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ABSTRACT
EXTRACELLULAR POLYMERIC SUBSTANCES IN OXYGENIC PHOTOGRANULES:
INVESTIGATION OF THEIR ROLE IN PHOTOGRANULATION IN A
HYDROSTATIC ENVIRONMENT
SEPTEMBER 2021
WENYE CAMILLA KUO-DAHAB, B.S., UNIVERSITY OF MINNESOTA AT TWIN CITIES
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Dr. Caitlyn S. Butler

The purpose of this dissertation was to assess the critical role of extracellular
polymeric substances (EPS) in the photogranulation of activated sludge, in a hydrostatic
environment.

The first section evaluates the fate and dynamics of different fractions of EPS in
sludge-based photogranulation under hydrostatic conditions. The study shows that
during the transformation of activated sludge into a photogranular biomass, sludge’s
base-extractable proteins selectively degrade. Strong correlations between base-
extracted proteins and the growth of chlorophyll a and chlorophyll a/b ratio suggest that
the bioavailability of this organic nitrogen is linked with selection and enrichment of
filamentous cyanobacteria under hydrostatic conditions. The results of soluble and
sonication-extractable EPS and microscopy also show that the growth of filamentous
cyanobacteria required large amounts of polysaccharide-based EPS for their motility and
maintenance. With findings on the progression of photogranulation, the fate and
dynamics of EPS, and microscopy on microstructures associated with EPS, potential

mechanisms of photogranulation occurring under hydrostatic conditions are discussed.
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The second section evaluates and shows that multiple EPS extraction methods
are required in order to characterize EPS during the transformation of activated sludge
into a photogranule in a hydrostatic environment. The present study reveals why
cyanobacteria are selected and how different fractions of EPS and their recycle leads to
photogranulation in hydrostatic conditions. Despite differences in sludge inoculum, EPS
extraction using five different methods, centrifugation, cation exchange resin (CER),
base, sonication, and heat, show that trends are significantly similar, statistically,
between two sludge sources (Amherst and Hadley). The results presented above show
that different EPS extraction methods are required to capture different fractions of EPS
with respect to protein, polysaccharide, and humic acid composition and organic carbon
and nitrogen content. EPS extraction methods for polysaccharides was found to be the
most biased, followed by humic acids, then proteins. This suggests that different
methods target different EPS fractions (more associated with polysaccharides), but may
share overlap between the methods (proteins and humic acids). All methods had
statistically significant moderate to strong correlations with one or more constituents,
chlorophylls, N-species, and select cations and anions, which have been previously
established as strong indicators of successful granule formation. These results suggest
that different EPS fractions are linked to multiple processes during hydrostatic
photogranulation, including the enrichment of filamentous cyanobacteria, nitrogen
metabolism and recycle of organic nitrogen, assimilation and biofilm incorporation of
ammonium (NH4*-N), and biofilm structure, further suggesting that the role of EPS is a

complex process with multiple courses of action.
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The final section focuses on the addition and role of cations for the enhancement
of activated sludge photogranulation in a hydrostatic environment. This study observed
that the addition of monovalent (sodium-Na*) and divalent cations (Calcium-Ca?* and
Magnesium- Mg?*), at specific concentrations 10-40 meq/L, leads to a higher percentage
of total and spherical granules, in comparison to light control (no cation amendment) and
dark control cultivations. Based on crude EPS, ammonium sulfate precipitation, and
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) results, Light+Ca?* treatments
show greater recovery of CER protein after ASP, and different recovery patterns in
comparison to light and dark control, suggesting that more hydrophobic protein is
available. This further infers that the addition of Ca?* may influence the hydrophobicity of
EPS proteins during hydrostatic photogranulation. After ASP, SDS-PAGE was applied
and banding pattern across the treatments showed same the EPS protein on a
molecular level which did not change with the addition of Ca?* (in comparison to control).
This may further imply that enhancement is more likely due to Ca?* cation bridging,

versus changes on a molecular level influenced by the microbial community.
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CHAPTER1

INTRODUCTION

1.1 Introduction

Population and economic growth have driven rapid rise in demand for water
resources. About 36% of the world’s population or over 2.4 billion people live-in water-
scare regions and lack access to an improved sanitation system many of them in
developing countries, where the incentive to invest in advanced wastewater treatment is
low (WHO/UNICEF, 2015). This has significant implications for public health,
environmental sustainability, and social equity. The United Nations (UN) Member States
have shared a blueprint for peace and prosperity for people and the planet, for now and
the future. At the heart of this plan are the 17 Sustainable Development Goals (SDGs)
which are a call for action by all countries with strategies that improve health and
education, reduce inequality, and contribute to economic growth. The SDG targets for
water include improving water quality, implementing integrated water resource
management, achieving water use efficiency across sectors, reducing the number of
people suffering from water scarcity, and restoring water-related ecosystems. In order
for countries to achieve the SDGs, governments will need to significantly increase levels
of wastewater treatment in these regions.

Developed countries rely on the activated sludge process to treat wastewater, a
100-year-old technology. Although this approach is effective for organic matter removal,
the process is very energy intensive- the shortcoming is aeration to dissolve O; gas into
wastewater, which accounts for about 50-60% of energy used at wastewater treatment
plants (WWTPs). Additionally, it has become more challenging to meet today’s

increasingly stringent effluent requirements including enhanced removal of nitrogen (N)



and phosphorus (P). The energy demands for current wastewater treatment is
approximately 75 billion kilowatt hours per year or about 3% of total energy consumed in
the United States (US), while mechanical aeration accounts for 25-60% of total plant
energy use (United States Environmental Protection Agency, 2010)

Additionally, a new paradigm shift at multiple levels aims to advance sanitation
services (i.e., wastewater treatment) toward a circular economy. Here, wastewater is
considered a valuable resource rather than a liability by fostering resource reuse and
recovery ensuring sustainable wastewater management, and has become a central
focus of the UN and Member States. Energy, potable water, fertilizers, and nutrients can
be extracted or recovered from wastewater- and used to help achieve SDGs. One of the
key advantages of adopting circular economy principles in the processing of wastewater
is that resource recovery and reuse can transform sanitation from a costly service to one
that is self-sustaining and adds value to the economy. Indeed, if financial returns can
cover operation and maintenance costs partially or fully, improved wastewater
management offers a double value proposition. Therefore, processes that reduce energy
consumption, meet enhanced removal standards, and can be adopted worldwide in a
circular economy are desperately needed.

To respond to these challenges, the research presented here in this document
advances the Oxygenic Photogranule (OPG) process that was developed previously
(Abouhend et al., 2018; Milferstedt et al., 2017; Park & Dolan, 2015; Stauch-White et al.,
2017). The OPG process is based on microbial symbiosis of microalgae and bacteria for
self-aeration and produces bioenergetic feedstock by wastewater treatment, closing the
wastewater treatment loop and contributing to a sustainable, circular economy. In this
process, phototrophs produce O in-situ and bacteria use this O, to degrade organic
matter. As a result, wastewater treatment could be accomplished without mechanical

aeration, while potentially producing useful bioenergy feedstock (Park et al., 2011; Ji et



al., 2018; Tiron et al., 2015; Zhang et al., 2021). Furthermore, symbiotic growth of
phototrophic and chemotrophic microorganisms leads to the removal of nitrogen (N) and
phosphorous (P) through the combinations of symbiotic metabolisms and assimilation.
The diverse metabolic capacity in these granules could therefore achieve nutrient
removal without adding an external source of organic C in anaerobic or anoxic reactions
(Park et al., 2011; Ji et al., 2018; Tiron et al., 2015; Zhang et al., 2021).

The discovery of OPGs began with the unexpected finding that microalgae (i.e.,
cyanobacteria) and other heterotrophic bacteria in activated sludge, form spherical
shaped biomass in “hydrostatic” environments (Figure 1.1) (Abouhend et al., 2018;

Milferstedt et al., 2017; Chul Park & Dolan, 2015; Stauch-White et al., 2017).

Natural or artificial light irradiation
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Figure 1.1: Formation of Oxygenic Photogranules Under Static Conditions

We applied this naturally occurring phenomenon to wastewater treatment and
found that OPGs also manifest in turbulently mixed reactor environments with flow-
through of wastewater, lending to the treatment of wastewater without aeration (Figure

1.2) (Abouhend et al., 2018).
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Figure 1.2: OPG Reactor Treating Wastewater with Photo of OPG Biomass Formed
During Reactor Operation

In addition to energy savings due to autonomous aeration, dense, granular OPGs
also enable effective biomass separation compared to activated sludge flocs, which can
further reduce operational costs and capital investment. It is hypothesized that due to the
photoautotrophic assimilation of CO,, the system recovers both solar energy and
chemical energy in wastewater in the form of easily harvestable biofeedstock — despite
the traditional view about wastewater, wastewater itself presents a renewable energy; in
the U.S. alone, the recovery of chemical energy in wastewater could generate 50-100
billion kWh per year, equivalent to energy from burning 90-180 million barrels of oil each
year. Overall, the OPG process shows the potential to substantially reduce costs for
wastewater treatment and generate enough energy to turn WWTPs into energy positive
green infrastructure.

