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Abstract

The activated sludge process is the most widely applied technology for the treatment of
municipal and industrial wastewater worldwide. Conventional WWTPs usually comprise sep-
arate activated sludge tanks for the biological treatment processes as well as clarifiers for the
separation of the activated sludge from the purified water. The size of the clarifiers depends
mainly on the settling properties of the activated sludge, whereby the settling rate tends to
decrease with higher biomass concentrations and necessitates large post-clarification tanks with
increased footprint. The concentration of the biomass in the activated sludge tank is therefore
limited by declining settling properties. Generally, lower sinking rates are related to the growth
of filamentous organisms, which are usually responsible for sludge wash-out and lower effluent
quality. Filamentous bacteria grow preferably in low or high loaded WWTPs as well as under
carbon or nutrient limitations. In regions with demographic increase, additional quantities of
wastewater can favor the development of bulking sludge that imperils the compliance of the
efluent quality. In that case, capacity expansions with the upgrade of the biological stage and
the construction of additional tank volume are necessary. Alternatively, the treatment capacity
could be increased by raising the number of the involved organisms to avoid the construction of
new plant components. For instance, the use of growth carriers or membranes are possibilities
to enhance the biomass concentration and plant capacity. However, these processes are usually
expensive and mostly applied for industrial wastewater treatment.

In order to counteract the limited settling properties, the activated sludge process has been
modified in recent years with the target to enhance the biological treatment capacity by increas-
ing the microbial density. An innovative approach for the design of compact treatment plants
was found with the formation of aerobic granular sludge, a biomass that offers a more com-
pact structure compared to suspended activated sludge. Consequently, aerobic granules settle
significantly faster than conventional sludge flocs. Beside improved settling properties, the com-
pact and dense sludge structure enables zones with different oxygen and substrate gradients
and thus the ability for simultaneous nitrogen and carbon removal. Moreover, the granula-
tion allows the enrichment of phosphate accumulating organisms and subsequently enhanced
biological phosphate removal. In consequence, a reduced demand for precipitation agents op-
presses the operational treatment costs. Moreover, aerobic granules offer an increased content
of extracellular polymeric substances which was found to improve the resistance against load
fluctuations and toxic shock loads.

Previous publications mainly report about the operation of aerobic granular sludge in se-
quencing batch reactors (SBR), in which the biological processes and the sludge separation
appear time-seperated in one single reactor. In this process, the adjustment of cycle times and
settling intervals are easy to handle. Since only 15% of the WWTPs in Austria with a size above
50 p.e. are designed as SBR, there is still an interest in making the granular sludge process
accessible also for continuous-flow plants. Lack of experiences in the application of the aerobic
granular sludge process in continuous-flow illustrates the demand for further research. The
establishment of aerobic granules in continuous-flow was investigated within the framework of
the project "KontiGran - Aerobic granular sludge process in continuous-flow plants" supported
by the Federal Ministry of Sustainability and Tourism. As part of the project, lab-scale experi-
ments were performed to examine the cleaning performance of the biomass in a continuous-flow
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setup consisting of an anaerobic and aerobic reactor volume as well as a post-clarifier. The
setup obtained an anaerobic reactor, which was divided into a plug-flow and a fully mixed
reactor. Additional experiments were carried out in lab-scale SBRs in order to receive experi-
ences in the aerobic granulation process as well as in the operation and treatment performance.
Further investigations belonged to the effects on the down-stream processes, especially on the
sludge treatment and dewatering as well as on the nitrous oxides emissions during the biological
nutrient removal.

With the operation of the continuous-flow setup, it was possible to improve the settling
properties of the biomass to an overall lower sludge volume index of approx. 85 ml g!. The
particle size distribution as well as the microscopic images revealed a more compact structure
of the sludge and overall larger sizes. Nevertheless, the sludge offered lower settling properties
compared to the granules from the SBR, which was confirmed by an increased SViq/SV3g ra-
tio. Aerobic granulation in continuous-flow was limited due to insufficient substrate gradients
and the use of stirrers. In contrast to SBR systems, where stirrers are not entirely necessary,
continuous-flow plants always require mixing systems to avoid sludge deposits. The use of
stirrers and the presence of nitrate in the return sludge makes it difficult to realize anaerobic
plug-flow conditions, which were found to be the most important requirement for the aerobic
granulation. Moreover, stirrers reduce the substrate gradients among the bulk liquid and the
biomass which causes lower penetration depths into the granules and smaller sizes (diffusion
limitations).

N9O measurements in the exhaust air of the SBR operated with aerobic granular sludge
revealed emission factors in a range of 0.54 to 4.8% (gN2O/gNH4-Nyy ). A clear correlation
was found between the N,O emissions and the nitrification, since NoO was measured in the
exhaust air as long as NH4-N was present in the bulk liquid. Higher emissions were observed
with increased organic loading rates and elevated nitrite levels. Moreover, the investigations
comprised anaerobic tests under mesophilic temperatures and an hydraulic retention time of
25 d. The outcomes of the anaerobic biodegradation revealed a specific methane production of
263 to 285 mICH, gVSS™. VSS reduction was calculated with 51 and 59%. The experiments
disclosed an overall lower dewaterability of the digested aerobic granules. However, further
studies with large-scale dewatering aggregates are required to verify the lower dewatering be-
havior.

In addition, operational data of a full-scale SBR with excellent settling properties were
evaluated as part of this work. The activated sludge of this plant comprised a high amount of
granules and a sludge volume index in a range of 30 to 50 ml g!, which is significantly lower
than for conventional activated sludge plants. The plant operation included a feeding phase
under non-aerated conditions, which ensured the formation of anoxic-anaerobic periods at the
beginning of the cycle. Anaerobic feeding conditions were identified as essential for the aerobic
granulation in earlier studies. Furthermore, the increased proportion of industrial wastewater
with a high amount of readily available carbon as well as short stirring intervals are recognized
as favorable conditions for the formation of granules in this SBR plant.
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Kurzfassung

Das Belebtschlammverfahren ist das weltweit am h&ufigsten eingesetzte Verfahren zur Be-
handlung kommunaler sowie industrieller Abwésser. Der Abtrennung und Riickfiihrung des
belebten Schlammes kommen bei diesem Verfahren eine besondere Bedeutung zu. Herkémm-
liche Belebungsanlagen bendétigen iiblicherweise grofte Nachkldrbecken mit einem entsprechend
hohen Flachenbedarf. Die Grofe der Nachklarung hangt vor allem von den Absetzeigenschaften
des Belebtschlammes ab, wobei es bei hoheren Biomassekonzentrationen zu einem eingeschrink-
tem Absetzen der Schlammpartikel kommen kann. Die Konzentration der Biomasse in der bi-
ologischen Stufe ist daher durch die Absetzeigenschaften des Schlammes begrenzt. Schlechte
Absetzeigenschaften, die oftmals durch das Wachstum fadenférmiger Organismen verursacht
werden, sind héufig fiir einen Schlammabtrieb und eine verschlechterte Ablaufqualitidt verant-
wortlich. Fadenférmige Bakterien vermehren sich bevorzugt in schwach- als auch in hochbe-
lasteten Anlagen. In Regionen mit Bevolkerungszuwachs kénnen zusétzliche Abwassermengen
die langfristige Sicherstellung der vorgeschriebenen Ablaufqualitit gefihrden. In diesem Fall
werden Kapazitdtserweiterungen mit dem Ausbau der biologischen Stufe und der Schaffung
zusdtzlicher Beckenvolumen erforderlich. Eine Moglichkeit zur Steigerung der Behandlungska-
pazitit besteht in der Erh6hung der Anzahl der an der Abwasserreinigung beteiligten Organis-
men, wodurch der Neubau von Anlagenkomponenten umgangen werden kann. Eine Erhéhung
der Biomassekonzentration zur Steigerung der Reinigungsleistung ist beispielsweise durch den
Einsatz von Aufwuchstrigern moglich. Diese Verfahren sind jedoch meist kostenintensiv und
werden hauptséachlich fiir die industrielle Abwasserreinigung angewendet.

Um den begrenzten Absetzeigenschaften des Belebtschlammes entgegenzuwirken und die
Kapazitit der biologischen Abwasserreinigung zu erhéhen, kam es in den vergangenen Jahren
zur Modifikation des Belebtschlammverfahrens mit der gezielten Anreicherung von Mikroor-
ganismen iiber die Bildung kompakter Biofilmaggregate. Dieser sogenannte aerob granulierte
Schlamm zeichnet sich durch eine kompakte und dichte Schlammstruktur und hohe Sediment-
ationsgeschwindigkeiten aus. Durch die Kompaktheit der Granula entstehen Zonen mit unter-
schiedlichen Sauerstoff- und Substratgradienten, welche die simultane Stickstoff- und Kohlen-
stoffentfernung erméglichen. Die vermehrte Anreicherung von Phosphat akkumulierenden Or-
ganismen ermoglicht zudem die erhohte biologische Phosphatentfernung und die Reduktion des
Fallmittelbedarfs sowie der Betriebskosten. In einigen Studien wurden erhdhte Gehalte an ex-
trazellularen polymeren Substanzen in aerob granulierten Schlamm nachgewiesen, welche eine
hohe Resistenz der Biomasse gegeniiber Schwankungen in der Zulauffracht und auftretende
Stokbelastungen ermdglichen.

Bisherige Publikationen berichten hauptséchlich von der Umsetzung des Verfahrens mit
aerob granuliertem Schlamm in SBR-Anlagen, in denen die Einstellung der Zykluszeiten und
der Absetzintervalle relativ leicht handhabbar sind. Da in Osterreich lediglich 15% der Kliran-
lagen grofer 50 EW als SBR konzipiert sind, besteht ein Interesse das Verfahren mit aerob gran-
uliertem Schlamm auch in kontinuierlich durchflossene Anlagen umzusetzen. Mangelnde Er-
fahrungen zur Anwendung des granuliertem Belebtschlammverfahrens in kontinuierlich durch-
flossenen Anlagen verdeutlichen die Notwendigkeit zur weiteren Forschung und groftechnischen
Umsetzung. Im Rahmen des Forschungsprojektes KontiGran (Granulares Belebtschlammver-
fahren in kontinuierlich durchflossenen Anlagen) geférdert von Ministerium fiir Nachhaltigkeit
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und Tourismus (BMNT) wurde die Etablierung des aerob granuliertem Belebtschlammverfahrens
in kontinuierlich durchflossenen Belebungsanlagen untersucht. Im Rahmen des Projektes wurde
in Laborversuchen die Reinigungsleistung des aerob granulierten Belebtschlammverfahrens in
einem kontinuierlich durchflossenen System bestehend aus einem anaeroben und aeroben Becken
in Kombination mit einer Nachkldrung untersucht. Neben einem vollstindig durchmischten
anaeroben Reaktor, wurde ein geteilt anaerobes Volumen genutzt, wobei ein Schlauchreaktor
(plug-flow) und ein vollstdndig durchmischter Reaktor kombiniert wurden. Begleitend wurden
Versuche im SBR durchgefiihrt, um Erfahrungen zum Betrieb und der Reinigungsleistung der
Biomasse zu erarbeiten. Dariiber hinaus wurden Untersuchungen zur Beantwortung weiterer
Fragestellungen beziiglich potentieller Auswirkungen auf den Kldranlagenbetrieb durchgefiihrt.

Mit dem Betrieb der kontinuierlich durchflossenen Anlage konnte eine Verbesserung der
Absetzeigenschaften mit einer Senkung des Schlammindex auf ca. 85 ml g! realisiert werden.
Die Messung der Partikelgréfsenverteilung und die mikroskopischen Aufnahmen zeigten eine
deutlich kompaktere Struktur des Schlammes. Dennoch ergaben sich im Vergleich zur SBR
Betriebsweise insgesamt schlechtere Absetzeigenschaften des granulierten Schlammes, was in
einem hoheren Schlammindex sowie SVip/SV3o-Verhéltnis ersichtlich wurde. Im Gegensatz
zum SBR ist in kontinuierlich durchflossenen Anlagen der Einsatz von Riihrern erforderlich
und die Realisierung von plug-flow Bedingungen schwer realisierbar. Die Granulierung war auf-
grund niedriger Substratgradienten und dem Einsatz von Riihrern limitiert. Die Ausbildung
grofser Granula ist lediglich beim Vorliegen hoher Substratkonzentrationen und einer hohen
Eindringtiefe (Diffusion) in die Granula mdéglich.

Messungen von N5O in der Abluft der Versuchsreaktoren mit aerob granuliertem Schlamm
ergaben Emissionsfaktoren zwischen 0,54 und 4,8% (gN,O/gNH4-Nyy ). Ein deutlicher Zusam-
menhang konnte zwischen den NyO-Emissionen und der Aktivitdt der Nitrifikanten gesehen
werden. Hohere Emissionen wurden mit steigender Schlammbelastung sowie hohen Nitrit-
Konzentrationen festgestellt. Die anaerobe Abbaubarkeit des aerob granulierten Schlammes
wurde in anaeroben Faulreaktoren untersucht. Das Entwisserungsverhalten des Schlammes
wurde mit Hilfe einer Zentrifuge untersucht. Die anaeroben Versuche ergaben eine spezifische
Methanproduktion von 263 bis 285 mlCH, goTS!. Der oTS-Abbau errechnete sich mit 51
und 59%. Die Laboruntersuchungen zeigten ein schlechteres Entwésserungsverhalten des aerob
granulierten Schlammes, wobei weitere Untersuchungen unter Einbezug grofstechnischer Ent-
wasserungsaggregate erforderlich sind.

Im Rahmen der Arbeit wurden zudem die Betriebsdaten einer grofitechnischen SBR-Anlage
mit ausgesprochen guten Absetzeigenschaften und einem hohen Anteil an Granulas ausgewertet.
Der Schlammindex lag ganzjihrig in einem Bereich zwischen 30 bis 50 ml g'* und somit deut-
lich niedriger als fiir suspendierten Belebtschlamm. Der Betrieb der Anlagen mit der Beschick-
ung unter nicht beliifteten Bedingungen ermdoglicht die Ausbildung anoxisch-anaerober Phasen,
welche eine wesentliche Voraussetzung fiir die Granulierung bilden. Tm Weiteren werden ein
hoher industrieller Abwasseranteil mit leicht verfiigharen Kohlenstoffverbindungen sowie kurze
Riihrintervalle als giinstige Faktoren fiir die Ausbildung von Granulas in dieser SBR-Anlage
angesehen.
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Chapter 1

Introduction

1.1 Background

Aerobic granules were first observed by Mishima and Nakamura (1991) in the operation of
upflow airlift reactors and described as compact and dense aggregates owning fast settling ve-
locities. Although anaerobic granular sludge has been known since the early 1980s for the
anaerobic wastewater treatment, especially for the operation of UASB reactors, the discovery
of aerobic granules has attracted the interest of several research groups to exploit the very
good settling properties for biological wastewater treatment. In the following years, intensive
research was undertaken to understand the mechanisms for the granules formation and to de-
scribe the relevant reactor settings and their effects on the biomass structure and treatment
performance.

Up to now, aerobic granulation relates to the operation of sequencing batch reactors (SBR).
This process is based on a cycle operation, which is characterized by the periodic change between
phases with high substrate availability (feast phase) and starvation periods (famine phase).
In initial lab-scale experiments, aerobic granular sludge (AGS) was formed using an aerobic
feeding phase and high dissolved oxygen (DO) concentrations (Beun et al. 1999, Morgenroth
et al. 1997). However, lowering the DO after the start-up led to the disintegration and loss of
granules (Mosquera-Corral et al. 2005). Only with the implementation of an anaerobic feeding
phase, it was possible to form stable aerobic granules and long-term operation (de Kreuk and van
Loosdrecht 2004). The anaerobic feeding phase was therefore identified as the most important
requirement for the AGS operation. As an outcome of the research with laboratory and pilot-
scale reactors (Ede, the Netherlands), a first commercial AGS process was developed under
the tradename Nereda®) in cooperation between the University of Delft and Royal Haskoning
DHV. A first municipal sewage treatment plant (Epe, Netherlands) was commissioned in 2011
based on this AGS technology. Currently, more than 40 Nereda® plants are in operation or
in design worldwide. Despite a growing number of full-scale plants operated with AGS, the
large-scale application so far only relates to the operation of SBR systems. Since the number of
plants operated in continuous-flow prevails the SBR, current studies focus on the development
of aerobic granules in continuous-flow reactors. Beside an intensive scientific knowledge of the
AGS formation and operation, there are still research gaps on the impact of the compact sludge
structure on downstream processes including sludge stabilization and dewatering.
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1.2 Research Questions

In the beginning of the reasearch on aerobic granular sludge, various publications reported
detailed about the operational settings and influencing parameter under the use of synthetic
media. The practical work of the thesis is arranged to a time, in which only a few publications
related to the municipal wastewater treatment with AGS. The currently proven operational
requirements and the scientific progress in the handling of AGS are summed up in the intro-
duction part of this thesis. The questions in this present work were based on further effects
of the application of AGS on municipal wastewater treatment plants. The following section
briefly describes the specific research questions addressed in this thesis.

1.2.1 Aerobic granulation in continuous-flow

Despite numerous publications on aerobic granulation and purification with AGS in SBR sys-
tems, only a few studies relate to the continuous-flow operation. A successful establishment
of AGS in continuous-flow operation is not documented yet and represents a desirable mile-
stone since only a few wastewater treatment plants are designed as SBR. The main issue of the
present work was to investigate under which conditions an aerobic granulation can be achieved
in a continuous-flow system and to what extent it is possible to improve the settling properties.

1.2.2 Sludge Stabilization

The use of AGS on municipal sewage treatment plants is still largely new. Numerous questions
arise regarding the large-scale application of the AGS process and the economic effects on the
plant operation. Only a few studies focus on the effects of aerobic granular sludge on down-
stream sludge treatment. Due to the structural differences compared to flocculent activated
sludge, possible effects on the anaerobic biodegradability must be considered carefully. Ener-
getic and economic aspects concerning energy recovery from biogas production, costs of sewage
sludge dewatering and disposal form the background for considering potential impacts on the
treatment process. For these reasons, the anaerobic biodegradation and dewatering behavior
of AGS were investigated and evaluated in this thesis.

1.2.3 Nitrous oxide emissions

Nitrous oxide (N,O) is a greenhouse gas and approximately 300-times more potent than COq
in its effectiveness (IPCC 2007). For this reason, the NoO emissions are a topic of current
discussions on climate protection. Beside attempts in reducing NoO emissions from agriculture
and industry, more and more focus is paid to reducing emissions from wastewater treatment
processes. So far, only a few publications report about NoO emissions from the AGS process,
which illustrates the need for further detailed measurements. The aim of the NyO measurements
was to evaluate the extent of NoO that is emitted during the wastewater treatment with AGS
compared to conventional activated sludge, and which triggers contribute the N,O formation.
N;O emissions were tested and evaluated under different organic loading rates and aeration
strategies.
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1.2.4 Constructive requirements for aerobic granulation

Repeatedly, there are some WWTP, where the activated sludge offers extremely good settling
properties. Such a WWTP (SBR) is located nearby Vienna and reveals over the years a sludge
volume index (SVI) in a range of 30 to 50 ml g*. The work examined the reasons for these
excellent settling properties by evaluating the process data from the plant for a period of one

year.

1.3

Structure of the thesis

This thesis is a cumulative research work on aerobic granular sludge technology for wastewater
treatment and comprises four peer-reviewed articles published in scientific journals.

1)

The first chapter briefly describes the current state of the scientific knowledge including
the requirements for an aerobic granulation, the structural and microbial differences com-
pared to suspended activated sludge as well as the operational strategies. The chapter
shortly describes the effect of different settings on the cleaning performance and settling
properties.

The second chapter “Comparison of aerobic granulation in SBR and continuous-flow
plants” deals with aerobic granulation in a continuous-flow setup. The settling properties
and the removal of the cultivated sludge were compared with AGS from a lab-scale SBR.
The article was published in the Journal of Environmental Management, 2019, Volume
231, 953-961.

The implementation of AGS technologies into full-scale could affect downstream pro-
cesses like sludge stabilization and dewaterability. The questions of possible impacts on
the methane yield and dewatering behavior were considered in the article “Anaerobic
biodegradation and dewaterability of aerobic granular sludge”. The article was published
in the Journal of Chemical Technology and Biotechnology, 2019, Volume 94(9), 2908-2916.

N3O emissions from the biological wastewater treatment with AGS were investigated
under different aeration strategies and organic loading rates. The results are presented in
the article “Nitrous oxide emissions from aerobic granular sludge”, which was published
in the Journal of Water Science and Technology, 2019, 80(7), 1304-1314.

An extensive data evaluation was undertaken for a large-scale SBR, where the activated
sludge offers excellent settling properties. The paper with the title “Accidental aerobic
granules — Data evaluation of a full-scale SBR plant” discusses different reasons for the for-
mation of aerobic granules on this wastewater treatment plant. The article was published
in the Journal Desalination and Water treatment, 2019, Volume 164, 11-17.

The last chapter gives a short summary of the presented work and an overall conclusion
to the prospective wastewater treatment with aerobic granular sludge.
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Chapter 2

State of the Art regarding aerobic
granulation

2.1 Definition and Benefits

The most apparent difference between aerobic granular sludge (AGS) and activated suspended
sludge is the structure and size of the biomass. Aerobic granules are characterized by particle
sizes above 0.2 mm and higher settling velocities compared to conventional sludge. In two
workshops (Munich 2004/Delft 2006), further definitions for AGS were formulated to distin-
guish the biomass from conventional activated sludge. According to these definitions, AGS
consists of suspended biofilm units (aggregates of microbial origin), which do not coagulate
under reduced shear stress and settle as separate units (de Kreuk et al. 2007a). It is rec-
ognized that aerobic granulation appears without the use of carrier materials, only sieving is
an accepted method to separate aerobic granules from sludge flocs since the last AGS workshop.

Several advantages of AGS arise for the wastewater treatment due to its compact and dense
structure. The large sizes of the granules enable higher settling velocities compared to activated
sludge (Bathe et al. 2005), which are mostly reported within a range of 20 to 40 m h! (Table
2.1). In contrast, suspended activated sludge sinks with settling velocities of 7 to 10 m h!
(Ni et. al, 2009; Su and Yu, 2005). Since the settling of the suspended sludge is limited
to higher total suspended solid (TSS) concentrations, the operation of conventional activated
sludge tanks is recommended to 5 gTSS L. The faster sedimentation of aerobic granules
ensures an excellent settling behavior also at higher T'SS concentrations. Thus, AGS operation
usually relates to TSS of 8 g L' (Giesen et al. 2013), which illustrates the increased treatment
capacity compared to conventional activated sludge plants. Overall, the AGS operation allows
the design of compact SBR systems due to shorter settling times and shorter SBR cycles
(Pronk et al. 2015b). De Kreuk (2006) calculated that the footprint of AGS systems is only
20% compared to conventional processes due to an increased volumetric load. Bengtsson et al.
(2019) reported saving in footprint for AGS systems in a range of 39-50%. Similiarly, Pronk et
al. (2017) summarized a potential in saving footprint for AGS plants with 25-75% mainly due
to increased biomass concentrations and the lack of clarifiers. However, it should be mentioned
that SBR systems generally require a lower footprint compared to conventional activated sludge
plants, which is in the range of 20 to 30% and related to a lack of clarifiers (Hobus et al. 2020).
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Beside a lower footprint, the granular sludge process is characterized by a lower energy
demand due to the lack of stirrers and return sludge pumps. Some authors reported an overall
lower energy consumption for the biological stage, whereby the energy savings are named within
a range of 53 to 60% (Giesen 2013, Pronk et al. 2017). Bengtsson et al. (2019) compared differ-
ent wastewater treatment processes and calculated that the energy demand for AGS is approx.
23% lower than for conventional treatment processes including enhanced biological phosphorus
removal. Further full-scale studies are needed to confirm these findings. The SBR operation
for AGS focuses on the enrichment of phosphate accumulating organisms, thus another main
advantage of the process is the enhanced biological phosphate removal (EBPR) with a reduced
demand for precipitant agents. Furthermore, it is reported that an elevated amount of extracel-
lular polymeric substances (EPS) that is produced by the bacteria provides greater resistance
against toxic effects (Fang et al. 2002) making the AGS operation attractive for the treatment
of industrial wastewater .

