conditions (mixing, pH regulation if necessary) (Thomas et al. 1996).

1.4.4. Recent routes for phosphate recovery in the presence of iron

Nutrient recovery from wastewater has received increasing attention recently. Indeed the finality of the
world’s mineral phosphorus deposit and its implications were pointed out (Vaccari, 2009; Cordell, 2011;
Descmidt et al., 2015) and the linear usage of phosphorus is not only wasteful but causes pollution (point
and dispersed) to natural waters, causing eutrophication. Phosphorus can be recovered from wastewater
by different technologies and could theoretically provide up to 20% of the agricultural phosphorus needs
to replace mineral P. However, the development and commercialization of these technologies face
different constraints (economic feasibility, product safety, and recovery technologies). One significant

aspect was the presence of iron in the sewage sludge, lowering P availability.

Numerous studies have reviewed P recovery processes (Morse et al, 1998; Stark, 2005, Descmidt et al,
2015; Egle et al, 2015; Cieslik and Konieczka, 2017). Based on recovery points, they can be categorized as
1) direct application of waste sludge 2) recovery from sewage sludge or leachate 3) Recovery from sewage

sludge ashes (after incineration), or 4) Recovery from urine (after source separation).
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There are several technologies optimized for different configurations. The simplest method for
phosphorus recovery is the direct application of dewatered sludge on agricultural fields. This may raise
concerns and needs careful monitoring regarding pathogens and heavy metal pollutants and may not be
applicable in some countries. Indeed there is an increasing tendency in Europe to limit direct sludge
spreading. Moreover, plant availability, especially in the case of some chemical treatments is also an issue.
To achieve a higher concentration of nutrients and enhanced plant availability, several technologies to

recover different products have been developed.

Outside of the direct use of sewage sludge, the most relevant due to reasonable (but still significant)
investment costs is the recovery from sewage sludge and leachate. This technology requires the
solubilization of phosphorus in order to precipitate/crystallize as struvite (MgNH4PQ4.6H,0) usually on the
anaerobically digested sludge liquor using magnesium addition or hydroxyapatite (Cas(PO4)3(OH)) can be

alternatively produced with calcium addition.

Kabbe (2017) summarized wastewater treatment facilities where P recovery is implemented and the
majority recovered struvite. Struvite was known for causing operational problems by spontaneous
precipitation in digestors (Borgerding, 1972). However, later crystalization technologies were developed
to create a fertilizer product. There are several techniques for struvite crystalization (such as Phospaq,
Ostara Pearl technology, and AirPrex) but the efficiency depends on the P mobility. There are different
methods to solubilize phosphorus (Kataki et al. 2016): anaerobic digestion; acid-base leaching; use of
chelating agents; microwave heating or P release during EBPR processes. This latter allows a simple way
to release stored polyphosphate via anaerobic processes such as WASSTRIP. However, in the case of
chemical phosphorus removal, this method does not provide high efficiency.

In order to increase the recovery potential from chemical sludge, iron-phosphate interactions need to be
examined. P release upon iron reduction has been reported previously. As extended low ORP conditions
occur in anaerobic digesters, digested chemical sludge may represent a recovery source. Typical Fe(ll)
precipitates in an anaerobic digester are FeS and vivianite (Roussel and Carliell-Marquet, 2016). Vivianite
formation had been reported in FeSO4 flocculated sludges in both digested and activated sludge (60-67%

and 43% of total iron respectively (Frossard et al., 1997).

Vivianite has been known for its coloring properties and used as paint but for agricultural purposes, it may
be applied as fertilizer and is especially beneficial in iron-deficient soils. There are other potential uses of

vivianite (such as in the battery industry).
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Wilfert et al. (2018) and later Prot et al. (2019) investigated the possibility of ferrous phosphate recovery
from digested sludge, and more specifically the role of vivianite in nutrient recovery. They found that the
omnipresence of iron in WWTPs (either by metal addition or from influent) has an effect on the recovery
process, may that be positive (more advantageous acid consumption than aluminum during wet
digestion), negative (lower efficiency in recovering specific products such as struvite) or
indifferent/inconclusive (e.g. thermochemical treatment of sludge). The author suggests that iron dosage
to remove P and COD is overall advantageous regarding plant performance and energy efficiency.

It was found that 70-90 % of P is bound to vivianite in digested sludge and therefore makes vivianite
desirable to separate from the sludge. One suggested method is magnetic separation. Another
investigated option for P recovery from digested chemical sludge was the release by sulfide addition in
order to encourage FeS formation as opposed to vivianite.

However, this method had limited applicability. The author recommends further investigation on vivianite
formation in order to enhance characteristics (particle size, impurities, etc). Prot et al. (2019)
demonstrated the possibility to recover vivianite from digested sludge via wet magnetic separation. The
recovered material has a high content in vivianite and can be further processed for agricultural or other
products.

While the long retention time in digesters ensures the complete reduction of iron, further reduction
studies showed that shorter (2-3 days) anaerobic retention time is sufficient to form vivianite (Prot et al.,
2021). With excess iron dose, the authors demonstrated that 50-55% of iron was in the form of vivianite
(up to 4 days of anaerobic retention time). But vivianite could be theoretically formed with a low retention
time as soon as the ironis in a ferrous state and saturation level is reached. Indeed Primadoro et al. (2017)

achieved high-purity vivianite from activated sludge using fluidized bed crystallization.

1.4.5. Interaction between iron dosage and biological processes

The biological and physical-chemical removal processes have been extensively described, however, the
interaction between chemical dose and related (or non-related) biological processes need also to be

considered.

De Haas et al. (2000) dedicated extensive work to investigating such interactions, considering aluminum,
ferric solution, and ferrous-ferric blend as a chemical addition to biological processes. They observed the

precipitation mechanisms as well as the potential inhibition effect on specific processes of EBPR.
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They found that with ferric addition, anaerobic P release was reduced (both in P-limiting and non-limiting

conditions, however, in limiting conditions the inhibition effect was higher).

An important implication of Fe dosing is the lowering of the pH (and consumption of alkalinity) but this
did not inhibit the biological processes. Total suspended solids (TSS) production increased, partially due
to the increased inorganic suspended solids (ISS) but also somewhat increased VSS was observed, which
suggests that ferric iron addition affects the biomass production yield. Valve et al. (2002) also found that
at simultaneous biological and physical-chemical P removal, chemical precipitation competes with the
biological processes and even inhibits them with increased concentration (they dosed ferrous sulphate to
aerobic tank and mainly ferric/HFO needs to be considered as precipitates). Liu et al. (2011) conducted a
series of experiments and confirmed the detrimental effect of chemical use on biological processes
(although ferric to a lower extent than alum). With the accumulated precipitates, the inhibition effect is

maintained even after the cessation of the dose.

Fan et al. (2018) confirm the observation on increased MLSS, decreased pH, and altered anaerobic P
release. They dosed ferrous sulphate and followed the effects of two precipitates: FePO4 and HFO, both
deteriorating EBPR. They found that FePQO, dissolved rather quickly during anaerobic transformations and
the released phosphate was not re-absorbed in the following processes. FePQ, inhibited potassium uptake
(important counter-cation for phosphate). Similarly to de Haas et al. (2000), Fan et al. (2018) also observed
lower phosphate release in the presence of HFO. Moreover, potassium and phosphate uptake was
reduced as well. Accumulated Fe concentration of 0,14 mM FePO4 or 0,1 mM HFO resulted in these
inhibitions. An Increase K/P ratio can be an indicator of residual iron. To avoid these detrimental effects,

the authors suggested intermittent chemical dose when possible.

1.5. Conclusion and thesis contribution

There have been decades of a long development in biological nutrient removal and new advances lead to
more efficient removal technologies and increased recovery potential. As more and more mechanisms
are described in EBPR systems, activated sludge modeling also becomes more detailed and complex.
Starting from three P-related processes in the initial ASM2d model, recent agent-based and metabolic
models include several groups of organisms with detailed interactions with one other under different

conditions.
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Alongside biological processes, chemical processes have also been investigated, and similarly, modeling
efforts followed the recent discoveries: a comprehensive surface complexation model has been
developed for HFOs including precipitation and transformation processes (adsorption, aging). Moreover,
several precipitation processes have been described in current models, such as struvite, hydroxy-apatite,
iron sulfide, and vivianite. The prediction of such precipitates is crucial from an operational and

maintenance standpoint as well as for estimating recovery potential.

The interactions between these two major types of P removal are not well described in activated sludge
models, even though combined systems are fairly common and literature suggests that chemical dose has
more impacts on biological processes apart from P limitation. It is important to consider possible inhibitory

effects as well as estimate the overall benefit of a certain chemical dosage strategy.

Iron dosage at different points of dosage serves different direct purposes, however, with the dynamic
nature of the wastewater collection and treatment system as well as sludge handling, iron may undergo
(multiple) redox transformations depending on the conditions. It is important to consider these reactions,
especially iron reduction, as they may have an impact on P removal efficiency and settling and separating

processes (Fe2* may form colloids which are detrimental for settling and dewatering).

Moreover, under reductive conditions iron(ll) forms vivianite, a precipitation product receiving increasing
interest due to its recovery potential. In case an anaerobic digester is not in operation at the plant (which
would provide long enough anaerobic retention time for reduction), it is important to understand

reduction processes in detail in order to efficiently control processes (HRT) to maximize vivianite recovery.

When discussing reduction processes, it is important to consider other available electron acceptors in the
same system. In the context of wastewater treatment, sulfur species play an important role and also
undergo redox transformations (usually mediated by microorganisms). To understand and assess
precipitation products (iron precipitates with P or S in reductive zones) the hierarchy (or interactions) of

terminal electron-accepting processes need to be examined.

While the general full-plant models are well calibrated for steady-state conditions, alternating aeration
processes became a standard in France for small and medium facilities and these systems may require a

specific approach for the model configuration.

Moreover, these systems are optimized for nitrogen removal but few studies deal with P removal in such
a process. Usually, to a certain extent chemical (iron) dose is applied to meet effluent quality standards,

however, the exact contributions of biological and chemical P removal are not well characterized.
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The aim of this thesis is to observe and evaluate a combined biological and physical-chemical P removal
system at a rural French facility using intermittent aeration. One objective was also to provide more

knowledge relative to iron speciation and interaction in such a complex biological system.

The following chapters provide further insights using three different approaches. Beginning with the
operational monitoring campaign and day-to-day challenges of the partner facility, a specific set of
challenges is examined (Chapter 2). This case study brings attention to the main issues that these types of
plants face and attempts to ameliorate the efficiency of chemical use integrating previously gained
theoretical knowledge and the valuable observations collected from online monitoring and some lab scale

characterizations.

To deeper characterize certain interactions, several laboratory experiments were carried out, providing
the second basis of the work (Chapter 3). Regarding the questions of the thesis, specific questions were
defined when preparing the experiments: especially focusing on iron reduction kinetics and terminal
electron-accepting processes in activated sludge. As it is uncommon to have an anaerobic digester in such
a facility but in short-term anaerobic periods, it is important to carefully consider reduction kinetics (and
evaluate possible P release during the reaction) under different conditions that occur in activated sludge.
Moreover, P release is also evaluated under different conditions. This is an important question for both

removal and recovery aspects.

Finally, a dynamic simulation is presented with a specific calibrated model extension to describe previous
observations in detail (Chapter 4). The model extension is implemented in the Sumo2S framework
(Sumo21 version software) an extensive and complex full-plant model including several of the discussed
processes. This model extension is aimed to be “as simple as possible but no simpler”. Indeed as process
modeling is an ever-increasing area with new ideas and different frameworks leading regularly to new
complex questions regarding calibration, any additional conceptual process needs to present a
proportional benefit and/or be provided as an add-on extension to be used for specific focus cases only.
While the development of these processes presents an interest (according to the author at least) it is
important to evaluate if the additional complexity also provides corresponding benefits, and consider the

simplifications which can make the model easier to use.
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Chapter 2 - Optimization of P removal in activated sludge process with
intermittent aeration at a rural facility — a case study
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Highlights

® Phosphorus removal was monitored and scrutinized in detail for 3 years in a real plant

® Phosphate uptake and removal depend on the aeration time ratio

e Adequate control of intermittent aeration allows biological P removal to reach 71% (1.61 mgPO,-
P/L on average)

e Optimization of aeration and sludge wastage allowed to reduce by more than 50% the iron dose

® Some phosphate peaks were due to sludge dewatering liquor recirculation

e Side-stream iron dosage on sludge liquor allows reaching the P removal requirements

Keywords

Phosphorus removal, aeration control, iron dose, intermittent aeration, P release, and uptake
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2.1. Introduction

With the advancements in wastewater treatment, more and more stringent effluent limits for nutrients
and contaminants of emerging concern (CEC) are in place to protect the environment. However, outside
of direct prevention of pollution, indirect emission also needs to be reduced. Conventional wastewater
treatment represents a significant fraction of global energy use, with estimates of 1-4 % (Longo et al, 2016,
IEA, 2018, Christoforidou et al, 2020). Moreover, greenhouse gas (GHG) emissions can be also substantial

as N>O is a by-product of biological nitrogen removal.

Chemical use also contributes to the negative impact of wastewater treatment plants as Coats et al. (2011)
demonstrated in a comprehensive life-cycle analysis (LCA). In the case of phosphorus removal, the
consumption of iron chloride is a major contributor to the global LCA impacts (Bisinella et al., 2016)
Therefore, it is imperative to optimize these chemical consuming processes to reduce anthropogenic

emissions.

Advanced nitrification and denitrification are commonly carried out through alternated aeration in
activated sludge systems called ‘extended aeration systems’ i.e. designed with high sludge age and low
loading rate. In addition, combined biological and physical-chemical phosphorus removal is performed as
wellin the same facility by adding a first anaerobic zone and a coagulant dosage point. This work is focused
on a two-stage activated sludge process (A/O) with a first non-aerated zone combined with an

intermittently aerated basin.

This type of facility is now very common in France. Iron chloride is the most widely used chemical whereas
aluminum salts are also alternatives. According to a 2019 database from the French government website,
the small/medium size treatment facilities (2000-10000 PE) account for 12% of the number of active
facilities and 12% of served population equivalent (PE) in France. A similar level of treatment is generally
expected regarding nitrogen and phosphorus but it can be specifically adapted to the local sensitivity of
receiving water body. Even though the removal of pollutants is up to international standards, nutrient
recovery is an area with large development potential. According to a European Sustainable Phosphorus

Platform (ESPP) report (2021), currently, only 3 facilities in France recover phosphorus (Kabbe, 2021).
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Whereas the A/O process with intermittent aeration has become a standard in France, biological
phosphorus removal is not necessarily optimal in that system but is generally complemented by coagulant
dosage. However, the respective contributions of biological and physical-chemical processes have been
poorly evaluated. The iron dosage is often adapted in a way to reach the target of 1 or 2 mg TP/L without
necessarily optimal conditions for biological P removal. Finally, the minimization of iron dosage needs a
good understanding of bio-P capacity in such a configuration. Moreover, an additional recovery route for
phosphorus recovery is dependent on iron dosage. The struvite recovery route needs a low level of iron
whereas the vivianite recovery route would be enhanced by a high iron dosage. Therefore good
knowledge and control of biological and physical-chemical processes are really important to adapt the

practical dosage to a chosen strategy.

Until now, intermittent aeration has been always controlled for regulating nitrogen removal in priority,
whereas biological phosphorus removal was considered to adapt with the complement of chemical
dosage to reach a phosphate objective. To achieve low total nitrogen in effluent with reduced energy use,
it is essential to adapt the aeration cycles to incoming load and biological activity. In alternated aeration
systems, aeration can be controlled with different approaches and sensors. The following methods, with
increasing complexity and cost, can be listed: (1) timetables, (2) dissolved oxygen (DO) and oxidoreduction
potential (ORP) limits (Charpentier, 1987, Charpentier, 1989), (3) dissolved oxygen and redox potential
bending points (Paul et al. 1998; de la Vega et al. 2012), (4) ammonia and nitrate limits (David and
Carpentier, 1984).

Olsson et al. (2014) summarized the development and experience of such instrumentation and control
strategies. The later nitrogen sensors are based on potentiometric or spectrophotometric techniques
which need more maintenance than optical DO probes or platine-based ORP sensors. As a consequence,
only methods (1), (2), and (3) are found in small WWTPs (<10000 PE). Bending point detection can be
considered a robust method for complete nitrogen removal via nitrification and denitrification. In previous
research (Charpentier et al., 1998; Paul et al. 1998; de la Vega et al. 2012) bending points of the ORP and
pH curves have been recognized in connection with the nitrification-denitrification cycle. Paul et al. (1998)
demonstrated the validity of using the bending point of DO to indicate the end of nitrification and the
bending point of the ORP curve (“nitrate knee”) to indicate the end of denitrification with different system

loads.
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In A/O system biological phosphorus removal is carried out by phosphorus accumulating organisms
(PAOs). These are facultative anaerobic organisms, which under anaerobic conditions store carbon
compounds (as intracellular polyhydroxyalkanoates (PHAs) and glycogen) while releasing phosphorus
(energy is generated by the cleavage of intracellular polyphosphates (PP)). During aerobic and anoxic
conditions there is a luxury phosphorus uptake, during which the PAO stores PP while depleting their
carbon storage pools. Several PAO genera have been identified over the years, some with denitrifying
(Kuba et al. 1997, Rubio-Rincon et al. 2017) and others with fermenting (Marques et al., 2017) capabilities.
But all the PAOs are not able to denitrify and it is considered that both denitrifying and non-denitrifying
PAO coexist in activated sludge. The provided conditions at the facilities can also give an advantage over
other species whose storage capacities do not contribute to P removal (eg. GAO for glycogen accumulating

organisms).

Conducting studies on livestock wastewater, Osada et al. (1991) found that with intermittent aeration,
during optimal process control, high nitrate removal creates beneficial (anaerobic) conditions for P release
and subsequent uptake, resulting in low effluent concentration. Nonetheless, removal efficiencies
decreased with increasing N/BODs ratio, probably due to the residual nitrate concentrations. With
adequate aeration control, high removal of organic matter, nitrogen, and phosphorus can be achieved.
Liu and Wang (2017) demonstrated the efficiency of intermittent aeration systems (specifically
intermittent aeration of MLE) in a pilot scale study, considering total nitrogen and phosphorus removal.
They found that alternated aeration showed higher removal efficiency than conventional MLE operation,
over 90% of TN and TP were removed under regular conditions. Moreover, under unfavorable conditions

(low temperature and low C/N ratio) removal efficiency was still 76% and 56% of TN and TP respectively.

Outside of obvious operational parameters such as the aeration cycles, SRT is also an important parameter
for biological P removal. From the early studies in the eighties (Ekama et al., 1983; Wentzel, 1986) it came
out that biological phosphorus removal deteriorated for SRT higher than 35 days due to saturation of
biomass in polyphosphate and endogenous release, while SRT of 20 days was considered as optimal. Lee
et al. (2007) found that with increasing SRT, the relative abundance of PAO increased as well (up until
endogenous decomposition of PAOs occurs) but suggested that GAO may compete with PAO under these
conditions, which can negatively impact biological phosphorus removal (BPR) performance. In their
scenarios (SRT=10, 20, 30 d) 20 days of SRT proved to be the most advantageous for bio-P removal. The
activated sludge systems are generally designed in France with a low loading rate (0.10 kg DBO5 / kg VSS
. d) and an SRT of around 20 days.
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However, usually designed for 20 years and running under that design load, such systems could have

problems with biological P removal if the sludge extraction was not sufficient to maintain a proper SRT.

Simultaneous chemical P removal is a widely used process, typically chemicals are dosed to supplement
bioP removal. For the optimization of chemical dose, several operational parameters need to be
considered. Szabo et al. (2006) defined that during simultaneous iron dosage, the main process of P
immobilization is adsorption onto the surface of formed hydrous ferric oxide (HFO) due to less intense
mixing and longer HRT (as opposed to pre- and post-precipitation, where intensive mixing causes co-
precipitation of phosphorus into the structure. The current practice is to choose the iron dosing rate
considering a stoichiometry Fe:P ratio of 1.5 moles of iron per mole of phosphate removed (Deronzier and

Choubert, 2004; Metcalf and Eddy, 2003).

For activated sludge using combined biological and chemical removal, the contribution of biology should
be estimated theoretically or practically to know the chemical needs. Different methods exist using BOD:P
or COD:P ratios and design criteria. However, in practice, biological removal efficiency is highly variable
and not systematically well estimated. In the study of Deronzier and Choubert (2004) the efficiency of
biological P removal varies from 56 to 89% in 6 different A20 activated sludge plants. A range of efficiency
of 60-70% for bio-P removal was proposed for dry weather conditions (Deronzier and Choubert, 2004),
falling to 30-50 % for diluted water in case of rainwater or groundwater infiltration. A recommendation
was to maintain good denitrification in order to limit the nitrate recirculation in the anaerobic zone which
is detrimental to good polyphosphate storage. However aeration intermittency was not considered to
give that recommendation while it is expected to affect biological P uptake, and intermittent aeration
became the most common system observed in small AS plants in France. Additionally, De Haas et al.
(2000) studied the interactions between biological and chemical processes in combined P removal. They
suggested that anaerobic P release may be used as an indicator of the estimation of the biological fraction
of P removal (outside of specific speciation studies). They found that the presence of iron partially

inhibited microbial processes, specifically PHA storage, especially under P-limiting conditions.

This study aims to optimize the biological and physical-chemical treatment of phosphorus in A/O activated
sludge with intermittent aeration. The case study is a real WWTP with a design capacity of 9500 population
equivalents (PE). Online monitoring systems were installed to follow nutrient removal dynamics for more
than 3 years. The work was first focused on the interaction between aeration control, nitrogen removal,

and biological phosphate release and uptake.
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One objective was to save energy (aeration) and chemical dosing with the guarantee of good nutrient
removal performance. Then the role of sludge wastage in phosphate dynamics was assessed and finally

different specific iron dosage strategies were compared.

2.2. Materials and Methods

2.2.1. Plant description

Villefranche de Lauragais wastewater treatment facility (design capacity: 9500PE) receives primarily
domestic wastewater from the municipality, as well as wastewater from Monié Clinic (350 PE) and 3A
factory (dairy industry — 500 PE). The facility also regularly receives sludge from household septic tanks.
This sludge represents low hydraulic load, but due to the high concentrations, it is fed during low load
periods. The wastewater collection is carried out by separated gravity sewer (90 %) with 5 pumping
stations. However, significant groundwater infiltration is observed with the surplus hydraulic load as
delayed inflow during and after high precipitation periods. The facility is on the catchment area of Mares
creek, a sensitive area with low overall ecological status. The treatment technology is designed to reliably
fulfill the legal requirements to protect the receiving water with TN imposed at 15 mg/L and TP at 2 mg/L.
The prefectural decree N°31-2008-00121 defines effluent limits and sampling obligations of the facility,

which is operated by Réseau31.

The pumping station at the entrance of the plant has a maximum capacity of 412 m3/h and a bypass pump
directed to Mares creek. An equalization buffer tank (600 m?) is available for the temporary storage of
excess influent/external load. Mechanical pre-treatments are composed of an automatic screen (6 mm
spacings) with a grit and grease removal tank. Grease is treated in a separate aerobic biological tank from
which the effluent is directed back to the water treatment line. Dewatered and compacted waste from

mechanical treatment is forwarded to a landfill or incineration.

Secondary treatment is carried out by an activated sludge basin including a small contact zone (32 m3), an
unaerated zone (350 m3), and an aerobic zone with intermittent aeration (2410 m3). A physical-chemical
treatment for phosphorus removal is performed simultaneously by dosing FeCls just before the degasser,
an unaerated zone to avoid oxygen recirculation to the anaerobic reactor (20 m3), and the clarifiers. Then

the flow is divided equally into two secondary clarifiers (surface area of 120 m? each).