However, though this process holds promise for advancing wastewater treatment
toward more sustainable practices, research gaps exist in the path toward developing
this process as a full-scale treatment system. A particular channel is cultivation of seed

biomass to populate large scale operation. We know OPG granulation is repeatable but



not consistently reproducible. This means that there are key biophysical phenomena that
are not yet understood to generate the desirable biomass in a consistent way. Currently,
very few studies have examined the formation of photogranules. Motivated by the direct
need for promoting the OPG system and with it improving conventional wastewater
treatment systems, the purpose of this dissertation is to advance our understanding of
photogranulation in a hydrostatic environment to better understand the network of
exocellular polymeric substance that stabilize OPG structure — the granular biofilm
structure that makes them uniquely suited to host the diverse microbial communities that
facilitate energy-efficient, advanced wastewater treatment. It is well known that EPS
production support commensalisms and redox gradient that allow diverse community to
coexist at the microscale. But the evolution of the EPS in the formation of oxygenic
photogranule is largely absent from existing literature. Here, | seek to begin to
understand the general trends in EPS development in OPG formation, understand the
characteristic groups of EPS through different methods of isolation, and how these
groups change with key chemical signatures that have been documented through EPS
formation. Following a literature review in Chapter 2, the work presented has been
divided into three separate sections with the following objectives:

1) To investigate the fate and dynamics of EPS during photogranulation on
activated sludge in hydrostatic conditions (Chapter 3),

2) To characterize different EPS fractions with multiple EPS extraction and
isolation protocols and build corollaries with key feature and biochemical
trends in hydrostatic photogranulation of activated sludge (Chapter 4), and

3) Through improved characterization of EPS fractions, understand if OPG
structure can be enhanced in a hydrostatic environment, and the stability of

OPG final structure, through cation addition to bridge EPS (Chapter 5).



The collective work pertains to the role of EPS during hydrostatic
photogranulation for the formation of photogranules. Through better understanding of the
EPS components of the OPG biofilm, OPG stability and performance in reactor
operation can be improved and, in turn, improve pollutant removal and energy efficient
wastewater treatment with the OPG process. As we further understand dynamics and
reproducibility that govern the hydrostatic photogranulation process, more resilient OPG
systems can be designed and scaled to advance this technology towards

implementation.



CHAPTER 2

REVIEW OF RELEVANT LITERATURE

2.1 Overview of Biological WWTP

Conventional aerobic biological wastewater treatment process, also known as
the conventional activated sludge (CAS) process, is the most widely and commonly
applied biological treatment technology (Encyclopedia of Ecology, 2008). CAS was first
developed in the late nineteenth century and applied at full-scale in 1913 by Arden and
Lockett in Manchester, United Kingdom. In the CAS process, oxygen is supplied via
surface aeration or immersed air-bubble diffusers. Oxygen is transferred to the bulk
liquid by ways of a liquid/air interface. Within the bulk liquid, suspended bacterial
biomass (activated sludge) grows by utilizing organic matter as substrate through a
series of chemical oxidation and reduction reactions, from the influent wastewater.

In advanced activated sludge systems, like biological nutrient removal (BNR),
nitrogen (N) and phosphorus (P) are removed simultaneously by different bacterial
groups. N is removed via nitrification/denitrification pathways. Nitrification is the oxidation
of ammonia into nitrite and nitrite into nitrate. The first conversion is performed by a
group of bacteria known as Nitrosomonas. The second step is done by a group of
bacteria known as Nitrobacter. Nitrifying organisms are autotrophic organisms that use
inorganic carbon (CO3) as their carbon (C) source. The second part of nitrogen removal
is denitrification, in which nitrite or nitrate is used as the electron acceptor for the
oxidation of organic C which is subsequently converted to N gas. This process takes
place under anoxic conditions. P is either removed by chemical precipitation or
biologically as part of the BNR process. The biological BNR P removal process involves

changing conditions between anaerobic and aerobic conditions. During the anaerobic



period substrates like acetate are taken up by the cell and stored as poly-3-
hydroxybutyrate (PHB) while hydrolysis of intracellular stored polyphosphate (poly-P) to
orthophosphate is released into the bulk liquid. Glycogen is converted to the reducing
equivalents necessary to convert acetate to PHB which is stored during the aerobic
period. In the aerobic or anoxic phase, PHB is used as substrate for cell growth,
polyphosphate synthesis and glycogen formation, without the presence of an external
substrate (Rittman & McCarty, 2001).

In CAS and BNR systems, microorganisms are usually present in the form of
flocs. Sludge flocs are composed of organic matter, inorganic cations and anions, and
other pollutants from the influent wastewater (Frelund et al., 1996; Higgins & Novak,
1997a,1997b; Park & Helm, 2008; Park et al., 2008a, 2008b; Park and Novak, 2007,
2009). Further, the organic matter within the floc is separated into microorganisms and
extracellular polymeric substances (EPS; Andreadakis, 1993; Durmaz, 2001; Frglund et
al., 1995, 1996; Guo et al., 2016; Higgins & Novak, 1997a,1997b; Park & Helm, 2008;
Park et al., 2008a, 2008b; Park and Novak, 2007, 2009; Steiner et al., 1976; Ye et al.,
2011). Activated sludge flocs are formed by direct interactions between cells, EPS and
other organic and inorganic matter in the floc or aggregate defined as cell-to- aggregate
interactions. Many of these direct interactions are a result from EPS that is produced in

response to physiochemical changes by microorganisms (Hermansson, 1999).

2.2 Aerobic and Anaerobic Granular Technologies

Up-flow anaerobic sludge blanket (UASB) systems, aerobic granular sludge
(AGS), and anaerobic ammonium-oxidizing bacteria (ANAMMOX) systems are granular
processes. UASB and AGS have been adopted, mostly in Europe, for secondary

wastewater treatment while ANAMMOX is typically used as sidestream treatment of



nutrient-rich streams (i.e., centrate and filtrate from processes like dewatering). In these
systems, microorganisms are present in the form of granules. Granules are dense,
spherical bioaggregates that can be formed in both aerobic and anaerobic environments
(Adav et al., 2008; Beun et al., 1999; Ding et al., 2015; McSwain et al., 2005; Zhang et
al., 2007; Zhu et al., 2015). The rigidity and structure of granules gives them several
advantages in comparison to flocs, including higher resistance to shear stress, protective
role for bacteria inside the granule against toxic compounds in the bulk liquid, facilitation
of solid-liquid separation, and enhancement of biomass retention by preventing washout
(Ding et al., 2015; Sheng et al., 2010). These advantages have increased the demand
for the use of granules in the wastewater treatment industry.

In UASB systems, methanogenic archaea and bacteria biodegrade organics
anaerobically and produce biogas. The complexity of the waste (substrate) being
treated, controls the composition of the bacterial communities residing in UASB systems,
and have been found to include fermentative organisms, fatty acid-oxidizing bacteria
(syntrophs), acetogenic bacteria and methanogens (Briones & Raskin, 2003; Rittman &
McCarty, 2001; Schink, 1992, 1997). It has been proposed that anaerobic granules are
structured by concentric layers of biofilm possessing different trophic groups of
microorganisms (Harmsen et al., 1996; Lens et al., 1993; Liu et al., 2003; Zheng et al.,
2006). UASB systems have been widely adopted around the world treating multiple
types of wastewaters (Sharma & Khan, 2008).

AGS systems are used for simultaneous aerobic degradation of organics, and
removal of N and P under aerobic and anoxic conditions in one sequencing batch
reactor (SBR; De Kreuk et al., 2010; Liu & Tay, 2004). Anaerobic ammonium-oxidizing
bacteria (ANAMMOX) can also be found in some AGS systems (Gao et al., 2011).
According to Gao et al. (2011), aerobic heterotrophic bacteria, ANAMMOX bacteria, and

facultative anaerobic bacteria are the three groups of microbial communities that form



AGS. These three communities are distributed throughout the granule based on their
specific niche (i.e., aerobic bacteria are located on the outside and exposed to oxygen).
AGS is a novel wastewater treatment process in comparison to CAS and BNR. It
consumes less energy, withstands variable organic loading rates and toxic compounds,
and facilitates solid-liquid separation (De Kreuk et al., 2010).

Currently, AGS has potential to replace CAS and BNR systems. However, even
though granular processes have demonstrated technological advantages the
mechanism of sludge granulation is still unclear. It is hard to design effective operational
strategies due to limited knowledge of the granulation mechanism. Thus, the AGS
system currently has limited engineering application (Adav et al., 2008; Beun et al.,

1999; De Kreuk et al., 2010; Liu et al., 2010; Seviour et al., 2009; Tay et al., 2001).

2.3 Microalgae Technologies

Cyanobacteria and green algae, or defined more broadly as microalgae, have
been investigated since the early 1950’s due to their rapid growth rate and ability to
sequester atmospheric or waste CO- from coal-fired power plants (Sheehan et al.,
1998). Today, microalgae sit at the nexus of wastewater treatment, energy recovery, and
energy production. Microalgae perform photosynthetic oxygenation and use light as their
source of energy producing oxygen as a byproduct from photosynthesis (Oswald et al.,
1952. Microalgae can grow in nutrient-rich wastewaters using N and P for cell synthesis
thus removing and reducing nutrient loads into receiving water bodies (Rittman &
McCarty, 2001). Multiple microalgae-based wastewater treatment processes have been
developed and applied in the last decade (Oswald et al., 1952). Oswald et al. (1952)
reported the use of a microalgae-bacterial symbiosis in open oxidation ponds or lagoons

for the removal of organic matter from sewage. Oswald et al. showed that microalgae
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provide oxygen to bacteria through photosynthetic oxygenation, and bacteria supply
microalgae with inorganic C from carbon dioxide (COz), N and other nutrients from the
degradation of sewage. Moreover, microalgae can be cultivated to produce biomass for
a wide range of applications, including biofuel production. Unlike other terrestrial biofuel
stocks (i.e., corn, soy, sugarcane and wheat), production of microalgae does not have
the same economic and environmental constraints as crop production (Strum & Lamer,
2011).