Although the wastewater treatment with AGS offers numerous advantages for the large-scale
application, there is still a need for research. Sarma et al. (2017) summarized existing knowledge
gaps for AGS, which mainly belong to biodegradation, bioaccumulation, biosorption, and mass
transfer behaviors of emerging contaminants within the granules. Bengtsson et al. (2018)
allude that further research should focus on a better understanding of nitrous oxide emissions
from AGS as well as on sludge handling processes with respect to thickening and digestion.
Moreover, there is still an interest in the transfer of AGS in continuous-flow operation in order
to design full-scale plants with a smaller footprint.

2.2 Settling behavior

The settling behavior of the activated sludge is an essential parameter for the design of sec-
ondary clarifiers (DWA 2016). The settling process depends on the size, density, and shape of
the biomass, whereby these properties are mainly related to the reactor operation and wastew-
ater quality. A common value to control the settling behavior of the activated sludge is the
sludge volume index (SVI), which indicates the volume of one gram biomass after a settling
time of 30 min. The SVT for activated sludge is usually around 100 ml g and can strongly
depend on industrial influences, the concept and operating mode of the WWTP as well as
the sludge retention time (DWA 2016). AGS is characterized by a much lower SVI, which is
reported within a range of 45 to 59 ml g (de Kreuk and van Loosdrecht 2006, Pronk et al.
2015b, Wagner et al. 2015). Although, values below 50 ml g are often reported, there is up to
now no SVI value defined for AGS. A further parameter to evaluate the settling properties of
AGS is the ratio between the sludge volume after 10 to 30 min of settling. SV;/SV3g ratios of
approx. 1.0 indicate that the biomass reaches a comparable sludge volume already after 10 min
instead of 30 min of settling. Small differences in the settling times and SVy/SV3q ratios near
to 1.0 were achieved in previous studies especially with the use of synthetic wastewater. How-
ever, the treatment of municipal wastewater with AGS always causes a fraction of flocculent
sludge within the granules resulting in SV1q/SV3g ratios slightly above 1.0 (Pronk et al. 2015b).

The settling velocity is mainly determined by the size and density of the granules and can
be described by the Law of Stokes. Both parameter, the increased density and the larger size
contribute to a higher settling velocity. Granule sizes vary widely and are mostly reported
within a range of 0.2 to 3 mm (Bengsston et al. 2018). In the past, various authors reported
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an increased density of AGS. For example, Su and Yu (2005) found a rising biomass density
from 1.006 g cm™ to 1.020 g cm™ approx. 6 weeks after starting a granular sludge reactor. The
increased density correlated with rising settling velocities from 8.9 m h™! to 33.2 m h't. It was
found that granules own different densities, which causes stratification over the settled sludge
bed. Winkler (2012a) determined a density of 1.018 g L' for bottom granules of a settled
sludge bed, while the granules from the top of the sludge bed had a density of 1.004 g L.
The higher density of AGS results not only from the compact structure, but also from mineral
precipitation inside the biomass (Angela et al. 2011, Huang et al. 2015, Ren et al. 2008,
Winkler et al. 2013). Angela et al. (2011) as well as Winkler et al. (2013) found apatite inside
the core of the granules. Precipitations inside the granules were explained by increased pH
values and ortho-phosphate levels, which originate from a phosphate release during anaerobic
conditions (de Kreuk 2006; Maurer et al. 1999). Apatite formation was elevated when the pH
value was in a range of 7.5 to 8.8, while minor apatite levels were detected under controlled
pH values of 7.0 to 7.3 (Lochmatter et al. 2013). Table 2.1 summarizes literature references
on settling properties including settling velocities (Vgink), SVI and diameters of AGS cultivated
under synthetic, municipal and industrial wastewater.

Table 2.1: Literature review on SVI, v, and diameter for AGS cultivated with different media

Media Reference SVI mlg!'|  vgu [mh?'] ¢ [mm]
synthetic Arrojo et al. (2004) 60.0 20.0 0.25-4.0
Zheng et al. (2005) 23.0 18-31 0.5-1.2
Rosman et al. (2014) 20.0 61.0 2.0
Long et al. (2014) 67.0 43.8 1.6
industrial Rosman et al. (2014) 20.1 61.0 2.0
Su and Yu (2005) 30.8 36.6 1.22
Muda et al. (2012) 61.0 42.0 0.85-1.0
Wang et al. (2007a) 32.0 91.0 2.0-7.0
Cassidy and Belia (2005)  22.0 51.0 1.7
municipal Li et al. (2014) 47.1 42.0 0.5
Ni et al. (2009) 20-40 18-40 0.2-0.8
De Kreuk et al. (2006) 38.0 n.n. 1.1
De Kreuk et al. (2010) 59.0 n.n. 1.6
Liu et al. (2010) 30.0 n.n. 0.8
Pronk et al. (2015b) 45.0 n.n. > 1.0 (60%)
Derlon et al. (2016) 65.0 n.n. 0.25-0.63

Beside the size of the granules, the shape and surface delimitation are further essential
parameters for the settling behavior. Ideal granules obtain a compact and round shape with
a regular surface and without filamentous growth. However, the structure of the granules is
affected by different parameters such as shear stress and wastewater quality. Some researchers
found that high shear stress favors the formation of more compact and dense granules (Tay et
al. 2001). The shear stress was increased by setting higher aeration rates or mixing intensities.
From an economic point of view, increasing the shear stress by higher aeration rates is not
suitable for full-scale design.

An increased growth of protozoa on the granules surface was often observed within the
course of different studies. With the beginning of the aerobic granulation, the fraction of
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sludge flocs decreases and thus the possibility to incorporate suspended solids from the influent
into the sludge structure. Subsequently, there appears an increased suspended solid concen-
tration, which favors the growth of ciliates. Several researchers reported a meantime massive
growth of vorticella-like organisms as well as rotifers. Thwaites et al. (2018) compared the
abundance of higher organisms in AGS and flocculent sludge and observed that AGS was more
colonized by fixed ciliates and rotifers than the sludge flocs. Li et al. (2013) investigated the
appearance of vorticella-like organisms and rotifers in an AGS reactor operated with municipal
wastewater and reported an alternating growth of vorticella, whereby a successive decrease of
these organisms was linked to a simultaneous growth of rotifers. Moussa et al. (2005) reported
that rotifers own a longer growth rate of 6 to 45 days and therefore prefer enhanced sludge
retention times (SRT) to establish inside the granules. After this time, rotifers are able to
reduce the substrate availability for vorticella and therefore limit their abundance leading to
an alternating enrichment of vorticella-like organisms and rotifers in the granules.

Up to now, the influence of fixed ciliates on the settling velocity of AGS is not completely
clarified. Pronk et al. (2015b) stated that protozoa, especially ciliates, slightly hinder the
settling process but do not disturb the plant operation. Jahn et al. (2017) investigated the
settling rates of AGS with different sizes and surface delimitations. Granules without growth
of vorticella-like organisms and rotifers had a much higher sedimentation rate than those with
surface growth. While the settling velocity of aerobic granules with a diameter of 1.3 mm and
a regular surface resulted in a settling velocity of 23 m h™!, the settling velocity for the granules
with surface growth and the same size was reduced to approx. 17 m h. Although ciliates
could slightly affect the settling velocity, they are important organisms to retain suspended
solids from the influent and to reduce the effluent turbidity.

2.3 Spatial arrangement of bacterial groups

Aerobic granules are characterized by a compact and dense structure with the formation of
zones with different oxygen and substrate gradients similar to biofilms. The distribution of
aerobic, anoxic and anaerobic zones within the biomass allows the enrichment of different bac-
terial groups. Figure 2.1 illustrates the AGS structure compared to suspended activated sludge,
as well as the arrangement of relevant microorganisms. While the aerobic surface area is pre-
dominantly populated with nitrifiers and heterotrophic organisms, the deeper anoxic-anaerobic
zones are dominated by phosphate and glycogen accumulating organisms (Winkler 2012). Be-
side substrate and oxygen gradients, there is a spatial distribution of the nitrogen fractions
over the granules. Nitrate is formed by nitrifiers in the aerobic surface areas and diffuses into
the interior of the granules, where it is denitrified. As a result, nitrifying as well as denitrify-
ing processes take place at the same time resulting in simultaneous nitrogen removal which is
characteristic for biofilms and AGS.
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Figure 2.1: Structural differences of AGS (left) and suspended activated sludge (right) (adopted
from Winkler 2012)

2.4 Formation of aerobic granular sludge

Most of the lab-scale studies used activated sludge as inoculum to cultivate aerobic granules.
The quality of the used inoculum was found to affect the granulation process significantly
(Sheng et al. 2010). Especially the macroscopic characteristics, the settleability, the surface
properties, and the microbial activity of the seeding sludge were identified to influence the
granule formation (Liu and Tay 2004). Startup times were reported within a broad range due
to different reactor configurations and settings (Gao et al. 2011, Pijuan et al. 2011). Long et al.
(2014) inoculated aerobic granules to a pilot-scale SBR and observed a fast granulation within
18 days, whereby the seeded granules acted as nucleis and carriers for new particles. Overall,
the use of crushed granules as inoculum was found to shorten the startup time considerably
(Pijuan et al. 2011). Pronk et al. (2015b) provided experiences of the startup of a full-scale
Nereda® plant and reported that the design TSS was reached after 9 months of operation.
Longer startup times for full-scale plants are attributed to the need to achieve the effluent
quality.

Different hypotheses were presented in earlier publications explaining the formation of aer-
obic granules. Liu and Tay (2002) explained the granulation process by four formation steps.
The first step includes the cell-to-cell contact, which is contributed by hydrodynamic, diffusion,
gravitational and thermodynamic forces. The stabilization of the attached cells is supported
by physical, chemical and biochemical interactions. Especially van der Waals and thermody-
namic forces as well as surface tension are named in this hypothesis as relevant forces for the
granulation. Moreover, it is known that the operation with a periodic feed ensures feast and
famine conditions. It was found that the periods without substrate (famine phase) promote
the enrichment of hydrophobic bacteria, which increase the microbial adhesion (Kjelleberg and
Hermansson 1984, Liu and Tay 2002). The further development of cellular aggregates is sup-
ported by the production of EPS, which ensures interactions between the cells and the growth
of large and compact aggregates.
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In contrast to publications describing the granule formation, some studies relate to the
granules disintegration, for example Verawaty et al. (2013), who described the break of AGS.
For granules above a critical size, the diffusion into the inner zones is limited which leads
to an under-supply of organisms in deeper zones. Dead cells and EPS consumption reduces
the granule stability and causes week structures and the break of the biomass. However, the
fragments of the break can serve again as new cores for granules.

2.5 Metabolic processes in aerobic granular sludge

2.5.1 Substrate-storing organisms

The enrichment of substrate-storing organisms was found to be the most crucial requirement
for the stable long-term operation of aerobic granular sludge (de Kreuk and van Loosdrecht
2004, Liu et al. 2004). Substrate-storing organisms require an alternating aerobic and anaero-
bic operation strategy, which is usually ensured by the implementation of an anaerobic feeding
phase into the SBR cycle. The most relevant substrate-storing organisms for the wastewater
treatment are phosphate and glycogen accumulating organisms. These organisms are charac-
terized by slow growth rates (Liu et al. 2004), which were found to contribute to the formation
of compact and dense sludge aggregates. The following section explains the metabolic processes
and required conditions of these organisms in detail.

2.5.2 Phosphate accumulating organisms (PAO)

Phosphorus is consumed by humans through food products and is afterward almost completely
excreted to the sewer systems. The daily specific population-load to the wastewater is about
2 gP. In the inflow of the WWTP, about 80% of the total phosphorus is present as ortho-
phosphate (Schonberger 1990) and 20% as inorganic and organically bound polyphosphate.
The removal of particulate phosphorus via mechanical pre-treatment is usually about 15%
(Schonberger 1990). During the biological treatment, a part of the phosphate is consumed by
bacteria to build up new cell substance, thus approx. 1% of the removed BSBj is incorporated
as phosphorus. In total, approx. 30% of the incoming phosphorus is removed from the waste-
water without a targeted removal strategy. To meet the legal effluent quality, the dosage of
iron or aluminum salts for chemical precipitation is the most widely applied removal strategy
for phosphorus.

In addition to mechanical and chemical removal processes, there is also the possibility for
an enhanced biological phosphorus removal (EBPR). A broad group of bacteria is able to store
more phosphate than they need for their growth. The main representative of these phosphate
accumulating bacteria (PAO) is Candidatus Accumulibacter phosphatis. The overall growth
rate of PAO is expected with 1 d! (Morgenroth 1998). The design of anaerobic tanks for EBPR,
requires a minimum contact time of 0.75 h during dry weather conditions and a return sludge
ratio of 1 (DWA 2016). The activated sludge usually contains a P content in the range of 1 to
2%, whereas the P content of sludge with EBPR can rise up to 5% (ATV 1994). The internal
stored phosphate is removed with the excess sludge.
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The mechanism of the biological phosphate uptake is summarized in Figure 2.2. One main
requirement for an increased phosphate uptake is the periodic change between anaerobic and
aerobic conditions. A further requirement for the growth of PAO is the presence of low molec-
ular organic carbons during anaerobic conditions (Morgenroth 1998). Fermentative organisms
convert high molecular organic compounds of the incoming raw wastewater into acetate and
provide thus the substrate for PAO. Under anaerobic conditions, PAO absorb acetate and con-
vert them into cell internal storage products. These storage materials are high in energy-rich
poly-B-hydroxybutyrates (PHB), which belong to the group of polyhydroxyalkanoates (PHA).
PHB is hereby the most present form of PHA. In a further step, glycogen is converted via
glycolysis to produce ATP and NADH (van Loosdrecht et al. 1997; Mino et al. 1998). NADH
is used for acetate conversion to PHA. In the cells, acetate is activated to acetyl-CoA with a
simultaneous ATP hydrolysis and ADP production. A part of the ATP, which is required for
the assimilation of acetate, is provided via the cleavage of polyphosphates and leads to the res-
olution of ortho-phosphate into the bulk liquid (Wentzel et al. 1985). As soon as the glycogen
is consumed, the acetate uptake and the phosphate resolution stop simultaneously.

Under aerobic conditions, oxygen is available as electron acceptor. The phosphate, which
is released in advance, is absorbed again by PAO and the poly-phosphate storage within the
cell is expanded. The PHA energy storage is used to re-create glycogen reserves, while PHA
is used as an energy source to restore glycogen reserves, to generate ATP and to build up new
cell substance. Problems in the subsequent anaerobic phase can occur if the glycogen reserve is
not fully recharged. In this context, insufficient reduction potential (NADPH) is available for
glycolysis of glycogen. With a balanced energy ratio of the cells, more phosphate is absorbed
under aerobic conditions than it was released under anaerobic conditions.

Anaerobic feeding Aerobic phase

ADP
ATP \\/

/’5
m-m.ﬂ.

NAD{F’)H

Figure 2.2: Anaerobic conversion of acetate and glycogen to PHA and the aerobic metabolism
of phosphate accumulating bacteria (adopted from Winkler 2012)

MADH, ADF + P

o, H.O

In municipal sewage treatment plants with EBPR, the biological P removal is usually sup-
ported by the dosage of chemical precipitants to ensure the efluent quality. Chemical and
biological P removal processes can hereby influence each other. Chemical-physical processes
for the elimination of phosphorus from wastewater are described by DWA (2011b). For full-
scale WWTP, different parameters can be calculated to determine the extent of the biological
phosphate removal (DWA 2011a). One evaluation criteria is the K, value, which indicates the
relationship between the amount of precipitants and the P load in the inflow to the WWTP.
For plants with EBPR, the K, value is usually in a range of 11 mol metal/kg P (DWA 2011a).
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Further parameters to evaluate the biological P removal are listed below with the fpgi,.p and
the £,.ec value. The fppi,.p value relates to the organic inflow load and is usually between 1.0
and 1.5% for WWTP with EBPR, while the $,. value amounts to 1 (DWA 2011a).

Ko — FMq £ ~ Xppio-p R ~ 31-FMy
P= o P.Bio-P — ree = o
Cpsp,zB P Xpprec * Qa

Cpz - Qa

2.5.3 Glycogen accumulating organisms (GAO)

A further group of organisms that stores organic carbon under anaerobic conditions is the
group of glycogen accumulating organisms (GAO). These bacteria are of special interest for
the EBPR since they compete with PAO against the same substrate and do not perform an
enhanced P uptake. Figure 2.3 shows the metabolisms of the GAO under anaerobic and aerobic
conditions. Under anaerobic conditions, GAO use internal stored glycogen to gain energy and
to take up acetate from the bulk liquid for PHA synthesis. During oxygen supply, GAO start
to build up new cell substance using the internal stored PHA. Simultaneously, the glycogen
storage is replenished. Bassin et al. (2012a) and Winkler et al. (2011) observed a growth
advantage of GAO against PAO at increased temperatures. Since GAO are usually responsible
for a declining biological P removal, different studies investigated strategies to restrict their
growth. One method to improve the biological P removal was found in the targeted removal of
GAO-rich sludge, which is usually located in the upper part of the sludge bed. This strategy
is only possible since the granules with PAO and GAO own different densities, which leads to
a stratification over the settled sludge bed as it was explained beforehand in Chapter 2.2.

Anaerobic feeding Aerobic phase

Glycogen 4 ATE
+

Acafyl-cod

NAD(FIH

Figure 2.3: Anaerobic conversion of acetate and glycogen to PHA and the aerobic metabolism
of glycogen accumulating bacteria (adopted from Winkler 2012)

Acetate

NADH, ADF +F

0, H.O

2.5.4 Denitrifying PAO and GAO

PAO and GAO are able to use nitrate and nitrite as electron acceptors and therefore enable
denitrification. In this case, the literature speaks of denitrifying PAO or GAO (dPAO, dGAO)
(Bassin et al. 2012a, Hu et al. 2002). Some studies proved that two main groups of PAO can
be found in activated sludge plants. PAO of group I can use nitrate and nitrite as electron
acceptors, while PAO of Group II only use nitrite (Flowers et al. 2009). The proportion
of PAO denitrifying nitrate or nitrite simultaneous to the phosphate uptake depends on the
distribution of aerobic and anoxic zones within the granules as well as on the availability of
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nitrite and nitrate. Denitrifying GAO also take over denitrification, mainly reducing nitrate
and only a small proportion of nitrite. Thus, there is a symbiosis between PAO and GAO with
GAO providing nitrite for PAO (Group I). Winkler et al. (2011) reported that strictly aerobic
PAQO, which use only oxygen, can be found in the outer area of aerobic granules, while optional
aerobic PAQO, also grow inside the granules and use oxygen, nitrate as well as nitrite.

2.5.5 Simultaneous nitrification and denitrification

AGS is known for simultaneous nitrogen removal (SND) with nitrifying and denitrifying pro-
cesses taking place in parallel. The extent of the SND can be determined by the content of
the denitrified nitrate to the amount of nitrified ammonium (Derlon et al. 2016). The amount
of SND depends on the reactor operation, especially the aeration and the presence of anoxic
zones, the organic loading as well as on the nature of the incoming wastewater (C/N ratio).
Generally, the aeration strategy and the oxygen diffusion decisively influence the distribution
of aerobic and anoxic zones as well as the size of the granules. Results of studies investigating
different aeration strategies are summed up in Chapter 2.7.3. Simulation results from de Kreuk
et al. (2007b) reveal that with organic loading rates above 1.9 kgCOD m™ d!, the amount of
ammonium oxidizing bacteria (AOB) is not enough to nitrify all the incoming ammonium. The
simulation results and the experiments from de Kreuk et al. (2007b) indicate that the optimal
diameter for the nutrient removal is in a range between 1.2 and 1.4 mm.

2.5.6 Extracellular polymeric substances (EPS)

AGS obtains a higher amount of extracellular polymeric substances (EPS) compared to sus-
pended activated sludge (Adav et al. 2008a, Adav et al. 2008b, Wang et al. 2006). Increased
EPS contents are also known for biofilms, where the gel-like EPS matrix acts as agglomeration
agents. EPS is produced by bacteria themselves and consists mainly of proteins, polysaccha-
ride, and nucleic acids. A detailed description of the EPS function and composition can be
found in Section 4.2.

2.5.7 Toxic resilience of AGS

Some studies investigated the resilience of AGS against toxic impacts and their suitability
to degrade chemical substances. Chen et al. (2019) investigated the treatment of petroleum
wastewater containing alkanes, olefins, arenes, heterocyclic N-compounds with AGS. Petroleum
compounds are usually toxic for bacteria. However, the COD removal efficiency of AGS declined
only from 95% to 90% by the treatment of petroleum wastewater. Adav et al. (2007) reported
that aerobic granules are able to degrade wastewater with pyridine concentrations of 200 to
2,500 mg L. Further studies belong to the treatment of phenol-containing wastewater with
AGS (Jiang et al. 2004, Tay et al. 2005). The role of EPS in the adsorption of toxic chemicals
is supported by a high surface area as it was also mentioned in earlier studies by Adav et al.
(2008a). This effect is probably related to the high binding capacity of the EPS. Moreover,
Wang et al. (2019) investigated the removal of antibiotics with AGS, namely kanamycin,
tetracycline, ciprofloxacin, ampicillin, and erythromycin. The total removal efficiency was
88.4%, whereby 62.5% of antibiotics were degraded and 33.2% adsorbed to the surface of the
granules. Nevertheless, there are up to now no comparable reference tests with suspended
activated sludge, which would confirm an increased aptitude of AGS for antibiotic removal.
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2.6 Factors influencing granulation

2.6.1 Nature of the wastewater

The nature of the incoming wastewater is subject to regional circumstances and sometimes
dominated by a high industrial proportion or a high amount of foreign sewer infiltration. More-
over, in coastal areas, the wastewater is often characterized by an increased salinity. Although
an excellent aerobic granulation was also achieved with high-saline wastewater, the biological
phosphate removal efficiency was clearly limited under saline conditions (van den Akker et al.
2015, Bassin et al. 2011a) and probably induced by salt inhibition (Welles et al. 2014).

Further studies focused on the effects of the wastewater composition on the AGS formation
and the sludge structure. Numerous lab-scale studies with AGS included the use of synthetic
wastewater containing a high amount of readily available carbon. These substances can be
generally used well by the organisms and lead to large granules and high settling velocities.
In contrast, experiments with wastewater containing particulate substances resulted in a more
irregular biomass growth and lower settling rates. The reason for the irregular structure was
found in an incomplete hydrolysis of the complex wastewater ingredients during the anaerobic
feeding phase (de Kreuk et al. 2010). The merely adsorbed particulate matter causes substrate
gradients over the granules, which promote an irregular aerobic growth and the formation of
finger-type structures. Finger-type structures can decrease the settling behavior significantly
and their breaking off under shear stress can subsequently increase the suspended solids concen-
tration in the effluent. A strategy to overcome the issues of a delayed hydrolysis of particulate
matter was found in an extended anaerobic feeding phase (Wagner et al. 2015). Pronk et
al. (2015a) investigated the role of different substrates and their behavior during the granules
formation. Again, the complete uptake of biodegradable substrates during feeding and the
formation of storage polymers was named as relevant to achieve stable granulation. Similar
findings were made by Layer et al. (2019), who investigated the granulation process under the
use of four types of wastewater containing different amounts of diffusible and non-diffusible
organic substrates. In this study, the increased content of diffusible substances was found to
shorten the startup time considerably. Figure 2.4 shows different structures of aerobic granules
cultivated under municipal wastewater as well as granules with finger-type structures.