48



Sludge is recirculated at an average flow rate of 1400 m3/d (1.23* influent flow) and 55% directed to the
aeration basin and 45% to the contact zone where influent and mixed liquor return sludge is intensely

mixed in an unaerated zone. Sludge wastage was generally performed once or twice a week.

Wasted sludge was subjected to chemical conditioning (polyacrylamide polymer) and then dewatered by
centrifuge (up to 20% TSS) most frequently, or by dewatering table/belt filter (up to 5% TSS). There are
on-site storage units for sludge: 2 units for soft sludge (300 m3 each) and a silo for dewatered sludge (1000
m?3). The dewatered sludge is then either composted or spread directly on agricultural fields. Sludge liquor

is directed back to the entering flow before the activated sludge basin.

The activated sludge process actually receives about 50% of the design load. Therefore, operational
characteristics correspond to a very low-loaded system: OLR=0.05 KgCOD/KgVSS.d, HRT= 48 h, SRT=40-50

days.
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Figure 2.2-1 Picture (site and sensors) and Flow scheme of Villefranche de Lauragais wastewater treatment plant with potential

iron dosage points
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2.2.2. Aeration control

In the current operation, the aeration was controlled via bending points detection (inflex system
developed by INSA and licensed by Biotrade) for complete nitrogen removal via nitrification and
denitrification. The bending point of the oxygen concentration indicates the end of nitrification and
similarly, the bending point of ORP indicates the end of denitrification (observed as “nitrate knee” on the

displayed ORP).

To achieve low effluent of total nitrogen with reduced energy use, the aeration cycles are adapted to
biological activity and variation of influent loading rate therefore the cycle length may vary according to
the conditions. Inflex control system is based on the real-time data of the DO and ORP sensors. Figure
2.2-2 shows DO and ORP curves corresponding with ammonia and nitrate concentrations. In case of an
overload in the system, the maximum time for aerobic and anoxic phases was determined as 60 and 90

minutes respectively.
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Figure 2.2-2. Typical cycles (DO, ORP, NH4, NO3) with various phase lengths (aerated and unaerated), and associated DO and

ORP bending point corresponding to NH4 or NO3 removal indicators (downloaded form: myinflex.com)

To avoid measurement insecurities and noise in the data and simplify operations, the cycles have been
redefined (in 2019), from the initial DO/ORP system to a simpler DO — time-based one. In this system, as
before, the end of nitrification is indicated by the bending point in the DO curve and simultaneously a
maximum aeration time is set. In case of a high load, if after this maximum aeration time the bending

point is not detectable then the following anoxic time is shortened.

The cycles were, therefore: 1) aerated period until DO bending point, but minimum 15 min and maximum
60 min, 2) unaerated period, minimum 60 and maximum 90 min depending on the aerated phase. In case
the aerated period is less than the maximum time (meaning the nitrification is completed), the unaerated
time is shorter, if the aeration time is maximum (meaning incomplete nitrification) the unaerated time is

also maximum.
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This gives on average systematic aerated/unaerated periods and ensures effluent quality, but easier to

manage and avoids problems connected to possible faulty data.

2.2.3. Data monitoring

The utility is required to carry out official monitoring with composite samples of 24 hours including
influent and effluent and sludge production (Table 2.2.1). This gives a general overview of the
performance of the facility. During the study, this legal analysis was complemented with monthly

measurements and online monitoring.

During the entire study, from September 2018 to September 2021, sensors were installed and used for
continuous monitoring of nitrogen forms, phosphate, and suspended solids in the activated sludge system
(aerated basin). The following systems were used: ammonia and nitrate (Multi parameter SC1000, Hach
Lange), phosphates (Phosphax sc, Hach Lange, with filtration system Filtrax), suspended solids (Solitax TS-
line sc ‘TSS’, Hach Lange). These sensors were verified once a week and recalibrated if needed. All the

sensor data were collected online on a web platform designed by Biotrade (My Inflex).

Hydraulic-related data were registered continuously (influent and recycled flows), sludge wastage, and
chemicals flow rate. In this study, operational data is presented to demonstrate the correlation between

aeration efficiency (specifically aeration time) and MLSS concentration.

Table 2.2-1 Data monitoring during the 3-year study

Parameter Mandatory frequency by = Campaign frequency Daily profile Continuous monitoring
utility, 24h average 24h average samples inlet in aeration tank
samples, Inlet — outlet Inlet — outlet (laboratory) (2 min-?)
(days/year) (days/year)
Flow 365 365 3 campaigns *
TSS 12 12 3 campaigns *
BOD5 12 12
CcoD 12 12 3 campaigns
TKN 4 6-12 3 campaigns
NH4-N 4 6-12 3 campaigns *
NO2-N 4 4
NO3-N 4 6-12 *
TP 4 6-12 3 campaigns
PO4-P 6-12 3 campaigns *
Sludge 4 4

(Dry matter and flow)
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2.2.4. Influent characterization

In addition, specific campaigns were performed on three separate occasions to obtain daily hourly
variation in the influent characteristics (it was not raining the day prior to the sampling to avoid diluting
effect). The following parameters were measured in the influent hourly samples according to Standard
Methods (APHA, 1992): Total chemical oxygen demand (TCOD) soluble chemical oxygen demand (SCOD)
Total Kjeldahl nitrogen (TKN), Total suspended solids (TSS), Total phosphorus (TP), orthophosphate
(SPO4), ammonia (SNHx) nitrite (SNO2) and nitrate (SNO3). These parameters give an insight into the
general composition of the influent and represent the daily variation. Moreover, seasonal variation also
needs to be considered as significant infiltration is observed during rainy periods (typically during the

winter), which dilute the influent and impact the performance.

2.2.5. Phosphorus release and uptake tests

As the configuration of the facility fosters biological phosphorus removal, P release and uptake tests were
performed to evaluate the biological contribution to the overall P removal. One set of experiments was
designed to evaluate the anaerobic phosphate release, as well as aerobic and anoxic phosphate uptake
(to estimate the impact of denitrifying PAOs) with the following schedule illustrated on Figure 2.2-3.

During these tests, SCOD and SPO4 concentrations were analyzed.

120 minutes of aeration phase
45 minutes of anaerobic phase in respirometer

ST 2R TrEe with initial 100 mg/| acetate

by 5 minutesof N gasflush —
ANA/ANOX ANASANOX 120 minutes of anaxic phase

with 50 mg N/ linitialnitrate

Figure 2.2-3 P release and uptake test schedule

Similarly, additional P release tests were carried out, with the same initial acetate addition but a longer
period of anaerobic time (180 min) in order to estimate the maximum releasable phosphate. These
experiments were performed only under anaerobic conditions. In preparation of the sample, 30 min of
aerated time was provided in order to stimulate PP storage to avoid the interference of possible release
during storage. The aeration phase, prior to the anaerobic phase is followed by a nitrogen gas flush to

strip out oxygen and ensure that the initial kinetics are admissible.
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2.2.6. Description of iron dosage

The phosphorus removal at the facility is carried out by combined biological and physical-chemical
methods. In general operation, FeCls (Kemira PIX 511, 40%, d=1,4) is dosed in the aerated basin. The
supplementary iron dose was calculated based on the previous year’s data from the facility and the
schedule was determined as seen in Table 2.2-2. As the configuration of the plant is suitable for bio-P and
the iron dose does not create P-limiting conditions, it was assumed that PAO activity also takes place at
the facility. In order to estimate the potential for bio-P removal, the iron dosage was stopped during two

dedicated periods.

The different dosage strategies have been named Iron dose A for regular dose, with 13.5 1/d, Iron dose B,
with a higher dose, 33.3 I/d (corresponding to the calculated dose considering 50% of biological P
removal), and Iron dose C when the dose was specifically adjusted to the recycled flow, 4.5 I/d on average.
In that last case, the side-stream dose was calculated based on the measured recycled phosphate

concentration and assumed a 1.5 Fe:P molar ratio for removal.

Table 2.2-2 FeCls; dose during different periods of the study

Start Stop FeCls (I/d) Dosage strategy
28/01/2018 25/08/2018 13.5 A
26/08/2018 30/10/2018 0
31/10/2018 13/06/2019 13.5 A
14/06/2019 28/08/2019 0
29/08/2019 11/02/2021 13.5 A
20/06/2020 08/12/2020 33.3 B
09/12/2020 10/02/2021 17.5 C
10/02/2021 16/05/2021 0
17/05/2021 Present 4.5*

* Dosed directly on sludge liquor
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2.3. Results and discussion

2.3.1. Influent characteristics

The average characteristics of the influent wastewater measured by the facility are given in Table 2.3-1.
The daily pattern, measured during the measurement campaign is given in supplementary material, Figure
S2. 1. This pattern is fairly typical for a municipal treatment facility of this size, with distinct morning and

afternoon peak loads.

Calculating typical ratios of the influent concentrations can help to gain insight into potential challenges
in the system (eg. sufficient available carbon for nutrient removal). Rieger et al. (2012) provided typical
ratios observed in various facilities, and it is clear that Villefranche de Lauragais wastewater aligns with

other municipal sewage on average (Table 2.3-1).

Table 2.3-1 Villefranche raw influent concentration ratios compared to typical ratios from Rieger et al. (2012)

Ratio Villefranche Reference (GMP) Min Max
mean mean

TN/TCOD 0,1098 0,095 0,05 0,15
SNHx/TKN 0,5746 0,684 0,5 0,9

TP/TCOD 0,0110 0,016 0,007 0,025
SPO4/TP 0,6604 0,6 0,39 0,8
SCOD/TCOD 0,2164 0,343 0,12 0,75
TSS/TCOD 0,3729 0,503 0,35 0,7
VSS/TSS 0,7054 0,74 0,3 0,9

An important parameter for biological P removal is SCOD/TCOD which indicates the available readily
biodegradable substrate for nutrient removal, the values of the facility are within the range but on the
lower side. The observed variation (Figure 2.3-1) indicates an even lower availability during the daily peak
load. It is clear that during the night (low load) hours, the fraction of soluble COD increases due to lower

TSS, whereas, by the morning peak hours, the TP to SCOD ratio increases.

Seasonal variations are also important to consider. The influent monitoring during the three years clearly
showed that significant dilution was observed in winter months due to rain events and significant

underground water infiltration.
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Figure 2.3-1 daily pattern of soluble COD to total COD, and total phosphorus to soluble COD ratio in Villefranche de Lauragais

wastewater

2.3.2. Plant load and overview of overall nutrient removal

Figure 2.2-2 shows a typical pattern for daily variation and the concentration changes within cycles. It is
visible that during high load periods (typically in the afternoons) the aeration phase is longer, and the
limited DO indicates incomplete nitrification (corresponds to the higher measured ammonia

concentration). Even during these periods, nitrogen removal is highly efficient, with a removal rate of 96%

during the four years of the project.
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Figure 2.3-2 Typical daily variation and cycles in the aeration tank (01/12/2018, iron dose A). Aeration time ratios are indicated

for three periods: 0-8h, 8h-20h, and 20h-24h.

Figure 2.3-3 shows N and P removal rates as a function of influent loading rates. With proper operation,
the total nitrogen removal at the facility was impeccable (96% on average) and performs beyond the legal
requirements. It can be observed that the configuration and the aeration strategy are robust, and changes
in other parameters (e.g. MLSS concentration) do not seem to interfere with nitrogen removal efficiency.
Regarding the total phosphorus removal, the average effluent concentration was 1.12 mg P/I during the
entire period of observation (2018-2020) which corresponds to an average removal efficiency of 78.9%,

and a variation from 45% to 95%.
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Major variations were observed during the period of dilution by infiltrated water in winter during which
the retention time was lowered and the influent concentration lesser (Figure 2.3-4). During such dilution
periods the outlet concentration was generally below the rejection limit (2 mgP/L) but the removal

efficiency decreased.
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Figure 2.3-4 Phosphate removal as a function of a) P loading rate and b) influent TP concentration (2019-2021)

As shown on Figure 2.3-5 phosphate concentration in the effluent was linearly correlated to total
phosphorus, the phosphate concentration representing 90% of the TP in the treated effluent. This

supports the fact that the online monitoring of phosphate is a good indicator of P removal performance.
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Figure 2.3-5 Phosphate versus total phosphorus concentration in the effluent (2019-2021)

2.3.3. Biological P removal dynamics during intermittent aeration

The Villefranche WRRF is a highly dynamic system regarding operations with daily variations typical to
small treatment plants and seasonal variations that are markedly impacted by precipitation in the

catchment area.

Figure 2.3-6 presents the daily pattern of nutrients in two different periods without iron dose. As the
aeration is aligned with the nitrogen removal, it can be observed that the longer aerated phase
systematically occurs during high load times and the shorter aerated (longer unaerated) phase during low
load periods (e.g. night). The aeration time ratio is calculated for three periods of the day: 0-8 h (low load),
8-20 h (morning peak and midday idle time) 20-24 h (evening peak and night idle). This aeration time ratio
depends on controller set-up (inflex) and was fixed at different levels during the study. The aeration time
ratio was initially high (44%) and relatively similar during night and day (Figure 2.2-2). Then the aeration
control was adapted, leading to lower aeration time in a low load period (night), as in the example
presented in Figure 2.3-6 (a, b), with an average aeration time ratio of 34%. Finally, a more homogeneous
aeration ratio was reached (Figure 2.3-6 (c, d)), with an average ratio of 36-39% leading to the best

performance for biological P removal (average daily phosphate concentration around 1 mgP/L).

As the aeration cycles are adapted for optimal nitrogen removal (Inflex aeration control system), the cycle
length may change according to the influent ammonia load. The phosphate variation within the cycles
corresponds to the aeration cycles too: decreasing during the aerobic period and increasing during the

non-aerated period.
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During high load periods, the extended aeration and shorter unaerated periods can result in incomplete
denitrification, which means that during the entire cycle, P removal (with either oxygen or nitrate as an
electron acceptor) is carried out. In contrast, for extended unaerated times, anaerobic conditions may
occur with the complete depletion of nitrate and therefore P uptake is ceased and even P release may
occur. This type of P release during unaerated periods is not confirmed, but just the depletion of electron

acceptors can cause the observed higher amplitudes within cycles.
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Figure 2.3-6 Two periods with zero iron dosage. (a) 24/07/2019 Pgverage = 1.74 mg P/l (b) 25/07/2021 Payerage = 1.61mg P/I. (c)
04/04/2021 Payerage = 1.16 mg P/l (d) 06/04/2021 Payerage = 0.92 mg P/I. The aeration time ratio is given for 0-8h, 8-20h, 20-24h.

From earlier monitoring (04-07 June 2019 and 04-08 August 2019) P release was measured between 10-

15 mg P/l in the anaerobic reactor, indicating P release due to PP cleavage by PAOs.
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Moreover, rapid P uptake after aeration disturbance (and therefore extended anaerobic time which

resulted in higher P concentration) also confirms significant biological contribution in the P removal.

Laboratory P release and uptake tests were performed to estimate independently the PAO activity at the
facility. The phosphate release and uptake measured in specific batch tests are summarized in Figure
2.3-7. The average release rate was around 19,2 + 4,5 mg P/L.h, while the anoxic uptake rate was 4,6 +
0,9 mg P/L.h and the aerobic uptake rate was 7,55 + 0,9 mg P/L.h. These kinetics were actually better
described by a first-order kinetic (k = 1,33 h; 0,194 h'}; 0,509 h! respectively for release, anoxic and
aerobic uptake rate). Overall laboratory batch tests confirmed that denitrifying PAOs are present in the
sludge of Villefranche de Lauragais, but they also confirmed that the P uptake rate is lower in anoxic than
in aerobic conditions. It is due either to the fact that only a fraction of PAO are able to denitrify or their
uptake rate is lower than aerobic ones. Basically, these uptake rates are controlled by internal carbon

stored in previous anaerobic periods which is consumed while recovering internal polyphosphate stock.

During the anaerobic batch test around 22 mgPO;-P/L was released, whereas around 50 mgCOD/L (as
acetate) was consumed. In the anaerobic tank, the release of phosphate was generally lower than 15
mgPO4-P/L. Measurements were performed during three periods in the anaerobic tank and the
phosphate concentration was varying in the range from 10 to 15 mgP0O4-P/L. In the activated sludge the
release is based on the usage of easily biodegradable carbon coming from influent which is made of
fermentation products (like acetate) but also substrates that need to be fermented in the anaerobic tank.
The fermentation rate is slower than the acetate uptake rate by PAO, this explains why the release rate is

lower in the tank than in the batch test performed without acetate limitation.

In the activated sludge basin, the anoxic increase rates (0,75 = 0,16 mg P/L.h) and aerobic decrease rates
(0,85 + 0,12 mg P/L.h) observed were much lower than the batch test rates. It is important to clarify that
actual variation rates in the tank are related to entering the flow and are not directly comparable to the
outline tests. The apparent P release (named here increase rate) during the unaerated period is due to
the continuous influent and a lowered uptake rate in anoxic conditions, also possibly the release of
polyphosphate with the depletion of nitrate. Aerobic P uptake rates (called here decrease rates) are linked
to the reabsorption of phosphate as polyphosphate by the same microorganisms but at a low rate because
their internal carbon storage has been highly reduced due to long retention time. Moreover, the rates are
observed here for a low range of concentration (0,1-2 mgP/L) much lower than in batch tests, and rates

become limited by phosphate concentration.

60



Finally, tests confirmed that the anoxic condition is not optimal for phosphate capture as the PO4 uptake
rate is 39% lower than in aerobic conditions. Too long unaerated time is detrimental not only because of
lower phosphate uptake rate but also because of the risk of anaerobic P release. Fortunately, the
anaerobic release in the principal basin during the unaerated period is not that high (compared to pre

anaerobic zone) because the available external carbon substrate is low and fermentation is a slow process.

As a consequence aeration control strategy should take this phenomenon into account. To maintain the
biological phosphorus removal at a higher level, the unaerated time should not be maintained too longer
after nitrate depletion. Finally regarding the energy saving the results confirmed that a different
parametrization of the inflex automate during high load (day) and low load (night) periods is a good

method but should include specific constraints to avoid a detrimental effect on phosphate concentration.
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Figure 2.3-7 Batch tests (a) anaerobic for phosphate release (Sept 2019, June 2020) ; (b) anoxic and aerobic for phosphate

uptake after anaerobic release (Sept 2019). Dot lines for the first-order model.

2.3.4. Relation between sludge management and P removal

Sludge extraction is a manual operation in such a relatively small treatment plant and depends on human
constraints. Sludge dewatering processes are operated with the presence of the operator for a sequence
of 8 hours a day generally, one or two days per week. Several observations can be pointed out regarding

the correlation between sludge management and phosphorus removal during the 3 years of observation.
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First, it appears that phosphate removal was generally better for periods with a regular wastage and
relatively low MLSS range (3,5-4,5 g/L) compared to periods with no wastage and progressive sludge
accumulation in the basin (up to 6-7 g/L). Indeed the average phosphate concentration in the aerated
basin (and effluent) was observed to progressively increase as MLSS accumulated. This is relatively in line
with theoretical knowledge regarding bioP processes, as too long sludge retention is known to be
detrimental for bioP in alternated aeration facilities (Lee et al., 2007). A good biological P removal is based
on the extraction of biomass with a high phosphorus content as polyphosphate. The sludge of

Villefranche-de-Lauragais WRRF has an average total P content of 32.3 g P/Kg VSS for normal operation.

In the intermittent aeration system with automatic adaptation of aeration time, the variation of MLSS in
the basin also affects aeration. Indeed a clear correlation was observed between MLSS and daily aerated
time (Figure 2.3-8) because the system automatically adapts by extending aeration during sludge
accumulation. This was due to the decrease of DO resulting from an increase of endogenous oxygen
demand and reduction of oxygen transfer coefficient at a high MLSS level, which naturally decreased the
nitrification rate. The effect on phosphate removal is difficult to predict: on one hand increasing aerated
periods is beneficial, but on the other hand, the reduction of DO can limit the P uptake, and lower
denitrification could be detrimental to biological phosphorus removal. Hence multiple effects can be
observed when the system is operated with too low sludge retention and it is highly recommended to

perform a regular sludge wastage to efficiently maintain the biological P removal.

In terms of energy, it is clear that maintaining MLSS concentration to a lower level allows for reducing
aeration time and saving energy (Figure 2.3-8, b). Maintaining the concentration around 4 gSS/L was thus
recommended, as 40% more aeration energy is needed for a concentration around 6g/L. At the same
MLSS level, it is important to point out that aeration time and associated energy vary from 450 to 600
kWh per day, depending on the aeration control parametrization and the resulting aeration time ratio

(28% to 40%).
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The last observation is that phosphate peaks (from 1 to 3 mgP/L) were systematically observed for several

days after each wastage and sludge dewatering sequence (Figure 2.3-8). After measurements were

performed in the liquor from the centrifuge (12-15 mg P-PQO./L), it was deduced that phosphate release

occurred during sludge dewatering provoking some return P load into the activated sludge basin. This can

be related to both phosphate desorption from HFO (hydrous ferric oxides) or polyphosphate cleavage.

This observation was really unexpected as the sludge retention time in the side stream dewatering process

is short, and phosphate release is generally associated with long anaerobic conditions.

Considering the stability of phosphate capture in both chemical and biological pathways, the question

regarding the iron reduction in anaerobic conditions and secondary P release (ex: in clarifier sludge bed)

could be important to consider.
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Figure 2.3-9 Effect of sludge wastage and centrifuge (grey lines) on PO4 (mgP/L) and MLSS concentration (g TSS/I)

2.3.5. Toward an optimal Fe dose

The 24h average phosphate concentration measured in the aerated tank for different iron dosage
strategies is presented on Figure 2.3-10 (a legal requirement of 2 mg P/| yearly average is indicated with

a blue line on the figure) and Table 2.3-2.

For pure biological treatment, the system was allowed to reach an average of 1,96 and 1,61 mgPQO,-P/L
respectively during the two periods 2019 and 2021. During the first period, 50.7% of the analysis showed
phosphate analysis higher than 2 mgP/L, whereas only 20,2% were above that limit is 2021 indicating that
the rejection limit could be respected for 80% of the time. As explained before, this can be attributed to

some improvements in the aeration control system to avoid too long anoxic time.

During the period 2019-2021, different FeCl; dosages were compared. It came that a Fe:P ratio of 0.22
mol Fe/mol P,.q (dose A) allowed it to reach an average concentration of 1.08 mg P/L, and only 3.4% of
the measurements were higher than 2 mg P/L. With a Fe:P ratio of 0.55 mol Fe/mol Pic.q (dose B) the

concentration was 0.49 mgP/L on average whereas only 8.2% is higher than 1 mg P/L.

Finally, a specific dosage method was set up to remove only the phosphate released by sludge dewatering

by direct addition of the ferric chloride to the sludge liquor.
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This dosage (2 L/h during 8 hours of wastage) corresponds on average to the ratio Fe:P of 0.076

considering the P loading rate received by the plant. This strategy allowed us to reach average

performances comparable to dose A. It means that significant chemicals saving could be obtained by

dosing directly and specifically the iron in the sidestream liquor.
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Figure 2.3-10 Phosphate levels for different periods with various iron dosages. Pure biological treatment (Fe: P=0) during two
periods in 2019 and 2021; dosage in the biological reactor at two dosage levels (A, B); the dosage on sludge liquor only (C).

Table 2.3-2 Summary of phosphate concentration (based on a daily average, i.e. 24h average measurement in the aerated

basin) for different periods with various iron dosages.