A serious bottleneck to microalgae-based wastewater treatment processes and
cultivation of microalgae for biofuel production is the harvesting of biomass (Pittman et
al., 2011; de Godos et al., 2011). Harvesting biomass alone increases the production
costs by 20-30% (Barros et al., 2017; Grima et al., 2003). This is due to the microscopic
sizes of microalgae (0.5-30 um; Benemann, 1977; Grima et al., 2003) limiting the
harvesting efficiency by low biomass concentration (0.2 — 2.5 g/L). Harvesting requires
the removal of large volumes of water to concentrate or dewater microalgal biomass,
forming a slurry that consists of 1-15% total solids concentration (Mata et al., 2010).
Centrifugation is also a proven technology and effective for harvesting, however, its high
capital and operational costs make this solution infeasible when the harvested biomass
is used for low-value applications. Usual separation techniques applied in wastewater
such as conventional sedimentation have low harvesting efficiencies in the case of
microalgal biomass (60-70%) and require the addition of coagulants (i.e., alum, lime or
polyelectrolytes) and/or biomass recycling to stimulate bioflocculation (Benemann, 1977;
Branyikova et al., 2018). On the other hand, filamentous cyanobacteria, with sizes of
about 200 um, can reduce the harvesting problem because they may be harvested more
easily by filtration. In addition, some filamentous cyanobacteria form aggregates and can
be harvested by conventional sedimentation or by flotation (De La NoUe & Basséres,

1989; Hori et al., 2002; Tiron et al., 2017).
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2.3.1 Microalgae-bacterial Flocs

Researchers have been focused on investigating floccular and granular forms of
microalgae-bacterial aggregates in order to avoid the physical (i.e., footprint, dewatering)
and economic costs associated with harvesting microalgae from traditional processes
like open lagoons and ponds (Grima et al., 2003). Gutzeit et al. (2005) developed
microalgae-bacterial flocs similar to activated sludge floc, that were quickly settleable.
Flocs ranged in size from 400-800 ym and mostly contained Chlorella vulgaris a
unicellular green alga. Gutzeit et al. operated batch and continuous flow reactors at both
lab and pilot-scale. Continuous flow stirred tank reactors (CFSTR) had a hydraulic
retention time (HRT) of 2-3 days, sludge age of 20-25 days, reactor depth of 0.3-0.5 m
and a biomass TSS of 1000-1500 mg/L. In the CFSTR, they showed an 88-93% removal
in chemical oxygen demand (COD) and dissolved organic carbon (DOC), total nitrogen

removal of 15%, and phosphorus removal of 53%.

2.3.2 Microalgae Granules

Tiron et al. (2015) first reported granular activated algae (GAA) for the treatment
of low-strength wastewater in sequencing batch reactors (SBR). Tiron et al. (2017)
showed that GAA were cultivated through the process of photogranulation. GAA starts in
a batch reactor with the addition of Chlorella sp. to activated sludge to form activated
algae flocs. From literature it is unclear whether activated algae flocs are then left in
batch reactors and the granulation process takes place in the batch reactor or if
activated algae flocs are used to inoculate an SBR and the granulation process takes
place in the SBR. GAA were found to have an optimum size range of 700-1,500 um and
mostly contained unicellular and filamentous microalgae, Chlorella sp. and Phormidium

sp., respectively. In the SBR, Tiron et al. (2015) showed an 86-98% removal of COD and
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11-85% removal of phosphorous. The transformation rate of ammonium (NH**) to nitrate
(NO*) was found to increase with an increase in oxygen (O2) percentage. A high
microalgae recovery efficiency or settleability was found ranging between 99.85 to
99.99% with a settling velocity of 19+3.6 m/h. Recently, de Godos et al. (2014) reported
that settling velocity of 0.28-0.42 m/h was achieved for cyanobacterial-bacterial flocs in a
photobioreactor. This suggests that GAA are highly efficient at settling. Arcila and
Buitron (2016) reported the use of microalgae-bacteria aggregates in a high-rate algal
pond (HRAP). These aggregates consisted of both flocs and granules, ranging in size
from 0.3- 1 cm and contained mostly unicellular (Scenedesmus sp.), filamentous green
algae (Stigeoclonium), and diatoms (Navicula and Nitzschia). The HRAP had an HRT of
2-10 days, and showed a 92% removal of COD, 85% removal of NH4*-N and 30%
removal of phosphate (PO4*-P). At an HRT of 6 days, the settling velocity was 8.3+0.8
m/h with 92.7% recovery efficiency, while at 10 days settling velocity was 1.4+0.2 m/h
with a 98.3% recovery efficiency.

Ji et al. (2020) reported on a self-sustaining synergetic microalgal-bacterial
granular sludge process towards energy-efficient and environmentally sustainable
municipal wastewater treatment. The authors developed a self-sustaining synergetic
microalgal-bacterial granular sludge process. The results showed that the microalgal-
bacterial granular sludge process was capable of removing 92.69%, 96.84% and
87.16% of influent organics, ammonia and phosphorus under non-aeration conditions
over a short time of 6 hours. The effluent could meet the increasingly stringent discharge
standards in many countries worldwide. A tight synergetic interrelationship effect
between microalgae and bacteria in granules was essential for such excellent process
performance. The stoichiometric and functional genes analyses further revealed that
most of organic matter and nutrients were removed through microalgal and bacterial

assimilations. Moreover, it was found that there existed a desirable distribution of
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functional species of microalgae and bacteria in microalgal-bacterial granules, which
appeared to be essential for the self-sustaining synergetic reactions and stability of
microalgal bacterial granules. Consequently, this work may offer a promising
engineering alternative with potential to achieve energy-efficient and environmentally

sustainable municipal wastewater treatment.

2.3.3 Oxygenic Photogranules

The oxygenic photogranule (OPG) process is a new granular technology with the
potential to replace the conventional activated sludge system (CAS) (Figure 2.1).
Milferstedt et al. (2017) and Abouhend et al. (2018) first presented oxygenic
photogranules (OPGs). In OPG systems, microorganisms are also present in the form
of granules (like AGS and UASB systems) (Figure 2.2). The OPG is a hybrid composed
of microalgae and bacteria. In contrast to AGS and UASB granules that only form under
hydrodynamic conditions, OPG are formed under both static and turbulently mixed
conditions. In the OPG process, cyanobacteria and microalgae perform oxygenic
photosynthesis to produce energy and oxygen as a byproduct. It has been proposed that
heterotrophic bacteria then use the oxygen to degrade organic matter (Abouhend et al.,
2018; Milferstedt et al., 2017). Since oxygen is produced in situ there is no need for
external aeration and chemical and solar energy from the wastewater are potentially

recovered in the form of value-added bio-feedstock.
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Figure 2.1: Process Scheme of Conventional Activated Sludge (CAS) System.
Upstream unit processes identical for both processes (screening, grit removal,
primary settling) are omitted from the figure for clarity. Line colors correspond to
liquid phase (blue) and sludge (brown).
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Figure 2.2: Process Scheme of Oxygenic Photogranule (OPG) System. Upstream
unit processes identical for both processes (screening, grit removal, primary
settling) are omitted from the figure for clarity. Line colors correspond to liquid
phase (blue) and photogranules (green).

OPGs are also microalgae-bacterial granules which range in size from 100-4,500
pUm and are composed of both motile, filamentous cyanobacteria, Oscillatoriales and

microalga Acutodesmus obliquus embedded in and surrounded by a matrix of

extracellular polymeric substances (EPS).
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Milferstedt et al. (2017) showed that photogranulation can occur with or without
the presence of hydrodynamic selection pressures. Authors revealed that the OPG they
formed in both conditions (static and hydrodynamic). Thus, this is different from AGS or
UASB granules which are typically created under hydrodynamic conditions without a
source of light (Tay et al., 2001). Milferstedt et al. also reported that both hydrostatic and
hydrodynamically formed granules share many of the same attributes, including a dense
outer layer of motile filamentous cyanobacteria and an inner section composed of
bacterial and other micro algal aggregates. The abundance of bacterial sequences in
OPG were found to be significantly less than the average maximum abundances of
cyanobacterial sequences. Further, this study showed that the bacterial sequences in
OPG were significantly different than bacterial sequences in activated sludge inoculum
at the start of OPG cultivation. The two most commonly found sequences were
associated with genera Sediminibacterium and Lysobacter. The majority of
cyanobacterial sequences in OPG were associated with Oscillatoriales and Microcoleus.
Most algal sequences detected in OPG were associated with Acutodesmus but in much
lower numbers in comparison to cyanobacterial sequences. Authors also reported that
OPG shared similar microbial composition and structure to naturally formed cryoconite
granules and microbial mats. Further, Milferstedt et al. reported that an increase in EPS
polysaccharide to protein (PS/PN) ratio occurs during photogranulation suggesting that
EPS PS are produced by filamentous cyanobacteria contributed to the formation and
stability of OPG.