‘: _* s
£ 1.000 pm

Figure 2.4: AGS with finger-type structure (left), AGS with a regular shape and surface growth
(middle), AGS with an irregular shape and rotifers (right)
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The organic loading rate (OLR) is a further essential parameter for the formation of stable
granules and was thus intensively studied in their importance for AGS operation. Moy et al.
(2002) used aerobic granules for the treatment of highly contaminated wastewater, whereby
the gradual increase of the OLR from 6.0 to 15.0 keCOD m™ d™! showed no impairment on
the granule formation. However, Kim et al. (2008) and Li et al. (2008) found that the
OLR affects the morphology and structure of the granules as well as the startup time for the
granulation. Increasing the load resulted in a faster formation of large but less dense granules.
The highest OLR showed the lowest biodiversity, while the lowest loaded reactor had a high
variety of bacteria. An optimal OLR is moreover relevant to prevent the growth of filamentous
organisms, which tend to develop under high loads. Strategies to suppress filamentous growth
and bulking sludge in AGS systems are summed up by Liu et al. (2006a).

2.6.2 Temperature

Aerobic granulation was observed for a temperature range of 7 to 50°C (Gonzalez-Martinez et
al. 2017, Ab Halim et al. 2015, Ab Halim et al. 2016). The temperature affects the microbial
community mainly (PAO/GAQO distribution, Section 2.6) and gets especially important during
winter months, since temperatures below 10°C reduce the growth rates of the nitrifiers and in
turn decline the nitrification capacity. De Kreuk et al. (2005b) studied the influence of lower
temperatures on the cleaning performance of AGS. During the granule formation, temperatures
of 8°C led to an irregular growth and increased discharge of sludge flocs. In contrast, after a
complete granulation, lowering the temperature from 20 to 8°C did not give any appreciable
differences in nitrification performance. Although Gonzalez-Martinez et al. (2017) reported
a successful startup of a granular sludge reactor at temperatures of 7°C using a cold-adapted
biomass as inoculum, the startup for AGS reactors is generally recommended during the summer
months.

2.7 Operational strategies

2.7.1 Feeding strategy

The anaerobic feeding is the most important setting to achieve aerobic granulation and is per-
formed under mixed or non-mixed conditions. Rocktéschel et al. (2013) compared the aerobic
granulation with an anaerobic plug-flow feed and a fast-influent pumping, which was followed
by stirred conditions. The authors reported that under anaerobic mixing the biomass is longer
in contact with the substrate, which allows a better COD uptake. With the anaerobic mixing,
a comparable and good granulation was achieved, even if the biomass was significantly smaller
than in the reference test without stirring. Better nitrogen removal has also been reported un-
der mixed conditions, which was explained by an increased specific surface area of the granules
and thus a higher conversion rate. However, with the mixing strategy, the biomass can get
in contact with nitrate, which is probably leftover from the previous cleaning cycle. In that
case, mixing can reduce the anaerobic phase considerably. The full-scale Nereda®) process is
related to an anaerobic feeding strategy under non-mixed conditions, whereby the wastewater
is supplied from the bottom of the reactor with an upflow velocity of 3.0 to 3.3 m h™' (Pronk
et al. 2015b). The benefit of an anaerobic plug-flow is that the settled sludge bed is exposed
to high substrate concentrations, which ensure high diffusion depths inside the granules. High
diffusion forces build the requirement for the formation of larger granules sizes. Further studies
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reported about the AGS operation with an intermittent feeding strategy (McSwain et al. 2004,
Wang et al. 2012). Although the step feed ensured enhanced TN removal, this feeding strategy
is so far not applied for full-scale AGS plants.

The construction of the inflow pipes is one of the most important elements in the reactor
design for AGS. Rocktéschel et al. (2013) found that the operation of a reactor with a low H/D
ratio causes a heterogeneous flow pattern in the sludge bed with a shorter contact between the
supplied substrate and settled biomass. As a result, an incomplete COD uptake appears so
that the easily available COD is still present during the aerated phase causing aerobic growth
and irregular forms. To avoid the formation of flow channels through the settled sludge bed,
full-scale Nereda® plants are equipped with a perforated inlet system, which allows an equal
distribution of the incoming wastewater.

2.7.2 Organic loading rate (OLR)

Up to now, only little information on the OLR of large-scale AGS plants is available. Li et
al. (2014) named an OLR of 0.56 kgCOD m™ d™! for a full-scale SBR operated with a TSS
of approx. 4 g L't. Pronk et al. (2015b) reported an OLR of 0.1 kgCOD kgTSS! d* for a
full-scale AGS plant, which is comparable to a hydraulic load of 1.5 m® m™ d!. As mentioned
beforehand, the OLR was found to affect the strength of the granules considerably. However,
the reported values for full-scale plant operation do not differ from conventional loading rates
applied for activated sludge plants.

2.7.3 Hydraulic retention time (HRT)

The hydraulic retention time (HRT) is the average time the supplied wastewater remains in a
WWTP. For SBR systems, the HRT correlates with the cycle length and the exchange ratio and
is usually between 12 and 24 h (DWA 2009). In practice, cycle lengths within a range of 6 to 8 h
are well proven for full-scale SBR operation under dry weather conditions (DWA 2009). The
cycle duration determines the number of cycles per day and thus the number of decant phases.
The periodic washout of flocculent biomass was identified to favor the granulation process in
lab-scale. However, too short HRT can cause unstable granulation due to a strong washout of
biomass. Rosman et al. (2014) reported an optimal HRT of 6 h for the aerobic granulation.
Liu et al. (2016) investigated HRT in a SBR with 4, 6 and 8 h and found the highest biomass
increase with a HRT of 4 h. The HRT of a full-scale SBR operated with AGS was reported
with 17 h (Pronk et al. 2015b).

2.7.4 Aeration strategy

The aeration strategy combines different settings including the intensity, the upflow air velocity
as well as the time-controlled onset of the aerated phases. The effect of the aeration intensity
and the upflow air velocity on the aerobic granulation were studied intensively in early research
projects (Adav et al. 2007; Liu et al. 2006b; Lochmatter et al. 2013). Tay et al. (2001)
found more compact and regular granules under increased superficial upflow air velocities and
explained this observation by an increased polysaccharide production. A positive effect of the
shear force was also reported by McSwain et al. (2008) investigating the granule formation
under different upflow gas velocities. The authors observed a disintegration of the granules
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with upflow velocities below 1 cm s!. However, a further experiment with similar upflow ve-
locities showed that the dissolved oxygen (DO) concentration is more relevant for the granule
formation than the shear forces (McSwain et al. 2008).

Mosquera-Corral et al. (2005) investigated the aerobic granulation under different oxygen
levels, thereby lowering the DO led to a massive biomass washout. Until this time, an operation
with reduced DO was not possible since there was no anaerobic feeding phase implemented in
the SBR cycle. Stable operation of AGS under lower DO levels was achieved for the first time
with an anaerobic feeding phase. As mentioned beforehand, this anaerobic feeding strategy
is now widely applied for the AGS operation. Since AGS is suitable for SND, further studies
focused on the effect of different aeration strategies on the extent of SND. Lochmatter et al.
(2013) compared a constant aeration with an intermittent aeration and found an improved
TN removal for the intermittent aeration strategy. Chen et al. (2011) also observed a higher
nitrogen removal after switching from a simultaneous to an alternating aeration strategy. Phases
without aeration increase the anoxic zones inside the granules and thus the SND capacity. Pronk
et al. (2015b) reported for a full-scale Nereda(®) plant DO levels in the range of 1.8 to 2.5 mg L
during the aerated phases. As soon as the NH,-N is depleted in these systems, the aeration is
reduced to ensure denitrification. This aeration strategy allows an average TN removal above
85% (Pronk et al. 2015b).

2.7.5 Effluent discharge

Previous studies are based on the operation with a constant or variable reactor volume. The op-
eration with a variable reactor volume is characterized by the discharge of the purified wastew-
ater after a controlled settling time, which causes a declining water level. This operation mode
allows to washout slow settable substances that do not settle within the given settling time.
The minimum settling velocity (vsmin) determines the extent of the sludge particles that are
washed out during the decant phase. Increasing vgmin leads to an elevated washout of fine
biomass, which is desired in order to enrich AGS in the system faster. In order to achieve rapid
granulation, vg i, must be higher than the sinking velocity of the flocculent sludge. Wang et
al. (2006) reported that a vgp, smaller than 4 m h! is not enough for aerobic granulation
and promotes the growth of flocculent biomass. Although the operation with a varying water
level allows a fast granulation, the realization of this decant strategy is very challenging for
full-scale plants since it would require a very high pumping rate. Another way to remove the
purified water out of the SBR was found in a simultaneous feeding and decant phase, whereby
the purified water is replaced by the incoming raw wastewater. This operation mode is applied
for full-scale Nereda(®) plants and requires a constant control of the efluent quality with online
analyzers, which are situated 0.5 mbelow the discharge point.

Wagner et al. (2015) investigated the aerobic granulation with wastewater containing par-
ticulate material under vg i, of 4.5 and 9.0 m ht. In both cases, the suspended solids in the
effluent were high with 55 to 490 mg L' and no increase of the TSS in the reactor was possible.
The high suspended solids in the efluent of AGS reactors were identified as a potential prob-
lem for full-scale implementation (Arrojo et al. 2004). Thus, first AGS plants were equipped
with a post-treatment, usually a filter unit, to retain suspended solids and to ensure excellent
effluent quality. Van Dijk et al. (2018) investigated the reasons for the increased suspended
solids in the effluent of AGS plants and found that rising sludge particles were caused by de-
gasification of nitrogen gas. Another reason for the washout of particles is the presence of not
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settable substances such as fats and foam. A strategy to decrease the sludge washout caused
by degasification was found by stripping nitrogen gas before the settling phase. Moreover, the
implementation of a vertical scum baffle before the efluent weir was reported as further action
to keep particles away from the outlet (van Dijk et al. 2018). With these arrangements it
was possible to reduce the suspended solids in the effluent of a full-scale Nereda® plant to
7.8 mg Lt

2.7.6 Waste activated sludge extraction

Bassin et al. (2012b) as well as Winkler et al. (2011) investigated the effect of the sludge
discharge on the PAO-GAQO distribution and on the EBPR efficiency. The sludge was removed
under mixed conditions, as well as from the top and the bottom of the settled sludge bed. The
background for applying this strategy was that a stratification across the settled sludge bed
appears, whereby PAO were mainly found on the bottom of the sludge bed. GAO-rich granules
were situated on the top of the sludge bed. With this strategy, the amount of GAO in a full-scale
AGS plant was below 5% indicating that the biomass was dominated by PAO. Benstom et al.
(2019) summarized different patents for the waste sludge removal of AGS systems. One patent
of the Company DHYV relates to the removal of flocculent sludge from the upper sludge bed
over a fixed removal height (WO 2007/089141 Al). Another patent from Veolia includes the
operation of a floating decant facility, which removes the purified wastewater and afterwards the
flocs from the settled sludge bed (WO 2012/175489 A1). One operation strategy according to
a patent by Company Degremont includes the anaerobic feeding in a pulsating sludge bed and
the removal of sludge with low settling properties by a fixed removal setpoint (WO 2009,/050347
A2). Further patents relate to the operation of microsieves to select for dense and large granules
(H20land) (de Blois et al. 2018) or to the separation of compact granules from sludge flocs by
hydrocyclones (S::Select technology, EssDe GmbH). The primary application of the S::Select
process was the separation of bulking sludge in order to improve the sludge settleability. Up to
now, 10 facilities are equipped with the S::Select technology (Sepulveda-Mardones et al. 2019).
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2.8 Resource recovery from AGS

Some earlier studies focused on the recovery of biomaterial from activated sludge, whereby
special attention was paid to the metabolism of substrate-storing organisms, which are known
to synthesize PHA. PHA owns similar properties to polypropylene and is therefore of interest
for renewable resource production (Fang et al. 2009). With this background, some research
is based on the PHA accumulation and extraction from AGS. Different yields for PHA out of
aerobic granules can be found in literature, which vary from 0.1 to 0.68 g PHA gVSS! (Qin et
al. 2005; Fang et al. 2009; Gobi and Vadivelu 2014, 2015). Further researchers reported about
alginate-like exopolysaccharides (ALE) in AGS. ALE is a polysaccharide-based fraction of the
EPS (Lin et al. 2010, Meng et al. 2019) and usually extracted from brown algae. ALE are
preferably used as thickeners in the food and paper industry and for textile printing due to their
gel-like structure (McHugh 1987). Lin et al. (2010) as well as Meng et al. (2019) reported yields
in a range of 0.03 to 0.16 gALE gVSS!, whereby the results strongly depend on the applied
extraction method. Lin et al. (2015) investigated the possible use of polysaccharide-based
biomaterial from AGS and found the formation of a film on hydrophilic surfaces, indicating the
probable suitability as surface coating material.
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Chapter 3

Comparison of aerobic granulation in SBR
and continuous-flow plants

Jahn, L., Svardal, K., Krampe, J. (2019) Comparison of aerobic granulation in
SBR and continuous-flow plants. Journal of Environmental Management 231,
953-961, doi: 10.1016/j.jenvman.2018.10.101.

3.1 Abstract

Up to now, aerobic granulation of activated sludge is only realised in SBRs, where the discon-
tinuous feed and sedimentation allow the formation of dense granules with excellent settling
properties. However, aerobic granulation in continuous-flow plants (CFP) is gaining more and
more interest in order to exploit the advantages of these excellent sludge properties to construct
compact and efficient WW'TP. Within the scope of this project, a SBR and CFP were operated
in parallel to investigate the aerobic granulation of activated sludge and to compare the biomass
in terms of their structure and settling behavior. CFP operation included two experimental
phases with different reactor designs. The use of synthetic wastewater during phase I led to
a biomass with a SVI of 42 ml g'!, whereby the SVI declined only to 85 ml g'! in the second
phase and the use of municipal sewage. After the start-up period, microscopic images of the
biomass from CFP comprised small compact granules with a high flocculent fraction. Particle
size distribution for phase IT confirm, that 72% of the particles had a size over 200 um. A
strong correlation was observed between the appearance of NO4-N in the first reactor and the
SVI. The results illustrate, that the anaerobic conditions during feeding are essential to keep
stable granules.

3.2 Introduction

Aerobic granular sludge (AGS) is an innovative technology for the biological wastewater treat-
ment worldwide. AGS is characterised as compact and dense biomass which settles much
faster than flocculent sludge. Up to now, AGS is only realised in sequencing batch reactors
(SBR). These systems offer an easy handling and the adjustment of individual phases within
one single reactor. Hereby, the most applied cycle operation for aerobic granulation consists
of an anaerobic feeding, aeration and sedimentation phase. In recent years, a lot of research
has been undertaken to understand the requirements for the aerobic granulation. Especially,
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the anaerobic feed was found to improve the stability of the granules by maintaining substrate-
storing organism with slow growth rates (de Kreuk and van Loosdrecht 2004). These organisms
are promoted by a batch-wise feeding strategy, which ensures feast and famine conditions and
subsequently oppress the growth of filaments. Beside a well-described plug-flow feed into the
settled sludge bed at the bottom of the reactor and a subsequently high F /M ratio, some studies
relate to mixed anaerobic conditions during the feed. Rocktéschel et al. (2013) found that this
steep substrate gradient between bulk phase and biomass is not absolutely necessary to form
stable granules. Compact and dense granules with excellent settling properties were hereby
achieved with a fast influent pumping and a subsequently anaerobic mixing phase, although
the granules were overall smaller compared to the non-mixed feeding strategy. The results of
this study indicate that aerobic granulation is also possible under mixed anaerobic conditions
(Rocktéschel et al. 2013), which is important for the continuous-flow operation. Beside the
anaerobic feed, an increased hydraulic pressure can be set to washout fine sludge flocs and
to promote aerobic granulation. The discharge of flocculent biomass during the start-up of an
AGS lab scale reactor is often desired in order to enrich a biomass which settles much faster and
owns already a dense and compact structure. Hereby, the minimum settling velocity, defined as
Vs,min, influences the extent of sludge particles that is discharged during the decant phase. The
parameter vg min is calculated as quotient of the sedimentation height L and the settling time t
|[Unit: m h™'] and can be either enhanced by increasing the settling height inside the reactor or
by reducing the settling time. In order to achieve a rapid granulation, vg i, should be higher
than the settling velocity of the flocculent sludge.

First full-scale plants based on aerobic granular sludge were constructed as Nereda®) pro-
cess. Pronk et al. (2015b) summarized some first operating data from an aerobic granular
sludge plant treating domestic wastewater. The authors reported a sludge and volumetric load-
ing rate of 0.1 kgCOD kgTSS™* d! and 1.5 kgCOD m™ d'. Hydraulic retention time was 17 h.
The dry and rain weather cycle comprised 390 and 180 min with an anaerobic plug-flow feed
of 60-90 min. Hereby, the plug-flow feed under non-mixed conditions creates high substrate
concentrations which promotes the formation of large granules due to an increased diffusion.
The desired biomass concentration of 8 gTSS L' was reached after 9 months (Pronk et al.,
2015b).

Beside this suitable handling of SBR systems for an aerobic granulation, in which an anaer-
obic plug-flow is easy to realise and vy min can be controlled over the sedimentation time, most
of the large scale WWTP are designed as continuous-flow plants (CFP). It is essential to have
well-mixed conditions in these systems in order to avoid sludge deposits on the bottom of the
tanks. Moreover, the clarification takes place continuously in a separate tank, which makes the
sludge separation difficult to control. However, the implementation of AGS in existing CFP
would offer the opportunity to retrofit existing plants and to increase the hydraulic treatment
capacity without the need to build additional tank volume. The successful transfer of AGS in
a CFP operation would allow constructing compact WWTP with smaller sedimentation tanks.
Moreover, there are publications reporting a reduced energy demand for the activated sludge
tank with aerobic granules (Giesen and Thompson 2013, Niermans et al. 2009). With regard
to the several advantages of the AGS process, a current research question is, under which con-
ditions is it possible to realise an aerobic granulation in a continuous-flow operation.
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Until now, there are only few publications reporting about AGS in continuous-flow sys-
tems. For example, Liu et al. (2012) used a continuous-flow setup with a SBAR (sequencing
batch airlift reactor), a settling tank and a tank with a dynamic membrane, which was used
to ensure good effluent quality. The sludge separation was realised over a sieve with a mesh
size of 600 um. Sieving methods are accepted to separate granules from flocculent sludge since
the second granular sludge workshop (de Kreuk et al., 2007a). The plant was inoculated with
granules from a SBR and fed with synthetic wastewater. The retained biomass had a loose
structure with particle sizes in a range of 0.1-1.0 mm and settling velocities between 15 and
25 m ht. The authors report, that the granules had an overall smaller diameter, because un-
der continuous feeding conditions, the diffusion of nutrients is limited by the lower substrate
gradient. Li et al. (2015) investigated the aerobic granulation in a reverse-flow baffled reactor
(RFBR), where the feed of raw wastewater (30% municipal and 70% industrial) was periodi-
cally switched between the two ends of the reactor via control valves. During the first half of
the cycle (2 h), the flow direction was from right to left through the reactor and was switched
from left to right in the second phase. A main advantage of this operation is, that the need
of sludge pumping is minimised. The seed sludge was from an anaerobic-aerobic tank of a
WWTP with a sludge volume index (SVI) of 66 ml g'. The operation resulted in periodic
feast and famine conditions, which allowed the formation of granules after 21 days and finally
a SVI of 33 ml g!'. However, the granules from the RFBR had a small mean diameter of
130 pum and the raw wastewater obtained a high amount of inorganic compounds (metal ions
and salts), which probably affected the settling behavior. Another study from Li et al. (2016)
relates to the operation of a CFP, where the setup included an anaerobic reactor with 6 L
and an aerobic reactor with 9 L. The sludge separation was realised in a secondary clarifier
constructed as a tube with 0.125 L. HRT was 6 h and compromised an anaerobic time of 2.4 h
and an aerobic time of 3.6 h. The granules were distinguished by particle sizes of 600 ym and
a loose structure with a SVI of about 20 ml g!. However, the plant was inoculated with AGS
from a SBR and synthetic wastewater was used as feed, which is known to favor for regular
granules. Further references of aerobic granulation in CFPs are summarized below in Table 3.1.

The few studies to aerobic granulation in CFPs illustrate, that there is still research demand
in order to establish aerobic granulation in continuous-flow systems with the use of municipal
wastewater. Especially, the implementation of the anaerobic feed and the sludge separation are
important for the large scale application. In this study, two experimental setups for SBR and
CFP were operated to investigate the aerobic granulation and settling properties of the activated
sludge. The main objective of the SBR was to investigate the influence of the anaerobic feeding
and settling time on the granules structure. AGS cultivated in the SBR served as reference
to compare the sludge properties of the biomass cultivated in the CFP. Hereby, the known
conditions required for the aerobic granulation in SBRs were set to individual compartments
of the CFP. For the experiments municipal wastewater was used to set a representative feed
composition. The focus of this study was to test operational conditions under which AGS
could be established in a CFP. Furthermore, the study was used to earn general operational
experiences for the handling of AGS.
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Table 3.1: Literature overview to continuous flow-operation with aerobic granular sludge

Author

Setup (reactor type, media)

Results

Information

Liu et al. (2012)

Chen et al. (2013)

Li et al. (2015)

Li et al. (2016)

Corsino et al. (2016)

Zou et al. (2018)

SBAR, settling tank, DMBR (dynamic
membrane) tank and a sludge selection
tank (sieve with 600 pm mesh size),
AGS as inoculum, synthetic wastewa-
ter

Two CFP with a completely stirred
reactor (18 L), clarifier: 4.5 L, DO:
4.2 mg L, synthetic wastewater, no
anaerobic conditions

R1: seed sludge with filaments

R2: seed sludge without filaments
Reverse Flow Baffled Reactor (RFBR),
feed switched periodically between the
two reactors endings, sewage from
WWTP with some metal compounds,
seed sludge SVI: 66 ml gt

Anaerobic zone: 6 L, Aerobic zone: 9 L
Settling tank: 0.125 L, HRT of 6 h with
2.4 h anaerobic and 3.6 h aerobic HRT
Reactor of 7.5 L was divided
into five compartments with ris-
ers/downcomers, high loaded and low
loaded zones to ensure feast and famine
conditions, ultrafiltration membrane
Two-zone sedimentation tank with
26.8 L, real and low-strength wastewa-
ter, micropowder with metal ions, seed

sludge from a WWTP

0.1-1.0 mm, 15-25 m h 7,
No data for SVI

Seed sludge from a WWTP
SVT between 50 and 90 ml g
Size in a range of 0.18 to 1.25 mm

AGS with a mean diameter of
130 pm and SVIof 33 ml g !, high
inorganic compounds (VSS/TSS
of 0.55)

AGS as inoculum, synthetic
wastewater, 900 um diameter
SVI of 20 ml g*

Granules with loose structure,
improved structure with an inter-
mittent feed.

Mean diameter of 105 pm, SVI
26 ml g!

Continuous feeding conditions
and limited diffusion lead to over-
all smaller granules

Granules could form with a suf-
ficient number of filaments and
high shear force. High H/D ra-
tio of the reactor and short set-
tling times were not essential for
the formation of AGS.

Higher EPS content, PN/PS ra-
tio in the EPS was about 10:1,
precipitation inside the granules,
Gamma proteobacteria and Ni-
trospira sp. dominate in RFBR.
Granules with large size were
more influenced by the inocula-
tion than those with smaller sizes.
Feast/famine conditions and the
hydraulic selection pressure are
essential to washout flocculent
sludge.