Fe=0 Fe=0 Fe dose A FedoseB  Fedose Cliquor
Period (nb data - days) 2019 (71) 2021 (84) 2020(147) 2020(98) 2021 (28)
Fe:P (mol Fe/mol Pioad) 0 0 0,223 0,550 0,076
Average Concentration (mgP/L) 1,960 1,607 1,081 0,494 1,035
Standard Deviation 0,583 0,490 0,531 0,351 0,446
NB(%) >2 mg PO4-P/L 50,7% 20,2% 3,4% 0,0% 3,6%
NB(%) >1 mg PO4-P/L 93,0% 89,3% 52,4% 8,2% 53,6%
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Based on the iron dose and overall removed phosphorus, the biological and physical-chemical fraction of
P removal was estimated for different iron dose strategies. Whereas the removal efficiency for pure
biological treatment was 65% and 71% respectively in the 2019 and 2021 campaigns, the overall efficiency

increased to 80,7% and 91,3% with iron dosage respectively with dose A and dose B.

Considering the contribution of chemical removal and assuming that the biological processes were similar
in presence of iron, the chemical removal of phosphorus followed a stoichiometry ranging from 1.7 to 2.3
mol Fe/mol P removed respectively for dose A and dose B. This is higher than the Fe/P ratio (1.5) which is
normally applied to calculate iron dosing. Such observation can be explained either by a lower efficiency
of chemical capture at low phosphate concentration or a possible detrimental effect of iron on biological
phosphorus removal. Indeed Smith et al. (2008) and Szabo et al. (2008) demonstrated that the Fe/P ratio
depends on the desired residual P concentration. The stoichiometry increases at low phosphate

concentration which means that the iron needs are higher.

The newly implemented side-stream Fe dose was shown to fulfill effluent requirements during the
experimental period. This new strategy needs to be validated on longer term. Iron is directly dosed to the
return sludge liquor to mitigate the interference of the additional load that was observed before. It was
estimated to reduce 65% of the dosed iron compared to the same period of the previous year (with dose

A).

2.4. Conclusions

In this study, biological and physical-chemical phosphorus removal in intermittently aerated activated

sludge was deeply investigated with a monitoring campaign for three years.

Results revealed that biological removal based on excess accumulation (PAO activity) contributes very
significantly to the performance in the system but that performance was depending on aeration pattern

(aeration time ratio) and sludge wastage management.

It was observed that the anoxic P uptake rate was significantly lower than the aerobic one and that

anaerobic periods provoke phosphate release in the intermittently aerated tank.
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As a consequence, a sufficient minimal aeration time ratio is necessary to maintain good biological
phosphate removal in the system. After considering this observation a proper parametrization of the
aeration controller was used (based on bending point detection and two load periods within the day) and

biological P removal reached 71%, leading to a phosphate concentration of 1.61+0.49 mg P/L.

Finally, as the effluent target is 2 mg P/l in such a facility, the pure biological can fulfill this requirement
on average, as soon as aeration intermittency and MLSS are both controlled adequately. However, on a
daily average, this result is guaranteed only 80% of the time. Therefore, the complementary iron dosage

help to fulfill the requirement with perfect reliability.

Thanks to proper aeration control for both biological phosphorus and nitrogen removal, a very low dose
of chemicals was sufficient to reach the requirements. The dose was more than 50% lower than the
theoretical dose recommended by the initial design method. Even more chemical saving was obtained by

dosing the ferric chloride on the sludge liquor produced during the dewatering process.

The global ecological optimization of such a system should consider energy needs, chemical dosing, and
direct and indirect emissions. This study allowed us to find threshold limits and recommendations for such
global eco-design. It reveals that regular sludge wastage for good control of MLSS concentration, accurate
process assessment by dissolved oxygen and ORP sensors for aeration control, as well as optimization of
ion dosing point and quantity are all important to make such important progress in minimizing economic

and environmental costs.
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2.7. Supplementary material
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Chapter 3 - Iron reduction kinetics and influencing parameters in
activated sludge
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Highlights

Fe(lll) reduction follows first-order kinetics in activated sludge under anaerobic condition

The influence of MLSS concentration on Fe(lll) reduction rate is determined

Fe(lll) reduction rate is not limited by the organic substrate in activated sludge

Sulphate concentration does not influence iron reduction rate

Potential vivianite formation is maximum with the advancement of Fe(lll) reduction but before

sulphate reduction (1-2 day window)

Key-words

Ferrous iron, microbial-induced reduction, ferric iron, vivianite, ferrous sulfide, phosphorus recovery
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3.1. Introduction

Metal salts are widely used as chemical reagents in wastewater treatment and wastewater collection
systems. Iron ions can be naturally present in wastewater but are generally supplied for different
purposes: to prevent hydrogen sulfide emission, capture organic compounds by coagulation, remove
phosphate in physical-chemical treatment, or in combination with activated sludge treatment. More
stringent limits for phosphorus in wastewater treatment plant effluent can explain the trend of increased
iron dosing in some countries (Takacs et al., 2006). In parallel considering the scarcity of phosphorus as a
resource, new phosphorus recovery strategies are being developed with iron-coagulated sludge (Wilfert
et al., 2016). Indeed the recovery of ferrous phosphate as vivianite has been demonstrated, and this new
route is driven by iron reduction in the anaerobic digester (Prot et al., 2020). Finally, the same amount of
iron can play successive roles, first in the collection system, then in wastewater treatment tanks, and
finally in sludge treatment. For this reason, it was recently shown that an integrated approach should be
taken when considering iron salt usage in an urban wastewater system (Rebosura et al., 2018). Therefore,
it is important to increase our insight into iron reduction kinetics, either in the activated sludge process

or in sidestream processes and sludge treatment.

Either ferric (Fe(lll)) or ferrous (Fe(ll)) salts can be used in wastewater treatment but ferric (especially
ferric chloride) is the most commonly used for phosphorus removal. Ferric iron dosage leads rapidly to
hydrous ferric oxide (HFO) formation in water, a precursor of ferrihydrite precipitation. The formation of
HFO considered to be Fe(OH)s() provides a number of adsorption sites for ions on its surface, which allow

both adsorption and co-precipitation of phosphate (Smith et al., 2008; Szab¢ et al., 2008).

As soon as anaerobic conditions are imposed, oxygen and nitrate are depleted, and ferric iron (including
HFO) is progressively reduced into ferrous iron which is more soluble and produces less hydroxide. In an
activated sludge system microbial iron reduction was previously observed (Nielsen et al., 1996; Lovley,
1997; Chen et al., 2003; Wang et al., 2019). Iron is completely reduced in an anaerobic digester in which
long anaerobic retention times and low oxidation-reduction potential conditions were maintained (Cheng
et al., 2015). Inversely iron is oxidized under aerobic (Stumm and Sulzberger, 1992; Chen et al., 2018) or

anoxic conditions (Benz et al., 1998).

Regarding the general knowledge in aquatic environments, iron reduction can happen both through

abiotic and biotic pathways (Roden 2003; Lovley, 2013).
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However microbial reduction seems to be dominant in wastewater treatment plants (Nielsen, 1996;
Nielsen et al., 1997; Rasmussen and Nielsen, 1996). There are several enzymatic and non-enzymatic iron-
reducing pathways for microorganisms (Schultze-Lam et al., 1996; Southam, 2000; Nevin and Lovley,
2000). Different studies (Achtnich et al., 1995; Lovley and Chapelle, 1995; Zhang et al., 2009) suggested
thatiron reducers are able to outcompete sulphate reducers and methanogens under different conditions
(paddy soils, deep water, and sewer biofilm conditions, respectively) while Bethke et al. (2011) even found
proof of mutualism between iron reducers and sulphate reducers. However, the effect of sulphate oniron

reduction rates in activated sludge still needs to be clarified.

Regarding the iron reduction kinetics, Nielsen (1996) determined rates ranging from 0.9 — 3.7 mg Fe g!

VSS ht for six different facilities (all of which were dosing iron for phosphorus removal — either exclusively
or simultaneously with biological phosphorus removal). Wang et al. (2019) calculated zero order rate
constant from a chemical treatment (CT) and Enhanced Biological Phosphorus Removal (EBPR) facilities
and obtained values equal to 2.99 mg Fe g'VSS h! and 1.02 mg Fe g'VSS h! respectively. The authors
concluded that there is a correlation between zero-order reduction rate and iron concentration, and
determined first-order rates which were slightly different in the two types of facilities (1.2+0.17 d* for CT
and 1.44+0.02 d* for EBPR). Chen et al. (2003) examined the pure culture (Shewanella putrefaciens) and
abiotic reduction as well, using different natural organic matter (NOM) as the electron donor. The iron
reduction rate constant was in the range of 3.31 — 10.94 d while in chemical reduction 0.3-1 d* at pH 3.
The iron reducing capacity of natural organic matter decreases significantly with increasing pH, the abiotic
reduction becoming negligible compared to the microbial reduction. These studies provided general

insight into iron reduction kinetics but did not scrutinize influencing parameters.

Considering the whole plant system, ferric iron is being completely reduced into ferrous iron in the
anaerobic digester tanks, this reduction modifies the iron speciation and its mobility as well as the iron
interactions with phosphate and sulfur. Phosphate can be released in the digester liquor or precipitated
with ferrous iron. Speciation of ferrous iron in anaerobic digesters is controlled through a primary reaction
(sulfide precipitation to form pyrite and ferrous sulfide) and a secondary reaction (phosphate precipitation
to form vivianite) (Roussel and Carliell-Marquet, 2016). The formation of ferrous phosphate and ferrous
sulfide was both confirmed experimentally in digested sludge (Wang et al., 2019; Prot et al., 2019; Wilfert
et al., 2020). Finally, vivianite can be collected from digested sludge due to its magnetic properties (Prot
et al., 2019). Iron phosphate and iron sulfide production would depend on the S and P availability. Despite

iron sulfide being theoretically favored in thermodynamics, it has been demonstrated that iron forms
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vivianite in the majority of the phosphate-rich digester (Roussel and Carliell-Marquet, 2016). Iron
reduction in anaerobic digestion was implemented in recent models for anaerobic digesters (Hauduc et
al., 2019). Moreover, studies revealed that iron reduction and vivianite crystallization can even be realized
with a much lower retention time than those of anaerobic digester (Azam and Finneran, 2014; Priambodo
et al., 2017; Liu et al., 2018; Varga et al., 2020). As a consequence knowing accurately iron reduction
kinetic is important for predicting possible phosphorus recovery strategies, as well as hydrogen sulfide

mitigation.

The objective of this study is to determine iron reduction rates and clarify the interactions between iron
reduction, sulphate reduction, and phosphate release in activated sludge. Experiments were designed in
anaerobic conditions with activated sludge receiving ferric chloride. The following influencing parameters
were scrutinized: the dependence on suspended solids concentration, the possible effect of
biodegradable organic matter, and the influence of sulphate concentration on both iron reduction and

phosphate release.

3.2. Materials and methods

3.2.1. Batch assay setup

The batch reactors used for these experiments contained 1000 ml or 500 ml of activated sludge with
sealed screw caps and inserted sampling tubes into the gas and liquid phase. Constant mixing was
maintained via magnetic stirrers. Prior to sealing the reactors, sludge samples were flushed with nitrogen
gas for five minutes.

For the sampling, 20 ml plastic syringes were used, and to ensure the accurate sampling of the mixed
sludge, the tubes were flushed with the sludge multiple times prior to sampling. Moreover, dinitrogen gas
was added to the reactor headspace to maintain constant pressure and ensure anaerobic conditions. The
reactors were kept at room temperature (25+1°C). For most of the experiments, additional Fe(lll) was

initially added to the reactor as FeCls (100 mg Fe L?).
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Each batch test was systematically duplicated. Samples (volume: 15 - 20 ml where 10 ml was used for total
Fe2* measurement by acidification and the rest for soluble components by centrifugation and filtration)
were taken at increasing time intervals: 0, 15, 30, 60, 90 minutes, then at 2h, 4h, 6h, 8h, and 24h following
with one sample per day until the end of the experiment (14 days).

In most cases, sludge samples (type A) were taken from the biological tank of an activated sludge process
in Villefranche de Lauragais (France) treating 9500 PE. This facility is designed to perform simultaneous
biological and physical-chemical P removal, with a pre-anaerobic zone followed by an intermittently
aerated basin. Nitrification, denitrification, and phosphorus removal are carried out by combined physical-
chemical, and biological processes with FeCl; dosed in the aeration tank. For a specific comparison, sludge
samples (type B) were collected from a second facility (Seine Amont, Valenton, France, 2.600.000 PE). This
plant is designed with denitrification-nitrification activated sludge, followed by physical-chemical
phosphorus removal (clariflocculation) and anaerobic digestion as sludge treatment. The sludge samples
were sieved (2mm) and stored at 4°C until the start of the batch tests during transporting and storage
time of a maximum of 24 hours.

In order to determine influencing parameters, different scenarios with parameter adjustments were
included in the study (Table 3.2-1). Each experiment included two simultaneous reference reactors, to
reflect current conditions at the facility and parameter-adjusted reactors to monitor the impact on the

reduction rate.

Table 3.2-1. Experimental scenarios of iron reduction batch tests

Number of
tests

Scenario/question Parameter Required adjustments

Biomass Total suspended solids TSS concentration changed by 24
concentration settling or dilution (with
dependency supernatant) in the range 1.5-11g
TSS Lt
Confirm biological Substrate addition 200 mg/I acetate as NaCzH302 2
reaction Substrate addition 100 mg/I lactate as NaC3HsO3 2
Inhibition of biological Autoclaved samples: 30 minutes at 2
processes 121°C
Sulphate Initial sulphate Addition of 30 mgS/l sulphate as 4
dependency concentration Na2SO04
Effect of Fe(lll) No additional Fe(lll) vs. Initial Fe(lll) varies from 40 to 150 4
concentration additional Fe(lll) mg L?
Sludge origin effect Inoculum Sludge A v.s. sludge B for initial 4
Fe(lll) 150 mg L
Temperature Temperature Controlled temperature: 16°C and 4
dependency* 30°C

*Temperature dependency is presented in 3.7 Supplementary material
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3.2.2. Analysis

Total iron and total phosphate concentrations in sludge samples were determined by Inductively Coupled
Plasma Atomic Emission Spectrometry (ICP-AES - Horiba Jobin Yvon - Ultima2). Before analysis, a hot acid
attack (HNO3 - DigiPREP HT high-temperature digestion system - SCP science) was carried out to allow the
complete dissolution of the precipitates contained in the samples. HNO3 (69-70% PlasmaPURE) was added
in a mineralization tube, and digestion was performed at room temperature for 1h, and at 95 °C for one
hour. Samples were diluted and measured in the range of 0-10 mg L after calibration with SPEX CertiPrep

1000ug/ml for Fe and P.

Total and soluble Fe(ll) concentrations were measured with a 1.10-phenanthroline spectrometric method
adapted from water quality standards (NF T 90-017, AFNOR, qualité de I'eau, 1994). Soluble iron was
measured after filtration (0.2 um pore size). For total Fe(ll), the HCl extraction method was applied. 0.65
ml HCI (1 M) was added to a 10 ml sample for lowering the pH to 1-1.5, before mixing for 10 min. The
sample was then centrifuged and filtered (0.2 um pore size) and the supernatant was analyzed. Prepared
samples were stored in sealed containers until analysis. Fe(lll) was calculated by the difference between
total iron and Fe(ll). The HCI extracted Fe(ll) measured at the end of the anaerobic assay was compared

to total iron which confirmed the high extraction efficiency.

Total suspended solids (TSS) and volatile suspended solids (VSS) were determined according to APHA
(1992) protocol. Soluble COD was measured with the dichromate method using spectrophotometric
determination according to NF T90-101 (Hanna Instruments, Woonsocket, RI, USA). The analysis of
phosphate and sulfate was conducted on an ionic chromatography system with a suppressor and
conductivity detector (ThermoFisher Scientific, DX 320, Waltham, MA, USA) according to the water quality
standard method (NF EN ISO 10304-1, AFNOR qualité de I'eau). Chromatographic separation was
performed using an AS19, 2 x 250mm column (ThermoFisher Scientific, Waltham, MA, USA) at 30°C. The
volume injected was 10pL of samples. The flow rate was 0.25 mL/min. The mobile phase was a multi-step
gradient of KOH. The sample preparation consisted to centrifuge 5mL of sludge at 13000 rpm for 15 min
and filtered at 0.2 um cellulose acetate membrane. For all measurements, a maximum storage time of 24
hours was applied to prevent the re-oxidation of soluble Fe(ll) and subsequent possible hydroxide

precipitation.
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3.2.3. Calculation

Iron and phosphorus speciation were estimated in order to scrutinize the effect of reduction on both
sulfur and phosphorus compounds. A calculation method was used based on measurements during
kinetics and assumptions related to reactions stoichiometry (Figure S3. 1, Table S3. 1). First the reduced
iron and reduced sulfate were used for estimating iron sulfide formation, assuming that this compound is
thermodynamically favored (Roussel and Carliell-Marquet, 2016; Wilfert et al., 2020). Secondly, the
available ferrous iron was compared to available phosphate for estimating the ferrous phosphate
potentially formed as vivianite.
The following components were assumed:

e Total iron is composed of Fe(lll) and Fe(ll). Fe(lll) is in particulate form (HFO). Fe(ll) is composed

of soluble Fe(ll), FeS precipitate, vivianite, and other Fe(ll) precipitates.
e Total phosphorus is composed of Fe(lll) bound P, soluble orthophosphate, P content of biomass,

vivianite, and other particulate phosphorus (including stored polyphosphate).

Fe(lll) bound P was assumed initially with measurements of Fe and P with a molar ratio of 1.5. Initial SO4-
S concentration was considered as the potential for sulfide production (samples were initially flushed with
pure dinitrogen). With closed stirred reactors, the gas phase was assumed to be in equilibrium with the
liquid phase, and H,S gas was not removed. Sulphate reduction directly causes FeS precipitation with a
molar ratio of 1:1. Dosed Fe(lll) adsorbs with gradually released PO, (based on P release without iron

dose). Fe(ll) captured by sulfide is assumed to induce PO, release.

3.3. Results

3.3.1. Iron reduction kinetics

Figure 3.3-1 shows the evolution of Fe(ll) concentration over time (relative to final) during typical
experiments with sludge A and sludge B. Fe(lll) was dosed at a similar concentration (100 mg/L) initially,
and a similar MLSS concentration was chosen (TSS= 3.4 g L! for sludge A - Villefranche; TSS= 3.5 g L* for
sludge B - Valenton). Both experiments showed a very similar pattern. 68+5% of iron was reduced after

24 hours, and more than 90% of iron was reduced after 2 days.
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Figure 3.3-1. Total Fe(ll) to final Fe(ll) concentration ratio in sludge A (Villefranche de Lauragais) and sludge B (Seine Valenton)

The initial kinetic rate (ko) of iron reduction was determined (in mg Fe g*VSS h'?) using the measurements
realized during the first 24 hours. Considering that the rate was proportional to the iron concentration 7
days of kinetic test results were used to determine the kinetic rate (k) of a first-order model (13 data

points on average):

The first-order model gives a very good fit for the overall dataset as indicated by the logarithmic
representation (R%=0.99) (Figure 3.3-2). The k value was 1.399 + 0.053 d* for sludge A and 1.135 + 0.162
d* for sludge B. The average zero-order rate determined with the initial measurements was 1.068 + 0.364
mg Fe g'VSS h! for sludge A and 1.226 + 0.162 mg Fe g'VSS h! for sludge B. Correlation coefficients for
the rate calculations were excellent in most cases (R?>>0.95). The initial rates (ko) show more variation
compared to the first order rate (k), which was possibly due to the sensitivity of ko to the initial sludge

condition and preparation (iron concentration, degassing, and pH drop).
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Figure 3.3-2. a) measured and calculated iron concentrations in a selected batch reactor (sludge A, TSS=3.442 g TSS/l) b) first-
order kinetics illustrated on a logarithmic scale (up to day 3).

To confirm the dominance of biological reduction over chemical reduction during the tests (sludge A), a
first experiment was done after autoclaving the sludge (non-biotic reference), and two experiments were
performed (both in duplicate) with the addition of lactate and acetate (Figure 3.3-3). After autoclaving,
almost no reduction was detected during 24 h which confirmed that iron reduction was mainly biologically
induced. Regarding the assays with lactate and acetate, the Fe(ll) production rate was comparable to the
reference test. It seems that substrate addition slightly encouraged reduction during the first hours (Figure
3.3-3), but the total amount of Fe(ll) at 24 hours and later was not significantly different from the
endogenous condition. Moreover, the kinetic rates determined for lactate addition (k= 1.502+0.366 d)
and acetate addition (k= 1.305+0.072 d!) were not statistically different from the value obtained at the
reference conditions (sludge A) without any organics addition. This result shows that the iron reduction

in the endogenous condition was not significantly limited by organic matter after 24 hours and in the long

term.
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Figure 3.3-3. Reduced fraction of Fe(lll) dosed at the beginning of the experiment (duplicated tests) for different organic
substrates addition

3.3.2. Influence of sludge concentration on the kinetic rate

As it was previously established, iron(lll) reduction in activated sludge is dominantly a biological process.
While biomass speciation was not carried out, it is appropriate to use VSS as an indicator for biological
activity, considering the available dataset. A number of batch tests were carried out with different sludge
concentrations in the range of 1.1 —9.5 g VSS L. The first order rate constant (k) ranged from 0.5 to 1.9
d?(0.021 - 0.08 h'l), increased very significantly with VSS concentration from 1.1 to 4 g VSS L', and was
relatively constant from 4 to 9.5 g VSS L (Figure 3.3-4). Considering such a typical pattern for a biological
reaction with saturation phenomena, a Michaelis-Menten expression was proposed to describe this

tendency (eq. 1) where VSS dependency implies enzymatic activity.

Xyss .
k=k * — Equation 1
max = (Kyss+Xyss)
Where kmax is the maximum reduction rate constant in d*

Kvss is the half-saturation parameter for the VSS effect in g Lt

Xvss is volatile suspended solids concentration in g L

The parameter estimation was performed by minimizing the Root Mean Square Error (RMSE) using the
generalized reduced gradient method as an optimization procedure. The optimal value of kmax Was 2.65 d-

Land the optimal value for saturation parameter Kyss was 3.23 g L.
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Figure 3.3-4. Iron reduction rate constant as a function of VSS concentration.

3.3.3. Effect of sulphate on reduction kinetics and phosphate release

To investigate the interactions between iron and sulphate reduction, four scenarios were compared, by

combining a low and high level of iron concentration (40 - 150 mg Fe(Ill) L) with low and high levels of

sulphate concentration (15 — 50 mg SO4-S L%). Results are shown on Figure 5.
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In all the experiments sulphate reduction accelerated after 24 hours whereas it was not significant during
the first day. During the tests with a low level of iron (only the original iron dosed on the plant) phosphate
was released (40 mg P L) during the first 24 hours simultaneously as iron was reduced. With additional
sulphate a secondary release of phosphate was observed after sulphate was reduced between days 3 and
4 (Figure 3.3-5.d). For higher iron dosage, phosphate release was observed to start only after 24 hours
after most of the Fe(lll) was reduced. Finally, in case of additional iron dosing, phosphate release occurs
concomitantly to sulphate reduction which was observed to start after iron reduction. On the contrary,
phosphate release at low levels of iron (endogenous) happened parallel to iron reduction but a secondary
phosphate release was observed after sulphate reduction. During the experiments with additional iron,
significant soluble Fe?* was measured in the reactors after 24 hours (up to 30% of total Fe(ll) at 24 hours).
This soluble fraction of iron decreases progressively after 24 hours which coincides with the beginning of

sulphate reduction.