Concurrently, Stauch-White et al. (2017) investigated the role of dissolved
inorganic nitrogen (DIN) in the successful formation of hydrostatic OPG. This study
proposed that the availability of DIN, particularly ammonium (NHs"N) is the key to
successful hydrostatic photogranulation and hypothesized that the decrease in NHs*N

may be due to assimilation by cyanobacteria. This study suggested the N may have an
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important role in the formation of hydrostatic OPG. The study also reported that
successful cultivations showed an increase in the relative abundance of cyanobacterial
16s rRNA gene (CYAN). The successful community had a greater relative abundance
(46%) of operation taxonomic units (OTUs) associated with genera Oscillatoria and
Geitlernema than the unsuccessful community (27%), supporting that filamentous
cyanobacterium are essential for successful OPG formation, and further supporting
results reported by Milferstedt et al. (2017).

Abouhend (2018) operated an OPG SBR with an HRT of 0.75 days and an SRT
of 21-42 days. Abouhend et al. showed a 77-86% COD removal with a total COD less
than 30 mg/L in the effluent, and 28-71% N removal over an operation period of 150
days.

Most recently, Ansari et al. (2019) reported the effects of seeding density on
OPG SBR with hydrostatically formed OPG. During the study, three SBR were seeded
with a different number (or density) of hydrostatic OPG which was approximately 600,
900, and 1100 mg/L for R1, R2, and R3, respectively. Overall results from this study
showed that different seeding densities resulted in significantly different granulation rates
and physicochemical characteristics of the biomass, including EPS proteins and
polysaccharides, hydrophobicity and biomass settleability. Authors found that R2
produced OPG with optimum compactness, spherical structure and increased
hydrophobicity along with highest biomass yield and EPS PN, PS and lipid
concentrations. Authors also showed that a negative correlation was found between
relative hydrophobicity and sludge volume index suggesting that a decrease in both EPS
PN and relative hydrophobicity caused a deterioration in settleability of the biomass. The
study also showed an increase in EPS PS/PN ratio similar to Milferstedt et al. (2017).

Abouhend et al. (2020) presented the changes in granular morphology and

phototrophic community in reactor photogranules. The authors reported that as
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photogranules grew larger, filamentous cyanobacteria became enriched while other
phototrophic microbes became significantly less abundant. Photogranules greater than 3
mm showed the development of a layered structure in which filamentous cyanobacteria
created concentric layers that enclosed other phototrophic and heterotrophic
microorganisms. Authors observed that the growth of photogranules significantly
impacted the production of oxygen, a key element for OPG wastewater treatment. Seven
size classes were used to classify photogranules. Photogranules in the 0.5-1 mm size
group showed the highest specific oxygen production rate (SOPR), 21.9 + 1.3 mg O./g
VSS-h, approximately 75% greater than the SOPR of mixed photogranular biomass.
Additionally, the authors discussed engineering the OPG process based on
photogranule size, promoting the stability of the granular process and enhancing
efficiency for self-aerating wastewater treatment.

Gikonyo et al. (2021) presented the hydrodynamic granulation of oxygenic
photogranules. Authors report that OPGs, granular assemblages of phototrophic and
chemotrophic microbes, offer a promising biotechnology for wastewater treatment with
self-aerating potential. Currently, the seed OPG is produced under hydrostatic conditions
with activated-sludge inoculum. They investigated the development of OPGs under
hydrodynamic conditions employing batches with different light, shear, and inoculum
conditions. The results demonstrated hydrodynamic granulation of OPGs from activated
sludge, presenting opportunities for rapid (less than 8 days) and bulk development. From
the matrix of conditions investigated, they found that granulation occurs only with some
combinations of different magnitudes of these input energies. For example, x4 dilute
inoculum combined with low light supported granulation under the different shear
conditions utilized. However, x4 dilution inoculum with high light and high shear did not
support granulation. This observed disparity in applied conditions suggests that OPG

granulation ensues only with favorable interaction of variable induced energy pressures
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coupled with biological response selecting for spheroidal aggregates. Multi-regression
analysis on temporal changes in the ratio of sludge volume index for 5 min to 30 min
settling, a metric for granulation, confirmed the intercorrelation of these energy inputs on
OPG granulation. Authors suggest that this granulation scheme, dependent on
goldilocks interaction of selection pressures, can potentially be extended to other

granules applied in wastewater treatment.

2.3.4 Modeling of Photogranules

Ouazaite et al. (2020) presented an experimental and modeling approach to
quantify phototrophic O production, heterotrophic O, consumption, and O diffusion in
filamentous photogranules. Authors used planar optodes for the acquisition of spatio-
temporal oxygen distributions combined with two-dimensional mathematical modeling.
Light penetration into the photogranule was the factor controlling photogranule activities.
The spatial distribution of heterotrophs and phototrophs had less impact. The
photosynthetic response of filaments to light was detectable within seconds,
emphasizing the need to analyze dynamics of light exposure of individual photogranules
in photobioreactors. Authors believe that studying other recurring photogranule
morphologies will eventually enable the description of photogranule-based processes as
the interplay of interacting photogranule populations.

Tenore et al. (2021) presented a mathematical model which describes both the
genesis and growth of oxygenic photogranules (OPGs) and the related treatment
process. The photogranule is modelled as a free boundary domain with radial symmetry,
which evolves over time as a result of microbial growth, attachment and detachment
processes. A system of hyperbolic and parabolic partial differential equations (PDESs)

have been considered to model the advective transport and growth of sessile biomass
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and the diffusive transport and conversion of soluble substrates. The reactor is modelled
as a sequencing batch reactor (SBR), through a system of first order impulsive ordinary
differential equations (IDEs). Phototrophic biomass has been considered for the first time
in granular biofilms, and cyanobacteria and microalgae are taken into account
separately, to model their differences in growth rate and light harvesting and utilization.
To describe the key role of cyanobacteria in the formation process of photogranules, the
attachment velocity of all suspended microbial species has been modelled as a function
of the cyanobacteria concentration in suspended form. The model takes into account the
main biological aspects and processes involved in OBGs based systems: heterotrophic
and photoautotrophic activities of cyanobacteria and microalgae, metabolic activity of
heterotrophic and nitrifying bacteria, microbial decay, EPS secretion, diffusion and
conversion of soluble substrates (inorganic and organic carbon, ammonia, nitrate and
oxygen), symbiotic and competitive interactions between the different microbial species,
day-night cycle, light diffusion and attenuation across the granular biofilm and
photoinhibition phenomena. The model has been integrated numerically, investigating
the evolution and microbial composition of photogranules and the treatment efficiency of
the OPGs-based system. The results show the consistency of the model and confirm the
purifying effectiveness of the OPGs technology, by analyzing the effects of the

wastewater influent composition and light conditions on the process.

2.4 Naturally Occurring Granules and Mats

There are several examples of microbial granules that are also produced in
nature. One example is the cryoconite granules which are spherical bioaggregates found
in melt holes on the surface of glacial ice around the world (Hodson et al., 2010;

Langford et al., 2014; Takeuchi et al., 2001, 2010). Cryoconite granules from different
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geographic origins were found to share similar physical characteristics and microbial
composition- a layered structure of filamentous cyanobacteria and EPS that encase
biomass composed of organic matter, and other phototrophic and heterotrophic
microorganisms. Cryoconite granules typically range from 0.3 to 4 mm in diameter
(Takeuchi et al., 2010). These granules are located on the sediment of the hole above
which a layer of water is present. Except during the melting period during summer, the
hole is presumed to provide a stagnant environment with a covering of ice, like a vial
cap. Interestingly, in cryoconite granules, it has been reported that EPS PS may control
the formation of these aggregates (Hodson et al., 2010; Stibal et al., 2006). The other
feature shared between OPGs and cryoconite granules is a strong filamentous
cyanobacterial community. In contrast to granules formed in bioprocesses, cryoconite
granules are found under conditions that defy the typical hydrodynamic environment
where aerobic and anaerobic granules are found.

Another example is the kefir granule. Two types of kefir granules exist, milk and
sugary kefir granules. Both types of granules are small, white, cauliflower-shaped
bioaggregates which are composed of EPS, various bacterial, mainly lactobacilli and
acetobacteria, and yeast species used in milk fermentation (Hsieh et al., 2012). Hsieh et
al. (2012) found that bacterial strains in the granules were significantly affected by the
fermentation substrate used. In addition, milk kefir granule EPS is composed of kefrin, a
complex heteropolysaccharide, while sugary kefir granule EPS mostly consisted of
dextran. The diameter of these granules ranges from 1 to 5 mm. The main mechanism
of their aggregation is the formation of EPS slime that is composed of polysaccharides.
The EPS slime connects the individual microorganisms together in an EPS matrix (Hsieh
et al., 2012).

Last, in microbial mats the combination of cyanobacterial filaments and EPS

matrix are thought to be the major constituents that form and maintain the mat structure

21



(de los Rios et al., 2004). Generally, the first step for the formation of layered microbial
mats is cyanobacterial colonization (Rossi & De Philippis, 2015). EPS has six main roles
in microbial mats: adhesion, structure, protection against a-biotic stress, bio-weathering
processes, for gliding motility, and as nutrient storage (Rossi & De Philippis, 2015).
Similar to a closed vial, microbial mats are closed systems maintained by phototrophic
microorganisms who use light for photosynthesis (Stal, 1995; Stuart et al., 2015. Thus,
microbial mats may be a good model system for OPGs regarding their environment,
layered structure, EPS composition, and community of cyanobacteria.