Micropowder served as nuclei for
the microbial attachment.
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3.3 Material and Methods

3.3.1 Experimental setup

SBR

Aerobic granules were cultivated in a lab scale SBR with a reactor volume of 8 L. H/D
ratio of the reactor was 5.7. The experiments lasted 200 days, whereby the reactor was fed
with wastewater from a municipal WWTP. Cycle time was 3 h including an anoxic-anaerobic
plug-flow feed of 60 min (see Fig. 3.1). Settling times were set in a range of 5 to 1 min to vary
the selection pressure during the startup. Stirrers were not used throughout the experiments.
Exchange ratios were between 30 and 40% and thus within a common range for SBR plants
(DWA 2009). HRT was on average 8.9 h. During the experiments, an alternate aeration strategy
was applied with aeration intervals of 5 min. DO was not controlled during the aeration and
reached concentrations up to 5 mg L', Fig. 3.1 shows a typical DO profile as well as N and P
concentrations during the feeding phase and aeration. Since there was NO4-N left over from the
earlier cycle, the first minutes during the feeding included denitrification. However, anaerobic
conditions were reached about 20 to 30 min after the start of the feed.

5 r — 25 r
11 2 i3] 1 feeding (non-aerated) feeding phase A  aerated phase +—PO4-P
. : 2 aeration (N/DN) SN NH4-N
4 ! i 3 settling and decant 20 | ' Bl
' i / ——NOX-N
] /
= I L - NO2-N
< 3 = 15 - .
o : 4 A
E | >
i - e e
i A\ A T
1 N SN~ ,//‘-:/
: \¢ By
0 it Y Y
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Figure 3.1: DO profile of the SBR with phases (left), N and P during feeding and the aerated
phase (right)

CFP

The CFP setup included a first reactor (selector), which was operated in order to ensure
anaerobic conditions similar to the anaerobic feed of the SBR. The reactor volume and layout
of this anaerobic tank was changed between the two phases. The relevant operational data
of the two experimental phases for the CFP are summarized in Table 3.2. Fig. 3.2 shows a
schematic chart of the CFP.
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Figure 3.2: Schematic chart of the setup of the continuous-flow plant

Phase I lasted 65 days, whereby the CFP was inoculated with activated sludge from a
municipal WWTP and the feed was synthetic media containing C1oHy50;;, C¢HgO7, CH4N,O
and KoHPO,4. An additional trace element solution was dosed in regular periods to avoid lim-
itations. The setup comprised a completely mixed anaerobic reactor with 9.7 L. and a mixed
aerobic-anoxic reactor with 39.3 L. Thus, the ratio between anaerobic and total volume was
20%. The return sludge ratio was 2.2 until day 39 and was reduced on day 46 to 1.3. The mean
surface and sludge loading of the clarifier was 0.23 m h™! and 51.3 L m™ h! respectively.

Phase IT comprised a period of 120 days. Hereby municipal sewage from a nearby WWTP
was feed to the plant. The anaerobic part was divided in two sections, a tube reactor with
2.4 L and a completely mixed reactor with 6.4 L. The aerobic-anoxic reactor was continuously
stirred. The tube reactor was operated in a horizontal plug-flow to achieve high substrate
concentrations as usually realised in SBRs. Twice a week the walls inside the tube were cleaned
to avoid a biofilm growth. The ratio between anaerobic to the total volume was 18% and thus
similar to the anaerobic volume in phase I. HRT was 3.0 h in the anaerobic part. The return
sludge ratio was set to 1.6. The mean sludge volume loading was 49.1 L m™? h™! with a mean
surface loading of 0.23 m ht.

Table 3.2: Settings and approaches during the experimental phase I and II

Phase Medium Approach Vanaerob VBB qa OLR
|L] (L] [m h!]  [gCOD Lt d?]
Phase I  synthetic complete mixed 9.7 39.3 0.23 0.19

anaerobic reactor
Phase IT sewage  plug-flow and mixed 2.4/6.4 39.3 0.23 0.36
anaerobic reactor
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The aerated reactor was equipped with a combined pH /redox sensor (Endress und Hauser,
Memosens, Model CPS16D) and a DO sensor (Endress und Hauser, Oxymax COS61D). Fig.
3.3 shows typical DO profils for the CFP during phases I and II. The aeration was set between
2 and 3 mg L! for a period of 40 (30) min. In the subsequent non-aerated phase of 20 (30) min,
the DO decreased to zero which allowed denitrification. Moreover, a control tool was used to
set the sequential arrangement of pumps, valves and aeration modes. Suspended solids were
accumulated in a downstream collecting tank and analysed once a week to calculate the biomass
washout and sludge age.
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Figure 3.3: Typical DO profils in the aerated tank for the CFP during phase I and II (lines
show DO, columns show aeration mode ON/OFF).

3.3.2 Sampling

Each charge of wastewater used for the CFP and SBR was sampled and analysed for COD
(chemical oxygen demand), TN (total nitrogen), TP (total phosphorous), NH4-N and PO,-P.
Effluent samples were taken twice a week from both plants and analysed for COD, NH,-N
and PO4-P. Additional samples were taken from the effluent of the anaerobic reactor of the
CFP. MLSS (mixed liquor suspended solids) were sampled during aerated conditions twice a
week. SVI as well as SV5/SV3y and SVo/SV3 ratio and pH value were measured daily. Table
3.3 shows the mean analytical data of the wastewater fed to the CFP and SBR. Microscopic
images were prepared weekly by a Leica microscope to track changes in the sludge structure.
Particle size distributions were measured by a Malvern Mastersizer 2000 to compare the sizes
of the AGS from the SBR and CFP with seed sludge from a WWTP. This technology allows
to identify the granulation grade and a percental amount of particles in a defined size range.

Table 3.3: Number of samples, mean composition of the wastewater for the plants and OLR.

Plant Nr. COD TN TP OLR OLR
[1  [mgL'] [mgL"] [mgL"] [gCODL"d"| [gCODgTSS™*d"|
CFP (Phase I) 23 457 46.3 18.6 0.5 0.19
CFP (Phase II) 38 560 59.1 11.8 0.7 0.36
SBR 65 388 44.7 9.4 1.0 0.36
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3.4 Results

3.4.1 SBR

Aerobic granulation in the SBR was achieved within 28 days, whereby first small granules were
detected via microscopic images. Fig. 3.4 shows the measured SVI and vgpyin. During the
startup, the settling time was decreased to 3 min and thus vy yin was changed to 3 m h™'. With
these settings, SVI decreased from 120 to 60 ml g! within 42 days. The further increase of
Vemin 10 4 m h™ lead to an even lower SVI of 40 ml g'. The settling time was afterwards
reduced to 1 min, which resulted in vgmin of 8.5 m h'! and consequently in a strong washout
of biomass. SVI was not affected by this increased washout and was stable at 40 ml g but
climbed afterwards to 64 ml ¢! (day 126). The higher SVI was probably caused by an increased
sludge loading (0.5 gCOD ¢TSS d') due to the intensive biomass washout. Settling time was
set back to 2 and 3 min and vy min Was again between 3.0 and 4.7 m h'. However, with these
settings, it was not possible to return to this low SVI of 40 ml g*. SVI was mainly between 50
and 60 ml g till the end of the experiments. SVy,/SV3 ratio of the AGS was 1.0-1.1; while
the ratio of the inoculated activated sludge was about 1.5-1.8. Settling velocity of individual
granules were determined with 23 m h!, whereas for activated sludge a range of 7-10 m h'! is
reported (Qin et al., 2004).
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Figure 3.4: SVI, settling time and vg i, of the SBR (left) and COD, TN and TP removal of
the SBR (right)

Additionally, the particle size distributions of the flocculent seed sludge and the AGS from
the SBR were measured and compared. The analysed granules were removed from the SBR on
day 186 and had a SVI of 63 ml g! and a SV1(/SV3q ratio of 1.14. The particle size distribution
indicates that approx. 50% of the particles of the flocculent activated sludge were smaller than
235 um, while the AGS obtained 50% of the particles larger than 548 yum and only 10% being
smaller than 143 pum. The measurement illustrates the change of the particle sizes within the
granulation from a flocculent to a granular structure. Beside the high amount of large granules,
there was a significant proportion of flocculent biomass present in the AGS. This observation is
in line with earlier reports from Pronk et al. (2015b) and Wagner et al. (2015). There is usually
a flocculent proportion present in a granular sludge suspension especially when real wastew-
ater is used as feed. Reasons for the flocs are suspended particular matter from the sewage,
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separated particles from the granules and biomass growth on the supplied polymeric substrate
(Pronk et al. 2015b). Overall, there was a good removal performance observed with the SBR
operation. The average pH value in the reactor was 7.56. Fig. 3.4 shows the COD, TN and
TP removal calculated per week. COD and NHy-N removal were on average 88.3% and 82.6%
respectively. Nitrification rate was between 3.3 and 3.7 mgNH,-N ¢TSS ht. The maximum
respiration rate at the beginning of the aerated phase was between 24 and 36 mgO, h! L.
A continuous improvement of the TN removal was observed from day 100 on. TN removal
depends beside the nitrogen load, from the DO concentration and the diameter of the granules.
Thus, the oxygen diffusion determines the distribution of aerobic and anoxic zones inside the
granules. The larger particle sizes are responsible for the increased anoxic zones within the
granules and explain the increased TN removal.

Moreover, the results of this study show a strong correlation between TN and TP removal.
TP removal reached up to 83.6%. The extent of biological phosphate removal depends on several
factors, such as sludge age, temperature, wastewater composition and content of phosphate
accumulating organisms (PAO). Bassin et al. (2012a) investigated the TP removal at different
temperatures and found a higher removal of 90% with 20°C compared to an operation with 30°C
(TP removal of 70%). Similar observations were reported by Winkler et al. (2011), whereby
the lower TP removal at higher temperatures was explained with growth advantages for GAOs
(glycogen accumulating organisms). Since PAOs and GAOs compete for the same substrate
and GAOs are not able to remove phosphate, the growth of GAOs is not desired. Since PAOs
are more present in granules of the lower sludge bed, a suitable method to increase the growth
of PAOs was found in a selective removal of granules from the top of the sludge bed (Winkler
et al. 2011). This strategy resulted in a complete TP removal. However, in the present study,
waste sludge was removed under mixed conditions during the aerated phase to remove also
older and larger granules. Probably, this sludge wasting strategy caused a lower TP removal
compared to results from literature.

3.4.2 CFP

The following section describes the experiments of the CFP during the two experimental phases.
In both phases the plant was inoculated with activated sludge from a municipal WW'TP. The
main focus was to describe changes in the sludge structure and settling behavior. Fig. 3.5
shows the course of the SVI, SV5/SV3, and SVy4/SV3q ratios of the CFP for phase I and II.

The SVT of the seed sludge at the beginning of phase I was about 130 mg L™ and decreased
to 66 ml g! within 11 days. Over the same period, the SViy/SV3, ratio dropped from 1.8
to 1.5. NO,-N and DO measured in the effluent of the first tank (selector) was 0 mg L till
day 44. Suspended solids (SS) in the effluent were between 32 and 200 mg L up to the day
18. As a result of the better settling properties, the washout of SS decreased, thus the efflu-
ent concentrations fluctuated between 8 and 25 mg L' until the end of phase 1. By day 32,
the SVI remained between 60 and 80 ml g with a SV14/SV3 ratio of approximately 1.4. A
further decrease of the SVI to 42 ml gt was recorded until day 46 and was probably related
to a massive growth of Arcella (microscopic images below). In the further operation, the SVI
increased again to 70 ml g caused by the growth of filaments. Anaerobic conditions were
not longer ensured from day 45 on, thus there is probable reason for the increased SVI. MLSS
concentration during phase I ranged between 1.8 and 4.0 g L.
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During the startup of phase II, there was an intensive washout of flocculent biomass with
SS in the effluent in a range of 35-227 mg Lt. While the SV5/SV3, ratio was approximately 2.5
at the beginning of the experiments, the ratio declined to 1.5 till day 100. A similar trend was
observed for the SVio/SV3 ratio with a steady decrease from 1.6 to 1.2. MLSS was between
1.2 and 3.2 g L't At the beginning of the experiments, the SVI was approx. 140 ml g! and
declined to 90 and 80 ml g'! between the days 44 and 74. During phase II (till day 74), NO,-N
and DO was 0 mg L in the effluent of the first tank and confirm anaerobic conditions in the
first reactor. Between the days 74 and 79, a sudden increase of the SVI from 85 to 102 ml g
was recorded, while simultaneously NO,-N concentrations up to 6.4 mg L' appeared in the
effluent of the anaerobic reactor. A similar correlation was seen between days 109 and 114,
where NO-N concentrations of 7.6 and 9.0 mg L led to an increase of the SVI to 100 ml g*.
Form these findings, it seems that the presence of NO,-N and subsequently anoxic instead of
anaerobic conditions in the first reactor (selector) are responsible for higher SVI. A tight control
of the nitrogen removal is necessary to ensure anaerobic conditions in the selector and to allow
a stable granules formation.
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Figure 3.5: SVI, SVy4/SV5 and SV 19/SV3p ratio for the CFP during phase I and II
Fig. 3.6 shows microscopic images of the sludge during phase I and II. Hereby, significant

larger and more compact structures of the biomass were observed during the startup. An in-
creased growth of sessile ciliates, especially vorticella-like organism, as it is often postulated for
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AGS in GSBR, did not appear during phase I using synthetic wastewater. Unfortunately, there
was a massive growth of Arcella from day 40. The occurrence of Arcella is characteristic for
good oxygen supply and high SRT. It can be assumed, that the round shape of these organ-
isms with sizes up to 200 um probably caused an increased settling velocity. Thus, a further
decrease of the SVI to 42 ml g! could be linked to the appearance of these organisms. From
day 55 onwards, an increase in filamentous organisms was observed, leading to a rising SVI.
The operation was stopped at this point. During phase II, an increased occurrence of Zoogloea
was observed, which is often postulated for AGS (Adav et al. 2009, Li et al. 2008, Sheng et al.
2010). The presence of fixed ciliates was less pronounced compared to the granules from the
SBR. Nevertheless, isolated colonies of vorticella and also rotaria were observed on the surface
of the granules.

Figure 3.6: Microscopic images of granules (first line: CFP — phase I, second line: CFP — phase
I7)

Microscopic images show that in both CFP phases there were large amounts of flocculent
biomass in a coexistence with granules, which appeared similar to the AGS of the SBR. To
describe the ratio between flocculent and AGS, particle size distributions were prepared for
the sludge from the CFP (phase IT), from the SBR as well as from the flocculent seed sludge.
Fig. 3.7 shows the distribution for the analysed sludge samples. Overall, larger structures were
found for the AGS from the SBR. Here, about 50% of the particles had a size of more than
450 pm and only 10% were smaller than 146 um. For the AGS from the CFP, approx. 50%
of the particles had a size above 300 um with only 10% being smaller than 110 pum. The mea-
surement illustrates a significant change of the seed sludge to AGS, whereby for the flocculent
activated sludge, approximately 90% of the particles were smaller than 400 pum. According to
the definition of AGS, a size of more than 200 pm is characteristic for aerobic granules. Thus,
the measured particle sizes illustrate, that about 72% of the biomass reached this defined size.
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Figure 3.7: Particle size distribution of sludge probes (left: inoculum, middle: CFP, right:
SBR)

With the settings of phase [ and II it was possible to form small and dense granules.
Overall smaller granules sizes were also reported by Li et al. (2015) and Chen et al. (2013)
operating continuous-flow, which can be explained by a reduced nutrient diffusion due to a
lower substrate gradient. The results of both experimental phases point out the importance to
ensure anaerobic conditions to achieve excellent settling properties of the biomass. The SVI of
phase I was significantly lower compared to phase II, whereby the use of synthetic wastewater
and thus an easy available carbon source can be assumed as the reason for this. With phase II,
it was only possible to reduce the SVI to 85 ml g™, this was far above the results of the SBR
operation. Similar findings were made for the sludge volume ratios. Overall, the SV5/SV3
and SVyo/SV3q ratios in the CFP were higher compared to the AGS cultivated in the reference
SBR, where SVy4/SV3q ratios between 1.05 and 1.1 were measured.

3.5 Removal performance

The anaerobic reactor is essential to provide growth conditions for substrate-storing organisms,
which are necessary to form stable granules. During anaerobic conditions, the supplied COD
is taken up by these organisms and stored as internal products. Some studies report that COD
should be extensively stored in order to avoid an irregular growth during the aerated periods
(Pronk et al. 2015a). Moreover, the breakthrough of substrate into the aerobic reactor can lead
to the development of filaments (van den Akker et al. 2015). During phase I, the average COD
effluent concentration of the anaerobic reactors was 47 mg Lt and was related to a mean COD
reduction of 76%. TP concentrations in the effluent were mostly increased (up to 24 mg L)
compared to the influent concentrations, which indicates that there were PAO present in the
sludge and responsible for a phosphate release. However, on individual days it was not possible
to ensure complete anaerobic conditions due to inefficient TN removal in the aerobic-anoxic
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reactor, subsequently there was no phosphate release in the anaerobic reactor.

Fig. 3.8 shows the NH4-N, TN and TP removal during the phases I and II. During phase I,
COD was almost completely eliminated with an average removal of 92.1%. Similar results were
observed with phase II, while the COD removal was between 87.1 and 97.8% and reached a
mean COD removal of 95.3%. The average NH,;-N removal was 99.6% (phase I) and 99.1%
(phase II). With a few exceptions, the TN removal reached about 80%. TP removal during
phase I declined within the startup. This observation can be explained by the use of synthetic
media as feed. Similar effects were reported in earlier studies from Wang et al. (2010), where
the dosage of glucose lead to an advanced GAO metabolism with a worsened TP removal.
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Figure 3.8: NH4-N, TN and TP removal during phase I (left) and phase II (right)

3.6 Discussion

The importance of the anaerobic feeding phase for aerobic granulation was already explained
in some earlier studies by de Kreuk and van Loosdrecht (2004) as well as by de Kreuk and
van Loosdrecht (2006). This known requirement for the aerobic granulation was picked up for
the present study and applied for the SBR and CFP. Due to the presence of NO,-N in the
beginning of the feed (SBR), the feeding started under anoxic conditions and was followed by
an anaerobic feed as soon as NO,-N was denitrified in the sludge bed. However, the operation
with an anoxic-anaerobic feeding and the use of municipal wastewater allowed the formation of
dense and compact granules with excellent settling properties. SVI of the AGS in the SBR was
in a range of 50-60 ml g'! and thus in line with studies, which also relate to the treatment of
municipal sewage (de Kreuk et al. 2010, Wagner et al. 2015). The plug-flow feeding strategy
is suitable to ensure anaerobic conditions, even if low NO,-N concentrations are present in the
liquid phase above the sludge bed. However, the occurrence of high NO4-N concentrations can
contract the anaerobic feeding and should be considered carefully. In this case, a declining
phosphate removal performance can be accepted. One further advantage of the plug-flow feed
is that there result high substrate gradients, which promote the formation of larger granules.
The substrate gradient is hereby one driving parameter for the substrate diffusion inside the
granules and influences the granules size.
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For the startup of the CFP, activated sludge from a municipal WWTP was inoculated to
the plant. The first phase of the CFP is not considered in detail due to the massive growth
Arcella and a potential impact on the SVI. Furthermore, phase I lasted only 65 d and was
not long enough under stable operation. Beside anaerobic conditions for aerobic granulation,
the substrate gradient should be considered for the design and setup of continuous-flow re-
actors too. In this study, the tube reactor of the anaerobic part of the CFP (phase II) was
one possibility to build up increased substrate gradients compared to mixed conditions. Low
substrate gradients on the surface of the biomass can limit the diffusion into the granules and
thus the overall granules size. In the course of the first weeks, the sludge structure and settling
performance of the inoculated seed sludges (CFP II) changed clearly to larger particles with a
compact structure (particle size distribution, microscopic images). According to the granular
sludge definition, the measured particle size distribution indicates the shift of the flocculent seed
sludge towards larger granules, while only 28% of the particles had a size less than 200 pm.
SVI was successfully reduced to 85 ml g' during phase IT (CFP). However, the settling prop-
erties were not as good as like the AGS from the SBR. SV5/SV3y and SVy/SV3 ratios were
reduced only to about 1.5 and 1.2 and were clear higher than in the SBR. Since the settling
velocity relates to the size of a settling particle (Stokes Law), the overall smaller granules can
be named as one reason for the different settling properties. Moreover, a negative effect on
the SVI was observed when no anaerobic conditions were realised in the first reactor (selector),
which confirms the fact that anaerobic conditions are necessary to form stable granules with
excellent settling performance.

Furthermore, the higher SVI and SV ratios were probably a result of an overall larger
fraction of flocs, which was additionally caused by a lower selection pressure in the clarifier.
The sludge volume feed qgv is a parameter to characterize the hydraulic load to the clarifier. For
the experiments, qsy was only about 51.3 L m™? h'! and the surface loading qa was calculated
with 0.23 m h™'. It can be assumed, that the lower qu leads to a higher retention of flocculent
biomass. From the results it is clear, that there is a further research demand, how the sludge
separation can be optimised and adjusted to the granulation process. A possible approach
would be the use of hydrocyclones, however this could not be tested in the presented study.
Another reason for smaller granules and higher SVI can be the shear forces caused by the use
of stirrers in the anaerobic as well as in the aerobic reactor. For example, Rocktéschel et al.
(2013) reported smaller granules in a SBR, in which the feed was followed by an anaerobic
mixing compared to a reactor with plug-flow feed and without stirrers. Nor Anuar et al. (2007)
examined in a study the effect of mechanical mixers on the settleability of AGS and found an
insignificant effect of the shear stress, however there was a slightly decreased settling velocity
with an increased stirrer speed. The results demonstrate, that the turbulence and shear stress
caused by mixing systems can have an influence on the settling properties of AGS, also when the
effect of these advices on the sludge structure is not clearly described at the moment. Similarly,
a further negative effect can be seen in the return sludge pump (peristaltic pump), which was
used to recycle the biomass from the secondary clarifier to the first reactor. Since there is no
need for stirrers or pumps in full scale SBR like in Nereda(®) plants, the effects on the structure
is up to now less investigated. However, in the CFP it is essential to have mixed conditions in
the tanks, so that the use of technical devices such as pumps and stirrers for AGS should be
given careful consideration. Further research work is needed to optimize the continuous-flow
systems in order to achieve similar settling properties compared to the granules from GSBR.
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3.7 Conclusion

With the experimental setup and operation of the CFP, it was possible to achieve changes of
flocculent activated sludge structure towards a compact and dense biomass. With the use of
municipal sewage and an anaerobic plug-flow, the SVI of a flocculent activated sludge declined
up to 85 ml g!, while for 72% of the particles a size of 200 um was realised. The use of a
synthetic wastewater and completely mixed conditions lead to a SVI of 42 ml g, which was
probably caused by the soluble carbon source and a growth of Arcella. A direct link was seen
between NO,-N in the eflluent of the first reactor and an increase of the SVI. The results indicate
the importance of anaerobic conditions for good settling properties. Particular attention should
be paid to the implementation of a continuous sludge separation and the use of technical devices
such as pumps and stirrers. Moreover, high substrate gradients should be considered in order
to enrich large granules. There is a further research demand for the application of AGS in CFP.
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Chapter 4

Anaerobic biodegradation and
dewaterability of aerobic granular sludge

Jahn, L., Saracevic, E., Svardal, K., Krampe, J. (2019) Anaerobic biodegradation
and dewaterability of aerobic granular sludge. Journal of Chemical Technology
and Biotechnology 94(9), 2908-2916. doi: 10.1002/jctb.6094.