Sulphate reduction was observed as the main process between 24 h and 3 to 6 days. Although the sulphate
reduction started parallel with Fe(lll) reduction, it is clear that Fe was the more favored electron acceptor
during the first day, whereas sulphate reduction accelerated after Fe(lll) abundance decreased. As
phosphate release seemed to correspond with sulphate reduction, with additional iron dosage, it was
expected that higher concentrations of phosphate can be achieved with higher initial sulphate
concentrations and these observations were similar to lower iron concentrations (i.e. endogenous iron
reduction). This result is confirmed on Figure 3.3-5 b) compared to Figure 3.3-5 a), indicating 50%

additional phosphate release when the initial sulphate was 45 mg S L' instead of 15 mg S L™

An important question is to evaluate if the concentration of sulphate could have an influence on the iron
reduction rate. The values of the k constant obtained are plotted as a function of S: Fe molar ratios on
Figure 6. Despite the variation of sulphate to iron ratio, the rate constant (k) did not show any significant
variation and was maintained around 1.2 + 0.2 d%. This indicates that sulphate did not inhibit nor enhance
iron reduction kinetics. Moreover, sulphate reduction happened at a similar rate during these

experiments despite the different levels of iron concentrations used.
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3.3.4. Calculation of iron and phosphorus speciation

As described earlier ( Chapter 3.2.3), based on the measured data, an estimation of iron and phosphorus
chemical fractionation was performed. Figure 3.3-7 shows the iron fractions for the four anaerobic tests

with different sulphate-to-iron ratios.
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low Fe - high S. Components are particulate iron(lll) hydrous oxide (XFe3*), soluble iron(ll) (SFeZ*), iron(ll) sulfide (FeS), iron(Il)
phosphate (vivianite), other particulate iron(ll) (XFeZ*).
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Figure 3.3-8 shows P fractionation in the same batch reactors. Without additional iron (Figure 3.3-8.c and
Figure 3.3-8.d) the initial P release (<8 h) can be attributed to polyphosphate (PP) cleavage and not
necessarily to a consequence of iron reduction. Indeed, in the first 4 hours, nearly 1 mmol L P was
released while only 0.2 mmol L of iron was reduced (compared to Fe: P=1.5 assumed for chemical P
capture). This indicates that the release of phosphate is related to other processes than reduction (eg. PP
cleavage, hydrolysis). With additional iron dosage, phosphate was assumed to be similarly released by
bacteria but did not appear in solution due to its sorption by Fe(lll) (hydrous ferric oxide-HFO). In
accordance with available iron and assumed P release (approximately 0.038 mmol P/h) the fraction of
Fe(lll) bound P was increased at the beginning of the reduction. With the iron reduction, the amount of
Fe(ll) bound P increased (assumed to be vivianite) and this amount was higher for additional iron dosage.
The Fe(ll) bound P was progressively solubilized as the iron sulfide was produced during sulphate
reduction. The maximal vivianite formation was reached after 24 h at a low level of iron, and 48 h at a

high level of iron.
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3.4. Discussion

3.4.1. Iron reduction kinetic rates

In this study, zero-order reduction rates (ko) and first-order rate constants (k) were determined to reflect
the initial part and the totality of the reduction kinetics, respectively. The values obtained for ko in this
study were added to the synthetic chart of Wang et al. (2019) which includes data from previous studies
(Nielsen, 1996; Nielsen et al., 1997; Rasmussen and Nielsen, 1996). Note that the variation of
concentration expressed in mg Fe g'VSS was due to variation of either Fe or VSS concentrations.
Endogenous iron also varied widely in the literature data whereas, in this study, iron was dosed at the
beginning of batch experiments. Our values confirmed the global tendency indicating that the initial
specific iron reduction rate primarily depends on iron (Fe(lll)) concentration, which justifies further
examination of first-order rates. The values of the first order rate constant (k) ranged in this study from
0.5 to0 2.0 d* (0,021 - 0,083 h?) for a range of VSS concentration from 1.0 to 9.5 g L. The average value
for standard conditions (3.4-3.5 g VSS L) was 1.399 + 0.053 d* for sludge A and 1.135 + 0.162 d* for
sludge B. These values were in the range of literature studies (0.178 — 10.9 d!) from natural sediments
(Roden and Wetzel, 2003) to pure Fe reducer culture (Chen et al., 2003), and within the range of 1.2 —

1.44 d! which is the reference for activated sludge (Wang et al., 2019).
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Figure 3.4-1. Zero-order iron reduction rate constants as a function of iron concentration in different studies (based on Wang
et al., 2019 — using average values to display Nielsen, 1996)
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The parameter most influencing the reduction rate is the mixed liquor concentration indicating that the
reduction was logically intensified by the biomass concentration. This effect was less significant for MLSS
concentrations higher than 4 g L. This can be explained by the poorly soluble nature of Fe(lll) mainly
present as hydroxide precipitates (HFO) which are adsorbed on suspended solids. Therefore the reduction
rate is surface limited and may be no longer influenced by additional biomass as soon as iron is totally
adsorbed. Logically it was observed that no iron reduction occurred with autoclaved sludge sample (during
24h), which confirmed the dominance of the microbial process as an iron reduction mechanism in

activated sludge.

Two experiments were performed with additional substrates (lactate and acetate) to stimulate different
groups of microorganisms, but a very similar iron reduction rate was obtained. This result showed that

organic matter was not limiting for the iron reduction in the activated sludge sample.

Organic matter naturally available or produced by fermentation was sufficient for playing the role of
electron donor during iron reduction. It should be mentioned that the amount of iron reduced in the batch
tests (100 mg L?) corresponds to an equivalent oxygen demand of only 14.3 mg L. An increase of soluble
COD during batch tests (measurements not shown) indicated that hydrolysis and fermentation produced
organic electron donors. As acetate is naturally produced by fermentation, its addition does not increase
the reduction rate. Lactate may be less abundant in fermentation products which may explain a slight

accelerating effect when it was dosed.

In this study, the genealogical composition of the biomass was not determined, but a range of
microorganisms are able to use Fe(lll) as an electron acceptor with various electron donors in wastewater
treatment communities (Lovley, 2013). Many of these are fermenters and/or facultative iron reducers,
utilizing the electron acceptor that yields the highest energy. Nielsen (1996) stated that not all Fe(lll)
reducers use Fe(lll) as the exclusive electron acceptor, some may use oxygen and nitrate facultatively and
some sulphate reducers also showed iron-reducing capabilities. This can explain the rapid initial reduction,
as various electron donors can be used for iron reduction even at very low concentrations (Lovley and
Chapelle, 1995). The availability of these electron donors can also drive the competition between

anaerobic microorganisms (Achtnich et al., 1995; Lovley and Chapelle, 1995).
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3.4.2. Relation and comparison between iron and sulphate reduction

In this work, iron and sulphate reduction kinetics were compared on the same activated sludge. Results
revealed that sulphate reduction rate was very low during the first 24 hours and accelerated only after
the majority of Fe(lll) was reduced, whereas the Fe(lll) reduction rate was the highest at the start of the

experiment.

Less than 5% of sulphate was reduced during the first 24 hours while more than 70% of iron was reduced
in parallel. This observation appears in line with the thermodynamic sequence theory used in
geomicrobiology (Achtnict et al, 1995; Bethke et al, 2011; EPA, Groundwater, 2013) even though little
information can be found to support this in activated sludge literature. Ingvorsen et al. (2003) observed
that sulphate reduction could start immediately in anaerobic conditions but at a low rate during the first
20 hours, before the kinetics became exponential. This rate was accelerated by adding an organic
substrate indicating that sulphate-reducing bacteria were limited by electron donors. Most sulphate
reduction bacteria (SRB) are unable to degrade high molecular mass compounds and depend on
fermentation products for their metabolism (Ingvorsen et al., 2003). Our measurements also revealed
that iron reduction starts more rapidly and does not suffer from similar organic matter limitations. After
the sample storage period (24 h) iron was mainly found in Fe* form (~25 mg Fe L) while sulphate
concentration was still significant around 15 mg SO4-S L. An on-site sampling showed that at the sampling
point in the aeration tank Fe** concentration was negligible whereas sulphate concentration was also close

to 15 mg SO4-S L.

In addition, our study demonstrates that the iron reduction rate constant (k) is not influenced by the
concentration of sulphate. This clearly supports the idea that Fe(lll) reduction is not inhibited by sulphate.
Conversely, the sulphate reduction kinetics were not modified by the variation of the initial iron dose. The
sequence between both reduction processes is not completely exclusive, as an overlapping period can be
observed. When sulphate reduction begins (at 24 hours), there is still substantial Fe(lll) present (~40 mg
Fe/l) and iron reduction continues parallel with sulphate reduction. This supports neither a complete
inhibition of sulphate reduction by ferric iron nor the exclusively sequential nature of the electron-
accepting processes. As Lovely and Chapelle (1995) studied the zoning of anaerobic groundwater systems,
they found that the competing groups of microorganisms (Fe(lll) reducers, sulphate reducers, and
methanogens) are able to utilize available electron donors (acetate or dihydrogen) in increasing

concentrations only, giving the “higher rung” groups an advantage.
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Thus, this sequence could be interpreted by a lower affinity constant for organic electron donors for iron
reducers in comparison with sulphate reducers. Regarding this competition, Bethke et al. (2011) found
that the initial structure of the Fe(lll) precipitate is crucial for the reduction. They explained that whereas
ferrihydrite is a preferred electron acceptor over sulphate, more crystalline iron structures (eg. Goethite)
are not naturally reduced as rapidly. And finally, they found proof of mutualism between functional groups
of reducing microorganisms as opposed to competitive exclusion. According to Achtnich et al. (1995)

sulphate to iron ratio may also have an impact on the competition for electron donors.

However, in the range explored in the current study (SO4: Fe range of 0.15 — 2.75 mol S/mol Fe) this ratio
was not an influencing factor either in sulphate and iron reduction kinetics. Finally, it appears that the
reduction of sulphate and iron can happen at the same time independently, but the rate of SRB was

initially more limited by an organic substrate.

3.4.3. Implications for phosphate and iron recovery

Both iron and sulphate reduction affect phosphate immobilization and phosphate release as well as
mineral speciation, depending on the S: Fe ratio (Figure 3.3-7 and Figure 3.3-8). Similarly, Kleeberg et al.
(2015) have shown the importance of the S: Fe ratio for indicating vivianite occurrence in natural
sediments. In our study phosphate release was rapid and concomitant with Fe reduction at a low level of
iron, whereas at a higher iron dose phosphate release was delayed by 24 h and correlated to sulphate
reduction. In that case, phosphate was captured by Fe(ll) but was progressively solubilized due to iron
capture by iron sulfide precipitation. The speciation estimation showed that the maximum amount of
Fe(ll) phosphate (assumed to be vivianite) was systematically obtained after 1 or 2 days when most of the
iron was reduced but iron sulfide was still minimized. This indicates that an optimal condition could be
obtained in an anaerobic reactor with a lower retention time than conventional AD for recovering
vivianite. Alternatively, Prott et al. (2020) demonstrated that overdosing the iron was possible to increase

vivianite production in anaerobic digestion, but a part of iron was naturally captured by sulfide.

Finally, an optimal saturation index (Sl) for vivianite can be reached after iron reduction but before
accumulating too much sulfide. It seems that such a condition could be reached by controlling the
retention time and the organic electron donor availability, as iron reduction appeared less limited than
sulphate reduction for a similar condition in our experiments. It was important to show that decoupling

iron and sulphate reduction was possible.
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To the author’s knowledge, this is the first time such a possibility is supported by experimental evidence,

and it constitutes a promising perspective for vivianite recovery.

Alternatively, phosphate recovery can be improved by solubilizing phosphate before precipitating it as
struvite or hydroxyapatite. In the current study, the catalyzing effect of sulphate reduction on phosphate
release was shown. In previous studies, the addition of sulfide to digested sludge or activated sludge was
performed to provoke phosphorus release (Suschka et al., 2001; Wilfert et al. 2020; Lippens and de Vrieze,
2019).

Lippens and de Vrieze (2019) recently showed that sulphate injection in an anaerobic digester can release
phosphate but reduce methane production. In contrast, phosphate extraction before anaerobic digestion,
either by extracting vivianite or releasing the phosphate thanks to sulfide production could also be

explored.

According to our observation, the phosphate captured by Fe(ll) (although further work is needed to
demonstrate the exact crystallization level and composition) can be rapidly solubilized thanks to sulfide,
without consuming much organic matter. This could be an emerging way to release phosphate before the

anaerobic digestion without reduction of the methane potential.

3.5. Conclusions

These findings clarify the iron reduction kinetics in activated sludge under anaerobic conditions, as well
as some influencing parameters and the consequence on Fe-S-P interactions. Most of the Fe(lll) was
reduced into Fe(ll) within two days. The iron reduction was described by first-order kinetics and rates
were similar for two sludges from different sources. Results revealed that iron reduction was not limited
by organic matter as an electron donor. The effect of MLSS concentration on the rate constant was
described by a non-linear function. The study further revealed that sulphate concentration did not
influence iron reduction rates, and the iron dose did not influence sulphate reduction as well. Sulphate
reduction started slower than iron reduction, probably due to higher sensitivity to organic substrate
limitation. Phosphate release depended on the initial iron dose but was quantitatively affected by
sulphate reduction. As a consequence, ferrous phosphate precipitation, supposed to produce vivianite,
potentially reached a maximum for a time of 1 to 2 days. These results could help to define strategies for

phosphorus recovery in presence of iron.
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3.7. Supplementary material
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Figure S3. 1. Schematic diagram of the calculation method for determination of Fe, P fractionation. Notation: T for total
concentrations particulate with X and soluble with S. Measured components: Total iron (TFe); Total iron(I1) (TFe?*); soluble
Fe(ll) (SFe?*); Total phosphorus (TP); orthophosphate (SPO4); sulphate (SSOa). Calculated components: Ferric iron (XFe3*);
particulate ferrous (XFe?*); consists of FeS (XFeS), vivianite (XFev), and other precipitates, and Particulate phosphorus (XP)
consists of Fe®* bound Phosphorus, P in biomass (assumed to be constant); vivianite bound P and other P particulates.

96



Table S3. 1 Calculation for Fe, P fractionation

Component
Particulate
iron(Il)
Particulate
iron(l11)
Sulphide

FeS
precipitate
Available Fe
for vivianite
Fe in
Vivianite
Other
particulate
iron(ll)
Particulate P
P in biomass

Reactive P
particulates

HFO
precipitated P

Available P for
vivianite

P in vivianite
Other
particulate P

Symbol
XFe?*

XFe®*

TS*
XFeS

XFe?* 5y
XFeviv
XFez+other
XP
XPbiomass

XPreact

XPhro

XPay
XPviv

Xpother

Calculation
TFe** - SFe?;

TFe — XFe?;

SSO4max — SSO4;
Min(XFe?"; TS?)

XFe?* - XFeS
Min(XFe?*ay; XPay)
XFe?* - XFeS - XFeiy
TP - SPO4

0.02 * VSS

XP - XPpiomass
Min(XPreact; Xrro-Pini +
Preteased; XFe3* /1.5)
XPreact - XPhro
Min(XFe?*,/1.5; XPa)

Xpav - XPviv

Unit
mmol Fe/l

mmol Fe/l

mmol S/I
mmol Fe/l

mmol Fe/l

mmol Fe/l

mmol Fe/l

mmol P/I

mmol P/I

mmol P/I

mmol P/I

mmol P/l

mmol P/I

mmol P/I

Comment

Considered as HFO

Dependent on both
available Fe and S
Including vivianite and
other particulates
Dependent on
available iron and P
Unspecified
precipitates

Assumed to be
constant
Particulate P including

various  precipitates
and stored PP
Dependent on

available P (released
and initial) and HFO

Dependent on
available Fe and P
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Temperature dependency of Fe(lll) reduction

To assess the temperature dependency of iron reduction processes, a set of experiments were carried out
at a controlled temperature. Reference cases at room temperature (~25°C), and two different scenarios:

at 15°C and 35 °C.
Figure S3.2 presents the calculated reduction rates for different temperatures.

Due to a malfunction in the equipment in the low-temperature scenario, there is no duplicate available
for that case, but it is still visible that colder temperature results lower rate whereas higher temperature
results in a higher reduction rate. This phenomenon is expected during biological processes and this set
of experiments confirms that. However, a significant variation was observed therefore the authors do not
recommend a specific temperature dependency function (Arrhenius coefficient) at this stage, further

experiments would be necessary.
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Figure S3. 2 Temperature dependency of iron reduction rate
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Chapter 4 - Modelling combined biological and physical-chemical P
removal in an intermittent aeration system
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Highlights

e Process unit development and model calibration was carried out to simulate a highly dynamic
control system of combined biological and physical-chemical P removal system

e Laboratory batch tests and full-scale data were used for calibration

e Variation of aeration pattern and the impact on P removal were simulated

e Iron redox reactions were adjusted and the impact of chemical dose on biological activity was
introduced

e Detailed dynamic interactions were successfully simulated

Keywords

Combined P removal, aeration control, iron dose, model complexity
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4.1. Introduction

In Chapter 2, a highly dynamic operational strategy of small/medium plants was presented using
intermittent aeration and a specific chemical dosage strategy through the example of the Villefranche de
Lauragais facility. This type of facility is fairly common in France and most cases optimized to complete
nitrogen removal through nitrification-denitrification (Deronzier and Choubert, 2004). If an anaerobic
zone is available, the P removal is carried out via combined biological and physical-chemical methods. The
combination (i.e. the chemical dose) is necessary as there is not sufficient experience to rely on purely
biological means in these systems. However, it is assumed that chemical doses may impose detrimental
effects on biological processes (i.e. PHA storage). Therefore it is important to optimize the system to

ensure proper effluent quality for ecological and economic reasons as well.

Intermittent aeration for nitrification and denitrification has a long history and uses different strategies,
control methods, and cycle optimization to achieve high removal with minimizing energy use. The
advanced control system implemented at the observed facility Villefranche de Lauragais (France) is based
on bending points of continuously monitored operational parameters: dissolved oxygen (DO) and
oxidation-reduction potential (ORP) which indicate the end of nitrification and denitrification,
respectively. The theory is based on Paul et al. (1998) and the controller and monitoring system (/nflex)

was developed by INSA Toulouse and commercialized by Biotrade.

The modeling of such an activated sludge system with combined physical-chemical treatment is feasible
with different modeling frameworks (Hauduc et al., 2015; Solon et al., 2017; Mbamba et al., 2016). Hauduc
et al. (2015) introduced a comprehensive dynamic model for chemical P removal which was included in
the full-plant models on different platforms. The concepts consider five types of kinetic processes:
Chemical Equilibrium dissociation (CED); Chemical lon Pairing (CIP); Physical Mineral Precipitation (PMP)
meaning the formation of hydrous ferric oxide (HFO) and co-precipitation of FePO4; Chemical Surface

Complexation (CSC) and HFO aging processes.

Further iron reactions and interactions with other components were considered by Hauduc et al. (2018).
In this more recent work, sulfur reactions and interactions with iron and phosphorus in the plantwide
model were considered. This model framework (SUMO2S) includes different oxidation states: three for
sulfur (sulphate - SO4%, elemental sulfur - S°, and reduced sulfide - S°) and two for iron (ferric as particulate

HFOs, ferrous as soluble Fe?* and Fe(ll) precipitates in separate processes).
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Iron reduction is carried out via two pathways: sulfide and organic matter oxidation. This latter process
represents microbially mediated reduction without the introduction of a new biomass. Reduced soluble
Fe(ll) precipitates with phosphate or sulfide and forms vivianite and ferrous sulfide (FeS) respectively. FeS

and soluble Fe? are re-oxidized in aerobic zones chemically with oxygen as the electron donor.

Reduction processes were calibrated to sewer and digester conditions (Hauduc et al., 2018) but a practical
observation (Chapter 3) revealed that it may hold special significance in the anaerobic zones of the
mainstream reactor or during sludge handling. The oxidation process and precipitation were not discussed

in detail but recommendations were given based on observations at the facility and during experiments.

Regarding biological phosphorus removal, Varga et al. (2018) introduced PAO-GAO competition in the full
plant model used by Sumo. Both groups use VFA as substrate and store PHA and glycogen respectively, a
fraction being able to use nitrate as an electron acceptor. The major drivers of the competition were ORP
(deep anaerobic conditions favor fermenting PAOs) as well as temperature (higher temperatures favor
GAO) and micro-aerated conditions (that favor PAOs). This modeling concept can describe a wide range
of configurations and is especially advantageous for side-stream processes. However, the competition
needed to be described more accurately, and therefore the general concept was restructured. A major
group of carbon-storing organisms (CASTO) was introduced in Sumo21 and this group is differentiated
into PAO-GAO groups as opposed to two, parallel competitors. This change unifies the growth (aerobic
and anoxic, considering both carbon storage components) maintenance (aerobic and anoxic), and decay
processes of both groups while fractionating the group into PAO and GAO based on individual storage
components (PHA for PAO coupled with P release and GLY for GAO), anaerobic maintenance (PP cleavage
for PAO and GLY for GAO). Polyphosphate storage under aerobic and anoxic conditions and fermentation

under deep ORP conditions are specific to PAOs.

In the model, interactions between biological and chemical processes are not included but they are
presented as independent processes (with only metabolic limitation for phosphorus that may represent).
However, the literature suggests that chemical dose may be detrimental to biological processes. This
chapter considers the effect of iron dose exclusively. Different studies (de Haas et al, 2000, Valve et al,

2002, Liu et al. 2011, Fan et al, 2018) found that the presence of iron has adverse effects on VFA uptake.

Modeling such a complex system is not without its challenges. The aim of this chapter is to define the
bottlenecks of the full-plant model regarding this highly dynamic activated sludge facility and propose

modifications/extensions to the current model structure.
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It is important to consider these types of facilities in modeling, as intelligent control systems are gaining
more attention not only for large plants but also for smaller ones as well. Moreover, the overall impact of
small/medium facilities must not be underestimated as they serve a significant fraction of the population

and digital solutions that are calibrated for large plants often need to be readjusted.

4.2. Process unit development

4.2.1. Influent characterization and influent Process Unit

The plant model was developed in Sumo software (version 21) using the Sumo2S focus model, which was
modified and renamed as Sumo2Fe (to indicate the additional focus on iron reactions). Sumo21 provides
influent process units and fractionation tools for each Sumo model in a different version to properly fit

the available data of the users.

A Series of experiments (sampling and monitoring) were carried out in order to characterize influent
patterns at the Villefranche de Lauragais facility. The plant configuration and operation were described in
detail in chapter 2.2.1. The dates were chosen without additional external sludge and without
precipitation prior to the sampling dates (due to significant infiltration, this could have altered the profile).
During a 24-hour period, hourly samples were taken with an automatic sampler (Reseau31) which was
later analyzed at the laboratory (TBI). Standard methods were used to measure: total and soluble COD,
total suspended solids (TSS), total phosphorus and orthophosphate, total Kjeldahl nitrogen, nitrite,

nitrate, and ammonia.

For these simulations, Sumo2S concentration-based influent was modified. To better describe the
observed patterns, instead of influent concentrations of specific parameters (influent flow, total
suspended solids, total COD, total Kjeldahl nitrogen, and total phosphorus), an average value was added
as an input parameter with a pattern fraction parameter. This is convenient for seasonal or diurnal
variation. Here, the diurnal pattern is implemented, i.e. the daily average concentrations (composite

samples from the facility) and correlating daily fraction parameters as a dynamic input table.

Observing the diurnal variations allows us to check other indicators of the impact of the influent
composition on the operating and efficiency potential. Rieger et al. (2012) present typical ratios of influent

fractions at several wastewater treatment plants.
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Additionally, it is interesting to look at the pattern of these ratios as well, as typically small facilities have
higher amplitudes in their daily patterns. As the P removal is carried out in a combined way, it is important
to consider influent COD fractionation to assess bioP potential (and possibly adapt chemical dose or other
operational parameters). It is well observed that the fraction of soluble COD changes significantly during
the day which can have an impact on bioP removal, especially regarding that during these otherwise high
load periods, aerated time phases are longer and unaerated is shorter, hence efficient COD supply is
necessary for PHA storage. The measured soluble COD profile was thus implemented to calculate the

diurnal variation of the COD fraction.

4.2.2. Operational inputs: alternated aeration and sludge wastage

A general description of the A/O process with alternated aeration which was simulated on SUMO software

is presented on Figure 4.2-1.