However, the question remains, why do some aggregates form spherical shapes
while mats remain as flat, layered sheets? The static conditions and similarities between
natural granules, mats and OPGs may hold the key to answer that question. One
example is from a study by Castenholz (1968) where he first reported the natural
aggregation of filamentous cyanobacteria, Oscillatoria terebriformis, isolated from a
microbial mat. Castenholz observed that in nature, in flowing water Oscillatoria formed
mats, however in the stationary Petri dish in the laboratory Oscillatoria showed motile
responses by forming a single dense, spherical mass. With agitation, the spherical mass
dispersed initially, but aggregated after a few minutes. Thus, when taken from a
hydrodynamic environment and placed in a static, controlled environment with light, a

spherical mass persisted.

2.5 Extracellular Polymeric Substances (EPS)

2.5.1 Definition of EPS

Extracellular polymeric substances (EPS) is a heterogeneous mixture of material

that is organic and inorganic. EPS are major components of microbial bioaggregates
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(also commonly known as biofilms)- flocs, mats, granules. EPS are produced by
archaeal, bacterial, and eukaryotic microorganisms (Dignac et al., 1998; Flemming et al.,
2007; Frglund et al., 1996; Higgins & Novak, 1997a, 1997b; Liu & Fang, 2002;
Wingender et al., 1999). EPS are located directly on or outside of the cell surface and
are generally characterized with respect to their association with cell surface. This also
makes it difficult to truly define EPS as it is based on numerous environmental
parameters such as microorganisms, substrate, pH, ion availability, organic and
inorganic matter.

The key components of activated sludge EPS are protein, polysaccharides, and
humic substances. Significant amounts of uronic acids, nucleic acids, and inorganic
cations and anions are also present. The EPS matrix in activated sludge can vary in the
composition of these components and can be affected by multiple factors including
influent wastewater characteristics, growth conditions, bioreactor parameters and
operation, extraction method and analysis (Wingender et al., 1999; Nielsen & Jahn,
1999). Earlier studies have shown that polysaccharides are the most abundant EPS
components in activated sludge (Brown & Lester, 1980; Morgan et al., 1990). In contrast,
multiple studies have shown that the quantity of EPS proteins is two of three times
higher than polysaccharides in activated sludge (Comte et al., 2006; Dignac et al., 1998;
Frelund et al., 1996; Higgins & Novak, 1997a, 1997b; Liu & Fang, 2002; Nielsen et al.,
1996; Urbain et al., 1992; Wingender et al., 1999). Studies have also reported the
presence of glycoproteins that are present in activated sludge EPS (Goodwin & Forster,
1985; Horan & Eccles, 1999; Jorand et al., 1998). Glycoproteins function as receptors
and are present on cell surfaces (Wu, 2003). They are also known to exhibit acidic and
hydrophobic properties (Jorand et al., 1995). Park and Novak (2009) reported the

presence of glycoprotein specific lectins in hydrophobic regions of activated sludge EPS.

23



The study also showed that lectin-mediated bacterial aggregation is one mechanism for
activated sludge bioflocculation.

EPS can be subdivided into two forms, soluble EPS (soluble macromolecules,
colloids, and slimes) and bound or biomass-associated EPS (sheaths, capsular
polymers, condensed gels, loosely bound polymers, and attached organic material)
(Wingender et al., 1999). As of late, researchers have reported further subdividing bound
EPS into tightly bound (TB) or loosely bound (LB) fractions. TB-EPS may include
sheaths, capsular polymers (Seviour et al., 2012) while LB-EPS can include gels and

amorphous structure-like EPS (McSwain et al., 2005).

2.5.2 EPS Extraction Methods

Multiple methods have been applied to study and extract EPS from a variety of
substances, including but not limited to pure cultures, mixed cultures, activated sludge
floc, mats, and granules (Adav et al., 2008; Adav & Lee, 2008; Basuvaraj et al., 2015;
Brown & Lester, 1980; Caudan et al., 2014; Comte et al., 2006 d’Abzac et al., 2010a,
2020b; Frglund et al., 1995, 1996; Gong et al., 2009; Guo et al., 2016; 1996; Jahn &
Nielsen, 1995; Jorand et al., 1995, 1998; Klock et al., 2007; Kuo-Dahab et al., 2018; Liu
& Fang, 2002; Li & Yang, 2007; McSwain et al., 2005; Monique et al., 2008; Nacher et
al., 2013; Ni et al., 2009; Park et al., 2008a, 2008b; Park & Novak, 2007, 2009; Seviour
et al., 2012; Sheng & Yu, 2006; Takahashi et al., 2009; Toyofuku et al., 2012; Weber et
al., 2007; Zhang et al., 1999). Table 2.1 presents different physical and chemical
extractions methods, and a combination of methods used sequentially for a variety of
systems. Multiple researchers have shown that no universal method exists that extracts
for all EPS and typically a combination of methods is required to study the complete EPS

matrix (Novak & Higgins, 1997a, 1997b; Park & Novak, 2007, 2009; Park et al., 20083,
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2008b). Multiple physiochemical interactions occur in the EPX matrix and include
repulsive forces, electrostatic attractive forces, ionic attractive forces, hydrogen bonding,
and van der Waals interactions (Flemming et al., 2010). Extraction methods need to
have enough potency to break these interactions but gentle enough to avoid cell lysis
and intracellular contamination (Nielsen & Jahn, 1999).

Physical methods apply shear to extract EPS and include centrifugation,
homogenization, mixing, shaking, sonication, and thermal treatments (i.e., dry heat or
steam). Centrifugation is a separation process that uses centrifugal force to promote
settling of particles in a solid-liquid mixture. The settling or sedimentation of particles in a
liquid results from the difference in density between the solids and particles and liquid
and is achieved using a centrifugal force that is greater than the gravitational force.
Based on differences in their mass, particles, like proteins, can be separated out from
solution by centrifugation. Mechanical homogenizers use liquid shear to cause
disruptions breaking interactions in EPS. Mixing and shaking can be in various forms
and can include mortar and pestles, manually shaking and stirring, and pumping to
create shear and cause disruptions. An ultrasonic homogenizer of sonication applies
sound energy to agitate particles. Ultrasonic waves are used to create pressure
variations and cavitation in a mixture, transforming sound waves into mechanical energy
by the growth and collapse of bubbles. Thermal treatments include both dry heat like
(i.e., oven), steam heat (i.e., autoclave), and boiling.

Chemical methods use the addition of a variety of chemicals to break EPS
interactions and linkages in the EPS matrix (Table 2.1). Chemical extraction methods
include, but are not limited to, alkaline or base treatment, cation exchange resin (CER),
EDTA, ethanol, formamide, formaldehyde, and glutaraldehyde. Of these treatment
methods, base and CER treatment are most commonly used for activated sludge,

aerobic and anaerobic granules. Alkaline or base extraction increases the pH to greater
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than 9 which causes ionization of charged groups like carboxylic groups in biopolymers
(Nielsen & Jahn, 1999). At high pH covalent bonds are also broken and uronic acids are
degraded (Zayas, 1996). Park and Novak (2007, 2008) used base treatment at pH 10.5
to selectively extract aluminum (AIP*) -bound EPS from activated sludge, based on the
solubility of AI** (Park et al., 2007; Park et al., 2008a, 2008b) In addition, this study also
found that base extraction also releases iron (Fe?*3*) from sludge and extracts Fe?"**-
bound EPS. During anaerobic digestion, Fe*" is reduced to soluble Fe?* releasing any
EPS that is bound with Fe2*3. Similar to base extraction, CER is known to select and
extract for EPS bound with divalent cations, Ca?* and Mg?* (Higgins & Novak, 1997a,
1997b; Park & Novak, 2007). Divalent cations cross-link negatively charged sites on
EPS, binding to microbial cell surfaces and more EPS. Higgins and Novak (1997a,
1997b) and Park and Novak (2007) proposed that these cations were mostly associated
with EPS proteins versus polysaccharides suggesting proteins are the dominant force in

bioflocculation of activated sludge.

2.5.3 Cyanobacterial EPS

Polysaccharides synthesized by filamentous and unicellular cyanobacteria can
vary greatly in composition based on the glycosidic bond between different
monosaccharides (Delattre et al., 2016; Pereira et al., 2015). The diverse array of
polysaccharides each have different chemical and physical properties (Periera et al.,
2015). The physiological functions of polysaccharides show a great deal of variety and
depend on the structure and form of each polysaccharide. Polysaccharides are both
excreted as EPS and provide carbon and energy reserves for many cells (Stuart et al.,
2015). In cyanobacteria polysaccharides synthesis and export are well described by

Pereira et al. (2015). Briefly, monosaccharides are converted into activated nucleotide
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sugars in the cytoplasm. Next, nucleotide sugars are pieced together by
glycosyltransferases (key enzymes) and moved to carrier molecules in the plasma
membrane. Last, one of three and/or a combination of the three pathways is used to
form polymer chains, fits the chains together, and transfers them out of the cell. These
three pathways are the Wzy, ABC transporter, and Synthase-dependent pathways
(Pereira et al., 2015). Recently, Pereira et al. also identified genes encoding the PN that
are related to the three pathways used for moving the polymer chains out of the cell.