4.1 Abstract

BACKGROUND: Although a growing number of full-scale wastewater treatment plants have
already been constructed and operated with aerobic granular sludge (AGS), only limited infor-
mation is available about further post-treatment, in particular about sludge stabilization and
dewaterability. The aim of the present study was to investigate the biodegradation and methane
yield of AGS by the use of anaerobic laboratory-scale reactors operated under mesophilic con-
ditions and hydraulic retention times of 25 and 40 days.

RESULTS: The methane yield of AGS was ca 260 ml gVSS™ (volatile suspended solids) and
thus slightly increased compared to that of suspended activated sludge (SAS; 240 ml gVSS™).
A clear difference between the methane yield was found for separated pure granules (500 pum),
which was ca 50% higher compared to that for SAS. VSS removal of AGS during anaerobic
degradation was ca 52%. Dewaterability of AGS after anaerobic digestion was slightly lower
compared to SAS. Extracellular polymeric substance (EPS) extraction and fluorescence analysis
showed tryptophan contents which were almost twice as high compared to the EPS extracted
from SAS.

CONCLUSIONS: Overall, the anaerobic digestion of AGS was found to be a suitable sta-
bilization strategy with the benefit of recovering energy in the form of methane. Further tests
are needed to validate the decreased dewatering behaviour with full-scale applications. The
presented approach for tryptophan measurement allows the transfer of qualitative results from
a fluorescence analysis into quantitative values and could be further adapted for identifying
relevant EPS constituents.
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4.2 Introduction

Aerobic granular sludge (AGS) is an upcoming wastewater treatment technology, which is
increasingly applied in full-scale wastewater treatment plants (WWTPs). The compact and
dense sludge structure offers excellent settling properties and the possibility for enhancing the
activated sludge concentration and thus the biological treatment capacity. Aerobic granules
are characterized by the formation of zones with different substrate and dissolved oxygen lev-
els, which allow biological phosphate and simultaneous nitrogen removal. A rising number of
full-scale sequencing batch reactors (SBRs) are operated using the commercial Nereda process,
which is reported to be more cost-efficient compared to the conventional wastewater treatment
technology with an overall lower energy consumption (Giesen and Thompson 2013). Although
numerous studies have focused on the process stability and treatment performance of AGS
cultivated under laboratory-scale as well as under full-scale conditions (de Kreuk et al. 2005b,
Li et al. 2008, Bassin et al. 2012b, Lochmatter et al. 2013, Thwaites et al. 2017), information
about the impacts on advanced sludge stabilization is limited.

During biological wastewater treatment, biomass growth leads to a continuous surplus sludge
generation. For suspended activated sludge (SAS), the surplus sludge production depends on
the sludge retention time (SRT) and is normally between 0.5 to 1.0 gTSS gBSB;5™'. Muda et al.
(2011) reported a biomass yield for aerobic granules in the range of 0.2 to 0.4 gTSS gCOD,
which is lower compared to that for suspended sludge. Ni et al. (2008) explained the lower
sludge production of AGS by the fact that heterotrophs grow partially on internal stored poly-
hydroxybutyrate which leads to an overall lower grow rate. One further reason for the lower
surplus sludge generation is an overall longer SRT for the granules. However, the generated
surplus sludge has to be removed from the biological system constantly. Almost all larger
WWTPs apply an aerobic (external or simultaneous) or anaerobic sludge stabilization, which
primarily serves to decrease the organic compounds of the biomass. Sludge stabilization with an
enhanced degradation of organic compounds improves the dewaterability of the sewage sludge
and finally reduces the polymer demand and disposal costs (Kopp 2001). Most large WWTPs
apply an anaerobic stabilization process using digesters, where the organic sludge compounds
are converted into carbon dioxide (CO,) and energy-rich methane (CH4). The benefits of this
anaerobic stabilization strategy compared to aerobic stabilization are an overall reduced energy
demand and a smaller required aerobic tank volume. A subsequent water separation step by
centrifuges, screw presses or chamber filter presses is necessary to reduce the volume of the
digested sludge in order to ensure low disposal costs.

For economic reasons, the biodegradation and dewaterability of AGS should be considered
in detail, especially since the structure and composition of the aerobic granules are quite dif-
ferent compared to SAS. Moreover, characterization of AGS has found increased content of
extracellular polymeric substance (EPS)(Adav and Lee 2008b, Li et al. 2014, McSwain et al.
2005). EPS is a gel-like hydrated secretion which is produced by microorganisms themselves
(Wingender et al. 1999) and consists mainly of proteins, polysaccharides, glycoproteins, nu-
cleic acids, and phospholipids (Nielsen and Jahn 1999). The function of the EPS to protect
the biomass against external environmental influences and to enhance the stability of microbial
aggregates can adversely affect the degradability and dewaterability. Wang et al. (2005) and
Wang et al. (2007b) investigated the biodegradability of EPS extracted from AGS and found
that the EPS from the outer layer was not biodegradable in contrast to EPS found in the inner
layer. The biodegradability is thereby linked to the composition of the EPS. Especially, the
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presence of multivalent ions and crosslinks was found to reduce the biodegradability. Leenen
(1996) showed that Ba-Ca-EPS is not biodegradable, whereas Sawabe et al. (1995) reported a
simple degradability of EPS with Na™ compounds.

Further studies focused on the correlations between the EPS content and the dewaterability
of activated sludge. For example, Jin et al. (2004) quantified the filterability of activated sludge
samples by a capillary suction time test and compared the results with the amount of extracted
EPS. Those authors found that a high amount of total extracted EPS was associated with
low capillary suction time, indicating a better filterability. Similar results were published by
Mikkelsen et al. (2002) while the EPS improved the floc stability and filterability, the cake solid
content decreased with higher EPS content. Moreover, Kopp et al. (1998) reported that the
EPS content affects the polymer demand during dewatering. Skinner et al. (2015) investigated
the dewaterability of digested sludge samples from different WW'TPs and identified a strong
correlation between the volatile suspended solids (VSS) and the final cake solid content. Cetin
et al. (2004) found higher cake solid concentrations with lower EPS protein. Regarding that
fact, EPS proteins seem to be an important parameter for the dewatering behaviour and water
holding capacity.

Although a number of studies have investigated the dewaterability of digested SAS, limited
comparative information exists for aerobic granules. Lehmann and Kasper (2017) reported a
lower total suspended solids (TSS) concentration after thickening an AGS compared to a con-
ventional sludge using the same polymer dosage. Here again, the EPS proteins were named as a
potential reason due to their increased water binding capacity. In contrast to these results, the
polymer demand to thicken the AGS of another WW'TP operating the Nereda process was only
half that for a conventional activated sludge (Lehmann and Kasper 2017). These contradic-
tory results confirm that more investigations are needed to predict the dewaterability of AGS.
Some further studies reported the methane production and biodegradation of AGS. For exam-
ple, Val del Rio et al. (2011) investigated the anaerobic digestibility of AGS samples, which
were cultivated using pig manure and synthetic wastewater. Those authors found a specific
methane production for the granules grown on synthetic wastewater with 243 ml gVSS™! and
170 ml gCOD™ as well as a VSS reduction of 490%. Thermal pre-treatment was found to slightly
enhance the biodegradation. Hogendoorn (2013) investigated the VSS removal of AGS sludge
from a Nereda plant and reported a VSS degradation of ca 42.5% with hydraulic retention
times of 12 and 20 days. Palmeiro-Sanchez et al. (2013) compared the anaerobic biodegra-
dation of AGS and flocculent sludge under saline conditions and found a higher degradation
of AGS with 32% compared to the flocculent sludge with 27%. The overall reduced biodegra-
dation of that study was explained by an increased salt concentration in the treated wastewater.

Since only a few publications are so far available concerning the anaerobic stabilization of
AGS, the purpose of the study reported here was to characterize the biodegradation and dewa-
tering behaviour of AGS compared to SAS. Laboratory-scale tests were applied to investigate
VSS and COD (chemical oxygen demand) removal as well as the specific methane production.
Moreover, the digested sludge samples were centrifuged and compared in terms of their wa-
ter separation. The outcomes of the study were used to quantify the AGS post-treatment in
terms of anaerobic biodegradation and dewatering efficiency compared to conventional SAS.
EPS was extracted and subsequently analysed via fluorescence spectroscopy to quantify the
tryptophan content. The decision to investigate the tryptophan content was driven by the
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fact that tryptophan is a typical EPS protein!, which can be easily detected using fluorescence
spectroscopy.

4.3 Material and Methods
4.3.1 SBRs (AGS)

Laboratory-scale SBRs with a reactor volume of 6-8 L were operated over a period of 36 months
to investigate various operational strategies. Cycle times were in the range 3-6 h with an
anaerobic plug-flow feed of 60-90 min. Settling times were varied between 1 and 10 min. The
biomass was mainly fed with sewage from a municipal WW'TP. However, there were some tests
with synthetic wastewater containing Ci5Hg011, C¢HgO7, CH4N5O and KoHPO, in a similar
composition to that of municipal sewage. After a start-up period of ca 28 days, the granules
were removed from the SBR to control the SRT and afterwards used for anaerobic tests. Further
information about the SBR operation can be found in Jahn et al. (2019).

4.3.2 Anaerobic digestion

Five identical flasks with a volume of 525 mL were operated to characterize the anaerobic di-
gestion of AGS under semi-continuous feeding conditions. The feed was carried out on 5 of
7 days, where 25 mL of input sludge was added per day. Due to the low feeding quantity,
the digested sludge was removed only once a week (125 mL) and analysed for the parameters
COD, TSS and VSS. Hydraulic retention time in the digesters was on average 25 days. Since
the degradation also depends on the reactor operation, the temperature was always adjusted
to 37°C using a thermostatic bath. The produced biogas was collected in gas-tight cylinders
with gas capture reset once a week. Methane content in the biogas was measured with a gas
analyser (GFM series). COD balances were calculated to control the analysed parameters and
the measured methane gas.

Table 4.1 summarizes the mean composition of the input sludges and the experimental set-
tings of the anaerobic reactors. During the reference run, the anaerobic reactor was fed with
thickened SAS from a municipal WW'TP. During runs I to IV, the anaerobic reactors received
thickened AGS from the laboratory-scale SBR. The dosed granules during the first and second
runs were cultivated with the same municipal sewage as the reference activated sludge. How-
ever, the third run was carried out with granules, which grew on synthetic wastewater. Since
the biodegradation correlates with the SRT, the anaerobic tests were performed for granules
operated under different SRTs. AGS during the fourth run came from a reactor operated with
a SRT above 40 days, while the granules for runs I to IIT were cultivated under a SRT of 25 days.

All feed sludges (SAS and AGS) were thickened via centrifuge to ca 4.0 to 5.0% TSS be-
fore feeding. During the experiments the OLR of the anaerobic reactors were in the range
0.7-0.9 gCOD L' d'. AGS samples offered an overall increased VSS/TSS ratio, which can be
explained by a lack of precipitation agents added to the reactor. Biological phosphate removal
was the highest during runs I and II. During these tests, slightly lower VSS/TSS ratios were ob-
served compared to runs III and IV. The increased inorganic compounds were probably related

Lamino acid
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to mineralic precipitations inside the granules. Earlier studies assume that increased phos-
phorus removal can cause apatite precipitation inside the granules, especially under anaerobic
conditions and phosphate release (de Kreuk et al. 2005a). In contrast, a reduced biological
phosphate removal and a lower VSS/TSS ratio were found during run IIT and the use of a
synthetic medium.

Table 4.1: Composition of the feed sludge and settings of the anaerobic reactors [VgCOD L d°!]

Run  Feed (origin) VSS/TSS COD/VSS OLRY WW (SBR)  SRT (feed)

Ref  AS (WWTP)  0.73 1.48 0.93 Municipal 15 d
I AGS (SBR) 0.78 1.44 0.68 Municipal 25d
IT AGS (SBR) 0.83 1.48 0.96 Municipal 25d
III  AGS (SBR) 0.90 1.36 0.89 Synthetic 25 d
IV AGS (SBR) 0.90 1.37 0.76 Municipal > 40 d

In the frame of the tests, the particle size distributions of the feed sludges were measured
with a Malvern Matersizer 2000 (Table 4.2). Aerobic granules normally coexist within a mixture
of sludge flocs; thus the applied measurement analyses all particle sizes including flocs and
granules. The smallest particle sizes were found for the SAS with 50% being smaller than
235 pum. During the second run, ca 50% of the particles reached a size above 550 pum. The
largest particles were found for the AGS investigated during the third run, for which about
90% of the particles were larger than 453 um. This observation can probably be attributed
to the synthetic feed and a more compact and regular growth of the granules. The smallest
diameters of the aerobic granules were observed during the fourth run, for which 50% of the
particles were smaller than 366 pm. The particles size distribution provides an indication of
the degree of granulation of the sludge. Pronk et al. (2015b) reported for a full-scale WWTP
with AGS that ca 80% of the granules were larger than 0.2 mm. Our measurements confirm
similar granulation grades, since the fraction of flocs (<200 um) was only between 4.3 and
16.5%. The highest granulation grade of 95.7% was found for the granules cultivated under
synthetic wastewater.

Table 4.2: Particle size distribution and volumetric equivalence diameter') of AGS and SAS

Run  Input Sludge dyo (pm) dso (pm) dgo (pm) diameter?  Granulation
(pm) grade (%)

Ref. SAS (WWTIP) 83 935 571 287 -

I AGS (SBR) 143 548 1,255 630 83.5

II1 AGS (SBR) 453 854 1,451 899 95.7

v AGS (SBR) 166 366 693 400 84.7
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4.3.3 Anaerobic batch tests

Anaerobic batch tests were performed to differentiate the methane yield of the AGS as well as
from the separated sludge fractions (large granules and sludge flocs). This method is charac-
terised by a one-time feed, while the gas production is subsequently measured over a period of
21 days. Glass flasks with a volume of 525 mL were placed in a temperature-controlled (37°C)
water bath. Gas was collected in graduated tubes. Overall, there were two measurements with
AGS as a mixture of sludge flocs and granules as well as two tests with the sieved fractions.
For this purpose, AGS from a SBR was separated by a sieve with a mesh size of 500 pm and
then divided into flocculent and granulated fractions. For the dosage of the input sludge, a
recommended ratio of maximum 50% to the VSS load of the seed sludge was taken into account
(VDI 4630, 2016). Table 4.3 presents the mean composition of the samples investigated with
the batch tests as well as the SV1q/SV3 ratio before thickening.

Table 4.3: Composition of the feed sludge and settings of the anaerobic reactors

Run Feed (OI‘igiH) VSS/TSS COD/VSS SV10/8V30
I sludge flocs (< 500 pm) 0.87 1.11 1.39
II granules(> 500 pm) 0.86 1.24 1.17
11 AGS (mixed) 0.86 1.27 1.10
v AGS (mixed) 0.86 1.32 1.13

4.3.4 Dewaterability tests

The quantification of the full-scale dewatering results with laboratory-scale tests is very chal-
lenging, since several parameters, like the polymer dosage and the operation of the dewatering
aggregate, affect the results significantly. Moreover, there are many dewatering aggregates used
at WWTPs, like screw press, decanter or chamber filter press, which achieve different T'SS in the
dewatered sludge. Since the quantification of TSS is challenging for the different aggregates,
the study focused on given qualitative information on the dewaterability of AGS compared
to conventional SAS. The applied method used in this study was based on von der Emde et
al. (1982), whereby those author centrifuged primary and surplus sludge under a constant
centrifugation time and z values between 20 and 2,000 g. The procedure allows calculating
approximately the solid content of the dewatered sludge under full-scale conditions. To com-
ply with the method described of von der Emde et al. (1982), a laboratory centrifuge (Sigma
3K30) was used to investigate the sludge cake solids of the digested probes. A sample volume
of 30 mL was centrifuged for 10 min at 20,000 g (14,000 rpm), whereby a higher z value was
chosen to get an almost complete separation of the loosely bound water. After centrifugation,
the centrate was removed from the centrifuge tube and analysed for NH4-N and PO4-P. TSS
and VSS content in the remaining residue was determined by drying the probe at 105°C and
505°C.

4.3.5 EPS extraction

Different kinds of EPS are described in literature as soluble EPS, loosely bound EPS (LB-EPS)
and tightly bound EPS (TB-EPS) (Guo et al. 2016). EPS outside cells can be subdivided
into bound EPS (sheaths, capsules, polymers, gels) and soluble EPS (soluble macromolecules,
colloids, slimes) (Nielsen and Jahn 1999, Laspidou and Rittmann 2002). The structure of the
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bound EPS can be illustrated as a two-layer model (Nielsen and Jahn 1999). The inner layer
consists of TB-EPS, which is in contact with the cell surface. The outer area comprises a
loosely bound dispersible EPS layer without clear delimitation. The proportion of LB-EPS in
microbial aggregates is reported to be smaller than that of TB-EPS (Sheng et al. 2006, Li and
Yang 2007). Different methods are applied for the extraction of the different EPS types. A
detailed list of such extraction methods can be found in More et al. (2014).

For this study, a method published by Adav et al. (2008b) and Liu and Fang (2002) was
used to extract the bound EPS from SAS and AGS samples. Sludge samples were washed three
times with distilled water before extraction. A triple determination was prepared for each probe
with a sample volume of 10 mL. For a sufficient breakup of the granule structure, the samples
were pre-treated in an ultrasonic bath for 30 min. Subsequently, 0.06 mL of formamide was
dosed to stabilize the cell walls and to avoid cell lysis and contamination through inner cell
content. During a reaction time of 1 h, the samples were stored at 4°C. After the reaction time,
4 mL of NaOH (1 N) was dosed to increase the pH and to subsequently dissociate acidic groups
in EPS (Adav and Lee 2008a). The samples were stored again for 3 h at 4°C. Afterwards, the
samples were centrifuged for 10 min at 10,000 g. The supernatant was separated by a 0.2 um
filter, whereby the filtrate contained the dissolved components of the bound EPS. Beside the
extraction of the bound EPS, the soluble EPS was separated from the biomass by filtration
through a 1 pm glass microfibre filter.

Further EPS analysis is based on three-dimensional fluorescence spectroscopy. The record-
ing of the fluorescence spectrum makes it possible to obtain qualitative information on the
distribution of different substance groups. This technique was also used in earlier studies to de-
termine characteristic EPS compounds (Adav and Lee 2008a). Especially aromatic proteins can
be detected through fluorescence analysis. Zeng et al. (2016) reported by means of measured
fluorescence intensities that tryptophan-like substances are the major group of fluorescence
substances in EPS. Since tryptophan is a characteristic protein of EPS, the general idea was
that higher tryptophan concentrations correlate with increased EPS proteins. Therefore, the
extracted EPS was analysed using an Aqualog fluorescence absorption spectrometer (Horiba),
which simultaneously records the absorption and fluorescence spectra as excitation (Ex) emis-
sion (Em) matrix (EEM). Figure 4.1 shows the assignment of areas in an EEM for detectable
substance groups. Tryptophan-like substances are visible at 280/350-360 nm (Ex/Em), while
tyrosine-like substances appear in a region of 270-280,/305-310 nm (Ex/Em) (Fox et al. 2017).
The investigation of this study focused on the tryptophan content in the extracted bound EPS
of AGS and SAS samples. For the reason that the EEM gives only qualitative values in the
form of intensity peaks, the samples were spiked with known tryptophan concentrations and
afterwards measured using the fluorescence spectrometer. This approach allows the transfer of
qualitative results into quantitative values.
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Figure 4.1: Assignment of regions of different substance groups in EEM (Chen et al. 2003, Ishii
and Boyer 2012)

4.4 Results and Discussion

4.4.1 EPS Protein

This section summarizes the results of the EPS examination. For the reason that the EEM gives
only qualitative values in the form of peaks, the samples were enhanced with known tryptophan
concentrations to determine the increase in the peak intensity. In a first step, tryptophan was
spiked to deionat in different concentrations. The resulting fluorescence peaks in the region
of tryptophan (Ex/Em: 273/347 nm) were correlated to the added tryptophan concentrations,
which resulted in a linear correlation as shown in Fig. 4.2 (left, black dots). This validation
indicates that it is possible to recalculate from peak intensity to substance concentration by
having the same background matrix.

The tryptophan concentration in the extracted EPS was analysed for all probes with the
described spiking method. Figure 4.3 shows two examples of fluorescence peaks, which resulted
from added tryptophan concentration (+0.5, +1.0, +1.5, +2.0 mg L'!). The examples relate
to the extracted EPS from a SAS (left) and AGS (right). The peaks in the EEM appeared in
the characteristic area of tryptophan with 273/347 nm (Ex/Em). A clear link was found be-
tween the measured EEM peaks and the increased tryptophan concentrations, while the double
determination confirms a coefficient of determination of ca 0.99. Since bacteria produce the
EPS, the concentrations were related to the VSS content to obtain comparable results. The
calculated tryptophan concentrations for these samples were 1.2 mg gVSS™! (Fig. 4.3, left:
SAS) and 2.5 mg gVSS™ (Fig. 2, right: AGS).
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Figure 4.2: EEM Signal (273/347 nm) with added tryptophan concentrations for the extracted
EPS from an SAS and AGS (top) and EEM of the untreated samples (bottom)

Figure 4.3 shows the analysed tryptophan concentrations of the soluble and bound EPS.
AGS samples were taken from a laboratory-scale SBR operated for aerobic granulation; the SAS
samples were collected from a pilot plant operated in continuous flow with sludge flocs. The
left-hand panel of Fig. 4.3 shows the tryptophan concentrations of the soluble EPS of samples
were collected over a two-month period. The results show that the tryptophan concentrations
were always higher in the soluble EPS extracted from the granular sludge probes compared to
the EPS of the SAS. In a further step, the tryptophan concentrations were related again to the
organic solid contents. The results for the EPS from the AGS samples were found in a range
between 30 and 75 pugTry gVSS™! (mean 55 pugTry gVSS™). This result was approximately three
times higher than for the EPS extracted from the SAS reaching on average 17 pugTry gVSS™.