Intermittent aeration. The activated sludge system is composed of an anaerobic basin followed by the
main basin with alternated aeration. For piloting intermittent aeration, Inflex control system was operated
as such during the period of the CircRural 4.0 project: a) in case of high load (the a bending point is not
found within the cycle), aeration time is set to maximum (1h) and unaerated time to a minimum (1h) b)
in case of low/medium load (the bending point is detected within the cycle) aeration time varies between

15-59 min (15 being the minimum) and unaerated time is set to maximum (1.5 h).

To simulate the operation of the Inflex controller, a simplified approach to the definition of low/high load
periods was implemented within the CSTR unit based on influent ammonia load. This feature compares
the moving average (24 hours-moving average by default) of the influent ammonia load (kg/d) to the
current influent and by parameters (0.25 and 1.45 by default) distinguishes between high and low load.
During the high load period, the aeration time is set to maximum and unaerated time to a minimum while
in low load periods the opposite is true: aeration time is minimum and unaerated time is maximum. The
length of the periods that fall between these load conditions is proportional to the load. The code in

SumoSlang can be found in Supplementary Material.

MLSS control and sludge wastage. MLSS in the aeration tank was set between 4800-5000 g/m? for the
steady state in normal conditions or adapted to specific date measurements. Sludge wastage was

controlled according to automatic regulation in order to maintain the desired MLSS setpoint.
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Sludge dewatering was carried out by centrifuge (dewatered sludge of 20% solid content) and extended

with a small reactor to simulate observed phosphate release. Return sludge liquor passes through a small

“mixing tank” for the purpose of HFO reactions (reactive volume is required in Sumo).

Iron dose Iron dose 2

External sludge

Contact tank Unaerated zone Aeration basii

Plantinfluen
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Fe dose (sidestream)

Clarifier
Effluen
p
WAS pump
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\
5 Vo)
Table compactor
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Figure 4.2-1 Villefranche de Lauragais plant configuration in Sumo21. (Veontact tank=33 M3; Vana= 350 M3; Vaeration= 2410 M3; Viegas=

24 m3)
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4.3. Process model basis and extension

4.3.1. Calibration Overview

Concerning the specific challenges of the facility and the results of the measurement campaign, laboratory
experiments, and initial simulations with the default model, the calibration protocol of Figure 4.3-1 was

followed for the model development.

Batch tests: P release

and COD uptake Anaerobic
On-site: PO4 variation in P release
anaerobic zone

Batch tests: sCOD during
extended anaerobic
time, P release

Model agreement

Batch tests: P uptake .
On-site: PO4 variation in Ael‘Ol?ICf
aeration and anoxic anoxic P
phases uptake

Batch tests: iron reduction
with various parameters
On-site test and model
agreement confirmation for
oxidation

Iron redox
reactions

Batch test: P release Iron
with and without iron inhibition

dose periods on PHA
storage

Calibrated parameter set

Figure 4.3-1 Calibration steps for model extension

P released / VFA stored ratio
(sto)

VFA storage rate (kin)

ORP half saturation for
anaerobic components

Reduction factor for
anaerobic hydrolysis

Maximum polyphosphate
uptake rate

Reduction factor for anoxic
growth of CASTO

Fe(lll) reduction rate constant
MLSS dependency added

ORP dependency removed
Oxidation rate constants (both
soluble and FeS form)

Fe inhibition term to PHA
storage
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4.3.2. Biological P removal processes

As explained in the introduction the adapted PAO/GAO model (Varga et al., 2018) was used in this study,
but considering a single carbon-storing organism category (CASTO). PHA storage from VFA and PP
cleavage is one of the main anaerobic processes of PAOs. Stored PHA drives aerobic and anoxic growth
and polyphosphate storage, and therefore is crucial for phosphate removal efficiency. The major

processes and all the parameters are given in Table 4.3-2 and Table 4.3-4.

Different experimental data were obtained to assess the biological phosphorus removal processes. P
release and uptake tests were performed with VFA dose to determine the maximum P release rate at the

facility.

When biological and physical-chemical treatment is combined, the processes in activated sludge systems
are complex and interconnected in every stage of the process. During the initial simulations, the
overestimated anaerobic P release (and subsequent uptake) was observed and synergies between
biological and chemical processes were evaluated. While the introduction of Fe inhibition mitigates this
effect, there are more parameters to consider under these specific conditions: 1) PAO-GAO competition

in the anaerobic zone and 2) OHO fermentation which is a direct result of anaerobic hydrolysis.

PAO and GAO are competing for substrate under anaerobic conditions; each can store a single carbon
storage component (PHA and glycogen respectively) with specific storage rates. The competition is driven
by the uptake rates and the saturation of the storage pools. Moreover, under low ORP conditions, VFA
uptake by PAOs is the dominant process, and fermentation by PAOs begins. ORP calculations are based
on DO, nitrate concentrations for aerobic and anoxic conditions, and anaerobic conditions are
represented by the combined concentration of dissolved H, (fermentation product), dissolved H,S
(product of sulphate reduction), and dissolved CH4 (methanogenesis). This serves as an indicator for ORP

conditions, however, cannot simulate the exact measured pattern.

The general setup of the configuration would theoretically allow deep ORP conditions and therefore the
encouragement of the related processes, however, these do not align with the observations at the facility.
In fact, the observations of the anaerobic zone indicate significant, but not as enhanced PAO activity as
one would expect. To mitigate the impact of the ORP-dependent processes that probably cause a
discrepancy between the model and measured concentration, half-saturation coefficients of the
anaerobic redox-active components have been increased. This means that a higher concentration of these

products would influence the ORP values.
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This modification helps to describe the actual observations at this facility without re-calibrating related
anaerobic process, however, the exact interactions are not well understood therefore using this

parameter change need to be handled with caution for other facilities with less real-time data.

The following tables (Table 4.3-1, Table 4.3-2, Table 4.3-3, and Table 4.3-4,) include all parameters and
variables that were considered during the model calibration. The nomenclature used in this thesis is

consistent with the one used in Sumo21 software and is based on Corominas et al (2010)

4.3.3. Hydrolysis

During the initial simulation, a high variation of biomass activity was observed in the anaerobic zone. This
was indirectly the result of high hydrolysis that occurred according to the model as the retention time is
high at the facility. Due to this high anaerobic hydrolysis, fermentable organic matter and hydrogen were
produced, which then encouraged phosphate release as well as lowered the ORP (the main driver in PAO-
GAO competition, therefore causing higher amplitudes of P concentration during cycles). While the
hydrolysis rate is rather consistent in different models, the anaerobic reduction factor defines the
slow/fast rate of hydrolysis. This parameter in Sumo is tending to faster hydrolysis and it was decreased

to simulate our conditions.

4.3.4. HFO kinetics

Based on the surface complexation model (Smith et al, 2008) which is implemented in this full plant model,
(Hauduc et al. 2015) FeCl; precipitates as high and low surface HFO immediately depending on the velocity
gradient (mixing) at the dosage point. Phosphorus binds to HFO by two processes: fast binding on the high
surface HFO (coprecipitation) and slow binding on low surface HFO. Desorption and aging occur from both
complexes with different kinetic rates. Aging limits the active sites but in itself does not cause a change in
P concentration, while a dissolution process is also included. These processes are included here to
demonstrate all iron processes included in the model. Only a specific change was proposed for a local

parameter in the dewatering process in order to simulate the observed phosphate release from HFOs.
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4.3.5. Fe reduction

In Chapter 3 experiments, it was concluded that Fe(lll) reduction starts as soon as anaerobic conditions
are provided and follows first-order kinetics. The findings have been implemented in the full plant Sumo
model (extension named: Sumo2Fe to distinguish between the original Sumo2S model). The kinetic rate
constant and VSS dependency were implemented according to the finding. Temperature dependency of
the process was confirmed by experiments (Supplementary Material, Chapter 3), but a significant
standard deviation was observed and the set of results was not conclusive enough for parameter
calibration and validation, therefore the default Arrhenius coefficient was used throughout the
simulations. The description of iron reduction based on ORP dependency proposed in the Sumo2S model
was changed. The iron reduction rate was preferably related to anaerobic indicators (inhibition terms by
0,, NO,, and NOs) and a single electron donor component (as VFA + readily biodegradable substrate) was

introduced. The final reduction rate expression can be found in Table 4.3-4.

4.3.6. lron oxidation

Fe(ll) oxidation is included in Sumo2S full-plant model as two distinct processes: 1) Oxidation of soluble
Fe?* and 2) Oxidation of FeS. Both reactions are abiotic and use oxygen as the sole electron donor and are
carried out at the same rate. Exact oxidation rates of soluble Fe(ll) and precipitates in activated sludge are
not well characterized, however, based on literature findings, it is assumed that iron oxidation takes a
higher rate than iron reduction. While literature suggests several pathways for Fe(ll) oxidation (abiotic,
microbially mediated aerobic, nitrate-reducing) current work aims to adjust the current model structure
through parameters due to the lack of comprehensive study on activated sludge. On-site measurements
show negligible Fe(ll) concentration in the aeration basin, which is not the case in the long-term simulation
with the default Sumo2S model. Indeed, the model initially contained lower oxidation rates than reduction
rates, which (especially in the alternated aeration systems with long SRT) would overestimate the Fe(ll)
components, specifically precipitates. It is also assumed that soluble and precipitated ferrous iron
reduction rates vary significantly. The parameters have been adjusted in accordance with the literature

data and on-site observations.
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Table 4.3-1 Model state variables

Symbol Name Unit
Svra Volatile fatty acids (VFA) g COD.m?3
Ss Readily biodegradable substrate (non-VFA) g COD.m?3
XpHa Stored polyhydroxyalkanoates (PHA) g COD.m?3
Xay Stored glycogen (GLY) g COD.m?3
Xcasto Carbon storing organisms (CASTO) g cCOD.m?3
Sroa Orthophosphate (PO4) gP.m3
Xpp Stored polyphosphate (PP) gP.m3
So2 Dissolved oxygen (02) g O2.m3
ScHa Dissolved methane (CHa) g cCOD.m?3
SH2 Dissolved hydrogen (H2) g COD.m?3
Sco2 Total inorganic carbon (CO3) g TIC.m3
Shas Hydrogen sulfide (H>S) gS.m?3
Sso4 Sulfate (SOa4) gS.m3
Sre2 Ferrous ion (Fe?*) g Fe.m?
XHro,H Active hydrous ferric oxide, high surface (HFO,H) g Fe.m?
Xuro,L Active hydrous ferric oxide, low surface (HFO,L) g Fe.m?
XHFo,o0ld Aged unused hydrous ferric oxide (HFO,old) g Fe.m?
Xuro,H,p P-bound hydrous ferric oxide, high surface (HFO,H,P) g Fe.m?
XHro,L,p P-bound hydrous ferric oxide, low surface (HFO,L,P) g Fe.m?
XHFo,H,P,0ld Aged used hydrous ferric oxide, high surface (HFO,H,P,old) g Fe.m?
XHFO,L,P,0ld Aged used hydrous ferric oxide, low surface (HFO,L,P,old) g Fe.m?
Xvivi Vivianite (Vivi) g TSS.m3
Xres Iron sulfide (FeS) g TSS.m3
Table 4.3-2 Model parameters
Symbol Name Default Unit
Carbon storing organism kinetics (CASTO)
0PAO,PHA Rate of VFA storage into PHA for PAOs 7.0 d?
Lograngepp,pao,as,sat Effective range of logistic switch for PP cleavage by PAOs 0.40 -
KpHa,cle Half-saturation of PHA for PAOs at PP cleavage 0.10 g COD.g COD?
Kpha Half-saturation of PHA for PAOs 0.01 g COD.g COD!
Kstc Half-saturation of PHA and GLY for PAOs 0.10 g COD.g COD?
Koz,casTo,as Half-saturation of O, for CASTOs (AS) 0.05 g 0,.m3
Kvea,casTo,as Half-saturation of VFA storage for CASTOs (AS) 5.0 g COD.m?3
Kpp Half-saturation of PP for PAOs 0.01 g COD.g COD!
Kipp,pA0,max Half-inhibition of maximum PP content of PAOs 0.35 g P.g COD?
Kinro,rao Half-inhibition of Fe(lll) on VFA uptake 30.00 g Fe.g COD!
Lograngepp,pao,inh Effective range of logistic switch for PP/PAQ inhibition term 0.17 -

110



Xpp,pA0,min PAO PP uptake booster denominator limiting term 0.10 g COD.m3
KipHa,pa0,max Half-inhibition of maximum PHA content of PAOs 0.60 g COD.g COD?
Lograngepwa,pao,inh Effective range of logistic switch for PHA/PAOQ inhibition term 0.10 -
Logsatore,pao,Half Logistic half-saturation of ORP switching in fermentation of PAO -170.0 mV
Logsatore,pao,siope Logistic slope of ORP switching in fermentation of PAO 0.1 mV-1
NbGLy,ana Reduction factor for anaerobic maintenance of GAOs on glycogen 0.10 unitless
Kawy Half-saturation of glycogen for GAOs (AS) 0.05 g COD.g COD?
KisLy,6A0,max Half-inhibition of maximum glycogen content of GAOs (AS) 0.5 g COD.g COD1?
Lograngecty,cao,inh Effective range of logistic switch for GLY/GAO inhibition term 0.12 -
Logsatore,cA0,Half, 15 Half-value of ORP switch of glycogen storage by GAO at 15°C/ -30 mV

59°F
Logsatore,cA0,Half, 25 Half-value of ORP switch of glycogen storage by GAO at 25°C/ -110 mV

77°F
Logsatore,6A0,slope Logistic slope of ORP switching of GAOs 0.035 mV-1
Precipitation kinetics
Qvivi,PREC Rate of vivianite precipitation 0.01 g.m3.d!
Qvivi,DIss Rate of vivianite dissolution 0.01 g.m3.d?
OFes,PREC Rate of FeS precipitation 2.00E-07 g.m3.d!
OFes,DIss Rate of FeS dissolution 2.00E-07 g.m3.d?
Kees,piss Half-inhibition of FeS redissolution 0.010 g TSS.m3
Kvivi,niss Half-saturation of vivianite redissolution 0.01 g TSS.m3
HFO kinetics
OHFOH,AGING Rate of Xuro,n aging 250 d?
OHFOL,AGING Rate of Xuro,L aging 1.00 RE!
Op,HFO,COPREC Rate of P binding and coprecipitation on XHFO,H 150 d?
0P, HFO,BIND Rate of P binding on XHFO,L 1.00 d?
OHFOH,DESORP Rate of Xuro,n,p desorption 100 d?
OHFOL,DESORP Rate of Xuro,Lp desorption 10 d?
OHFO,DISS Rate of Xuro,H,p,old aNd Xueo,Lp,0ld redissolution 100 d?
OHFO,RED Rate of HFO reduction with organics 2.7 d?
Kvss,HFo,red Half-saturation of VSS in HFO reduction 3230.0 g VSS. m3
Kedonor,HFO, red Half-saturation of organic matter in HFO reduction 0.010 g COD. m3
Kip,HFo,DISS Half-inhibition of PO4 in HFO redissolution 0.010 gP.m3
Lograngep uro,piss Effective range of logistic switch for HFO redissolution 1.00 -
Kip,HFo,0ESORP Half-inhibition of PO4 in HFO desorption 0.100 gP.m3
Kp HFo,BIND Half-saturation of POy in binding on HFO 0.10 gP.m3
OHFO,H25,RED Rate of HFO reduction with H>S 2.0 d?
OFe2,0x Rate of Fe; oxidation 1.0 d?
QFes,0x Rate of FeS oxidation 1.0 d?
Kisoa,rep Half-inhibition of SO, in HFO reduction with SO4 0.20 gS.m3
HFO stoichiometry
ASFhro,H Active site factor for HFO,H 1.2 mol P.mol Fe!
ASFhro,L Active site factor for HFO,L 0.2 mol P.mol Fe!
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fh20,HrFO, TSS Fraction of H,0 loss in TSS test for HFO 0.0829 g H20.g FeOH?
fH20,HrO,Vss Fraction of H20 loss in VSS test for HFO 0.17 g H20.g FeOH?
Stoichiometric yields
fo vea Ratio of P released per VFA stored 0.65 g Xpp.g Svral
Temperature dependency
Oq,pA0,PHA Arrhenius coefficient for PHA storage 1.040 unitless
O4q,re2,0x Arrhenius coefficient for ferrous iron oxidation kinetics 1.040 unitless
O4g,Fes,0x Arrhenius coefficient for ferrous iron sulfide oxidation kinetics 1.040 unitless
O4q,HFo,RED Arrhenius coefficient for ferric iron reduction kinetics 1.040 unitless
O4g,HrFO,H2s,RED Arrhenius coefficient for ferric iron reduction with sulfide kinetics 1.000 unitless
Thase Arrhenius base temperature 20.0 ce
Oxidation-reduction potential constants
ORPpase Base ORP value -300 mV
ORPmax,s02 ORP max for dissolved oxygen 300 mV
ORP max,snOx ORP max for dissolved nitrate 70 mV
Korp,s02 Half-saturation of dissolved oxygen for ORP 0.05 g 02.m3
Korp,snox Half-saturation of NOy for ORP 0.1 g N.m-3
KoRrp,H2,cHa,H2s Half-saturation of dissolved hydrogen, methane and hydrogen 5 g COD.m?3
sulfide for anaerobic ORP
Table 4.3-3 Sumo functions for calculated variables
Symbol Name Expression
Msat(var; k) Monod saturation var / (k + var)
Minh(var; k) Monod inhibition k/ (k+var)
MRsat(s;x;k) Monod ratio saturation (s/x)/(s/x+k)
MRinh(s;x;k) Monod ratio inhibition (k)/(s/x+k)
Logisticslope(halfval; range) Slope for logistic saturation (-1)*(2 / (halfval * range)) * Ln((1/19) * (1 +(1/2) *
and inhibition functions (halfval * range / halfval)))
Logsat(var; halfval; slope) Logistic saturation var / (var + halfval * Exp((halfval - var) * slope))
Loginh(var; halfval; slope) Logistic inhibition 1 -var / (var + halfval * Exp((halfval - var) * slope))
Logsatswitch(var; halfval; slope) Logistic saturation switch 1/ (1 + Exp((halfval - var) * slope))
Loginhswitch(var; halfval; slope) Logistic inhibition switch 1/ (1 + Exp((var - halfval) * slope))

Arrh(theta;temp;tbase)

Temperature sensitivity theta”(temp-tbase)

Note: the described calculation of the functions in this table later refers to specific values indicated in
the symbol. Eg. Msatsoz koz,casto refer to Monod saturation term of dissolved oxygen for CASTO. All
related parameters have been introduced in these tables.
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Table 4.3-4 A selection of kinetic rates

Process

Kinetic rate expression

Biological P removal

CASTO growth on PHA and GLY, O,

CASTO growth on PHA and GLY,
NOs

PAO polyphosphate storage, O,

PAO polyphosphate storage, NO3

PAQ's PHA storage from VFAs and
PO, release

GAO's GLY storage from VFAs

Mcasto,m * Xcasto * MRsatxstc xcasto,kste * Msatso,ko2,casto * Msatsnx knmxsio *
Msatspoa,kpos,sio * Msatscatkcat * Msatsan kan * Msatsca,kca,pao * Msatsmg kmg pao *
Msatssos,ksos,si0 * Bellinhpy

* * * * *
Mcasto,T * Xcasto * Neasto,anox ¥ MRsatxste,xcasto kste * Msatsnos,knos,casto
H * H * * *
Minhso2,ko2,casto * Minhsnoz,knoz,casto * Msatsnux knmxeio * Msatspos,kpos,sio

Msatscar,kcat * Msatsan,kan * Msatsca kca,pao * Msatswgkmgpao * Msatssos ksos,sio *
Bellinhpy

Apao,pp,T * Xpao/ (Xpp+Xpp,pao,min) * Xpao * Msatsoz,koz,casto * Logsatspoa,kpos,pao *
Loginhxep xpao,max * Msatsca,kca,pao * Msatsmg kmgpao * Msatsk kk,pao * Bellinhpy

qpac,er,T * Xpao/ (Xpp+Xpp,pao,min) * Xpao * Ncasto,anox * Msatsnos knos,casto *
Minhsoz,ko2,casto * Minhsnoa,knoz,casto * Logsatspoa kpoa,pao * LOginhxep xpao,max *
Msatsca,kca,pao * Msatsvg kmgpao * Msatsk kkpao * Bellinhpy

* * * * * H *
gpao,pHA,T * Xcasto * actsto,pa0,0re * Msatsvra kvra,casto * MRsatxep xpao,kep * Minhyro,pao
Loginhxpa, xpao,max

* * * * H
0eao,GLy,T ¥ Xcasto * actsto,cao,0re * Msatsyra kvra,casto LOglnhxeLv,xer,max

Physical-chemical processes for P removal

Aging of active HFO,H

Aging of active HFO,L

Fast binding of P on active HFO,H
Slow binding of P on active HFO,L
Desorption of P from Xueo 1,p
Desorption of P from Xuro,.p

Dissolution of P from Xueo 1,p,0ld and

XHFO,L,P,o0ld

Reduction of Xueo With organic
matter

Reduction of Xuro with sulfide

Oxidation of Fe2*
Oxidation of FeS
Vivianite precipitation

Iron sulfide precipitation

gHrom,AGING ™ (XHro,H+XHFO,H,P)

aHroL,AGING *(XHro,1+XkFo,Lp)
QP,HFO,COPREC*XHFO,H* Msatspoa,kp,HFO,BIND
QP,HFO,BIND*XHFO,L*MsatSPO4,KP,HFO,BIND
gHroH,peEsore ™ Xro,H,p ¥ Minhspoa, ki, HFo, DESORP
qgroL,pesore* Xuro,L,p* Minhspos,kip, HFo,DESORP

qHro,biss ™ (XHro,H,p,0ld+XHFo,L,p,0ld) ¥ LOGINhspoa,kip, HFO,DIss

* * H * H * H * *
gHro,Rep,T *Xuro*Minhsoz k2,010 * Minhsnoz,knoz,010 * Minhsnos knos,oHo * MSatedonor,xHFo, red
Msatxvss,xHFo, red

* * H * H * H *
gHFo,H2s,ReD, T Xuro * Minhsoz ko2, 010 ™ Minhsnoz,knoz,0H0* Minhsnos,knos, oo
H *
Minhssoa kisoa,rep * HSatsHas, kH2s,s00

Qre2,0%,7*Sre2*Msatso, ko2, casTo
Qres,0x,7* Xres *Msatsoz,ko2,casto
Aivi*((([FeZ]"C/) * [PO43]"2/5) - K, vivi™ M) /Ksp,vivi (/) "2

quS*(([Fez+]A(0'5) * [HS_]A(O'S) - KSP.FeSA(O'S))/Ksp,FeSA(O'S))A2
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4.4. Results and discussion

4.4.1. Modeling aeration control and nitrogen remov

al

The calibrated configuration is able to show general trends in the operation settings, including the

aeration intermittency. To illustrate standard operation, online data of the aeration tank was compared

with simulation results. Specifically, the dates of 17-18 June 2019 were chosen as during these dates, a

24-hour sampling event took place and the influent load was then characterized. For this time, not the

average, but the specific daily pattern was implemented as well as the MLSS concentration observed at

that time.

Figure 4.4-1 presents the phase times in each cycle, assigned to the corresponding time when it was

observed (2 days, measured data starting at 00:00 on 17. 06. 2019). Positive values correspond to aeration

times and negative values to unaerated times. It is visible that the model values correspond to the

measured values, although there is an oscillation in the unaerated phase time at the online measurement

which occurs at the facility from time to time.
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Figure 4.4-1 Aerated/unaerated phase time presentation (+ aerated, - unaerated) over 2 days. Measured data:17-18. 06. 2019

As there are slight differences in the phase times, it is expected that an offset is also present in the DO,

ammonia, and nitrate patterns, therefore the simulated and measured results are presented separately.