The monosaccharide composition of cyanobacterial EPS has been well studied
(Delattre et al., 2016; Di Pippo et al., 2013). Polysaccharides produced by cyanobacteria
are mainly composed of glucose, galactose, and xylose, even though other
monosaccharides such as mannose, fucose, and rhamnose, ribose, arabinose, fructose,
galacturonic acid, and glucuronic acid are present (Delattre et al., 2016; Di Pippo et al.,
2013). In 1987, Tease and Walker first reported the change in bound EPS (sheath)
polysaccharide composition from cyanobacterium Gloethece when exposed to different
nitrogen sources. In 1998, Hoiczyk found that in flamentous cyanobacterium,
Phormidium uncinatum, monosaccharide composition varied between soluble and bound
EPS. The composition for soluble (slime) EPS was found to be <5% arabinose and
rhamnose, 12% xylose, 18% galactose and 60% glucose. In contrast, the study found
bound (sheath) EPS to be composed of 3% rhamnose, 9% fuccose, 10% galactose,
11% arabinose, 33% xylose, and 34% glucose.

Multiple species of unicellular and filamentous cyanobacteria are known to
produce polysaccahride- based EPS (Hoiczyk, 1998; Mota et al., 2013; Otero &
Vincenzini, 2004; Pereira et al., 2015). Cyanobacteria are known to have distinct cell
surfaces formed by structures that are involved in the secretion of EPS (Hoiczyk, 2000).
Cyanobacterial EPS can be subdivided into slime, tubes and sheaths. These are all

associated with the cell surface but differ in thickness and consistency (De Philippis &
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Vincenzini, 1998; Rossi & De Philippis, 2015). Slime is a mucilaginous substance that is
loosely dispersed around the cell. Sheaths and tubes are generally thicker and more
tightly bound around the cell. Cyanobacterial EPS is mostly composed of
heteropolysaccharides which make them an attractive source for polymers in industrial
applications (Rossi & De Philippis, 2015). Like other EPS-producing microorganisms, the
type and abundance of cyanobacterial EPS produced are also based on several factors
including environmental conditions.

Synthesis of EPS in cyanobacteria relies on culture conditions and is believed to
be a part of their response to different types of stress (i.e., UV light intensity, salt stress,
nutrient stress, etc.; Stal, 1995; De Phillippis et al., 1996; De Phillippis & Vincenzini,
1998; Otero & Vincenzini, 2004; Trabelsi et al., 2008; Wingender et al. 1999). The
synthesis of EPS was observed to be enhanced by nitrogen limitation in Cyanothece and
Anabaena sp. (De Philippis & Vincenzini, 1998; Moreno et al., 1998). Various nitrogen
sources have also been shown to affect EPS production in cyanobacteria. Lupi et al.
(1994) showed that different concentration levels of EPS were produced depending on
whether the nitrogen source was nitrate ammonium, or urea. Ozturk and Aslim (2010)
showed that under salt stress, cyanobacteria Synechocystis sp. both increased EPS
production and varied EPS composition. Filamentous cyanobacteria also produce EPS
for gliding maotility. In new cultures of Phormidium sp., gliding motility and slime EPS
were both present. In old cultures (6-7 weeks), under nutrient stress, cyanobacteria
produced sheaths which in turn inhibit motility (Hoiczyk, 1998). Cyanobacteria were also
found to vary sheath composition depending on nitrogen source availability (Tease &
Walker, 1987). Hoiczyk (1998) observed that motility was not seen in ensheathed
phormidium sp. filaments. Cyanobacteria with this capability range from unicellular
(Synechocystis sp. PCC 6803) to filamentous (Nostoc punctiforme; Wilde & Mullineaux,

2015).
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In addition to EPS production, in times of stress cyanobacteria have the ability to
recycle and utilize organic carbon for survival (Herrero et al., 2001; Stuart et al., 2015).
Stuart et al. (2015) found that cyanobacteria degrade and incorporate extracellular-
derived carbon from its own soluble EPS. Also, the authors confirmed that
cyanobacterial enzymes in mats and biofilms are capable of extracellular protein

degradation, and o~ and -glucan hydrolysis.

2.5.5 Role of EPS in Granulation and Aggregation

EPS plays a major role in the formation/aggregation, protection, and architecture
of microbial aggregates (Liu et al., 2004; Limoli et al., 2015). The polysaccharide to
protein interaction, hydrogen bonding, and ionic interactions within the EPS matrix also
interact with the environment. The entire EPS matrix has an effect on the structural and
physiochemical properties of bioaggregates. Some of these properties are surface
charge, dewaterability, structural stability, settleability, flocculation, and rheology (Adav
et al., 2008; Liu et al., 2003; Park et al., 2006; Park & Novak, 2007; Seviour et al., 2009;
Ye et al., 2011). In addition, EPS can also undergo enzymatic degradation to simpler
molecules to become available for bacterial utilization in their metabolism (Frelund et al.,
1995).

Cations have been shown to have a significant effect on the bulk properties of
activated sludge. Novak and co-workers (Higgins & Novak, 1997a, 1997b; Novak &
Haugen, 1981), showed that for both lab-scale and full-scale wastewater treatment
systems, sludge settling, and dewatering properties could be improved by the addition of
cations to the influent wastewater. In each case, settling properties were improved with
the addition of calcium (Ca?*) or magnesium (Mg?*). Batch addition of cations to

activated sludge also showed improvement in the sludge settling characteristics (Higgins
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& Novak, 1997a). Zita and Hermansson (1994) described the role of cations in floc
formation in terms of the Derjaugin, Landau, Verwey and Overbeek (DLVO) theory.
Using this theory, the presence of cations reduces the separation distance between
negatively charged bacteria promoting flocculation. They found that both monovalent
and divalent cations had the same capacity to enhance flocculation and no ion exchange
was observed. In contrast to this model, Higgins and Novak (1997a) proposed that
cations were involved in flocculation through ionic bridging. In this case, the negatively
charged sites of extracellular polymeric substances (EPS) are bridged by cations.
Higgins and Novak (1997a) also maintained that according to the DLVO theory, settling
and dewatering should be improved with sodium (Na*) at any concentration. This was
experimentally shown not to be the case. The cationic bridging model was also proposed
by Kakii et al. (1985) and Eriksson and Alm (1991) who found the removal of calcium
from sludge with a chelating agent (ethylenediaminetetraacetic acid (EDTA)), resulted in
reduced settling and dewatering characteristics. Cousin and Ganczarczyk (1999)
investigated the effect of Ca?* on specific floc properties such as size and density. It was
found that the addition of calcium (> 4 meq/L) resulted in an increase in floc size and a
decrease in porosity. A minimum addition of 4 meg/L was thought to be necessary to
overcome the ion exchange between competing ions, such as Na*. The increase in floc
size was then speculated to be due to the formation of Ca?* bridges among microbial
aggregates and particles. Biggs et al., 2001 investigated the effect of Ca?* on activated
sludge flocculation dynamics using a unique experimental technique. The technique
allowed online analysis of the size of activated sludge flocs during flocculation. Activated
sludge samples were firstly sonicated for 3 minutes at 50W and then stirred at 100 rpm.
The floc size was subsequently measured on-line using a Malvern Mastersizer/E. For
concentrations of Ca?* less than 4 meg/L no significant increase in final floc size was

observed even though an increase in the initial rate of change of floc size could be seen.
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Addition of Ca?* greater than 4 meq/L resulted in an increase in floc size. Results from
this investigation support the theory that cations are involved in flocculation through
cationic bridging, and will be used in ongoing investigations to model the flocculation
process.

Caudan et al. (2014) reported that alpha (1-4) glucans and proteins play role in
aerobic granulation, and proteins were found to be distributed throughout aerobic
granules. Caudan et al. suggested that granule cohesion depends partially on Ca?*
linkages with anionic proteins in EDTA extracted EPS. The EPS protein pool was found
to contain two major fractions, one group corresponding to low molecular mass proteins
(~1.6 kDa) and one group corresponding to high molecular mass proteins (~200 kDa).

Granulation is the development of a dense, spherical mass from the aggregation
of microorganisms, and organic and inorganic matter. EPS is believed to facilitate and
improve granulation in addition to the physiochemical and structural roles EPS play
within the aggregate (Adav et al., 2008; Liu et al., 2004; McSwain et al., 2005; Seviour et
al., 2009). The anionic nature of EPS gives it its ability to be used as a cohesive
construction material.

Currently, granules used in biological wastewater treatment and energy recovery
processes are generated in hydrodynamic conditions. Anaerobic granular sludge was
first found in up-flow anaerobic sludge blanket (UASB) reactors in the 1980s (Lettinga et
al., 1980). In 1997, Morgenroth et al. used an up-flow aerobic sequencing batch reactor
to develop aerobic granular sludge. Hydraulic shear force and settling time are prevalent
in these types of systems and have been known to be essential for the formation of
granules (Tay et al., 2001). In addition, granulation is influenced by other factors, such
as organic loading rate, dissolved oxygen, starvation periods, temperature, the presence

of divalent cations, and quorum sensing molecules (Gao et al., 2011; Tan et al., 2014.