Figure 4.3 (right) summarizes the results for the bound EPS extracted from AGS and sus-
pended sludge. The results confirm a significantly increased tryptophan concentration in the
AGS compared to SAS (data points 1, 5). Although all measurements result in a linear cor-
relation, the fluorescent peaks were overall lower than for the validation with deionized water.
This observation is probably due to a different background matrix (salts, ions) which is known
to slightly affect the fluorescence signal.
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The tryptophan concentration of the soluble EPS was ca 10% of that measured for the bound
EPS. Guo et al. (2016) investigated the fraction of soluble EPS, LB-EPS and TB-EPS and
found a ratio of 0.1:0.3:1. This ratio would explain the overall lower tryptophan concentration
in the soluble EPS. All measurements reveal tryptophan concentrations in the extracted bound
EPS from the SAS in a range of 1.2 to 1.9 mg gVSS™, while the tryptophan concentration in
the bound EPS from the AGS ranged between 2.5 to 4.6 mg gVSS™. The total protein contents
of the extracted EPS were measured by a modified TKN analysis according to DIN EN ISO
11732. Proteins in the EPS extracted from AGS ranged between 211 and 338 mg gVSS™,
whereas proteins in suspended sludge EPS were ca 150 mg gVSS™. The amount of tryptophan
was 1.240.12% of the measured protein content. The reported amount of proteins in EPS
varies widely; while Dai et al. (2013) reported 3.5 mg g in a municipal raw sludge, Zeng et
al. (2016) measured proteins in a range between 35 and 68 mg gVSS™! and Adav et al. (2008b)
found concentrations even up to 540 mgPN gVSS' in AGS. Our outcomes are thus in a similar
range compared to the literature values.
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Figure 4.3: Tryptophan of soluble EPS (left), tryptophan of extracted bound EPS, validation
(right)

4.4.2 Anaerobic digestion

Table 4.4 summarizes the VSS and COD removal as well as the specific methane production of
the anaerobic tests with AGS and SAS. COD balances were satisfactory for all reactors with
variances below 10%. The pH values of the reactors were within an optimal range of 6.7 to
7.5. For the reference test with SAS, the VSS and COD removal was calculated at 46 and 47%,
which are slightly above the reported literature values of 30-40% (DWA 2014, Rosenwinkel et
al. 2015). Biogas yield for waste activated sludge depends on the sludge age and is typically
between 250 and 350 ml gVSS™ (Mennerich et al. 2001). AGS used for the first and second
run was fed with the same municipal wastewater as the reference sludge, which allows a direct
comparison of the results. In the digested sludge, the granules were no longer visible, which
confirms that the compact structure was completely degraded. Methane production of the AGS
was about 20 ml gVSS™ higher than for the reference run and thus in a range comparable to
that for the suspended sludge samples. A slightly increased COD and VSS removal of ca 51%
(runs II and III) was calculated for the AGS, which is in line with findings of Palmeiro-Sanchez
et al. (2013), who also reported a slightly increased biodegradation of AGS. Since the forma-
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tion of aerobic granules is associated with the implementation of an anaerobic feeding phase at
the beginning of the SBR cycle, glycogen- and phosphate-accumulating organisms are enriched
inside the biomass. The metabolism of these organisms is coupled to an increased formation
of internal stored substrates (polyhydroxyalkanoates) and volatile fatty acids formation. Val
del Rio et al. (2011) state that the degradation of polyhydroxyalkanoates and volatile fatty
acids can contribute to the biodegradability and methane production. A further reason for the
higher specific gas production of AGS can be seen in the increased EPS. The applied extraction
method and fluorescence measurements revealed clear increased tryptophan and protein con-
centrations in the EPS of the AGS. An increased protein content in the EPS of AGS was also
reported by Zhang et al. (2007). EPS in microbial aggregates has numerous sites for the ad-
sorption of metals as well as organic substances such as aromatics, aliphatics and carbohydrates
(Flemming and Leis 2002). Due to the high number of carboxyl and hydroxyl groups, the EPS
has a very high binding capacity (Flemming and Leis 2002). A high absorption rate of EPS
was also reported by Wei et al. (2015). It can be assumed that the higher specific methane pro-
duction was caused by an increased uptake of easily degradable organic substances into the EPS.

A clear increased VSS and COD removal of about 60% was achieved within the third run,
where the granules were cultivated using synthetic wastewater. The increased specific methane
production is probably attributed to the sewage composition with an overall increased easily
available carbon source. In contrast, a clear decreased removal was found for the fourth run.
Here, VSS and COD removal reached only 35 and 37%. Moreover, the methane production
was decreased to about 170 ml gVSS™!. This observation can be explained by a longer SRT
in the SBR. Mennerich et al. (2001) investigated the biogas production of activated sludge
samples from WWTPs with different SRTs and showed a clearly declining gas production with
longer SRT. Since the SRT of the reference sludge was only 15 days, it can be assumed that
a higher SRT would result in a slightly lower methane yield and a greater difference between
the methane potential calculated for SAS and AGS. According to a regression calculated by
Mennerich et al. (2001) a lowering of methane yield by ca 10% would result from changing the
SRT in the biological stage from 15 to 25 days.

Table 4.4: COD and VSS removal and specific methane yield during runs I to IV

Run Ref Run I Run II Run III Run IV
Parameter SRT 15d 25d 25 d 25d > 40 d

Evaluation time 36 d 28 d 36 d 14 d 25 d
VSS removal [%] 45.94+2.5 51.1+4.2 52.6+4.5 59.9+4.4 37.2424
COD removal [%] 47.5+2.5 50.9+4.2 524445 59.6+4.4 35.2+2.4
Methane yield [ml gVSSIN'l] 245+13 263121 271423 285421 168+12

Methane yield [ml gCOD | 1669 178£15 183+16 209+£15 12348

4.4.3 Anaerobic batch tests

Figure 4.4 shows the cumulative curves of the gas production for the batch tests recorded for a
period of 18 to 21 days. Since AGS always contains a fraction of flocs and granules, two batch
tests were performed for AGS as complete mixture of flocs and granules. The samples were
removed from a SBR operated under similar conditions (SRT of ca 25 days, same feed). The
gas development appeared similar for both tests with a specific methane production of 250 and
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260 ml gVSS?. These results are in line with the findings of the continuous anaerobic tests.
In a further test, the granulated granulated sludge was separated into a flocculent fraction
(R1) and granules with sizes above 500 um (R2). The specific methane production of the pure
granules was 294 ml gVSS™ and thus clearly increased compared to the batch test with the
flocculent fraction (206 ml gVSS™). Although there was no EPS extracted from these samples,
the separated granules were covered by a shiny gel-like matrix which was characteristic of EPS.

350
300 -
?3)7 250
% ]
<)
£ 200 ] . z
T
(o]
8 150 -
a
o
100 —e—R2 - granules
—4—AGS | (flocs and granules)
50 1 —+—AGS |l (flocs and granules)
—a—R1 - flocs
0 T T T .
0 5 10 15 20 25

Days

Figure 4.4: Sum curve of gas production for batch tests

4.4.4 Dewaterability

Figure 4.5 shows the results of the dewatering tests as T'SS in the digested granules after cen-
trifugation. A clear decreased dewatering behaviour was found during the start-up of phase IV
with TSS decreasing from 16 to 9% within 35 days (Fig. 4.5, right). In the same time, a clear
increased VSS fraction was observed for the digested sludge samples. Similar results of the
dewatering behaviour were found for the digested reference sludge and the granules from the
first run. The biomass from both runs was fed with the same municipal wastewater, which
allowed a direct comparison of the dewatering results. The digested and dewatered SAS com-
prised a TSS of 9.6%, while the TSS for the AGS was only about 6.6%. During these tests,
the organic fraction of the digested granules was significantly increased with 69.1% compared
to the digested reference sludge (61.1%).

From the dewatering results, it can be concluded that the increased organic fraction caused a
lower water separation. This is line with the results of Thomé-Kozmiensky (1998), who reported
a lower dewaterability of sewage sludge with a higher ignition loss. Organic compounds have
a higher water binding capacity, which hinders an advanced water separation. Moreover, the
lower dewatering behaviour was probably a result of the increased PO4-P concentrations in the
AGS. Hougthon et al. (2002) reported that increased phosphate concentrations can negatively
affect the dewatering results. Increased concentration of orthophosphate (PO4-P) enhances the
water binding capacity and finally the demand for polymer agents (Ortwein 2016). A steady
increase from 13 to 186 mgPO4-P L in the centrate was found during the startup of run IV.
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Furthermore, the centrate of the digested AGS of the first run was on average 396 mgPO,-P L
and 1,645 mgNH4-N L, while the concentrations in the centrate of the flocculent sludge were
significantly lower with 143 mgPO,-P L and 1,400 mgNH4-N L1, Biological phosphate removal
during the treatment process with AGS is responsible for increased phosphate uptake under
aerobic conditions, while the stored phosphate is released during anaerobic conditions and the
degradation of organic compounds. Additionally, the increased EPS can be named as a further
potential reason for a decreased dewaterability. However, the EPS left after the anaerobic
treatment was not analysed in this study. Further tests are recommended for quantifying the
degradation of EPS under anaerobic conditions.
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Figure 4.5: TSS in the residue (left: run I, after startup, right: during the startup of run IV)

The outcomes indicate that there are various parameters having an impact on the dewa-
terability of digested AGS. However, two prospects can be named in order to improve the
dewaterability of digested sludge samples. For example, it can convenient to apply an in-
creased hydraulic retention time in the digester in order to decrease the organic solids and EPS
through further degradation. However, an extended hydraulic retention time for the digester
operation can only be applied when there is enough digester volume available. Another possibil-
ity for improving the dewatering behaviour could be selective PO4-P removal. Kopp (2017) and
Bergmans et al. (2014) observed an improved sludge dewaterability after a targeted struvite
formation. The conclusion from these studies was that a better mechanical dewatering can be
expected with less dissolved PO4-P in the sewage sludge. Further tests for the quantification of
the dewaterability are recommended at this point with respect to the EPS and POy4-P content
of AGS.
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4.5 Conclusion

Anaerobic degradation and methane production of AGS and SAS were investigated in this
study using laboratory-scale reactors. The specific methane production of AGS cultivated
with municipal wastewater was found to be ca 260 ml gVSS' and was thus slightly increased
compared to that of conventional activated sludge. However, it could be confirmed that SRT
above 40 days led to a clearly decreased gas yield (-35%). A higher specific methane production
was found for granules separated from a mixed granular sludge, whereby the higher methane
yield was probably linked to an increased EPS content. Proteins and tryptophan were clearly
increased in the extracted EPS of the granules. The use of fluorescence to analyse EPS allowed
the transfer of qualitative results into quantitative data. This approach can be further adapted
to investigate special substance groups in the extracted EPS. The dewatering test showed a
slightly decreased dewatering behaviour of the digested granules, which was probably caused
by an increased organic fraction due to an absence of chemical precipitation and an increased
amount of PO4-P. The dewatering results require further validation with full-scale aggregates
under real operational conditions.
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Chapter 5

Nitrous oxide emissions from aerobic
granular sludge

Jahn, L., Svardal, K., Krampe, J. (2019) Nitrous oxide emissions from aerobic
granular sludge. Water Science and Technology 80(7), 1304-1314.
doi: 10.2166 /wst.2019.378.

5.1 Abstract

The emissions of climate-relevant nitrous oxides from wastewater treatment with aerobic granu-
lar sludge (AGS) are of special interest due to considerable structural as well as microbiological
differences compared to flocculent sludge. Due to the compact and large structures, AGS is
characterized by the formation of zones with different dissolved oxygen (DO) and substrate gra-
dients, which allows simultaneous nitrification and denitrification (SND). NoO emissions from
AGS were investigated using lab-scale SBR fed with municipal wastewater. Special attention
was paid to the effects of different organic loading rates (OLR) and aeration strategies. Emis-
sion factors (EF) were in a range of 0.54 to 4.8% (gN2O/gNH4-Ny.) under constant aerobic
conditions during the aerated phase and different OLR. Higher OLR and SND were found to
increase the NoO emissions. A comparative measurement of two similarly operated SBR with
AGS showed that the reactor operated under constant aerobic conditions (DO of 2 mg L!) emit-
ted more NoO than the SBR with an alternating aeration strategy. TN removal was significantly
higher with the alternating aeration since non-aerated periods lead to increased anoxic zones
inside the granules. The constant aerobic operation was found to promote the accumulation of
NOy-N, which could explain the differences in the N,O levels.

5.2 Introduction

Today’s focus in wastewater treatment plant (WW'TP) operation moves towards sustainable
treatment and low greenhouse gas emissions. In this regard, special attention is paid to the NoO
formation during biological wastewater treatment. Relevant pathways for the NoO formation
in wastewater treatment are described by Wunderlin et al. (2012) as well as by Kampschreur
et al. (2009). The most relevant mechanism for the NoO production was reported with the au-
totrophic nitrification pathway. During nitrification, ammonium is oxidised to hydroxylamine
and in a further step to nitrite. Hereby it is assumed that an incomplete hydroxylamine oxi-
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dation is responsible for the NoO release. The rate of the incomplete hydroxylamine oxidase
reaction increases when both NH,-N and NO,-N concentrations are elevated. Another pathway
for the formation of NyO is the so-called nitrifier denitrification. In the absence of oxygen,
ammonium oxidising bacteria (AOB) can no longer transfer part of the electrons from nitrite
to the oxygen and therefore not only produce NO,- as end product, but also N,O, NO and
N,. Furthermore, N;O is a by-product of the denitrification process and produced during
the conversion of nitrate to nitrogen. High N/COD ratios (COD: chemical oxygen demand)
can promote the N,O formation due to an incomplete denitrification. Moreover, since the
N,O reductase is sensitive to oxygen, micro-aerobic conditions (low DO) during denitrification
can promote the NoO formation too. The following equations describe the formation path-
ways through nitrification, nitrifier denitrification and heterotrophic denitrification. Further
less relevant formation pathways for NoO are found in literature as chemo-denitrification and
dissimilatory nitrate-ammonification (Chalk and Smith 1983, Hu et al. 2011, Tallec et al. 2008).

Nitrification
NH3 —+ 2HT + 2e + OQ — NHQOH -+ HQO
NH,OH — HNO — NO — NOy"

Nitrifier denitrification

2NH; + 20, — 2HNO, + 4[H]

NH; + O, + 2[H| — NH,OH + H,O
NHQOH + HN02 — NQO + 2H20

Heterotrophic denitrification
2NO3; — 2NOy — 2NO — N,O — N,

Although a high number of publications focus on the emissions of climate-relevant NoO from
conventional activated sludge systems, only a few studies relate to the emissions from AGS. Ta-
ble 5.2 summarises NoO emission factors (EF) of different AGS studies as well as measurements
from conventional full scale WW'TP with suspended activated sludge. The EF of these studies
appear in a broad range, which is probably attributed to the different operational strategies.
Quan et al. (2012) found increased EF under lower aeration rates and limited carbon availabil-
ity. The authors claimed that elevated N,O emissions might be due to structural reasons and an
increased SND for aerobic granules with larger diameter. Lochmatter et al. (2013) investigated
the nitrogen removal and NoO emissions of AGS under different aeration strategies and COD
loads (constant nitrogen load). The highest EF of 9.0% was measured under the lowest COD
load and under alternating high /low DO. Lower NyO emissions of 2.1 and 1.0% occurred at
higher COD loads (C/N ratios). Van den Akker (2015) determined NyO emissions of an AGS
system operated with high saline municipal wastewater in a range of 2.3 to 6.8%. The lowest
N,O emissions were measured when nitrite and ammonium were consumed and the DO in the
bulk liquid was above 1.0 mg L' (van den Akker et al. 2015). Similar findings were made by
Peng et al. (2018), whereby decreased DO levels promoted SND and subsequently increased
N5O emissions. However, low DO levels are required to achieve maximum SND, indicating that
there has to be a compromise between nitrogen removal and N,O emissions.

Parravicini et al. (2015) as well as Foley et al. (2010) investigated the NyO emissions of
full-scale conventional WWTP and found EF up to approx. 1.5%. Table 5.2 demonstrates
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that the EF of AGS systems are overall higher compared with full-scale measurements on con-
ventional WWTP. It can be supposed that results from lab-scale cannot be directly compared
with full-scale measurements, which is probably due to different reactor geometry and aeration
rates. Since AGS is dominated by larger sizes (>200 um), the compact structure promotes the
formation of zones with different DO and substrate levels. In contrast to suspended activated
sludge, where the bulk liquid concentrations of the substrate and DO are similar in all zones,
AGS is characterised by gradients, which lead to the formation of intermediates in different
layers.

Table 5.1: Literature review on N5O emissions of AGS and conventional WWTP with suspended
activated sludge

Reference EF %] Referring to Scale
Aerobic granular sludge

Lochmatter et al. (2013) 1.0-9.0 TNy lab-scale
van den Akker et al. (2015) 2.3-6.8 TNy pilot-scale
Quan et al. (2012) 2.2-8.2 TNy lab-scale
Gao et al. (2016) 2.72 + 0.52 NH4-Nox. lab-scale
Zhang et al. (2015) 7.0-21.9 TNem. lab-scale
Suspended activated sludge

Parravicini et al. (2015) 0.002-1.52 TNy full-scale
Foley et al. (2010) 0.006-0.253 TNem. full-scale

In regard to the structural differences of AGS compared with conventional sludge flocs and
the formation of zones with different DO, several N,O formation pathways can coexist within
the biomass (Lochmatter et al. 2013) and illustrate that the emissions of climate-relevant NoO
out of AGS deserve further research. The complexity of the different formation pathways for
N,O during biological wastewater treatment indicates the difficulty to quantify the impact of
operational settings, especially the aeration strategy. Further research is needed in order to
understand the different triggers for NoO formation, which allows setting arrangements for
declining emissions from biological wastewater treatment. This study focused on NyO emis-
sions in correlation to different aeration strategies and OLR of AGS operated with municipal
wastewater.

5.3 Methods

5.3.1 SBR setup

AGS was cultivated in two lab-scale SBR with a volume of 6 to 8 L. After 261 days (data points
1 to 6), the reactors were restarted and operated again for 240 days (data points 7 and 8). The
first experimental phase includes measurements under different OLR, while during the second
period different aeration strategies were investigated. The operation comprised an anaerobic
plug-flow feed of 60 to 90 min. Cycles lasted 4 to 6 h with settling times between 1 and 10 min.
The exchange ratios were 30 to 40%. Temperatures and pH values were monitored daily as
well as sludge volume measurements. SBR were fed with sewage from a municipal WWTP.
Table 1 shows the relevant concentrations of the wastewater during the measurements. COD
was mostly between 230 and 530 mg L' with TN concentrations between 28 and 50 mg L.
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N/COD ratios were in a range of 0.08 to 0.18. The samples for the sequencing were collected
on day 501 (second period).

The different settling properties were attributed to a slightly diverse reactor operation. The
applied settling time affected the minimum settling velocities (Vg in), which were in a range of
0.7 to 3.2 m h™!. The minimal settling velocity is described as quotient of the drawn water level
and the settling time and determines the slow settable substances that are discharged with the
effluent. Samples 4 and 5 had a high SV;q/SV3 ratio compared with the other measurements,
which were attributed to a low vy min of approx. 0.7 m h™! and a reduced washout of flocculent
sludge. Although the biomass was occasionally dominated by flocculent structures, there were
large granules with sizes above 200 pum present in the SBR during all measurements.

Table 5.2: Wastewater composition, cycle operation and settling properties during different
measurements

Data point 1 2 3 4 > 6 7 8
SBR 2 2 2 1 1 1 1 2
Day 80 101 110 198 205 260 501 501
COD [mg L] 448 283 309 244 470 530 228 228
TN [mg L] 45.6  50.2  39.3 28.0 48.0 42.8 347 34.7
TP [mg L] 9.2 106 114 153 177 11.2 5.8 5.8
Cycle time [min] 240 240 240 240 240 240 360 360
Anaerobic |min] 60 60 60 90 90 90 90 90
Settling |min] 2 3 3 10 10 2 10 10
decant [min] 5 5 5 5 5 5 5 5
SVI [ml g 69.2 781 89.6 643 759 64.1 478 70.3
SVi0/SV30 |-] .10 107 126 135 184 166 1.17 1.17
Vs, min [m h!] 321 289 228 069 077 282 0.84 0.84

During the off-gas sampling, bulk liquid samples were taken in regular intervals for analysing
NH,4-N, NO,-N, NO3-N according to DIN 38406. The formation of anoxic zones within the
biomass depends on the granules sizes and the DO level in the bulk liquid. Smaller sizes limit
the formation of anoxic zones and thus the ability for SND. COD and mixed liquor suspended
solids were measured according to DIN 38409. Based on the distribution of the nitrogen frac-
tions, the simultaneous nitrogen removal was calculated according to the following equation
(Zhang et al. 2015).

NH4 o OXidiZGd_NOX_ accumulated
SND = 100
NH4+oxidized * %

Microbial community was investigated by Illumina MiSeq sequencing Nextera XT library,
341F — 802R primers. It should be noted that Nitrobacter may well be present, however
Nitrospira is not always detected by Illumina MiSeq sequencing.
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5.3.2 (Gasprobes

The SBR were completely covered during the aerated phase, while sampling the exhaust air.
Gas chromatography-mass spectrometry (GC-MS) was used for the NoO analysis of the gas
samples. Exhaust air samples from the SBR were injected into 20 ml sealed and evacuated
headspace gas bottles by means of a gas-tight glass syringe. The sample amount was 10 ml. For
the GC-MS, a Porapak column (ID 0.32 mm and length about 30 m) was used. The headspace
gas cylinders filled with the exhaust air samples were analysed immediately or stored in a
thermostat at 20°C until analysis to avoid temperature fluctuations. Gas samples with NyO
contents between 0.5 and 40 ppmv were used for the validation of the GC-MS measurement
for N,O according to DIN 32645. Moreover, the validation parameters including detection and
determination limit as well as the standard deviation were determined. N,O samples were anal-
ysed to check the zero point. According to DIN 32645, a detection limit (DL1) of 0.5 ppmv, a
determination limit (DL2) of 1.0 ppmv and the standard deviation of 0.56 ppmv are calculated.
These values are even lower (DL1 = 0.25 ppmv. DL2 = 0.50 ppmv) when the usual "signal to
noise" ratio (S/N) in chromatography is considered (Kromidas 2011).

For the evaluations, the measured ppmv in the exhaust air was converted to the concen-
tration of N,O as gram per liter air. To compare the results, the gas volume was adjusted to
standard temperature. During the sampling, the aeration intervals were recorded to calculate
the N,O load emitted from the reactor per cycle. For this calculation, the required aeration
rate was checked in preparation of the measurements. EF were related to the oxidised NH4-N
according to the following equation.

EF— Z(Qair ) CN?O,air) gNQO }
Qreed * NHy " oxidized  gNH4-N

5.3.3 Respiration tests

Oxygen utilisation rates for carbon and nitrogen (OUC, OUN) were determined by respiration
tests. OUC was determined without the use of ATU (allylthiourea, nitrifier inhibitor) since the
sludge was afterwards returned to the reactor. OUC was measured at the end of the cycle to
guarantee that the nitrogen respiration was zero. In contrast, the highest oxygen utilisation
rate was measured at the beginning of the aerated phase, when nitrogen was in a range of
5to 10 mg L. OUN was calculated with the following equations considering the measured
temperatures. Oxygen utilisation rates were needed to create COD and nitrogen mass balances.

OUCg = OUC, - 1.072(20)
OUs90,max = OU; - 1.103((201)

OUNt20 — OUt?O,maX - OUCt20
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5.4 Results and Discussion

5.4.1 Upstart and Operation

The reactors were inoculated with a mixture of AGS from an earlier phase and suspended ac-
tivated sludge from a municipal WWTP. Minimal settling velocity was 6 m h™! during the first
50 days. Sludge volume index (SVT) of both SBR was 94 ml g'! in the beginning of the tests.
SVI of SBR 1 decreased to 67 ml g within 23 days and fluctuated between 60 to 80 ml g
till day 64. Due to a technical failure, a great amount of sludge of SBR 1 was lost at day 74,
thus, the results of the following five weeks were excluded from the evaluation. Till the end
of the first phase (day 261), the SVI of SBR 1 ranged again between 61 to 79 ml g''. Similar
results during the startup were observed for SBR 2. SVI declined to 60 ml g! within 18 days.
The average sludge loading during the first phase was 0.34 gCOD gTSS! d!. Both SBR were
aerated to a DO in the range of 1.8 to 2.2 mg L' without anoxic conditions in the bulk liquid.
The operation of SBR 2 included a stirrer during non-aerated phases, which probably caused
increased shear stress and SVI in a range of 64 to 97 ml g **. From day 119 on, the SVI of SBR
2 climbed up to 300 ml g'!, which was attributed to the growth of filaments. SBR 2 was no
longer sampled for NyO under these unstable conditions.

During the second startup with activated sludge from a municipal WWTP, vg min of both
reactors was increased to approx. 4 m h! by reducing the settling time from 6 to 3 min.
Stirrers were not used during these experiments. SVT declined to 42 (SBR 1) and 48 ml g'!
(SBR. 2) within 35 days. For both reactors, SVI was between 40 to 60 ml g* till day 91. Since
a high amount of suspended solids was present in the effluent, the settling time was enlarged
and vgmin decreased to approx. 1.4 m h'. In between the tests, there were elevated NO,-N
concentrations measured in both reactors and mean-time high SVI up to 100 ml g. However,
compact granules with sizes above 200 um were observed by regular microscopy. A recirculation
of purified water through the settled sludge bed was applied to improve the TN removal. With
this strategy, it was possible to reduce the NO,-N concentration to approx. 5 to 10 mg L,
which ensured again anoxic-anaerobic feeding conditions and declining SVI. N,O sampling was
performed at the end of the phase (day 501), when SVI and NO,-N concentration were in a
representative range. The average OLR during the second phase was 0.25 gCOD gTSS™ dL.