The pattern of cycle variation is still visible.
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Figure 4.4-2 shows measured and simulated DO concentrations. It is clear that while the load is calibrated
to the plant conditions with time, nitrification appears to be finished with each cycle in the process model

while the bending point cannot be detected at the measured figure (although even during this time,

ammonia concentration is rather low).
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Nitrogen removal corresponds with aeration cycles. Globally the model describes well the average
residual concentration in ammonia and nitrate as well as the maximum punctual concentration
(generally around 1.5 mgN/L), corresponding to very high nitrification and denitrification efficiency. A
slight daily increase in concentration can be observed in measurements (Figure 4.4-3) and simulation

(Figure 4.4-4), however slightly higher variations in both monitored nitrogen components are simulated

within the cycle.
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Figure 4.4-3 Typical daily profile measured with online sensors in the aerated basin. Ammonia (a) and nitrate (b). Dark blue: one

typical example (2019), Grey zone: Min and max of a one-month period, blue light dot: average value.
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Some aspects of the difference in variation can partially be explained with the calibration of the online
sensors and process models. For instance at some moments, while at the facility measured nitrate
concentrations can reach a minimum of around 0.2 mg N/L, the simulation shows almost complete nitrate

removal. However such difference was relatively minor when we consider all the possible uncertainties.

4.4.2. Initial results for phosphorus removal with default parameters and calibration

approach

Phosphorus removal was globally overestimated with default parameters both in the presence or absence
of iron dosage. The effort was first dedicated to biological reaction adaptation while parallel work was

finally done for chemical phosphorus removal. And finally, synergetic effects were discussed.

Biological P removal processes. As for phosphate uptake, the initial simulated P release in the anaerobic
zone was much higher than observed at the facility (36 £ 1.9 mg P/L instead of 10-15 mgP/L). Lab
measurements (batch anaerobic tests) with and without additional VFA both indicated that the default
model overestimated VFA uptake and P release. Initially, it was assumed that the overestimation of
anaerobic fermentation activity was responsible for that in the majority (by both OHO and PAO in the
anaerobic tank, as default conditions would allow that). The P release test with acetate addition tended

to disprove that, as substrate abundance did not result in a similar extent of released P concentration.
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While PAO-GAO competition is always an important consideration for bioP removal, a bad prediction of
such competition was also possible, but information on the relative abundance of each group was not
available.

Note that in Sumo2S, P uptake occurs under anoxic and aerobic conditions as well. The anoxic uptake is
controlled by the denitrifying fraction of PAO (Nnanox). Regarding the phosphate dynamics in the alternated
aeration basin, the initial simulation clearly overestimated the anoxic uptake (leading to a low difference
between aerobic and anoxic phases). Moreover, the laboratory tests confirmed that the maximal anoxic
uptake rate was also much lower than the aerobic one (by 45%). As a consequence, the anoxic reduction

factor was reduced in order to predict more correctly the observed difference between P uptakes.

Chemical processes. When combined with iron dosage, the discrepancy with the observation could be
likely due to the limited PHA storage and PO4 release, which can be due to the presence of iron (De Haas
et al., 2000). Indeed the effect of iron on PHA storage was also considered as a possible inhibiting factor.

This would explain similarly both the limited P release and P uptake as well.

Moreover, according to the simulation, only about 50% of total iron was initially in the form of HFO in the
aerobic reactor whereas a part of iron was reduced into Fe(ll). Iron reduction (and consequent FeS and
vivianite formation) was simulated whereas it was unlikely to achieve in such an intermittent aeration
system, despite the anaerobic zone. Finally, measurements of total iron and iron(ll) were performed on
the site and confirmed that the reduced iron (Fe?*) was poorly observed, no more than 7-10 % of the total
iron. In Sumo2S, the kinetic rate for reduction was initially higher than the kinetic rate for oxidation, which
was poorly supported by the literature. Moreover, an abundance of electron donors may increase the
maximum reduction rate even more. Literature suggests that oxidation (especially the oxidation of soluble
ferrousiron) is more rapid than reduction. Therefore in such a system, negligible Fe(ll) forms are expected
in the mainstream. While this model does not contain vivianite oxidation (in case of redissolution, it may

oxidize from soluble Fe?*) the first-order kinetic rates of the existing processes needed to be revised.

Finally, it was also observed in practice that return sludge liquor had a much higher phosphate
concentration compared to the simulated one (additional release during the process). This was possibly
due to either release of biologically stored phosphorus or the chemically captured one. This mechanism
is insufficiently understood and as a first assumption, it was assumed that it was due to desorption from

HFO (because anaerobic phosphate release was not that significant in endogenous batch tests).
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This phenomenon was included in the model as a specific local parameter during dewatering. This

observation needs to be confirmed from similar facilities and studied more deeply in the future.

It was observed during the model calibration, that during the period without iron dose, some H2S was

produced in the anaerobic tank, while with iron dose this amount is negligible. As ORP is calculated based

on this component and PAO-GAO fractionation is sensitive to ORP. To avoid the interference of this

component, during these full-plant simulations the Fe(ll) precipitation processes were not considered for

full-scale simulation with the exception of an initial simulation to verify Fe oxidation and reduction

calibration based on the on-site measurement.

The calibrated parameters are given in Table 4.4-1

Table 4.4-1 Calibrated model parameters

Symbol Name Default Calibrated Unit
Biological process parameters
NHYD,ana Reduction factor for anaerobic hydrolysis 0.5 01 -
Kuvp,as Half-saturation of particulates in hydrolysis (AS) 0.05 0.1 gcCOD.gcCOD?
fo,vea Ratio of P released per VFA stored 0.65 0.5 gXPP.gSVFAl
gpao,pp Maximum polyphosphate uptake rate of PAOs 0.1 0.065 d*
bcasto Decay rate of CASTOs 0.08 0.05 d?
gPAO,PHA Rate of VFA storage into PHA for PAOs 7 5 d?
0GAO,GLY Rate of VFA storage into GLY for GAOs 4 2 d?
NCASTO,anox Reduction factor for anoxic growth of CASTOs 0.66 0.45 -
Kpoa,pao,as Half-saturation of PO4 for PAOs (AS) 0.3 0.5 gP/m3
Lograngeros,rao,assat  Effective range of logistic switch for PO4 uptake 80 180 %
by PAOs
Kore,H2,cHa,H2s Half-saturation of dissolved hydrogen, methane 5 25 gCOD/m?3
and hydrogen sulfide for anaerobic ORP
Chemical process parameters
Kinro,pao Half-inhibition of Fe(lll) on VFA uptake (PAO) - 75 gFe/gCOD
QFe2,0x Rate of Fe?* oxidation 1 10 d?
lFes,0X Rate of FeS oxidation 1 4 d?
OJHFO,RED Rate of HFO reduction with organics 2 2.65 dt
Kvss,HFo,red Half-saturation of VSS in HFO reduction - 3230 gVsS/m?3
Kedonor,HFo,red Half-saturation of organic matter in HFO - 0.01 gCOD/m?3

reduction
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Figure 4.4-5 shows a boxplot of measured data, simulation with the default model, and with the calibrated
model including all processes for a selected period. This period was selected based on the normal average
MLSS and iron dose, as those operational parameters are shown to have a significant impact on P removal.
Itis clear, that at a full-scale facility, even more so at a small/medium size plant, in an extent of one month,
significant variation and disturbance can be observed. As the diurnal influent pattern in the simulation
represents an average pattern observed throughout the measurement campaign, the differences can be
explained by that. However, the calibrated model captures better the variation and the average P
concentrations. An important difference between the calibrated model and measured values is the extent
of the variation within each cycle. Measurements show lower amplitudes during aeration cycle phases
than the model. These differences in short dynamic cycles can be originated for numerous reasons, and

some of that reasons (aeration, discontinuous wastage) are explained later.
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Figure 4.4-5 Effluent phosphate concentration values: online measurement (May 2020), simulation with default model, and
simulation with the calibrated model

4.4.3. Phosphorus release and uptake tests

In order to gain a more detailed insight into the potential P release and uptake in the activated sludge
from the facility, batch test experiments were carried out. Modeling such batch tests allows us to assess
the relevance of kinetics parameters for CASTO regarding specific rates and maximal phosphate release

and accumulation.
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These experiments showed an average release of 5.6 + 1.7 (n=5) mgP.gVSS™.h! within 50 minutes of
anaerobic time. P release was also observed during Fe(lll) reduction assays (chapter 3). In this case,
however, the additional substrate was not provided, and the apparent release included the effect of iron
reduction. Moreover, in batch reactor fermentation, other anaerobic processes occur that can induce
further release. From the endogenous iron reduction, the released orthophosphate was 38% of total

phosphorus after 24 hours and 50% after 7 days (MLSS= 4.4 g TSS/L).

The dedicated P release and uptake tests were discussed in detail in Chapter 2.2.5. Figure 4.4-6 presents

the P release test with simulation results.
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Figure 4.4-6. Phosphate release batch test and simulation with the calibrated model

Figure 4.4-7 presents P release and uptake batch tests and simulation for two different uptake cases:
aerobic conditions and anoxic conditions. The release and uptake rates were calibrated together with the
full-plant observations which results in some deviation from the laboratory measurements and the model.
Moreover, condition change at the respirometer (anaerobic-aerobic scenario) occurred with some offset
which does not appear in the simulation. The general agreement in the release and uptake prediction is

acceptable nonetheless.
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Figure 4.4-7 P release and uptake batch tests and simulation with calibrated model (a) anaerobic-aerobic cycle (b) anaerobic
anoxic cycle

Whereas the batch test results were first used for parameter calibration, specific dynamic data monitored
in the plant could be used for validation. First of all the anaerobic release in the anaerobic zone was much
better predicted by the adaptations. Indeed the phosphate concentration measured around (10-15 mg
P/L) whereas the simulations give a range of 15 + 1.4 mg P/L after calibration, whereas it was higher at

36.7 + 1.9 mg P/L with initial default parameter values.

4.4.4. Intermittent aeration and phosphorus removal

The different aeration strategies of an intermittent aeration system influence the biological P removal, as
demonstrated in Chapter 2. Different aeration strategies were applied in the following simulations with
purely biological P removal. The aerated fraction of the cycles was determined to give a general pattern
which was used as an input parameter in the simulation to demonstrate the sensitivity of the model to
this interaction. First, different fractions of the same aeration cycles were simulated over several days
dynamically changing the periods, and then a combination of these fractions to represent an aeration

pattern that was described in Chapter 2.

The simulated aeration time fractions were 20%, 28%, 35%, and 41% of the cycle. It is clear from Figure
4.4-8, that with increasing aeration time, lower P concentration can be achieved. Moreover, daily variation
as well as variation within cycles are lower (indicated with light orange areas on the figure). It is important
to note, that it appeared in the dynamic simulations that dynamically decreasing the aeration time

suddenly causes a disturbance in bio-P removal which may take a couple of days to stabilize.
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This effect was not included in the presentation. However, significant variation can be observed in the

simulations with lower aeration times.

One common feature of these figures is the increased DO concentration in the night/early morning hours.
This indicates that the system is over-aerated. Moreover, typically the influent P during this period is
rather low, and also most cases of the simulation. Figure 4.4-8 (c) and (d) shows the lowest variation
during this time, reaching the minimum values of the simulation due to the excessive aeration and the

low influent load.
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Figure 4.4-8 P pattern with different aeration fractions within cycles. (a) 20% (b) 28% (c) 35% (d) 41%. Corresponding aeration

cycles are represented by DO concentration (gray line)

In average phosphate concentration reaches the following values: (a) 20%: 2.40 mg P/I; (b) 28%: 1.12 mg
P/L; (c) 35%: 0.83 mg P/L; (d) 41%: 0.61 mg P/L; Dynamic: 0.69 mg P/L.
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Itis clear that none of these aeration options are energy efficient nor optimized by the aeration controller.
Inflex aeration control system does not operate with fix aeration time ratio and allows variable aeration

times depending on the load, for adapting the nitrification/denitrification performance.

For simulating such a daily dynamic aeration time, as defined in Chapter 2 a typical cycle can be described
as 0-8 h: 28%, 8-20h: 41%, and 20-24h: 33%. Figure 4.4-9 shows the profile of the simulation with this
aeration pattern. This pattern gives a comparable average to Figure 4.4-8 (d) but with lower aeration time
(hence more energy efficient). During the morning phosphate increase is observed and after this morning
peak, phosphate concentration returned progressively as the aeration time ratio increases, but finally,
phosphate increased again in the evening with the aeration time decrease. This type of dynamic behavior
is very comparable to those observed in practice (Figure 2.2-2) and illustrates how sensitive the phosphate

removal is regarding the aeration controller.
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Figure 4.4-9 Phosphate profile in the aerated basin with varying aeration time

4.4.5. Modeling the effect of iron dose on P removal efficiency

During the period of the project, four different iron dosing strategies were implemented (as described in
Chapter 2): iron dose A - regular iron dose, intermittent dose to the aeration basin Iron dose B - increased

dose to the aeration basin iron dose C — iron dose to sludge liquor and period without iron dose.
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The simulations were carried out for the full-scale facility for different iron dosage strategies with the
calibrated model. This model included inhibition of VFA uptake by iron. However, this option is here
assessed and discussed by comparing the simulation results with and without inhibition. This is an
important interaction in combined processes, but the introduction into such a complex model holds
different uncertainties. This inhibition has been included in PHA storage by PAO with a half inhibition
constant of 75 mg Fe/L (a large variation of the degree of inhibition was found in literature, De Haas (2000)
found 3-20% inhibition at the presence of 10-20 mg Fe/l as FeCls). To test the sensitivity of this process,

the simulation was carried out with and without this inhibition (Figure 4.4-10).

The average concentrations predicted for iron dose A and iron dose B were 1.04 and 0.93 mg P/L with
inhibition, and 0.81 and 0.65 mg P/L respectively without inhibition. From a comparison with the
experimental campaigns with these levels of iron dosage (dose A: 1.08 mg P/L, dose B: 0.494 mg P/L), it
comes that the simulation with inhibition matches better for the dose A, whereas simulation without
inhibition fits better to the results obtained for dose B. This indicates that while iron inhibition may be an
important interaction in activated sludge systems, a more detailed experimental calibration would be
necessary with various Fe:P ratios to determine the parameters more accurately and potentially

reconsider the inhibition model typology.

3 3
25 2.5
= ‘ =
w2 Fe dose A with %2 Fe dose B with
E inhibition £ inhibition
c
2 15 Fe dose A without é 15 Fe dose B without
g - inhibition g~ inhibition
g E
£ Dose A measured 2 Dose B measured
S X S
g 1 s 1 %
-9 X a
-X
0.5 J_ J_ 0.5 T | E—
0 )
a) b)

Figure 4.4-10. Simulation of the effect of iron dose on phosphate concentration in the aerated basin a) regular dose on the left

(dose A) and b) increased dose on the right (dose B)
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4.4.6. Effect of sludge wastage and MLSS concentration on P removal

Compared to simulation with continuous wastage, the consideration of discontinuous wastage leads to a
higher cyclic variation of phosphate concentration. A higher phosphate peak is also predicted after the
wastage period due to phosphate release in sludge dewatering and sludge liquor recirculation, and this is
in line with the practical observation of the plant. It is assumed that during the dewatering process (due
to mechanical or chemical impact) phosphate desorption occurs at a higher rate. This has been
implemented as a local parameter for the simulations (for the combined biological and physical-chemical
scenario). Figure 4.4-11 presents the effect of variation of intermittent wastage on the phosphate
concentration. During the 10 days cycles, the last three days, a small, gradual increase can be observed.
During wastage, an instantaneous decrease is observed at first and followed by a higher peak. This short-
term increase in concentrations is caused by the additional P load arriving from the sludge liquor. As a

mitigation strategy, it was proposed to dose iron directly to the return sludge liquor.
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Figure 4.4-11 Simulation of phosphate concentration with discontinuous sludge wastage (grey zone: period of wastage and
sludge dewatering)

Indeed, in comparison with the monitoring campaign presented in chapter 2 (Figure 2.3-9) very similar
range of variations was observed. Therefore the discontinuous wastage makes the results of the
simulation more realistic. On the long term, the simulated average phosphate concentration and the

variation amplitude are both sensitive to discontinuous wastage.
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4.4.7. Model complexity and remaining challenges

Table 4.4-2 summarizes the parameter adjustments with their added benefits and remaining challenges.

Table 4.4-2 Calibration outcomes and remaining challenges

Process/Parameter

Impact

Challenges

P release/VFA uptake rate
(decreased)

Kinetic rate of VFA storage
(decreased)

ORP half saturation for
anaerobic components

(increased)

Reduction factor for anaerobic

hydrolysis (decreased)

Maximum polyphosphate
uptake rate (decreased)
Reduction of growth factor for
anoxic growth (CASTO)

(decreased)

Iron kinetic reduction rate

constant (increased)

Redox ORP dependency
(removed)

MLSS dependency of iron
reduction (introduced)
Iron(ll) oxidation kinetic rates
(increased)

Iron inhibition on PHA uptake

(introduced)

More realistic P release in batch tests

More fitting soluble COD and P pattern
in batch tests

Stabilizing the PAO-GAO competition
which was a little unrealistic due to the

highly dynamic changes

The complex interactions (sCOD, PO4,
ORP) and observations support the
need for adjustment. COD and ORP
values are mitigated therefore false
PAO dominance is reduced

Calibrated with batch and full-scale
data

Based on batch tests, the calibration
could take into account the anoxic
reduction and therefore better match
the observation during anoxic phase
More realistic kinetics in activated

sludge

Iron reduction starts with anaerobic
conditions and not with ORP switch
Iron reduction kinetics more adapted
to different conditions

More realistic fit to the on-site
observations

Conceptual introduction of iron

inhibition on biological processes

Without the VFA characterization in the influent,
the verification of full scale is lacking

Extensive specific calibration is necessary to
confirm

ORP function is indicative of the conditions, a more
accurate ORP function would be advantageous for
developing further ORP parameters (e.g. Nernst
equation)

Calibration is based on observation, and
parameters from other models, validation from

targeted new experiments could be beneficial

Better prediction of PO4 dynamics in intermittent
aeration tanks
It is a reduction factor for CASTO but based on PAO

activity only

The current model structure indicates biological
reduction (“iron reduction with organic matter” )

but does not generate biomass

Need to be verified in batch tests

The parameter needs to be carefully calibrated.

Moreover, GAO interactions need to be considered

in order to prevent a false advantage for GAOs
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The most important difference that was observed in the initial simulation with default parameters was
the significant overestimation of biological removal through PAO activity. Initially, it was assumed that the
presence of iron inhibition of PHA storage by PAOs would help to make the simulation more accurate.
While in certain cases it was true, it was also observed during the calibration process, that with the default
parameter set for HFO kinetics (P precipitation and adsorption, re-dissolution and desorption and aging
processes) and the introduced inhibition term, increasing Fe dose was, in fact, detrimental for the P
removal, while pure biological phosphorus removal would show excellent performance (with the

elimination of the inhibition).

In reality, during the extended periods without iron dose (although a low level of residual iron may be
present), the effluent concentration was around 1.5 to 2 mg P/l with significant variation while with

increasing iron dose (2 different dosages) the effluent phosphate decreases.

This anomaly in the model was revised by using the experimental information on P release and uptake
rates for the calibration of biological processes. While interference of residual iron may be still present,
these tests may give an insight into other processes. Based on the available data from the batch
experiments, the depletion of soluble COD (dosed as acetate) was carried out in the model too rapidly.
While the P release could be adjusted in agreement with the measurement results, it appeared that

overall VFA uptake was too high by both CASTO-type groups.

Some of the necessary modifications can be explained by the fact that the model framework was not
developed for a such system with a very long SRT (more than 50 days), and long HRT (about 48 hours). As
a consequence, the initial default model parameters significantly overestimated the processes related to
long anaerobic time: hydrolysis and fermentation, the reduction rate of iron, as well as the benefit of low

ORP on PAO competition with GAO.

Indeed, in Sumo, hydrolysis is relatively fast. This provides to substrate for fermentation (by OHO and
PAQ) and fermentation products are VFA and H,. CASTO may utilize VFA, while H; is an important

component in the ORP calculation (the higher the H; concentration, the lower the ORP).

Low ORP conditions favor PAOs over GAOs and in the Sumo21 version, CASTO speciation for storage
depends exclusively on ORP. In such a dynamic system with alternating aeration, this may cause higher

variation during the simulation than what was observed in the facility.
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Finally, while it was not possible to completely exclude the potential effect of iron in our measurements,
biological P removal needed to be calibrated first. It is already interesting general progress for such a
dynamic system. Whereas much better predictions were obtained, the consideration of some influential
parameters remains, such as the temperature which is an important factor in the PAO-GAO competition.
The initial calibration was done at 20°C, i.e. the average spring temperature of the plant. The effect of
temperature was tested, and the simulations showed that as expected, lower temperatures (15°C) favor
PAO and higher temperatures (23°C) favor GAO resulting in deteriorated P removal. These initial
simulations show how the balance between these groups is heavily influenced by temperature. This does
not necessarily reflect the observations at the facility as the seasonal disturbances are significant namely

during winter periods when the intense hydraulic load causes dilution.

As discussed in Chapter 2, in this highly dynamic system, there are complex interactions and several
influencing parameters. Capturing these in a model and confronting online measured data was a
challenging task. In combined systems, the quantification of the biological and physical-chemical

contribution of overall P removal needs more attention.

4.5. Conclusions and outlook

Villefranche de Lauragais wastewater treatment plant is operated with a highly dynamic aeration system,
optimally designed for complete nitrogen removal via nitrification-denitrification. The simulation of
phosphorus removal in a such system with automatic adaptation of aeration time is quite complex. Two
different approaches to the model were presented in this chapter, one with dynamic aeration time control
and one with automatic adaptation to the influent ammonia load. Both give a good estimation of the

control system of the facility which is data-driven control.

Recent process models include several biokinetic and chemical reactions. However, the interactions of

these reactions were insufficiently considered until now.

This chapter introduced model parameters and adjusted processes to start representing these
interactions in a full-plant model using experimental, lab, and full-scale data. Some benefits were

demonstrated by this approach but further investigation would be necessary to validate the model.
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While the default model severely overestimated biological P removal, in this configuration, the introduced
adjustments in PAO activity (regarding the release and aerobic and anoxic uptake processes) resulted in a

much more realistic simulation.

In addition, the biological iron reduction process was extended by using data from detailed laboratory
experiments and oxidation processes were calibrated based on full-scale observations. This allowed a

better description of iron speciation and phosphate capture.