31



There are multiple theories for the mechanisms of granulation, i.e., Liu and Tay
(2002) and Zhou et al. (2014), and EPS has a significant role in each theory. Whether
cell- to-cell adhesion or aggregation, it is suggested in literature that EPS components
(polysaccharides and proteins) have a significant effect and role in granulation. In 1999,
Beun et al. first proposed a mechanism based on short settling time. Authors believed
that filamentous fungal pellets were a substratum for bacterial growth. With time, pellets
disintegrated under hydraulic shear force and bacterial colonies remained due to the
short settling time (Beun et al., 1999). Then, Tay et al. (2001) found that the combination
of higher hydraulic shear stress and shorter settling times stimulated PS production in
aerobic granules. Authors also found that an increase in PS changes the surface
properties of microorganisms and induces granulation. An increase in PS/PN ratio was
observed with granulation, however this remains controversial as PS/PN ratio is
dependent on many aspects of operation. Table 2.1 was modified from Ding et al. (2015)
to summarize EPS composition in different systems. In 2002, Liu and Tay proposed the
first four-step process that has been the norm for granulation: 1) motility to initiate cell-to-
cell contact, 2) initial attractive forces to stabilize aggregates, 3) production of EPS to
adhere cells to larger aggregates and 4) hydrodynamic shear force that shapes a stable
granule structure. In this four-step process, EPS can potentially play a significant role in
steps one through three.

In 2014, Zhou et al. proposed the first granulation mechanism without microbial
selection pressure as a requirement for granulation. The mechanism includes the
following four-steps: 1) growth of young granules and aggregation (due to collision and
EPS), 2) increased granule growth due to attachment of floc to granules, 3) mature
granule formation by self-aggregation, and 4) detachment of biomass and re-
aggregation to form new granules. In contrast to the Liu and Tay (2002) theory, the

authors found that granulation was a result of random aggregation during steady state
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operation. Further, Zhou et al. claimed that microbial selection pressure is not a factor
for granulation since no change was found in microbial communities.

In both mechanisms, EPS polysaccharides and proteins are thought to play
major roles in granulation. However, mechanisms are not the only topics that remain
controversial. The fate and dynamics of EPS (composition and PS/PN ratio) are also
debatable. McSwain et al. (2005) and other authors observed that PS covered the outer
layer of aerobic granules while proteins remained in an inner core (Adav et al., 2008;
Adav & Lee, 2008). In contrast to Tay et al. (2001), these authors found that PS/PN ratio
decreases for aerobic granules- Table 2.1. While Cauden et al. (2014) found that
proteins are not only in the core of the granule but are distributed throughout, while
polysaccharides are arranged in a layer only around microorganisms. The authors
showed that the most crucial biomolecules are a (1-4) glucans and anionic proteins that
act as the main force for granule cohesion. Authors also found that divalent cations play
a major role in the aggregation mechanism, like cation bridging in activated sludge floc.
In a more detailed analysis Seviour et al., 2012 found that EPS polysaccharides consist
of more than one polysaccharide that create a gel-like structure in granules, coined
Granulen and Alginate-Like Exopolysacchardides (ALE). On the other hand, some
studies have also found that proteins favored the formation of aerobic granules and
enhance granule electronegativity and surface hydrophobicity (Cauden et al., 2014;
Laspidou & Rittmann, 2002; McSwain et al., 2005; Zhang et al., 2007). Multiple studies
have reported varying PS/PN ratios (Table 2.1). Thus, it makes it difficult to draw a
conclusion about the role of EPS composition in granulation and it remains a

controversial topic.
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2.6 Ca?* Addition in Aerobic Granules

Ca*? addition is shown to enhance granulation in aerobic granules. Multiple
researchers have studied the effects of divalent cations/metals, such as Ca?* and Mg?*,
in the granulation of aerobic granules. Jiang et al. (2012) in their investigations, used
wastewater containing 100 mg/L of Ca?* and reported that the time to cultivate metal fed
granules was considerably decreased to 16 days compared with 32 days without adding
Ca?*. The settleability and EPS of Ca?* catalyzed aerobic granules were higher than the
sludge without metal augmentation. A similar study was also conducted by Liu et al.
(2010) using Mg?* as the bivalent metal, and a positive correlation between Mg?*
addition and the time to achieve granulation was observed, but the effect was slightly
slower than that from Ca?* addition. Both of these publications assumed that the positive
charge of divalent metals neutralized the overall negative charge on the surface of the
microbial biomass and EPS molecules and thus helped to enhance the granulation
process, but these studies did not provide any experimental evidence of this
phenomenon occurring. Liu et al., in the comparison of Ca?* and Mg?* addition to
granules, stated that the better performance of Ca?* over Mg?* during the granulation
process was because the former (because of its positive charge) acted as a bridge to
make cross-linked structures for the union of negatively charged organic components of
sludges, and the latter failed to do so. However, the problem is that Mg?* is also a
positively charged metal, and contradicts the hypothesis questioning, why granulation
with Mg?* addition didn't follow a similar structure during the granulation process.
Similarly, contradictory findings had been reported for EPS produced by using different
divalent metals during the sludge granulation process. EPS mainly consists of proteins
and polysaccharides and is responsible for developing various properties of aerobic

granules by changing the surface characteristics due to the presence of active functional
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groups, such as hydroxyl, carboxyl and amide, on their molecules. In another study,
Sajjd and Kim (2015) operated three aerobic granular sludge SBR reactors were run for
60 days; R-1 functioned as a control reactor, whereas R-2 and R-3 were operated by
dosing 25 mg/L of Ca?* and Mg?*, respectively, and the other operating conditions were
similar in all of the SBRs. The granulation rate, particle size and sludge settleability were
rapidly increased by Ca?* addition, whereas the sludge dewaterability was significantly
enhanced by Mg?* augmentation. During the investigations, R-1, R-2 and R-3 had 1.31,
2.98- and 1.58-times higher quantities of polysaccharides, whereas proteins were 1.28,
1.74 and 2.41 times, respectively, more abundant than seed sludge. The divalent metals
profoundly changed the composition of EPS, but their total contents were almost similar.
XPS and FTIR results showed that Ca?* bonded strongly with hydroxyl groups of
polysaccharides due to there being less steric hindrance than proteins, and Mg?*
preferably bonded with amide groups of proteins and found no such hindrance due to its
smaller size and thus changed the composition of EPS, which eventually altered the

granular sludge characteristics.

2.7 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) has
been utilized for more specific size-based separation and analysis of EPS proteins in
biological systems. Park et al. (2008a) and Park et al. (2008b) showed the one
application of SDS-PAGE to wastewater systems, specifically activated sludge and
digested sludge. Park et al. extracted EPS proteins by different cation associated
extraction methods. EPS protein was subsequently fractionated by ammonium sulfate
precipitation (ASP) and subjected to SDS-PAGE. The results showed that each

extraction method led to a unique SDS-PAGE protein profile. The study also showed
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that CER extracts for EPS proteins that are bound to Ca?* and Mg?*, base extracts for
aluminum (AI**)-bound EPS proteins, and sulfide extracts for iron (Fe?*/**)-bound EPS.
Park et al. also identified ten proteins ranging in molecular mass (~21-66 kDa) using
proteomics analysis. The study reported that some common proteins were extracted by
all the methods; base and sulfide proteins shared some similarity suggesting that base
can target both AP* and Fe?*/**-bound EPS. Zhu et al. (2015) compared the SDS-PAGE
profile of activated sludge flocs, aerobic and anaerobic granular sludge EPS. The
authors found that EPS proteins bound with Ca?* and Mg?*, reduce the surface charge
by forming linkages between EPS and cells promoting adhesion and formation of
granules. Zhu et al. also showed that high molecular mass proteins (~66-97 kDa) were
favored during sludge granulation. Authors suggested that high molecular mass proteins
offer more binding sites and interaction points with divalent cations and EPS promoting
granulation. These studies show that SDS-PAGE is a useful tool to characterize EPS
proteins that are present during photogranulation. Further, studies suggest that different
molecular mass proteins may have different roles during photogranulation, and multiple
extraction methods may identify different proteins in EPS pools. A better understanding
of the dynamics and fate of EPS proteins during photogranulation is crucial for improving
our understanding of photogranulation. Presently, there is no literature that characterizes
EPS proteins composition using different extraction methods on a molecular level during

hydrostatic photogranulation.

2.8 Ca?* and Cyanobacteria

In cyanobacteria, research has suggested that Ca?* is a signaling molecule and
is modulated by EPS. The prevalence of Ca?*-binding proteins identified by Vilhauer et

al. (2014) and the known role of Ca?* in cyanobacterial phenotypic state suggest that the
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control of Ca?* levels is modulated to some degree by EPS. The diversity of proteins and
metabolites found indicate that the extracellular matrix outside the cyanobacterial cell is
an important contributor to cell fate decisions. The authors proposed that minor changes
in extracellular protein sequences can dramatically influence phenotypic outputs and

these proteins are essentially the determinants of community organization.
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Reference

Brown and Lester

Brown and Lester

Brown and Lester

Brown and Lester
Brown and Lester
Brown and Lester
Frglund et al.

Frglund et al.

Jahn and Nielsen
Jahn and Nielsen
Jahn and Nielsen

Frelund et al.