5.4.2 Mass balance

Figure 5.1 shows the calculated COD and nitrogen mass balances exemplary for data point 1.
The calculations consider the input and output loads to the SBR, during the measured cycle as
well as the carbon and nitrogen respiration rates. The balances were calculated for the cycles
with N,O sampling according to the following equations.

COD balance

OuUC= CODIN + CODxA - CODOUT - ACODSP [mg]

OUC— CODx + 0.3 (Nonin — Nyman,our) — CODour — Yaum - (CODy — CODguyr) [mg]
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Nitrogen balance

Np = Noygiv + Nyoxengiv = Nyman,our — Nvox-v,our — ANvox-ny — Nago [mg]

The sludge production (SP) was determined with a biomass yield (Ygy) of 0.25 gT'SS gCOD™
(0.3 gCOD gCOD!). Since there was no sludge removed during the cycle, the biomass growth
is presented as ACODgp. CODx, is the COD load produced through the autotrophic growth
of the nitrifiers due to biomass cell synthesis of CO, and assumed as 30% of the oxidised ni-
trogen load. Oxygen utilisation for carbon removal (OUC) was calculated with the measured
carbon respiration (OUgpz) as well as with the oxygen gained through denitrification (OUD).
The oxygen utilisation (OUgp2) was related to the entire aerobic phase and the reactor volume.
The deviation was referred to the input COD and amounted to 6.3%. Other data were checked
according to the procedure and the deviations were found up to 12%.

The nitrogen mass balances were calculated with the in- and output nitrogen loads and
the NO4-N left over from the previous cycles. Oxygen utilisation rate for nitrogen (OUN)
during the aerated cycle was measured with 29.3 mgQO,, which is close to the theoretical OUN
calculated based on the oxidised ammonium loads. The difference in the OUN was found with
1.8% and up to 10% for all measurements.

COD balance N balance
Respiration Respiration
OUC = QUCq, + OUD QUD = 2.86 Np OUN zicuiates= 28.7 mgO-
CODys=7.3mg 380.1mg=3141mg+66.0mg €4———— Np=231mg | OUNpeasureq = 29.3 mg O»
a Deviation: 6.3% Meger=1:2:m0 Deviation: 1.8%
CODyy =627.2 mg CODg,: = 39.2 mg Ny = 63.6 mg "y Nipanout = 1.0mg
E— ACODgp=174.9 mg > i ANpoxn = 28.6 mg
Nuoxnm = 19.8 mg Nuoxn,out = 29.8 Mg
—P> >

Figure 5.1: COD (left) and nitrogen mass balance (right) for data point 1

5.4.3 Effect of Organic loading rate

Since SND is a promising ability of aerobic granules, the first tests focused on the operation un-
der fully aerobic conditions during the aerated phase without anoxic periods in the bulk liquid.
DO was throughout adjusted to 2 mg L'! with aeration rates of 2 L min. Under these condi-
tions, the effect of different OLR on the NyO emissions from AGS was investigated including
seven measurements (data points 1 to 7). OLR ranged between 0.13 and 0.42 gCOD gTSS™ d.
Temperatures were in a range between 21.2 and 24.0°C. NH4-N removal reached 66.0 and 99.4%,
while TN removal was calculated with 41.6 to 78.5%.

Figure 5.2 shows the nutrients and N,O levels for the data points 3 and 5 during the

aerated phase. Generally, it was found, that the measured NH4-N concentrations were approx.
25% lower than the theoretical NH4-N concentration that should be measured after feeding.
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We assume that this fact was due to NH4-N adsorption on the granules as it was reported
by Bassin et al. (2011b). The authors observed an increased adsorption capacity of AGS
compared to activated sludge with an NH4-N adsorption in a range of 23 to 36% at 20°C.
During all measurements, the highest N,O levels in the off-gas were measured at the beginning
of the aerated phase with the highest substrate availability. The N,O peaks appeared within
the first 5 min with NoO levels mostly between 10 to 35 ppm. This is in line with findings from
van den Akker et al. (2015), who observed NoO peaks in the exhaust air during the changeover
from the anaerobic feed to the aerated phase, which was probably associated with an increased
oxygen uptake and lower DO levels during the first few minutes of aeration. N,O emissions
steadily decreased afterwards, whereby the emissions were almost zero after all NH4-N was
oxidised (Figure 5.2, right). Since there was no full NH4-N removal achieved during run 5,
N,O was also present at the end of the aeration with off-gas concentrations of approx. 5 ppm
(Figure 5.2, left).

40 20 20 40
-a—N20 ——NH4-N —DO —a—N 20 —DO ——[MH4M

NOx-MN - NO2N N Ox-M 8-NO2N

-
()]

N,O [ppm]
N, DO [mg L-1]
N;O [ppm], DO [mg L-']

e ——a—n—& & & ——B, o i=—2— = = —— 0
0 20 40 60 80 100 120 140 160 D 20 40 60 80 100 120 140 160
[min] [min]

Figure 5.2: NyO, NH4-N, NO,-N, NO,-N and DO during the aerated cycle for data points 3
(left) and 5 (right)

Figure 5.3 (left) shows the EF under different OLR, which were calculated in a range of
0.54 to 4.8% (N2O/NH4-Nox ). During the tests, nitrite was identified as a relevant trigger for
increased NoO emissions and an indicator for elevated AOB activity. Clearly increased NyO
emissions appeared for data points 6 and 7 (triangle), whereby enhanced nitrite levels of 3.3
and 4.8 mg L' were detected within the aerated phase. During run 1 to 5 (dots), the nitrite
concentrations were much lower at 0.7 and 1.8 mg Lt. Overall, the results indicate that higher
OLR lead to increased EF, which is in line with an earlier study from Guo et al. (2017).
The authors investigated the NoO emissions from a SBR operated with AGS under different
food /microorganism (F/M) ratios and found EF between 2.77 and 3.79%. In the study of
Guo et al. (2017), the increased F/M ratios led to decreased DO levels (approx. 1 mg L7).
In this case, the OLR was increased and the DO decreased, which promotes the N,O forma-
tion of autotrophic nitrification and nitrifier denitrification. Especially during the beginning
of the aeration, when the oxygen uptake is the highest, nitrifier denitrification pathway could
contribute to increased N,O emissions. It has to be mentioned that municipal WW'TP are
normally operated with OLR between 0.05 and 0.15 gCOD gTSS™ d'!. In this loading range,
the NoO emissions of our presented data are below 1%, which fits to EF measured at full-scale
municipal WWTP (Parravicini et al. 2015).
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A further correlation of the present study was found between the EF and the amount of
SND (Figure 5.3, right). SND was detected especially in the beginning of the aeration (within
the first 20 min) and was probably linked to a high oxygen uptake and increased anoxic zones
inside the granules. SND decreased afterwards, since oxygen penetrated into deeper zones. In
that case, the granules size plays a key role in the formation of anoxic zones. Furthermore,
the DO and substrate diffusion into the granules are limited by larger diameter. The mea-
surements were performed over a period of a half year, whereby differences in the granulation
grade probably affected the SND capacity. Low emissions were found for data points 4 and
5, where the low SND capacity was attributed to an increased flocculent proportion. Gao et
al. (2016) found increased EF from AGS operated under SND and claimed that the AOB and
heterotrophic denitrifiers are responsible for the NoO emissions. The authors suggested that
when the external COD is limited, the internally stored substrate is used as electron donor
for incomplete denitrification, which leads to an increased N,O formation due to heterotrophic
denitrification. Thus, the elevated N,O emissions of AGS can be attributed to a limited COD
diffusion into the granules with a larger diameter. Stewart (2003) summarized different diffu-
sion coefficients for various substrates. Hereby, the nitrogen and oxygen diffusion coefficient for
temperatures of 25°C were reported in a similar range with 18.8 - 10° and 20 - 10° cm? s7t.
Lower diffusion coefficients were reported for carbon sources like glucose and acetic acids within
a range of 6.7 - 10% cm? s! to 12.1 - 10°% cm? s7'. A limited carbon diffusion into the granules
could promote the NoO formation via heterotrophic denitrification in combination with SND.
Findings from Lochmatter et al. (2013) verify our assumption of a limited carbon availability,
since the authors found lower NoO emissions with higher COD loads under constant NH,-N
inflow concentrations. A further trigger for the NoO formation over the heterotrophic denitrifi-
cation is the presence of oxygen during denitrification. Since SND relates to oxygen gradients
in the biomass, micro-aerobic conditions can affect the N,O reductase and therefore increase
N,O emissions (Lemaire et al. 2006).
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Figure 5.3: OLR to EF (left) and SND to EF (right) for the tests with a fully aerobic conditions
during aeration [dots: NO»-N < 1.8 mg L', triangle: NOy-N > 3.0 mg L !

In summary, we suggest that the OLR affects the N,O formation in different ways. Firstly,
increased loads lead to enhanced AOB activity and the N,O formation from autotrophic ni-

trification especially at the beginning of the aeration. SBR operation includes a period feed,
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thus, high NH4-N levels appear in the beginning of the aeration and decline afterwards by
nitrification. Moreover, the higher OLR probably leads to an increased oxygen uptake through
the outer zones, which causes enlarged anoxic zones inside the granules. This would explain the
increased SND activity and the N,O formation from heterotrophic denitrification, since there
is especially internal carbon used for denitrification.

Moreover, AGS systems are operated with an anaerobic feeding strategy to enrich substrate-
storing organisms, that store most of the incoming COD during the feed. Denitrifying phosphate
and glycogen accumulating organisms (PAO and GAO) play an important role in partial deni-
trification. Earlier studies state that denitrification by GAO and PAO can cause increased N5O
emission (Kampschreur et al. 2009, Lemaire et al. 2006, Zeng et al. 2003a, Zeng et al. 2003b).
The metabolism of these organisms is associated to the growth on storage compounds, whereby
the PHB consumption is the rate-limiting step. Schalk-Otte et al. (2000) observed elevated
N,O emissions when PHB was the substrate to grow during COD limitation. Phosphate uptake
in the presented study ranged from 0 to 0.96 gP ¢TSS, which indicates that PAO activity
was different during the measurements. However, it was found that higher EF appeared when
the phosphate uptake was increased. The impact of enhanced biological phosphate removal of
AGS on N5O emissions should be addressed in further research.

5.4.4 Effect of aeration strategy

Over a period of 240 days after the restart, the two SBR were operated in parallel to investigate
the effect of different aeration strategies on the nitrogen removal. The simultaneous sampling
for both SBR was conducted to identify which aeration strategy is more decisive for the NoO
formation. The aeration control setting for SBR 1 ensured continuous aerobic conditions dur-
ing the aerated phase with DO levels between 1.8 and 2.2 mg LY. For SBR 2, an alternating
aeration was applied with a 5 min aeration interval to a DO level of 2 mg L that was followed
by a 5 min aeration pause. NoO emissions of the two SBR were measured under similar op-
erating conditions. Both SBR were fed with the same municipal wastewater and an OLR of
0.1 gCOD gTSS! d'. N/COD ratio was 0.15 and thus in an optimal range. N/COD ratios
above 0.15 indicate COD limitations. The aeration rates were set to 2 L min™ for both reactors.
TSS in the SBR were similar with 3.0 and 3.3 g L' respectively.

Figure 5.4 shows the NH4-N and TN removal of both SBR over the second experimental
phase. At some points, there was no full NH4-N removal achieved for SBR 1. This was mainly
due to increased loading rates and a meantime growth of Arcella (days 385 to 430), which was
observed by regular microscopy. Unfortunately, it was not possible to identify the reasons for
the development of Arcella in SBR 1. Increased OLR of 0.6 gCOD gTSS' d! appeared for
SBR 1 during the days 311 and 318 and caused a decline in NH4-N removal. TN removal for
SBR 1 was mostly between 50% and 60%. With the applied aeration strategy for SBR 2, a
complete NH,4-N removal was recorded over the entire period. TN removal increased until the
day 501 to approx. 90%, which can be attributed due to larger granule sizes growing with time
and enlarged anoxic zones for denitrification.
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Figure 5.4: OLR, NH4-N and TN removal for SBR 1 (left) and SBR 2 (right)

Figure 5.5 shows the course of NoO emissions in the exhaust air and the nutrients over
the aerated cycle. N,O sampling occurred on day 501 simultaneously for both reactors. NHy-
N concentrations were similar during the start of the aeration with 7.5 mg L' (SBR 1) and
7.9 mg L' (SBR 2). The highest emissions were measured at the beginning of the sampling.
With the onset of aeration, the off-gas concentrations increased to 55 ppm N,O (SBR 1) and
70 ppm N,O (SBR 2). Up to this time, the NH4-N uptake rate of SBR 1 was almost twice
that of SBR 2. Within the first 20 min, the NH4-N concentrations were reduced to 2.5 and
5.4 mg L! resulting in ammonia-oxidising rates of 5.1 (SBR 1) and 2.8 mg NH,-N gTSS! h!
(SBR 2). N,O levels decreased with declining NH4-N concentrations. However, for SBR 1 the
N,O emissions increased again after approx. 20 min of aeration, which was probably linked to
a rising NOy-N level (3.88 mg L!). In contrast, NO»-N was nearly stable for SBR 2 with 1.2
to 1.8 mg L', EF for SBR 1 and SBR 2 were calculated at 3.32 and 1.62% (NyO/NH4-Ny ).
Besides an increased AOB activity, the different EF can be attributed to the different NOo-N
concentrations within the aerated phase. Zeng et al. (2003a) assumed that nitrous oxide re-
ductase is inhibited by nitrite concentrations above 1 mg L. This reported NO,-N level was
clearly exceeded in both reactors. However, the periods without aeration (SBR. 2) probably
allowed denitrification of NO,-N and subsequently lower NoO emissions compared with SBR 1.

The results illustrate that the main source of NoO was related to autotrophic nitrification
since the emissions clearly correlated to the ammonium oxidation. N,O was no longer detectable
when ammonium was depleted. Total NH4-N removal was found for SBR 1 and 2 with 99.0 and
99.6%. TN removal reached 69.2% for SBR 1 with the constant aerobic aeration, while SBR 2
achieved a TN removal of 77.3% with an alternating aeration mode. The results are in line with
Lochmatter et al. (2013), where a higher TN removal was found with an alternating aeration
mode. In this study, the constant DO also amounted to higher NOy-N emissions compared
to the alternating aeration strategy. Zhang et al. (2015) observed higher N,O emissions in
a fully aerobic SND compared with the aerobic-anoxic SND by inhibition tests and reported
an increased nitrifier denitrification as the main source for NoO. However, with our applied
method we cannot prove the presence of nitrifier denitrification, even though it was mentioned
as a relevant NoO formation pathway in biofilms (Schreiber et al. 2009). Since it is known,
that nitrifier denitrification is mainly related to oxygen-limited conditions, we assume that NoO
formation from nitrifier denitrification could appear temporarily within the beginning of the
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aeration due to an increased oxygen uptake in the outer zone of the granules.
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Figure 5.5: NH4-N, NO-N, NO,-N and DO in the liquid phase and N,O in the exhaust air of
the SBR 1 and 2

Figure 5.6 shows the microbial community of the investigated AGS (taxonomy, phylum,
class) of the two SBR. The taxonomic distributions of the communities were quite similar. An
increased abundance of the phylum Parcubateria was found for SBR 2. Since these bacteria were
mostly observed under anoxic conditions (Castelle et al. 2017), we assume that the increased
proportion of Parcubateria in SBR 2 was related to increased anoxic conditions due to non-
aerated periods. Since N5O is an intermediate of the metabolism of involved nitrifying and
denitrifying bacteria, the microbial composition of AOB and NOB effects the NyO formation
mainly. Winkler et al. (2015) investigated the correlation between the involved microorganisms
and the nitrite accumulation by modeling and experimental tests and revealed that Nitrobacter
was the dominant NOB in aerobic granules and not Nitrospira. The authors claimed that in
AGS systems NOB grow uncoupled from AOB, which can lead to an additional nitrite formation
due to partial denitrification by Nitrobacter. Although, the microbial community of the present
study was also characterized by an elevated NOB/AOB ratio, Nitrobacter was not detectable;
instead Nitrospira was found to be the dominant NOB in both SBR, which is also in line with
findings from earlier AGS studies (Lochmatter et al. 2014; Thwaites et al. 2017). NOB/AOB
ratios determined by gene sequencing were 1.2 (SBR 1) and 1.7 (SBR 2), respectively, and thus
increased compared to a reported NOB/AOB ratio of approx. 0.2 (£ 0.1) for a conventional
treatment plant (Winkler et al. 2012). Although an increased growth of NOB is coupled to the
accumulation of nitrite, elevated NOB /AOB ratios were also found in correlation with increased
temperatures and decreasing DO, which illustrates that further parameters affect the presence
of nitrifying and denitrifying bacteria.
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Figure 5.6: Microbial community of the AGS (taxonomy, phylum, class) by Hlumina MiSeq
sequencing
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5.5 Conclusion

Due to the structural properties of AGS, the bacterial community and the arrangement of in-
dividual microorganisms are quite different compared to conventional activated sludge. Several
triggers for the N,O formation in AGS systems were identified in the framework of this study.
The evaluated data reveal a correlation between the OLR and the SND on the N,O emissions
and were identified as relevant triggers for the NyO formation. Increased loads promote the
N,O formation via autotrophic nitrification and probably due to nitrifier denitrification, since
at the beginning of the aerated phase, higher loads lead to higher DO uptake through the outer
layers. Furthermore, the increased OLR promote SND and the NoO formation via heterotrophic
denitrification, which is probably a reason for endogenous denitrification and COD limitation.
EF under fully aerobic conditions during the aerated phase were calculated in a range of 0.54
to 4.8% at OLR between 0.13 and 0.42 gCOD gTSS™! d!. This aeration strategy was found to
promote the nitrite accumulation and increased NoO emissions. It has to be taken into account
that nitrite is a sign of high AOB activity and can have a direct impact on the NyO formation.
The alternating aeration strategy was found to be more efficient for the TN removal and lower
N5O emissions. Against the background of desired low N5O emissions, the alternating aeration
strategy with anoxic-aerobic conditions should be favored for the operation of AGS systems.
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Chapter 6

Accidental aerobic granules - Data
evaluation of a full-scale SBR plant

Jahn, L., Svardal, K., Krampe, J. (2019) Accidental aerobic granules - Data
evaluation of a full-scale SBR plant. Desalination and Water treatment 164, 11-
17, doi:10.5004 /dwt.2019.24366.

6.1 Abstract

This paper describes and evaluates a large-scale SBR with a design capacity of 35,000 p.e. where
the activated sludge exhibits excellent settling properties. The sludge volume index (SVI) of all
four SBR is mostly below 50 ml g! and shows annual fluctuations; the lowest values of 30 ml g
are measured during summer. The focus of this study was to identify reasons for this excellent
settling behavior. Microscopic images of the sludge showed a compact and dense structure with
small granules. Particle size distribution indicates that about 74.4% of the particles had a size
above 200 um, which is a characteristic size of aerobic granules. Approx. 50% of the sludge
particles were larger than 320 um. SV/SV3o ratio was calculated with 1.21. Based on the
existing knowledge of aerobic granular sludge it can be assumed that the long filling during
denitrification leads to anaerobic conditions and promotes the formation of aerobic granules.
Legal requirements for the effluent quality were met the entire year. The average COD and TN
removal amounted to 94.2 and 83.3%.

6.2 Introduction

In recent years, a lot of research has been done in the field of aerobic granular sludge (AGS), a
biomass that is characterized by a compact and dense structure with excellent settling proper-
ties. A common tool to control the thickening and settling behavior of the activated sludge is
the sludge volume index (SVI). AGS is characterized by a lower SVI (< 60 ml g!) compared to
flocculent sludge (80-100 ml gt). Another criterion to differentiate between aerobic granules
and flocculent sludge is the use of sludge volume ratios (SV5/SV3y and SVy4/SVsyg). For AGS,
the sludge volume after 5 or 10 min of settling is usually already close to the final sludge volume
achieved after 30 min. Since the biomass settles significantly faster than flocculent activated
sludge, numerous operational advantages are possible. Shorter settling and thus shorter cycle
times for SBR plants in combination with a higher biomass concentration make room for higher
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hydraulic and organic loads. SBR processes with AGS can be applied in order to increase the
capacity of existing plants especially when space is limited. Moreover, Giesen and Thompson
(2013) as well as by Pronk et al. (2017) reported a more energy-efficient operation of AGS
plants.

SBR systems are especially suitable for aerobic granulation due to the periodic feeding and
the formation of feast and famine conditions. Overall, the anaerobic feed was claimed as the
most relevant parameter for the formation of AGS in SBR. De Kreuk and van Loosdrecht (2004)
found out that the anaerobic feeding promotes the enrichment of slow growing organisms, which
increase the sludge stability significantly. However, many other parameters, like sludge sepa-
ration, aeration intensity and organic loading rate (OLR) also affect the sludge structure. In
particular, the washout of flocculent biomass due to short settling times is mentioned in many
studies to contribute to a fast granulation (Qin et al. 2004).

Most studies on AGS relate to laboratory work, thus full-scale plant experiences are lim-
ited. Pronk et al. (2015b) published an extensive study of a full-scale AGS plant (WWTP
Garmerwolde) with a treatment capacity of 28,600 m*® d!. With the Nereda process, the SVI
was stable in a range of 35 to 45 ml g! with a TSS above 8 g L™t. The percentage of granules
exceeded 80%. The dry weather operation included a 60 min plug-flow feed with an OLR
of 0.1 kgCOD kgTSS™' d!. Liet al. (2014) investigated a full-scale SBR treating approx.
50,000 m® d'. Hereby, the SVI averaged on 47.1 ml g! with a mean diameter of 0.5 mm.
The SBR plant was operated with a 40 min filling time and an OLR of 0.56 kgCOD m? d.
The authors report that aerobic granules could not develop, if the settling time was not well
controlled, even though a periodic feast-famine regime was present. Swiatczak et al. (2017)
investigated a full-scale WW'TP after upgrading towards AGS and reported a SVI; and SVI;
of 64 and 48 ml g*.

The present paper deals with a conventional SBR plant nearby Vienna, where stable granules
were observed over several years. SVI of the activated sludge was mostly between 30 and
50 ml gt. A detailed analysis of the WWTP was undertaken to identify the reasons for this
extraordinary good settling behavior. Operational data of one year were considered. Additional
sludge investigations were conducted and supplemented by online nutrient measurements.

6.3 Description of the plant

Figure 6.1 shows a scheme of the WWTP Wolkersdorf, which includes a buffer tank with 450 m?3
and four activated sludge tanks as SBR with a volume of 2,646 m* each (21m x 21m x 6m).
The operation of each SBR is placed in series (e.g. SBR 1 is filled, while SBR 2 is in reaction
mode). The SBR are equipped with hyperboloid stirrer, but the stirrers are only operated
during feeding and between aeration with a mean daily mixing time of 4.4 h. Exchange ratios
depend on the inlet flow and are normally in the range of 11-19%. The plant was designed for
35,000 p.e., while the average load amounts to approx. 15,500 p.e. (COD) with peak loads of
approx. 20,000 p.e. during the wine campaign. Sludge is stabilized aerobically in the reactors
and is subsequently dewatered via centrifuge. Centrate from the sludge dewatering is pumped
into the buffer tank, where FeCls is dosed for phosphate removal. The SBR are filled with
wastewater from a pipeline from above under mixed conditions.
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Figure 6.1: Scheme of the WW'TP Wolkersdorf
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Table 6.1 shows the cycle time operation during dry and wet weather conditions. The
dry weather operation includes a 500 min cycle with a denitrification time of 170 min. The
wet weather cycle lasts 300 min with a feeding time of 60 min. Settling time is 60 min for
both operation modes with a subsequent 60 min decant period. The aeration of the SBR is
controlled to a set point of 2 mgDO L and is stopped to achieve nitrification and denitrification.
Moreover, pre-denitrification is achieved during the feeding time.