During the calibration process, a sensitivity of CASTO fractionation was observed, which can have a
detrimental impact on the accuracy of a simulation in such a dynamic system. ORP dependency of PAO-
GAO competition may be exaggerated in the model. As iron reduction processes were extended, the
guestion of terminal electron-accepting processes (TEAP) was raised. To keep the model complexity at a
practical level, the existing structure was simplified, but the authors suggest a more detailed description
of TEAP, especially regarding the competition of ferric and sulphate reduction as it can be a crucial

interaction for the emerging recovery process of vivianite separation from the sludge in the future.
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4.7. Supplementary material

Table S4. 1 Additional model variables used in highlighted expressions

Stoichiometric calculated variables

Symbol Name Expression Unit
Sedonor,HFO,red COD equivalent of electron Se + Svra g COD.m?3
donors in biological Fe(lll)
reduction
XHFo,Tss Total HFOs in TSS unit (1-fH20,1F0,755) ¥ XHFo ¥ MMreots/AMEe+ g TSS.m3
(XuFo,Lp+XHrFo,Lp,0ld) ¥ ASFrro,.* (MMpoa/AMee)+(XH
FO,H,P+XHFO,H,P,0ld) ¥ ASFrFo,H* (MMpos/AMre)
Xuro Total HFOs XHFo,H+XHFO,L+XHFO,L p+XHFOH,p+XHFO,0ld+ XHFO,Lpoldt g Fe.m™
XHFO,H,P,old
Tre Total iron Xhro + g Fe.m
Sre2+Xres*AM Fe/M MFeS+XVivi*3*AMFe/M Mvivi
Xvivi,Fe Vivianite as iron(ll) Xvivi*3* AMre/MMvivi g Fe.m?
Xres,Fe FeS as iron(ll) Xres* AMre/MMres g Fe.m?
XHrFo,p Total phosphorus in HFOs (XHFo,Lp+XHFo L p,old) *ASFHFo,L* (AMp/AMre)+(Xuro, g P.m?3
H,p+XHFO,H,P,0ld) ¥ ASFHro,H* (AMp/AMre)
CASTO related kinetic calculated variables
Xstc PHA and GLY stored in CASTO Xpua + XoLy g coD.m3
acteao PAO activity of CASTOs XpHa / Xstc -
actero GAO activity of CASTOs Xaty / Xstc -
Xpao PAO (Phosphate accumulating acteao * Xcasto g COD.m?3
organisms) fraction of CASTO
Xaao GAO (Glycogen accumulating acteao * Xcasto g coD.m3
organisms) fraction of CASTO
aCtsto,GAO,0RP ORP dependent VFA storage Logsatore,Gao,T -
activity of GAOs
acCtsto,PA0,0RP ORP dependent VFA storage (1 - Logsatore,cao,T) -
activity of PAOs
ORP calculated variables
ORPo2 Oxidation-reduction potential ORPpaset+(ORPmax,s02-ORPbase) ¥ So2/(Kore,s02+S02) mV

due to dissolved oxygen
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ORPnox Oxidation-reduction potential ORPbaset+(ORPmax,snox- mV
due to dissolved nitrate ORPbase)* Snox/ (Kore,snox+Snox)
SH2,cH4,H2s Combined concentration of SH2 + Scha + Shas g COD.m?3
hydrogen, methane and
hydrogen sulfide in COD
ORPHa,cHaH2s  Oxidation-reduction potential ORPbase * (SH2,cHa,H2s)/ (Korp,H2,cHa,H2S + SH2,cH4,H2S) mV
due to dissolved hydrogen,
methane and hydrogen sulfide
(anaerobic)
ORP Oxidation-reduction potential Max(ORPo2;0RPnox;ORPH2,cHa,H2s) mV
Loginhore,pa0  ORP switch of fermentation by Loginhswitch(ORP; Logsatore,pao,Half; -
PAOs LOgsatORP,PAO,SIope)
slore,cao,hal,T  Slope of logistic half-saturation of  (Logsatore,cao,Half,25 - Logsatore,cao,Haif,15) / (25 - mv.°C?!
ORP switching of GAOs 15)
temperature correction
YORP,GAO,Half, T Intercept of logistic half- Logsatore,GAo,Half,25 - Slorp,GAO,Half,T * 25 mV
saturation of ORP switching of
GAOs temperature correction
Logsatore,cao, Temperature correction of ORP slorp,Gao,Half,T * T + YORP,GAO,Half,T mV
Half,T switch of glycogen storage by
GAO
Logsatorr,cao, ORP switch of glycogen storage Logsatswitch(ORP; Logsatorp,cao,Half,T; -
T by GAO LOgsatORP,GAO,SIope)
Precipitation/redissolution rates
PrecipDrivin  Rate expression of FeS ([Fe1"03) * [HS](O5) - Kqp res™105)) /Ksp,pes (-5 Unitless
gForceres precipitation (driving force)
OFes Rate of FeS precipitation If(PrecipDrivingForceres>0;qres,PRec;- d-1
QgFes,Diss ¥ Msatxres,kres, Diss)
PrecipDrivin  Rate expression of vivianite (([Fe2*]"B/3) * [pO43]"@/5) - Unitless
gForcevivi precipitation (driving force) Ksp,vivi" M%) /Ksp,vivi* /%)
Qvivi Rate of vivianite precipitation If(PrecipDrivingForcevivi>0;qvivi,Prec; - d-1
Qquivi,oiss ¥ Msatxvivi,kvivi, biss)
Slope calculations for logistic saturation/inhibition functions
Logsloperuapr  Logistic slope of inhibition term Logisticslope(KipHa,pao,max; LOgrangepHa,pao,inh) g COD.g
AQ,inh for PHA/PAO con?
Logslopep,uro  Logistic slope of PO4 in HFO Logisticslope(Kip,Hro,niss; Logranger Hro,piss) m3.g P!

,DISS

redissolution

Saturation/inhibition terms
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Minhsnoz,kno2

,OHO

Minhsnos,knos

,OHO

Minhsoz,ko2,0

HO
Minhhro,pao

MRsatxpp,xpa0

KPP

Msatsoz,ko2,ca

STO

Msatsvra, kvra,

CASTO

LoginhxpHa,xp

AO,max

Loginhspoa,kip,

HFO,DISS

Minhspoa,kip,H

FO,DESORP

Msatspoa,kp,HF

0,BIND

Loginhspoa,kip,

HAO,DISS

Minhspoa,kip,H

AO,DESORP

Msatspoa,kp,HA

0,BIND

Minhssoa,kiso4

,RED

Msatxres,kres,

DISS

Msatxvivi,kvivi,

DISS

Msatxvss,xHro,

red

Msatedonor,xHF

O,red

Inhibition term for NO, (OHO)

Inhibition term for NOz (OHO)

Inhibition term for O, (OHO)

Inhibition term for PO4 (PAQ)

Saturation term for PP storage in
(PAO)

Saturation term for Oz (CASTO)

Saturation term for VFA storage
(CASTO)

Logistic inhibition term for PHA
(PAO)

Inhibition term for POa4 in
redissolution of HFO

Inhibition term for PO4 in
desorption of HFO

Saturation term for PO4 binding
on HFO

Inhibition term for PO4 in
redissolution of HAO

Inhibition term for PO4 in
desorption of HAO

Saturation term for PO4 binding
on HAO

Inhibition term for SO4 (HFO
reduction)

Saturation term for FeS
dissolution

Saturation term for vivianite
dissolution

Saturation term for VSS
dependency in XHFO reduction

Saturation term for electron
donors in XHFO reduction

Minh(Sno2;Knoz,0H0)

Minh(Sno3;Knos,oHo)

Minh(So2;Koz,010)

Minh(Xwro;Kinro,pao)

MRsat(Xrp; Xpao; Kpp)

Msat(So2;Ko2,casto)

Msat(Svra;Kvra,casto)

Loginh(XpHa/Xpao; KipHa,pao,max;

Logslopepta,pao,inh)

Loginh(Sros;Kip,Hro,piss; Logsloper,Hro,piss)

Minh(Spos;Kip,HFo,DesORP)

Msat(Spo4;Kp,HFo,BIND)

Loginh(Sros;Kip,Hao,piss;Logslopep,1ao,piss)

Minh(Spoa;Kip,1a0,0ESORP)

Msat(Sro4;Kp,Ha0,81ND)

Minh(Ssoas;Kisoa,rep)

Msat(Xres; Kres,piss)

Msat(Xvivi; Kvivi,iss)

Msat(Xvss;Kvss,Hro,red)

Msat(Sedonor,HFO,red,' Kedonor,HFO,red)
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Temperature dependency correction

QPAO,PHA,T

QFe2,0%,T

QFes,0x,T

QHFO,RED,T

QHFO,H2S,RED,T

Rate of VFA storage into PHA for
PAOs (temperature corrected)

Rate of Fe; oxidation
(temperature corrected)

Rate of FeS oxidation
(temperature corrected)

Rate of HFO reduction with
organics (temperature corrected)

Rate of HFO reduction with H2S
(temperature corrected)

grao,pHA*Arrh(Bg,pa0,pHA; T; Thase)

gre2,0x*Arrh(Bg,re2,0x; T; Thase)

gres,0x*Arrh(Bg,res,0x; T; Thase)

gnro,Rep*Arrh(Bq,Hro,rep; T; Toase)

gHro,H2s,Rep *Arrh(Bg,Hro,Has,rep; T; Thase)

d-l

d-l

d-l

d-l

d-l
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Conclusion and perspectives

The main objective of this thesis was to define the challenges of water resource recovery facilities with
combined biological and physical-chemical phosphorus removal in order to optimize performance and

identify nutrient recovery potential.

In Chapterl a detailed literature review presented the established basis and current state of the field,
especially regarding biological and combined physical-chemical P removal, nutrient recovery pathways,

interactions with iron dose, and modeling advancements.

Biological processes became better characterized, and different functional groups of micro-organisms
were isolated which provide a deeper understanding of the processes in order to control the environment
to achieve the desired effect (e.g. selection of PAOs over GAOs in S2EBPR). Parallel to this development,
mathematical modeling also started to include more processes. Different approaches of agent-based and

metabolic models were presented.

Numerous facilities operate with combined biological and physical-chemical phosphorus removal. These
plants implement different strategies of iron dosing. However, the optimization of the dosage is a crucial
guestion at these facilities. Full-plant models include metal precipitation processes, namely the surface

complexation model, which incorporates P precipitation with iron(lll) (HFO).

Although iron is the most common element on the earth (by mass) and is widely used during wastewater
treatment, there are still several interactions that are lacking research. Redox reactions, for example,
extended a wider context to terminal electron-accepting processes. These can define important
conditions in anaerobic reactors, such as precursors for different crystallization processes, however, the
kinetics are not well described in activated sludge systems. The authors borrowed knowledge from natural
aquatic environments (sediments and paddies) and while we believe the same interactions are present in

activated sludge, a more detailed investigation would be necessary to precisely describe these processes.

As there are various conditions present in wastewater collection and treatment systems, redox
transformations need to be considered. Moreover, iron redox transformations directly influence P

removal and recovery potential.

135



As a deeper understanding of reduction (previously in digested sludge) and precipitation processes is
gained, an emerging phosphorus recovery product appears, namely vivianite. To design and optimize the

separation of this magnetic precipitate, a detailed understanding of iron reduction processes is necessary.

After conducting a literature review on the different areas of the field, three different approaches were

elaborated to get closer to understanding these complex systems.

Starting with the most practical, field approach, in Chapter 2 a case study of a rural facility using an
intermittent aeration system was presented (Villefranche de Lauragais). This plant represents a typical
process configuration of its size (~10000 PE), where the aeration control is optimized for complete
nitrogen removal via nitrification and denitrification and phosphorus removal is carried out by combined
biological and physical-chemical means. The dedicated monitoring campaign and analysis of the
performance of the facility was part of a regional European project (CircRural 4.0) aiming to optimize

nutrient removal and recovery at rural plants while maintaining high energy efficiency.

While iron dose is present at the facility and was applied for the most part of the study, it was important
to determine the biological contribution to the overall phosphorus removal. Dedicated periods without
iron dose confirmed, that with solely biological removal, the requirement of an average <2 mg P/l can be

met, however, it depends on operating parameters, such as aeration cycles and sludge management.

As the facility operates with an anaerobic zone and aeration basin with variable aeration cycles, it was
important to determine P release (through polyphosphate cleavage) and aerobic and anoxic P uptake
(confirming the presence of denitrifying PAO). Laboratory batch tests confirmed that anoxic uptake is
significantly lower than aerobic uptake. Additionally, during long unaerated periods nitrate may be
completely depleted, causing anaerobic conditions, which, if sufficient substrate is present, may result in
additional P release. Therefore, in order to achieve good and reliable biological phosphorus removal a
minimal aeration ratio needs to be maintained. With adequate aeration control, biological P removal

contributes to 71% of the total P removal (resulting in an effluent P concentration of 1.61+0.49 mg P/L.)

To ensure good effluent quality at all times, Fe is dosed to complement the biological system. Different
strategies were tested in order to find a reliable sustainable solution. A minor chemical dose (50% lower

than the theoretical recommended dose) showed to be enough to maintain good quality.
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Empirical observation of the additional load of the return sludge liquor upon intermittent wastage and
the high biological P removal efficiency lead to the newly implemented Fe dose strategy of dosing iron
directly to the return sludge liquor. This schedule maintains the desirable effluent while further decreasing

chemical use (and therefore cost).

The facility operates with extended retention times (both HRT and SRT) and the anaerobic volume is nearly
15% of the biological reactor, the redox transformations of the dosed iron need to be examined. In
Chapter 3 the results of a comprehensive series of experiments were carried out to determine iron
reduction kinetics and major influencing parameters. As a start, the biological nature of the reduction
process was confirmed and it was established, that the endogenous electron donors, (present in the
activated sludge) batch are not limiting, and while additional substrate (lactate and acetate) slightly
increases initial (zero order) reduction rates, overall improvement was negligible. Additionally, the overall
reactions were described with first-order kinetics. It was previously assumed that it takes several days for
the reaction to be completed, however, a significant fraction of total iron was already reduced after 24 h
and the majority after 48 h. To determine the parameter dependency of Fe(lll) reduction, different
scenarios were experimented. The largest extent was the MLSS dependency, where a comprehensive set
of results provided good data to introduce a mathematical model for the reaction. Sludges from two
different plants were analyzed and gave comparable results. Temperature dependency was tested and
while due to the small number of batch tests the exact parameter was not determined, temperature

dependency was conclusive.

Throughout the experiments, P release was observed parallel to the reduction processes. This can be
explained by different stoichiometry at the different valence of iron or, with competing ions at

precipitation. Literature has suggested that sulphate may induce additional P release.

A dedicated scenario for the impact of sulphate concentration on iron reduction was carried out, and
while different Fe:S ratios gave similar Fe(lll) reduction rates, an increased P release (due to reduction
processes) was observed with higher initial sulphate concentration. This interaction needs more detailed
attention in activated sludge in order to exploit during recovery processes. The salinity of the wastewater

may be an important factor to consider when developing P recovery strategies.

During the number of experiments with reference cases and different scenarios, it was consistently
observed that sulphate reduction starts after around 24h when the majority of Fe was already reduced.

This observation induced the author’s interest in Terminal Electron Accepting Processes (TEAP).
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Regardless of the iron concentration or the Fe:S ratio, the sulphate reduction was delayed. Literature
suggests that it can be due to the availability of electron donors, which favors Fe(lll) reduction under the
examined batch conditions, or the facultative nature of the microorganisms that can utilize different
electron acceptors. While the TEAP hierarchy could be an interest for operational purposes, the exact

determination of the microbial mediation of the process is for novelty modeling.

Finally, Chapter 4 summarizes the findings on the full-scale and laboratory-scale observations by
integrating them into a full-plant focus model. In this work, a complex full-plant model (“Focus model” in
Sumo21) was chosen to be extended as it has a structure that involves the components and the
mechanisms (or pre-cursor of mechanism) that were considered in this work. This way Fe(lll) reduction
studies and simulation of a full-scale plant could be done on the same model. The observed interactions
of the full-scale plant (Villefranche de Lauragais) were demonstrated with the calibrated process units and
model. The impact of the aeration pattern, different iron dosage strategies, and the additional dose of the

return sludge liquor were adequately simulated.

However, the interactions are too complex to properly calibrate the model on a more global scale.
Interactions between chemical and biological processes are complex and not well understood. The full-
plant model presented here took the first step in that direction regarding the suggestion for VFA uptake
inhibition and terminal electron accepting processes. In such a complex model with detailed processes
and a lot of interactions, it is difficult to introduce a parameter that only has an impact on the specific
process. However, in this case, for example, PHA storage by PAO is a competing process with glycogen
storage by GAOQ, therefore if only PHA storage is inhibited (to which there is more evidence in literature)
the competition could be deteriorated resulting in poor P removal despite of the actual observations of

improved performance.

The increasing model complexity seems to be a double edge sword. On one side, the series of experiments
revealed certain interactions (such as the hierarchy of TEAP) that could be important to include in the
model and the applied model (ie. the extension of Sumo2S) could provide a good basis as it already
contains the model components and some of the interactions. However, there is not sufficient data
available to properly calibrate these new observations, and including a new type of competition may derail

the initial, properly calibrated process accuracy.
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After my experience of fitting a new process/parameter into a complex model and trying to understand
the interactions which approach holds several uncertainties and limitations, a different approach would
be to take a more simplistic model and extend that by calibrating the potential interactions with each

existing process.

After all, this work presented the challenges of the operation of a special facility and aimed to introduce
new concepts. It is recommended to further analyze the significance of these processes and evaluate the
benefit of the model accuracy for other types of configurations. While the case study represented a
conventional activated sludge process at a small/medium-scale facility, the findings of this thesis are likely

to be applicable to other technologies and sizes.

|II

As George E.P. Box said, “all models are wrong but some are usefu
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Recent advances in bio-P modelling - a new approach
verified by full-scale observations

Erika Varga, Héléne Hauduc, James Barnard, Patrick Dunlap,
Jose Jimenez, Adrienne Menniti, Peter Schauer, Carlos M. Lopez
Vazquez, April Z. Gu, Mathieu Sperandio and Imre Takacs

ABSTRACT

This paper summarizes recent developments in biological phosphorus removal modelling, with
special attention to side-stream enhanced biological phosphorus removal (S2EBPR) systems on
which previous models proved to be ineffective without case-by-case parameter adjustments.
Through the research and experience of experts and practitioners, a new bio-kinetic model was
developed including an additional group of biomass (glycogen accumulating organisms — GAOs) and
new processes (such as aerobic and anoxic maintenance for PAO and GAO; enhanced denitrification
processes; fermentation by PAOs which — along with PAO selection — is driven by oxidation-reduction
potential (ORP)). This model successfully described various conditions in laboratory measurements
and full plant data. The calibration data set is provided by Clean Water Services from Rock Creek
Facility (Hillsboro, OR) including two parallel trains: conventional A20 and Westbank configurations,
allowing the model to be verified on conventional and side-stream EBPR systems as well.
Key words | glycogen accumulating organisms, oxidation-reduction potential, phosphorus
accumulating organisms, side-stream EBPR
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As there is an increasing need for phosphorus removal from
wastewaters, a wide range of treatment technologies are
implemented in order to satisfy the required limits. Conven-
tional enhanced biological phosphorus removal (EBPR),
with alternating anaerobic/aerobic conditions is a widely
used process. However, its stability mostly relies on the

doi: 10.2166/wst.2018.490

availability of influent readily degradable carbon source,
especially volatile fatty acids (VFAs). Carbon supply in the
anaerobic zone often needs to be supplemented from an
external source such as fermentation. An alternative
solution to increase process stability where influent VFAs
are not available is the implementation of an anaerobic
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side-stream reactor for sludge hydrolysis and fermentation
(S2EBPR). Tooker et al. (2017) reviewed various side-stream
configurations and compared performance to conventional
facilities. The authors reported higher phosphorus removal
efficiency in S2EBPR systems.

Clean Water Services (CWS) is investing in infrastructure
to be able to operate using multiple side-stream EBPR con-
figurations (e.g. Westbank and return activated sludge -
RAS- fermentation), while retaining the use of a conventional
anaerobic-anoxic-oxic (A20) system (Schauer et al. 2017).
A process model is an ideal tool for utilities with flexible
infrastructure because the model can support the decision
on which configuration is optimal for the observed influent
and operating conditions. An operational model is mostly
beneficial when it can further be used to support the choice
of key operational parameters such as determining the
optimal anaerobic detention time for RAS fermentation.

Dunlap et al. (2016) studied a full-scale side-stream facility
(Westside Regional) and reported that, with existing models, a
significant parameter adjustment was necessary to meet
nutrient profiles especially regarding P uptake and release
parameters. In order to incorporate the observed behavior,
three different modeling approaches have been suggested: a
multiple species metabolic model; new PAO mechanisms
and multiple PAO parameters. Combining new PAO mechan-
isms, and multiple PAO parameters, Dunlap et al. (2016)
proposed a new model. As in S2EBPR, the PAO populations
may differ from those in conventional EBPR systems, and
they exhibit different metabolic traits, a second group of
PAOs were introduced representing these conditions. The
competition between the modeled PAO groups was depen-
dent on the specific conditions. The first, a conventional
group of PAOs (PAO1) includes a wide range of species that
behave similarly to those observed in conventional EBPR.
Under low ORP conditions, PAO1 is outcompeted by the
second phenotypic group of PAOs (PAO2). In the PAO2 cul-
ture, fewer glycogen accumulating organisms (GAQOs) are
assumed to be present and PAOs with fermentation ability,
such as Tetrasphaera, are assumed to be the dominant PAO
species. Fermentation by PAO2 is introduced to this model
under low ORP conditions. Parameters, such as growth rate,
P:VFA release ratio, anoxic growth factor, aerobic and
anoxic P:PHA uptake ratio, were adjusted (Dunlap ef al. 2016).

In the ASM standard models (ASM2d, ASM2d + TUD;
ASM3 + bio-P; Barker-Dold model; UCTPHO+) only one
population of PAO is considered (Hauduc et al. 2013). In
these models, the kinetic and stoichiometric parameters
are calibrated to include the impact of GAO presence
instead of considering the competition with GAOs. The

ability of PAOs to use a wider range of substrates and the
fermentation capability under specific conditions are not
considered either. Moreover, anaerobic maintenance is
only considered by Barker & Dold (1997); UCTPHO+ (Hu
et al. 2007) and ASM2 + TUD (Meijer 2004).

GAO population has been introduced in some metabolic
research models (Gu ef al. 2008; Oehmen et al. 2010; Lanham
et al. 2014). The competition between the two populations
has been described based on the effect of temperature, pH
and carbon source (Lopez-Vazquez et al. 2008).

According to recent research, intracellular compounds
have a major effect on both the stoichiometric and kinetic
parameters of PAOs, thus affecting EBPR predictability.
Welles et al. (2017) demonstrated that a higher poly-P content
correlates with higher anaerobic kinetic rates (P release) of
PAO, and as the poly-P content increased the glycogen con-
tent decreased showing that poly-P is the preferred storage
compound for PAOs. In addition, lower poly-P contents
resulted in a higher glycogen utilization and lower poly-P
hydrolysis rates under anaerobic conditions, slowing down
the anaerobic kinetic rates of PAO, which can be interpreted
as an increasing use of glycogen accumulating metabolism in
PAOs. HAc (acetic acid) uptake rate may increase with high
P/C influent ratio or return phosphorus of the sludge line,
aerobic P uptake may decrease because the PAO storage
pool is saturated (Welles et al. 2017).

The denitrifying capability of PAOs and GAOs has been
observed in laboratory and full-scale plants (Kuba et al.
1997). Also, the electron acceptor under anoxic conditions
may differ within PAO species (Ahn et al. 2001a, 2011b).
Rubio-Rincon et al. (2017) documented that the denitrifying
activity of a pure PAO culture (as Candidatus Accumulibac-
ter clade I) is less significant on nitrate, whereas they show
higher uptake on nitrite. On the contrary, a mixed PAO-
GAO culture showed higher activity under anoxic con-
ditions using nitrate, leading to the conclusion that GAOs
(as Candidatus Compatibacter) reduce nitrate to nitrite in
A20 systems. According to that study, GAOs are not only
competitors to PAOs in the anaerobic zone, but also provide
electron acceptors (NO3) in the anoxic zone.

EBPR treatment plants are designed with aeration zones
operated at high dissolved oxygen (DO) levels (i.e. 2 mg/L) fol-
lowing unaerated zones. Low DO operation has been
considered unfavorable for biological aerobic uptake of phos-
phorus by PAOs and is avoided in biological P removal plants.
However, there are instances where low DO operation (e.g.
with DO around 1 mg/L or less) has been proven successful
for EBPR operation (Downing ef al. 2014; Jimenez et al.
2014). The low DO environment at St Petersburg, Florida,
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has led to phosphate uptake rates under anoxic/low DO con-
ditions similar to aerobic conditions. Multiple studies (Camejo
et al. 2016; Keene et al. 2017) examined phylogenetic abun-
dance variations and found that in a low DO environment
GAO clade are detectable, but with low relative abundance
(<0.2% of total biomass according to Keene ef al. 2017) with
Accumulibacter being the dominant PAO species. Jimenez
et al. (2017) demonstrated simultaneous biological nutrient
removal (SBNR) efficiency in a full scale facility with DO con-
centrations ranging from 0.2 to 0.7 mg O2/L. This approach
with aeration control strategy can lead to substantial energy
savings while maintaining good bio-P performance.