Table 6.1: Cycle time operation during dry and rain weather conditions [min|

Denitrification (Feeding) Aeration (Feeding) Settling  Decant
Dry weather 170 (130) 230 (0) 60 50
Wet weather - 120(60) 60 50

6.4 Wastewater characteristic

The WWTP treats municipal sewage and industrial wastewater from food industry and vini-
culture. About 20% of the COD results from food industry. Average COD/BOD; (biological
oxygen demand) ratios was 1.6, which indicates a higher biological availability of the COD.
Moreover, a metalworking company is connected to the sewer system and causes slightly in-
creased nickel and copper concentrations. Table 6.2 presents the average influent concentrations
as well as the 85-percentile. The sewage is characterized by a low N/COD ratio of about 0.06
(P/COD 0.01). Settle able substances in the wastewater were on average 10.7 ml L!.

Table 6.2: Mean influent concentration, 85-percentile during 2016

Influent COD |mg L] BODs [mg L | TN |mg L] TP [mg L !
(n—200) (n—52) (n—202) (n—298)

Mean 770 466 43.1 7.3

85-percentile 1,034 580 55.6 9.0
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6.5 Structure and settling behavior

As a first step of the investigation, the activated sludge was examined via microscopy (Fig.
6.2). The images of the biomass showed a mixture of sludge flocs and compact dense granules.
Numerous granules comprised sizes in a range of 200-500 pm. These compact sludge particles
were colonized by many sessile ciliates, which is often reported for aerobic granules (de Kreuk
et al. 2010, Li et al. 2013). Moreover, the biomass obtained a high abundance of Zoogloea spp.,
which was also reported by (Long et al. 2014, Sheng et al. 2010). The presence of filaments
was low.

Figure 6.2: Microscopic image of the activated sludge (Leica microscope)

Additionally, a Malvern Mastersizer 2000 was used to analyze the particle size distribution
of the activated sludge (Fig. 6.3). The investigated sludge sample had a SVI of 57 ml g with
a SVio/SV3q ratio of 1.21. VSS/TSS and COD/VSS ratio were 0.65 and 1.48, respectively.
The results were compared with particle size distributions of two reference samples from a
conventional activated sludge plant (CAS) in continuous-flow operation and additionally with
samples of a lab-scale SBR (AGS). Detailed information on the operation of the lab-scale SBR
can be retrieved from Jahn et al. (2019). Figure 6.3 indicates that the particle size diame-
ters of the full-scale SBR plant (WWTP Wolkersdorf) were between the results of the sludge
removed from the CAS and the AGS from the laboratory SBR. Approx. 10% of the particles
were smaller than 117 um, while 50% had a size above 329 um; in total, 74.4% of the analyzed
sludge particles from the WWTP Wolkersdorf reached a particle size above 200 pum, which is
characteristic for aerobic granular sludge. Overall, there was a higher fraction of middle ranged
particles. In comparison, the curves of the CAS samples and the granules from the SBR are
more flat, which is attributed to an overall wider size range.

Fig. 6.4 presents the SVI of the full-scale SBR for a period of 365 days, whereby the trends
are similar for all reactors. Due to refurbishment of the aeration system, SBR 3 was not in
operation for 83 days during summer. After the restart of SBR 3, the SVI increased to about
50 ml ¢! and was thus slightly above the values measured for SBR 1, 2 and 4. Up to May,
the SVI of all SBR were mostly between 40 and 50 ml g}, whereas during June and July the
SVI dropped below 30 ml g!. All reactors showed a reverse correlation between the temper-
ature and the SVI. The lowest SVI of approx. 30 ml g was measured at 22°C, while higher
SVI above 50 ml g! were related to temperatures of 15°C. Comparable, the settling velocity
of the total sludge bed (flocs and granules) was 3 m h™' at 15°C and 8 m h'! at 22°C. Up to
now, the temperature effect on AGS is only described in a few studies. Winkler et al. (2012c)
investigated the temperature effect on granules and found a two-fold difference in the settling
velocity (35-63 m h') for the same granule by increasing the temperature from 5°C to 40°C.
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Figure 6.3: Particle size distribution and dsg values for samples of the WWTP Wolkersdorf,
CAS samples and granules from the lab-scale SBR

The authors explained this observation by the fact that the viscosity of water decreases at
higher temperatures. Although, the annual difference in temperature was only about 10°C;
the viscosity effect could be a reason for the overall lower settling velocities during summer.
Moreover, the hydrolysis of particulate matter depends on the temperature too. An increased
hydrolysis during the feed could improve the COD uptake and thus the regular growth of the
granules. Otherwise, not hydrolyzed polymeric substances can cause the formation of irregu-
lar structures with decreased settling properties and higher SVI. The trend of the settling is
in line with de Kreuk et al. (2005b), where the start-up of AGS was tested under different
temperatures. A more stable granulation was detected at 20°C; in contrast to the start-up at
8°C, which lead to a more irregular growth of the granules. A further reason for poorer settling
properties during winter could be the increase of filamentous bacteria, especially Microthrix
parvicella was found to grow under lower temperatures (Knoop and Kunst 1998).
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Figure 6.4: SVI and temperatures of the SBR over a period of one year, starting in January

A further correlation was identified between the SVI and the measured COD and TN influ-
ent concentrations (Fig. 6.5). Slightly increased concentrations and loads were observed by the
end of the year (day 260), which correlates with increasing SVI. Average TN and COD load
was 96.3 kg d™' and 1,647 kg d before day 260 and raised to 121.1 kg TN d! and 2,450 kg-
COD d! afterwards. This increased load is probably attributed to the beginning of the wine
campaign, which normally starts in August/September. The annual data illustrate that the
higher concentrations appeared simultaneous to the declining temperatures. Thus, there could
be a strengthened impact of both parameters, since changing process conditions can affect the
microbial composition of the biomass, which can further affect the settling properties and SVI
(Kristensen et al. 1994).
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Figure 6.5: COD (left) and TN (right) influent concentration and SVI (SBR 4)

6.6 Treatment performance

Table 6.3 presents the average effluent concentrations as well as the 85-percentile of the mea-
sured data. The effluent concentrations and removal efficiencies complied with the legal re-
quirements throughout the year. Average COD and BOD removal achieved 94.2% and 98.3%.
TP removal amounted to 94.3% with an average effluent concentration of 0.4 mg L'! and TN
removal was calculated to be 83.3%. OLR was nearly constant over the year with an average
value of 0.06 kgCOD kgTSS™ d!, the volumetric loading was 0.23 kgCOD m™ d!. No settable
substances were measured in the effluent, indicating that the biomass was completely retained
in the SBR and not washed out during decant.

Table 6.3: Mean effluent concentration, 85-percentile during 2016

Effluent COD |mg L] BOD; [mg L' TN |mg L] TP [mg L]
(n—209) (n—52) (n—202) (n—298)

Mean 254 7.3 6.4 0.4

85-percentile 30.5 10.0 9.0 0.5

In order to describe the processes in the SBR, the NO3-N concentrations and the DO were
monitored in SBR 3 during a period of 10 d dry weather mode. Fig. 6.6 shows the course
of the measured concentrations during the cycle operation (A-E). Based on the data it can
be concluded, that there were no fully anaerobic conditions during feeding (A), since NO3-N
effluent concentrations were measured up to 5.0 mg L. Anaerobic feeding conditions were
established as soon as the NO3-N was depleted (pre-denitrification).

Low NO;-N effluent concentration (Figure 6.6, first cycle: NO3-N < 2 mg L) were found
to increase the anaerobic time up to 1 h. Anaerobic conditions during the feed are generally the
most important parameter for an aerobic granulation (de Kreuk et al. 2005a). Thwaites et al.
(2017) investigated the performance of a split anaerobic-aerobic feed to a complete anaerobic
feed and found comparable results for the granulation. This study is similar to the feeding
conditions of the WWTP Wolkersdorf, although this operation included first the anaerobic and
then aerobic conditions. During settling and decant, NO3-N was nearly constant since there was
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no further contact between the settled biomass and the purified wastewater limiting biological
reactions.
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Figure 6.6: Exemplary cycle for SBR 3 (A: Feeding, B: Denitrification, C: Aeration, D: Sedi-
mentation, E: Decant), NO3-N and DO under dry weather operation

During the year, TSS in the SBR ranged between 3.4 and 3.7 g L't with an ash content
of 67%. Excess sludge production varied between 0.38 and 0.40 gTSS gCOD™, which is in
line with the theoretical excess sludge production calculated according to ATV-DVWK-A 131
(2016). Muda et al. (2011) reported an excess sludge production in the range of 0.24 to
0.41 ¢TSS gCOD for AGS, with a decreasing sludge production correlated to an increasing
sludge retention time (SRT). Pronk et al. (2015b) reported a SRT of 20 to 38 d for a large-scale
Nereda plant. At the WWTP Wolkersdorf, the SRT amounted to approx. 40 to 50 d, being in
the range of plants operated for AGS.

The specific energy consumption of the biological stage was 21.6 kWh (p.e. a)! with a
total energy consumption of approx. 43 kWh (p.e. a)'. These values are in the common
range for Austrian WWTP with aerobic stabilization and an average energy consumption of
43 kWh (p.e. a)! (Haslinger et al. 2016).
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6.7 Discussion

The presented data of the SVI, particle size distribution and the microscopic images confirm
that the activated sludge of the WWTP Wolkersdorf have great similarities to AGS. In the
following part, potential reasons for the aerobic granular sludge formation on this WWTP are
discussed considering known parameters for improving the sludge structure and settling behav-
ior.

In order to face an upcoming demographic increase of the region, the WW'TP has currently
some spare capacity. Although, the sewage is characterized by high COD concentration (mean
770 mg L), the average OLR was 0.06 kgCOD kgTSS? d! and thus in a range reported by
Pronk et al. (2015b) for a large-scale Nereda plant. De Kreuk and van Loosdrecht (2006) state
that the COD load is an important process parameter for large-scale operation, especially the
availability of carbon during the feed is essential for the granulation. High concentrations of
organic substances allow a deep diffusion into the core of the granules; consequently, the sub-
strate is also available to microorganisms in the inner zones. This increased diffusion effect is
strengthened by high substrate concentrations and can be seen as a driving force towards larger
granules. Furthermore, the availability of the carbon source was found to effect the granules
formation too. Adler et al. (2017) investigated the AGS structure and nitrogen removal under
different substrates and found the largest granules for the reactor fed with volatile fatty acids.
An easy available carbon source is almost completely stored during the anaerobic feed, which
causes a slow grow rate of the heterotrophs with a compact granules formation. In contrast,
more complex substrates and particulate COD were found to promote the growth of irregular
structures (Adler et al. 2017, de Kreuk et al. 2010, Wagner et al. 2015). An irregular growth
appears, when particulate substrates are not completely hydrolyzed during the anaerobic phase.
Thus, the substrate is available in the aerated phase and favors a fast heterotrophic growth
that can lead to irregular forms (Adler et al. 2017). The sewage to the WWTP Wolkersdorf is
dominated by a large portion of industrial wastewater from food industry, which is reflected in
the lower COD/BODj ratio. Thus, it is assumed, that in the present study an easily available
carbon source contributes to the regular formation of granules since the COD is stored during
the anaerobic phase. In the case of an incomplete COD uptake, COD is available in the aer-
obic phase and can cause an irregular growth (van den Akker et al. 2015). A possibility to
improve the anaerobic COD uptake is the enlargement of the anaerobic contact time with an
increased hydrolysis of particulate organic matter (Wagner et al. 2015). A further driver for
the granulation is the nutrient to carbon ratio. The average N/COD ratio of the influent to
the WWTP Wolkersdorf was 0.06. This low N/COD ratio of the wastewater promotes a high
nitrogen removal (denitrification), which in turn ensures enlarged anaerobic conditions during

the feed.

Furthermore, it was assumed that the metalworking company and the increased heavy
metals are beneficial to the sludge structure by increasing the weight of the activated sludge.
Fig. 6.7 shows the heavy metal concentrations in the sewage sludge of the WW'TP Wolkersdorf
in comparison to average values from Germany (BMU, 2015) and Austria (Oliva et al. 2009).
The data indicate that the copper, nickel and chrome concentrations were only slightly increased
compared to the published average values, while other heavy metals were in the common range
for municipal WWTP. Thus, an effect of the heavy metals on the sludge structure due to metal
precipitation can be excluded.
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Figure 6.7: Heavy metals contents in sewage sludge compared to average values from Germany
(average) and Austria (median)

Operational data of the WWTP Wolkersdorf indicate that it is possible to develop aero-
bic granules on a full-scale SBR plant. The operation was contradictory to the known AGS
process, since there was no plug-flow feed applied. Generally, the anaerobic plug-flow feed
without mixing is considered as the most favorable feeding strategy since they result in high
substrate gradients in the sludge bed, which promote the growth of substrate-storing organisms.

Aerobic granulation is mostly linked to the accumulation of substrate-storing organisms,
whereby the operation mode is primarily intended to promote the enrichment of phosphate-
accumulating organisms (PAO). PAO are able to create polyphosphate storage and promote
the aerobic granulation due to a slow growth rate. Furthermore, P-accumulating granules are
characterized by an overall higher density (Winkler et al. 2011). Lin et al. (2003) investigated
the effect of different P/COD ratios on the SVI and specific gravity of aerobic granules and
found a higher specific gravity and lower SVI with increasing P/COD ratios. This observation
was explained by the fact that a higher phosphate availability promotes the accumulation of
P-storing organisms. Aerobic granules that were fed with a P/COD ratio of 0.01 in the wastew-
ater had a SVI of approx. 30 ml g!. These results are similar to the sludge of the WWTP
Wolkersdorf where the mean P/COD ratio was 0.01. Based on the operating data, the k-value
of the system was calculated. This parameter indicates the molar relationship between the
precipitant consumption and the removed phosphorus. A fi-value below 1.0 usually indicates
an enhanced biological phosphorus removal (EBPR). The annual average of the fs-value of the
WWTP Wolkersdorf was above 1.5 and thus in a range for municipal WWTP without EBPR.
In addition to PAO, aerobic granulation can also occur by the accumulation of glycogen-storing
bacteria (GAO) (de Kreuk and van Loosdrecht 2004). These organisms are able to create
storage polymer like PHB without an increased P-uptake. Unfortunately, there are no data
available for the microbial composition of the sludge. Thus, it is recommended to differentiate
the microbial composition by further investigations via DNA sequencing or FISH.

On the WWTP Wolkersdorf, the feeding is applied during denitrification by a pipeline from
above, i.e. no plugflow conditions are possible. However, due to the relatively low NO3-N
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concentrations in the effluent, it was proven that anaerobic conditions are achieved within
the denitrification and feeding phase. Compared to previous large-scale Nereda systems, the
activated sludge of the WWTP Wolkersdorf is stirred during feeding as well as between the
aeration intervals. The influence of stirrers on the aerobic granular biomass has not yet been
fully described yet; only a few studies investigated the effect of stirrers on the aerobic granular
sludge. For example, Nor Anuar et al. (2007) found a slightly decreased settling velocity with
an increased shear stress. Rocktéschel et al. (2013) reported smaller granules as a result of stir-
ring during the anaerobic feed compared to complete plug-flow feeding conditions. However,
this observation is probably more related to the lower substrate gradient caused by mixing.
SBR tanks of the WWTP Wolkersdorf are equipped with hyperboloid stirrers. This type of
stirrer is generally considered to be gentle to the sludge structure since the flow direction of the
particles is only switched and the particles are not destroyed by the mixing plates. The overall
mixing time is quite short with approx. 4-5 h per day.

Large-scale plants, which are designed according to the Nereda technology, are characterized
by a simultaneous feeding and decant phase (Pronk et al. 2015b). In the case of the WWTP
Wolkersdorf, the sedimentation takes place over a period of 60 min with a separate withdrawal
of likewise 60 min. A reduction of the settling time is not necessary, as the capacity of the
plant is currently not limited. Flocs are kept in the system, which allows the assumption that
the washout of slow settable biomass is less important for the granulation than the need for
anaerobic feeding conditions.

6.8 Summary

The operational data of the WWTP Wolkersdorf indicates that aerobic granular sludge with
excellent settling properties (SVI 30 to 50 ml g!) developed at a full-scale SBR. plant treating
municipal and industrial wastewater without special design considerations for aerobic granular
sludge. The granules formation on this plant can be seen as an interaction of different favorable
parameters. Especially, the anaerobic feed was identified as a driving force for aerobic granules.
Moreover, the sewage composition with an increased proportion of readily available carbon
and a low N/COD ratio is favorable for the formation of granules on this WWTP. The results
show that a high selection pressure (short settling time) is not crucial to form aerobic granules.
Our conclusion of this study is that the presented SBR operation promotes the formation of
granules-like aggregates, since there was a long filling time applied under non-aerated condi-
tions. We assume that changing the SBR operation mode towards this strategy could have a
positive effect on the sludge settling of existing SBR. plants.
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Chapter 7

Summary and Conclusion

Although the wastewater treatment with aerobic granular sludge has proven itself suitable for
SBR operation, which is confirmed by a rising number of full-scale plants, the effects on sub-
sequent treatment processes remain still unclear. The present thesis comprises three research
questions for AGS operation, which were investigated by the help of laboratory experiments.
The lab-scale tests were partly carried out within the framework of the research project "Gran-
ular activated sludge process in continuous-flow plants" (Grant number: GZ B401949), which
was supported by the Austrian Federal Ministry of Sustainability and Tourism. In a fourth
question, the reasons for the formation of aerobic granules on a full-scale SBR plant were in-
vestigated by the evaluation of operational data.

In the first objective, it was investigated under which conditions an aerobic granulation can
be realized in continuous-flow plants (CEFP). From prior studies it is known that stable AGS
formation requires anaerobic feeding conditions to allow the enrichment of substrate-storing
organisms. A continuous-flow setup was chosen, which included an anaerobic plug-flow reactor
to ensure high substrate gradients. A SBR was operated with AGS in parallel to compare the
biomass in terms of the particle sizes and settling properties. Togehter with the applied settings
it was possible to enrich PAO, which was evident in the release of phosphate during anaerobic
conditions. CFP operation resulted in a declining SVI to approx. 85 ml g!. The particle
size distribution of the sludge from the CFP showed that 72% of the particle sizes were above
200 pm, which is a characteristic size of granules. SVi,/SV3y ratio was 1.2 and thus slightly
above the sludge volume ratios of AGS cultivated in the SBR. Compared to the SBR operation,
the granules formation in continuous-flow was less pronounced. The results indicate that the
applied settings have contributed to an improved settling behavior, however, the granulation
in the SBR was much more apparent with overall larger sizes and lower SVI. In contrast to
the SBR operation, the use of agitators and pumps is required in continuous-flow systems to
avoid sludge deposits; thus, negative effects of the technical advices on the granulation process
cannot be excluded and should therefore be investigated in further studies. The separation
of the flocculent biomass was not controlled, which was probably the reason for the increased
amount of sludge flocs. A clear deterioration of the settling properties could be associated with
the appearance of nitrate and illustrates the importance to achieve sufficient nitrogen removal
and anaerobic feeding conditions.

A second research question was set to the effects on the subsequent downstream processes

such as the anaerobic stabilization and dewaterability of AGS. So far, only a few studies relate to
the anaerobic biodegradability of aerobic granular sludge, further investigations were performed
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to evaluate the methane production as well as COD and VSS degradation. The specific methane
production of AGS ranged from 263 to 285 mlCH, gVSS™t and 178 to 209 mlCH, gCOD . VSS
removal was calculated with 51 and 59%, which indicates an excellent biodegradation of AGS.
The experiments for assessing the dewaterability of AGS revealed an overall lower dewatering
behavior for the digested AGS samples, which was confirmed by a lower TSS content in the
dewatered samples after centrifugation. Reasons for the poorer water separation may be found
in an increased EPS content. The measured tryptophan in the extracted EPS matrix of AGS
was twice as high than for the EPS from a suspended sludge. Further reasons for the poorer
dewaterability can be an increased VSS content, since there was no targeted P removal applied
and no precipitants dosed to the lab-scale reactors. The increased phosphate level due to the
biological phosphate removal and the phosphate release under anaerobic conditions can also
be considered as reasons for a poorer dewaterability. Overall, it can be inferred from the re-
sults that AGS owns a good biodegradability, but a reduced water separation behavior after
digestion, which in turn can increase the disposal costs. Due to the nature of the experimental
setup, the results need to be verified with large-scale dewatering aggregates.

The third research question belonged to the emissions of NyO from aerobic granular sludge.
The measurements reveal that NoO is formed mainly during nitrification with emission factors
in a range from 0.54 to 4.8%. Literature referencens for full-scale activated sludge plants op-
erated with comparable OLR name a similar range with emission factors up to 1.5%. Overall,
higher N,O emissions were observed with rising OLR and nitrite levels (> 3 mg L'). The
operation with constant aerobic conditions resulted in a higher nitrite accumulation and N,O
formation compared to an intermittent aeration strategy. However, the intermittent aeration
allowed increased TN removal compared to the constant aeration strategy . The results indicate
that the same parameters (OLR, nitrite) contribute to increased NoO emissions in AGS as in
conventional activated sludge systems.

Moreover, a full-scale WWTP (SBR) was investigated, where the biomass offers excellent
settling properties throughout the year with SVI ranging from 30 to 50 ml g'. Since this
plant is not specially operated for aerobic granular sludge formation, the question was, which
settings contribute to the excellent settling properties and the formation of aerobic granules on
this WW'TP. Microscopic image of the sludge showed a high amount of granules with approx.
75% of the measured particles being larger than 200 pm. Operational data of one year were
evaluated. The SBR cycle comprises a long denitrification period, where the wastewater is sup-
plied to the reactor. Online measurements reveal that this operation strategy ensures anaerobic
conditions during denitrification, which is a widely applied operation strategy for aerobic gran-
ulation. Moreover, the sewage also comprises industrial wastewater with an increased amount
of easy available carbon. The presented data illustrate that under suitable operation with
anoxic-anaerobic feeding conditions, the formation of aerobic granules is possible at WWTP
without a special design for AGS.

In this study, the wastewater treatment with aerobic granules was found to be a promising
technology reaching excellent cleaning results and anaerobic biodegradation as well as compa-
rable nitrous oxides emissions as for conventional activated sludge. The benefits of the AGS
treatment process belong mainly to the structure of the biomass, which allows the design of
compact WWTPs. Although it has to be mention that a lot of plants already reach low SVI due
to suitable wastewater characteristics or adjusted plant design. For example, the application
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of anaerobic zones for suppressing filamentous growth was found to be a successful strategy
for improving the settling properties of the biomass. Anaerobic or aerobic selectors are often
implemented for full-scale WW'TPs in Austria. The experiments clearly reveal that the AGS
structure depends on the nitrogen removal, which indicates that the process requires very low
nitrate concentrations to enable the growth of substrate-storing organisms. These organisms
are required for stable granules formation. Although the performance under lab-scale condi-
tions allows an easy handling of the settings, the full-scale plant operation will be challenged
by realizing low nitrate levels. Nitrate removal is often limited to the nutrient ratios of the
incoming wastewater or the plant design. Thus, the AGS technology is confronted with both
requirements, excellent nitrogen removal and stable granules formation. Since currently, a lot of
aerobic granular sludge plants are still in the construction phase, the stable long-term operation
of AGS plants has to prove itself in the future.
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