To describe these new findings, a new model has been
developed including those processes based on the proposal
of Dunlap et al. (2016). The new calibrated model differen-
tiates PAOs and GAOs and introduces ORP as an
indicator for dominance. The biomasses therefore represent
the two extremes (from a diverse PAO community e.g. with
fermenting capabilities to non-poly-P accumulating GAOs)
and the mixture represents the competition between the
two populations, whereas GAO presence reduces the per-
formance of conventional EBPR systems due to the
competition for VFA. The model was calibrated based on
full plant measurements from the Rock Creek and
Durham advanced wastewater treatment plants (AWWTP)
operated by Clean Water Services (Hillsboro, Oregon) and
batch tests performed with sludge from the Rock Creek
AWWTP. Attention was paid to make sure that the new
model also predicts the performance of existing calibrated
systems in typical, well characterized situations.

MATERIALS AND METHODS
Model description

The new bio-P model that has been extended was based on
the Barker-Dold model (Barker & Dold 1997) approach for
biological phosphorus removal. The model was developed
trying to keep the structure as simple as possible while still
describing a wide range of processes. As the model was
extended, the structure of the components has been changed
alongside the corresponding parameters.

The changes affect PAO and GAO processes (growth,
maintenance, decay, carbon storage, phosphorus release and
uptake, and fermentation). Stoichiometric matrix and kinetic
rates can be found in Supplementary Tables A1-A5 (available
with the online version of this paper), the complete model file
including parameters, calculated variables, ionic species and

full stoichiometric matrix is available at http://www.dyna-
mita.com/wp-content/uploads/Sumo1.xlsm.

Model concepts and processes included in the new
model are as follows:

e One biomass (GAO) is added to the widely used Barker-
Dold (Wentzel) model. GAOs have been separated as a
facultative anaerobic biomass, storing glycogen (GLY)
under anaerobic conditions.

e Temperature dependency is introduced to favor GAO
growth at higher temperatures.

e A constant fraction of PAOs and GAOs are able to deni-
trify. The denitrifying fraction of PAOs and GAOs is
determined by using a reduction factor for anoxic growth.

e FEach microbial group uses a single carbon storage com-
ponent (PHA is stored by PAOs only and glycogen
(GLY) is stored by GAOs only), and only VFA is stored.

e Aerobic and anoxic maintenance were added to precede
PAO and GAO decay, which use PHA and GLY, respect-
ively. Active biomass loss occurs only once the storage
pools are exhausted.

® Glycogen storage is inhibited under low ORP conditions
(e.g. side-stream EBPR processes), reducing or comple-
tely eliminating GAOs and providing a more optimal
PAO performance. The PAO-GAO competition under
extended anaerobic conditions is partially driven and
captured by oxidation-reduction potential (ORP) con-
ditions. Under low ORP conditions (e.g. long anaerobic
retention time, side-stream processes), the difference in
the intracellular polymer usage sequence and onset of
biomass decay between PAOs and GAOs led to a biomass
dominated by PAOs (Tooker et al. 2016, 2017).

e PAO are able to ferment readily biodegradable substrate
(Sg) under low ORP conditions, in order to simulate the
behavior of putative Tetrasphaera genus type of organ-
isms when subjected to longer anaerobic SRT conditions.

e Polyphosphate stored by PAOs are considered as one vari-
able, as opposed to the previous model, where the stored
polyphosphate was fractioned into a non-releasable and
a releasable part. This change allows PAOs to completely
deplete the poly-phosphate (PP) storage pool.

Experimental data used for calibration and validation

In this project, data from aeration basins 4 and 5 of the Rock
Creek AWWTP were considered. The configuration for aera-
tion basins 4 and 5 is shown in Figure 1. High operational
flexibility is available at the facility. During the calibration
period, AB4 operated as A20 (primary clarifier effluent
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Figure 1 | Aeration basin 4 (AB4 based on A20 configuration) and aeration basin 5 (AB5 cased on Westbank configuration) configuration for simulation.

(PCE) flows to anaerobic zones - cell 1), AB5 as Westbank
(PCE flows to anoxic zone - cell 3, bypassing anaerobic zones).

Table 1 summarizes the detailed aeration basin volumes
in unaerated and oxic zones (the anaerobic fraction may
vary based on the operational settings).

Table 1 | Aeration basin volumes of Rock Creek facility

Basin 4 Basin 5 Unit
Total basin volume 6,380 6,380 m3
Total anaerobic volume 620 620 m®
Cell 1 307 307 m’
Cell 2 313 313 m’
Total anoxic volume 620 620 m®
Cell 3 310 310 m®
Cell 4 310 310 m’
Total oxic volume 5,140 5,140 m>
Cell 5 1,285 1,285 m®
Cell 6 1,285 1,285 m®
Cell 7 1,285 1,285 m3
Cell 8 1,285 1,285 m®
% Oxic 80.6% 80.6%
% Unaerated 19.4% 19.4%
% Anaerobic 9.7% 9.7%

Operational settings at Rock Creek facility and model
configuration

For the model calibration, two parallel trains of the Rock
Creek wastewater treatment plant were considered with
different operational settings (Figure 1).

During the period of August 2016, the AB4 train oper-
ated as an A20 system, where all the PCE flow and return
activated sludge were directed to the anaerobic cell 1 and
mixed liquor recirculation to the anoxic cell 3. The flow
rates were adjusted to the average of the selected period.

The AB5 train during this period is operated in the West-
bank configuration with side-stream anaerobic reactors. In
this type of configuration, PCE and mixed liquor recycle is
directed to the anoxic reactor, whereas the RAS flow and
VFA addition flow to the anaerobic zones.

The anaerobic reactors are intermittently (rarely) mixed.
To reflect this situation in the model, each anaerobic zone
is split into two parts: a lower part with more concentrated
sludge (concentration ~2.5% in the PAO-GAO model) and
an upper part with lower mixed liquor suspended solids
(MLSS) concentration. This is the ‘compartmental approach’
applied by Le Moullec et al. (2010). It is assumed that the
samples were taken from this upper part of the reactor.
Regarding the flow and volumes, 30% of the volume is
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considered in the settled zone. The internal mass flow split-
ting can be adjusted to the current conditions.

Schauer et al. (2017) demonstrated the effect of different
configurations on the effluent PO, concentration and con-
cluded that the Westbank process with mixers turned off is
beneficial for biological phosphorus removal. Even though
there were uncertainties in the sampling locations, the cali-
bration data set had been selected for this period. Figure 2
presents the effluent PO, concentration in each train versus
the influent VFA to PO, ratio. The performance of the West-
bank train does not depend on the influent VFA as much as
the conventional, A20 train, which could be explained by
the fermentation that may be occurring in the anaerobic
zone, more specifically in the settled sludge phase.

In the clarifier underflows, reactors have been inserted to
simulate the effect of the sludge blanket (anaerobic conditions)
in secondary clarifiers. The sludge blanket plays a significant
role, especially regarding phosphorus release for side-stream
processes. This simplified approach was chosen to avoid
having to calibrate settling properties and slowing down the
model with a reactive layered clarifier. These reactors (AB4 clari-
fier sludge blanket and AB5 clarifier sludge blanket) therefore
are not considered as part of the anaerobic zones in the basins.

The calibration period was determined based on the plant
performance. In June 2016, operational changes were
implemented in the facility. During the following period, sig-
nificant effluent variation occurred on the AB4 train
(operating as a conventional A20 system). The performance
of both examined trains can be considered stable in August
2016; therefore, this period was selected for model calibration.

The calibration data set includes the following:

1. One month of operational data regarding PCE, flows and
concentrations for AB4 and ABS5.

Rock Creek AWWTF Bio-P removal test

2. Phosphorus and nitrogen profiles through the basins,
focusing on AB4 and AB5 in the selected period
(weekly grab samples).

3. P release and uptake batch test.

During calibration, the average values of the selected
period have been used to meet steady-state conditions for
the facility. Dynamic simulations have only been performed
for the batch tests. Batch phosphorus release and uptake
kinetic tests were performed at the Northeastern University.

Batch activity tests

A side-stream reactor influent (RAS) sample from the AB5
train was taken on the 28th October 2016 and shipped on
ice overnight for further analysis. The sample was brought
to room temperature then aerated for 1 hour, and kept
under anaerobic conditions for up to 36 hours. Mixing
only occurred for sample collection. Every 6 hours, a
sample was collected for a P release and uptake tests.

In the simulation, the following assumptions were
considered:

e Samples are diluted to ~4,000 mg VSS/L concentration
with secondary effluent.
e Testing takes place at room temperature (20 °C).
e Nitrification is inhibited.
The general schedule of the test:

e After the storage period, an 800 ml sample was taken,
3 hours’ aerobic conditions (nitrification inhibitor added).

e Forty-five minutes of anaerobic phase (sodium acetate
addition at the start of the phase).

e Three hours of aerobic phase.

Effluent PO4 A A20 / AB4 train
[mg P/L] Westbank / AB5 train
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Figure 2 | Effluent PO4 versus influent VFA:PO4 during testing period (Schauer et al. 2017).
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During the aerobic phase, DO concentrations reach
saturation.

Parameter estimation and calibration procedure

As a new biomass variable and new processes have been
introduced to the new model, new stoichiometric and kin-
etic parameters have been added and some of the existing
ones recalibrated.

The model calibration was carried out based on the
following.

Full plant configurations managed by Clean Water Ser-
vices: 1. Rock Creek Facility: data sets from the plant for
AB4 and ABS5, including PCE variation, full plant P profiles
and operational changes; 2. Durham AWWTP: primary
effluent, nutrient profile and effluent data for the selected
time period as well as operational settings.

Batch tests: data sets from Northeastern University,
including phosphorus uptake and release tests under con-
trolled conditions.

The parameter calibration procedure focuses on the fol-
lowing (only manual trial and error tuning was followed):

1. Maximum specific growth rate for PAOs and GAOs
Formerly, the base model was calibrated to the mixed
culture of PAOs, including GAOs. In the new model,
the maximum specific growth rate was determined to
have a similar weighted average for PAO-GAO growth
as the mixed culture in general configurations (although
this may vary in specific configurations).
2. Fermentation rate for PAOs
The fermentation rate was determined to ensure the
VFA concentration and biomass activity for the required
performance in PAO culture that did not contain GAOs
(e.g. Westbank).
3. Anoxic reduction rates for PAO and GAO growth and
decay
Anoxic reduction for PAO growth was increased to
match the P profile within the aeration basin and
enable denitrification under specific conditions.
4. Maintenance
Maintenance processes for both PAOs and GAOs have
been introduced and considered to occur at the same rate
as decay processes, but preceding decay until the storage
pool is exhausted.
5. P:VFA release ratio
During the laboratory tests, a high P to VFA release
ratio was observed. The separation of GAOs justifies rais-
ing the previously used default value for this parameter.

6. Aerobic PHA:PP uptake ratio
Aerobic PHA to PP uptake ratio was adjusted to the
batch test results with PAO cultures.
7. Oxygen half saturation
Oxygen half saturation terms were determined to
ensure PAO dominance under micro-aerobic conditions.
8. Stoichiometric yields for GAOs
Aerobic and anoxic yields for GAO on glycogen were
calibrated to encourage GAOs in the PAO-GAO compe-
tition in the aerobic and anoxic zones.
9. ORP parameters
ORP calculations are based on dissolved O,, NOy and
CH,. CH,4 was chosen as an indicator for low ORP con-
ditions as this model does not consider sulfur reactions to
further characterize ORP in anaerobic zones. The default
value for ORP inhibition for storage in GAOs and the sat-
uration term for PAO fermentation was determined
during the calibration, and the parameters may require
adjustments for the specific configuration.
10. Temperature dependency
GAO growth and maintenance has a higher tempera-
ture dependency than PAQOs. The selected default
parameter values are based on Lopez-Vazquez et al.

(2009).

RESULTS AND DISCUSSION
Data set and sampling

The PCE fractions and hydraulic settings were calibrated
based on a daily average data set provided by Clean Water
Services (Table 2). Table 3 summarizes the calibrated PCE
concentrations. The selected period was August 2016,
where both studied trains showed a stable performance.
Nutrient profiles are compared to grab sample data. As
these samples were taken weekly, inconsistencies to the
average data set in the aerobic zone effluent may occur
based on the sampling time. As mentioned before, there
are uncertainties about the representativeness of sampling
locations in the unmixed anaerobic zone of the AB5 train.
Additionally, some back-mixing from the anoxic zone can
cause an apparent P uptake (see Figure 4).

AB4 results

Table 4 summarizes the average measured data set for AB4
secondary effluent in the calibration period and the
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Table 2 | Calibration data set

Variable Unit Numbers of measurements Average Minimum Maximum
Primary clarifier effluent COD mg COD/L 19 297 260 368
TSS mg TSS/L 14 77 60 102
VSS mg VSS/L 4 58.5 52 68
Alkalinity mg CaCO3/L 19 224 203 240
TKN mg N/L 4 42.4 37.1 46.2
NHx mg N/L 31 32.1 25.0 37.6
NOx mg N/L 9 0.53 0.10 1.59
TP mg P/L 4 3.83 3.50 4.16
PO4 mg P/L 31 2.30 1.52 3.59
Secondary clarifier effluent (SCE) of AB4 COD mg COD/L 9 27.4 21.1 325
TSS mg TSS/L 19 3.97 1.60 5.40
pH 9 6.74 6.55 6.89
Alkalinity mg CaCO3/L 19 103.5 75.2 128.0
NHx mg N/L 19 0.081 0.038 0.159
NOx mg N/L 19 18.2 13.0 21.6
TP mg P/L 5 0.50 0.26 1.21
PO4 mg P/L 31 0.23 0.04 1.50
Secondary clarifier effluent (SCE) of AB5 COD mg COD/L 9 27.7 23.6 32.0
TSS mg TSS/L 19 3.3 2.4 52
pH 9 6.70 6.54 6.85
Alkalinity mg CaCO3/L 19 107 79 131
NHx mg N/L 19 0.17 0.09 0.38
NOx mg N/L 19 17.5 12.0 19.8
TP mg P/L 5 0.28 0.19 0.49
PO4 mg P/L 31 0.104 0.031 0.414
Table 3 | Rock Creek primary clarifier effluent concentrations
Variable unit Measured average PAO-GAO model Difference Barker-Dold model Difference
COD mg COD/L 297.05 297.05 0% 294.15 —1%
TSS mg TSS/L 76.86 118.80 +54.57% 129.50 +68.5%
VSS mg VSS/L 58.5 100.86 +72.4% 109.60 +87.3%
Alkalinity mg CaCO3/L 224.16 250.00 +11.53% -
TKN mg N/L 424 424 0.0% 42.5 + 0.24%
NHx mg N/L 32.14 32.14 0.0% 32.14 0.0%
NOx mg N/L 0.53 0.53 0mg N/L 0.53 0mg N/L
TP mg P/L 3.83 3.83 0% 3.5 —8.59%
PO4 mg P/L 2.3 2.3 0% 2.3 0%

simulation results of the PAO-GAO and Barker-Dold
models. Due to different heterotrophic kinetics in the
Barker and Dold model, a lower MLSS is observed.

Figure 3 presents nutrient profiles within the A20
system in aeration basin 4. As mentioned before, the
measured data are based on weekly grab samples, thus the
differences in NOx concentration at the end of the aeration
basin. Regarding the simulations, in general the PAO-GAO

model shows satisfactory agreement with the measured
data. However, the P release is overestimated in anaerobic
zones, and nitrate concentration is generally lower. The
Barker and Dold model simulates the NOx profile in the
A20 process properly. However, it shows a slight P release
in the anoxic zone (due to decay and PP lysis) where P
uptake is expected. According to literature experiments,
the PAOs decay rate is higher under aerobic conditions,
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Figure 3 | Nutrient profiles in AB4 (a) PO4 profile; (b) NOX profile.
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Figure 4 | Nutrient profiles in (a) PO4 profile; (b) NOx profile.
Table 4 | AB4 secondary effluent performance
Variable Unit Measured average PAO-GAO model Difference Barker-Dold model Difference
COD mg COD/L 27.4 26.5 —3.28% 28.8 +5%
TSS mg TSS/L 3.97 4.00 +0.76% 4.00 +0.76%
pH 6.74 6.46 —4.15% - -
Alkalinity mg CaCO3/L 103.5 103.3 +0.19% - -
NHx mg N/L 0.08 0.16 +0.079 mg N/L 0.20 +0.12 mg N/L
NOx mg N/L 18.23 16.67 —8.56% 12.00 —34.1%
TP mg P/L 0.50 0.48 —0.02mg P/L 0.32 —0.17 mg P/L
PO4 mg P/L 0.23 0.24 +0.01 mg P/L 0.15 —0.08 mg P/L
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and is low/negligible under anoxic and anaerobic con-
ditions (Siegrist et al. 1999; Lu et al. 2007) and
maintenance seems to be the main endogenous process. In
the PAO-GAO model, aerobic and anoxic maintenance pre-
cede decay where no P release occurs.

According to the simulation, 81% of the combined PAO-
GAO population (which was formerly considered as PAO)
is PAO, resulting in good EBPR performance.

As observed during the simulations, in A20 configur-
ations, the expected CH, production in the anaerobic zone
(used as an indicator of deep anaerobic conditions) is rela-
tively low, which has a major impact on the ORP. Under
these conditions (ORP~ —50 mV), a PAO-GAO competition
is observed. The dominant PAO population is considered to
use VFA as a substrate.

Table 5 | AB5 secondary effluent performance

ABS5 results

Table 5 summarizes the average measured data for second-
ary effluent in aeration basin 5, operating as Westbank,
with the simulation results.

Figure 4 shows the measured data with simulation results
regarding the nutrient profile through the reactor. As discussed
before, the anaerobic zones of the train were unmixed at this
period, therefore part of the differences between the simu-
lation results and measurement data may be due to that
(however, as presented in the AB4 simulation results, a slight
overestimation of the P release was observed). Moreover, as
seen in Figure 4(a), the measurements show P uptake in the
anaerobic zone that is probably due to some back-mixing
from the anoxic zone around the sampling point. The

Variable Unit Average PAO-GAO model Difference Barker-Dold model Difference
COD mg COD/L 27.7 25.8 —6.9% 28.2 +1.8%
TSS mg TSS/L 3.3 3.3 0% 3.3 0%
pH 6.7 6.45 —3.73% - -
Alkalinity mg CaCO3/L 107 100.2 —6.4% - -
NHx mg N/L 0.17 0.18 0 mg N/L 0.21 +0.04 mg N/L
NOx mg N/L 17.50 16.35 —6.57% 10.31 —41.1%
TP mg P/L 0.28 0.33 +0.05 mg P/L 0.32 +0.04 mg P/L
PO4 mg P/L 0.104 0.12 +0.016 mg P/L 0.15 +0.046 mg P/L
P concentration
Effluent PO4

[mg P/L]
0.25

0.2
0.15 - -

0.1 Nl *6® N\ %
0.05

0
Measured PAO-GAO Barker and Measured PAO-GAO Barker and
Dold Dold
AB4-A20 AB5-Westbank

Figure 5 | Secondary effluent P concentrations.
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measured phosphorus profile in the AB5 train (Westbank) was
deemed not to be representative due to the sampling uncertain-
ties, therefore was not taken into account during calibration.

The observed deep ORP conditions (ORP <— 100 mV)
typically are a disadvantage for the substrate uptake of
GAO:s. The PAO species present are able to ferment under
these conditions and also show nitrate uptake in the
anoxic zone. The changing functionality according to the
specific conditions cannot be properly described with pre-
vious models. Figure 5 summarizes the effluent PO,
measurements and simulation results on the two trains.

According to the simulations, the PAO-GAO model shows
a closer correlation regarding the difference in the effluent
values, which is due to the different processes in the basins.

Batch tests

Phosphorus release and uptake tests have been performed
with sludge from the ABS5 train, as described in the materials
and methods section, in order to determine the kinetics in
side-stream systems. Figure 6(a)-6(f) display the results of
the laboratory measurements and the dynamic simulation.

(a)
X s P concentration
i 0 hours of storage (initial test) [mg P/ 6 hours of storage
4§55 { Anaerobic Aerobic | 100,0 | Aerobic Anaerobic Aerobic
90,0 90,0
80,0 80,0
70,0 70,0
b o o ® ®
60,0 - 60,0 L °
50,0 ®. & 50,0
- 200 -® ol L
40,0 =~ 5 = o
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Py °. 30,0
30,0 = = O P L
20,0 & [ ] 20,0 & &
) ® o e ®
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Figure 6 | Phosphorus uptake and release tests with alternating aerobic/anaerobic periods after the indicated anaerobic storage period (X axis represents the time of the experiment in

minutes).
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In the simulations, the biomass was taken from AB5
RAS during the calibration period (steady state simulation).
In the S2EBPR systems, low abundance of GAOs was
observed in several cases (Tooker et al. 2017) and also the
model predicts negligible GAO concentration due to the dis-
cussed side-stream conditions. The tests, therefore, represent
a biomass where PAO-GAO competition does not have an
impact on the simulation results.

Phosphorus release and uptake tests were performed in
a controlled laboratory environment; the pH level target is
7.00-7.15, controlled by HCl or NaOH addition. Moreover,
nitrification inhibitor was added to the sample to facilitate
the creation of anaerobic conditions during the unaerated
phase.

Figure 6(a)-6(f) show the simulation results for the
initial testing, 6-12-18-24-36 hours of storage time, respect-
ively. The initial difference between the simulation and the
measured data in Figure 6(a) can be explained by uncertain-
ties regarding storage prior to the experiments. For the
simulation, diluted sludge from AB5 (Westbank) simulation
was taken (note that the sampling for the calibration period
was not at the same time as the batch test experiments, thus
differences in the exact sludge composition may occur. That
may be the reason for the discrepancies between the maxi-
mum phosphorus released in the simulation (~80 mg P/L)
vs. the batch test results (~95 mg P/L).

As discussed before, in the new model stored polypho-
sphate is represented by one variable, which allows PAOs
to release all stored phosphorus unlike in the Barker-Dold
model where a fraction of PP is non-releasable. This may
require additional parameter adjustment in order to match
the P release and uptake tests.

SUMMARY

As pointed out by Dunlap ef al. (2016), a new approach in
biological phosphorus removal modeling is necessary in
order to successfully simulate S2EBPR configurations that
do not depend on the presence of influent VFA.

The proposed PAO-GAO model shows an improvement
in bio-P performance prediction due to the introduced pro-
cesses based on recent research and modified by detecting
the extent of anaerobic conditions using an ORP estimator
(ORP is estimated for all zones, not only the anaerobic
zone). Under normal ORP conditions, up to —100 mV
range in anaerobic zones, the model allows the coexistence
of PAOs and GAOs. This, through the loss of VFA to non-P

removing GAOs, hampers the performance of the bio-P
system, as experienced in the A20 configuration.

Under extreme low ORP conditions (lower than —150 to
—200 mV) GAOs are disappearing through substrate storage
limitation in the model and more stable bio-P performance
can be observed in agreement with experimental and full-
scale results.

There are conditions where GAOs are able to outgrow
PAOs (e.g. under high temperatures), simulating the loss of
biological phosphorus removal experienced in plants from
time to time even when anaerobic zones are present.

The model, coded in Sumo© was successfully calibrated
against typical bio-P plant configurations, as well as detailed
data from Clean Water Services’ Rock Creek facility includ-
ing both full scale operational data and specific batch P
release and uptake tests. The full model file (including par-
ameter values, etc.) is available at the following link: http://
www.dynamita.com/wp-content/uploads/Sumo1.xIsm.
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