Frglund et al.
Frglund et al.
Liu and Fang
Liu and Fang

Table 2.1 Physical and Chemical Extraction Methods for Defined Systems

Year

1980

1980
1980

1980
1980
1980
1995
1995
1995
1995
1995
1996

1996
1996
2002
2002

Extraction Method

High-speed
centrifugation

Ultrasonication

Ultrasonication +
High-speed
centrifugation

Thermal treatment
Alkaline treatment
EDTA
Centrifugation
CER
Centrifugation
CER

Sonication
Centrifugation
CER

NaOH

Thermal treatment
EDTA

CER

Extraction Details

33,000 x g, 10 min, 4°C

18 W, 10 min

33,000 x g, 10 min, 4°C
18 W, 10 min

steam autoclave, 10 min
2 M NaOH, 5 hr, 20°C
2% EDTA, 3 hr, 4°C
2,000 x g, 15 min, 4°C
600 rpm, 0-8 hr, 4°C
12,000 x g, 10 min, 4°C
stirring, 1 hr, 4°C

11 W, 30 sec.

2,000 x g, 15 min, 4°C

100-1100 rpm, 0.5-17 hr, 4°C

pH>11, 1 hr
Heating, 1 hr, 80°C
2% EDTA, 3 hr, 4°C
600 rpm, 1 hr, 4°C

38

Type of system (i.e., pure
culture, biofilm)

K. aerogenes flocs

K. aerogenes flocs

K. aerogenes flocs

K. aerogenes flocs

K. aerogenes flocs

K. aerogenes flocs

Activated sludge flocs
Activated sludge flocs
Biofilm and bacterial cultures
Biofilm and bacterial cultures
Biofilm and bacterial cultures

Activated sludge flocs

Activated sludge flocs
Activated sludge flocs
Activated sludge flocs

Activated sludge flocs



Liu and Fang
Liu and Fang

Liu and Fang

Comte et al.
Comte et al.

Comte et al.

Comte et al.
Comte et al.
Comte et al.

Comte et al.
Comte et al.
Comte et al.

Park and Novak

Park and Novak

2002
2002

2002

2006
2006
2006

2006
2006
2006
2006

2006

2006

2007

2007

Formaldehyde
Formaldehyde

Formaldehyde
Sonication
Centrifugation
EDTA
Formaldehyde

Glutaraldehyde
Sonication

CER

Sonication

CER

Heating
Ultracentrifugation x2
Centrifugation
Alkaline treatment
Centrifugation
CER

36.5% formaldehyde, 1 hr, 4°C

36.5% formaldehyde, 1 hr, 4°C + NaOH 1M,
3 hr, 4°C

60 W, 2.5 min

1N NaOH, 3 hr, 4°C
4,000 x g, 20 min, 4°C
2%, 3 hr, 4°C

36.5% formaldehyde, 1 hr, 4°C + NaOH 1M,
3 hr, 4°C

10% glutaraldehyde, 12 hr, 4°C
40W, 2 min

600 rpm, 1 hr, 4°C

40W, 2 min

600 rpm, 1 hr, 4°C

1 bar, 10 min, 80°C

20,000 x g, 20 min, 10,000 x g, 15 min, 4°C
600 x g, 10 min, 4°C

1N NaOH, pH>10.5, 3 hr, 4°C
600 x g, 10 min, 4°C

600 rpm, 1 hr, 4°C

39

Activated sludge flocs

Activated sludge flocs

Activated sludge flocs

Activated sludge flocs
Activated sludge flocs

Activated sludge flocs

Activated sludge flocs
Activated sludge flocs
Activated sludge flocs

Activated sludge flocs
Activated sludge flocs
Activated sludge flocs

Activated sludge flocs

Activated sludge flocs



Park and Novak

Klock et al.

Klock et al.

Klock et al.

Klock et al.

Klock et al.

Klock et al.

Klock et al.

Klock et al.

Adav and Lee
Adav and Lee

2007

2007

2007

2007

2007

2007

2007

2007

2007

2008
2008

Centrifugation
Sulfide

Centrifugation

Centrifugation

Centrifugation

Centrifugation

Centrifugation

Centrifugation

Centrifugation

Centrifugation

Thermal treatment
Formaldehyde
Alkaline treatment

600 x g, 10 min, 4°C
(Na2S-9H20 solution (pH ~7.5)

NaCl 10%, 15 min, 40°C

4,000 x g, 15 min, x3

NaCl 10% + EDTA 4 mM, 15 min, 40°C, 15
min

4,000 x g, 15 min, x3

40% artificial seawater, 15 min, 40°C, 15
min

4,000 x g, 15 min, x3

10% artificial seawater + EDTA 4mM, 15
min, 40°C, 15 min

4,000 x g, 15 min, x4

NaCl 10% + EDTA 4 mM, 15 min, 40°C, 15
min

4,000 x g, 15 min, x3

10% artificial seawater + EDTA 4 mM, 15
min, 40°C, 15 min

4,000 x g, 15 min, x4

NaCl 10% + EDTA 4 mM, 15 min, 40°C, 15
min

8,220 x g, 10 min, x3

NaCl 10%, 15 min, 40°C, 15 min

8,220 x g, 15 min, x4

80°C, 30 min
36.5% formaldehyde, 1 hr, 4°C
1N NaOH, 3 hr, 4°C

40

Activated sludge flocs

cyanobacterial mat

cyanobacterial mat

cyanobacterial mat

cyanobacterial mat

cyanobacterial mat

cyanobacterial mat

cyanobacterial mat

cyanobacterial mat

Aerobic granules

Aerobic granules



Adav and Lee

Adav and Lee

Adav and Lee

Adav and Lee

Adav and Lee

Gong et al.

2008

2008

2008

2008

2008

2009

Centrifugation
Sonication
Formaldehyde
Alkaline treatment
Centrifugation
Formaldehyde
Alkaline treatment
Sonication
Centrifugation
Formamide
Alkaline treatment
Centrifugation
Sonication
Formamide
Alkaline treatment
Centrifugation
Formamide
Alkaline treatment
Sonication
Centrifugation
Formaldehyde
Lyophilization

10,000 x g, 20 min, 4°C

120 W, 5 min

36.5% formaldehyde, 1 hr, 4°C
1N NaOH, 3 hr, 4°C

10,000 x g, 20 min, 4°C
36.5% formaldehyde, 1 hr, 4°C
1N NaOH, 3 hr, 4°C

120 W, 5 min

10,000 x g, 20 min, 4°C

0.06 mL formamide, 1 hr, 4°C
1N NaOH, 3 hr, 4°C

10,000 x g, 20 min, 4°C

120 W, 5 min

0.06 mL formamide, 1 hr, 4°C
1N NaOH, 3 hr, 4°C

10,000 x g, 20 min, 4°C

0.06 mL formamide, 1 hr, 4°C
1N NaOH, 3 hr, 4°C

120 W, 5 min

10,000 x g, 20 min, 4°C
0.22%, 2 hr, 4°C

Freeze, 15 min, -80°C --> 60 mTorr, 6 hr, -

60°C
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Aerobic granules

Aerobic granules

Aerobic granules

Aerobic granules

Aerobic granules

Salmonella pullorum SA 1685
culture



Gong et al.

Gong et al.

D'Abzac et al.
D'Abzac et al.
D'Abzac et al.

D'Abzac et al.

D'Abzac et al.

D'Abzac et al.

D'Abzac et al.

D'Abzac et al.

Nacher et al.

Nacher at al.

Nacher et al.
Nacher et al.
Nacher et al.

2009

2009

2010

2010

2010

2010

2010

2010

2010

2010

2013

2013

2013
2013
2013

Formaldehyde
Ethanol

Sonication

Centrifugation
Sonication
Sonication

CER

CER

Thermal treatment
Formaldehyde
Thermal treatment
Formaldehyde
Alkaline treatment
Centrifugation
Ethanol

Centrifugation

Sonication
Formamide
Alkaline treatment
Acid treatment
CER

0.22%, 2 hr, 4°C
Cold ethanol, overnight, 4°C
3.5 Hz, 20 sec.

20,000 x g, 20 min, 4°C

37 W, 1 min

37 W, 1 min

600 rpm, 1 hr, 4°C

600 rpm, 1 hr, 4°C

Heating, 10 min, 80°C

36.5% formaldehyde, 1 hr, 4°C
Heating, 10 min, 80°C

36.5% formaldehyde, 1 hr, 4°C
1N NaOH,3 hr, 4°C

20,000 x g, 20 min, 4°C

96% Cold ethanol, overnight, 4°C

5,000 x g, 1.5 min, swing-bucket rotor, 4°C
12,000 x g, 10 min, fixed-angle rotor, 4°C
5,000 x g, 15 min, swing-bucket rotor, 4°C

50 J/mL

100% formamide 6uL/mL, 1 hr, 4°C
1M NaOH, pH>11, 1 hr, 300 rpm, 4°C
95-97% H2S04, 1 hr, 300 rpm, 4°C
300 rpm, 1 hr, 4°C
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Salmonella pullorum SA 1685
culture

Salmonella pullorum SA 1685
culture

Anaerobic granules
Anaerobic granules

Anaerobic granules
Anaerobic granules
Anaerobic granules
Anaerobic granules
Anaerobic granules

Anaerobic granules

Mixed-culture biomass

Mixed-culture biomass

Mixed-culture biomass
Mixed-culture biomass

Mixed-culture biomass



Nacher et al.
Zhu et al.

Hou et al.

2013
2015

2015

Triton
Homogenization
Centrifugation
Thermal treatment
Centrifugation
Centrifugation
CER

Centrifugation

0.5% Triton, 300 rpm,1 hr, 4°C
1 min

6000 rpm, 10 min

Heating, 45 min, 80°C

20,000 rpm, 20 min

4,000 x g, 10 min, 4°C

200 rpm, 3 hr, 4°C

9,000 x g, 20 min, 4°C

43

Mixed-culture biomass

Activated sludge flocs, aerobic
granules, anaerobic granules

Anammox sludge



CHAPTER 3
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CHAPTER 4
RELATIONS BETWEEN EXTRACELLULAR POLYMERIC SUBSTANCES (EPS)
PROTOCOLS AND HYDROSTATIC PHOTOGRANULATION OF ACTIVATED

SLUDGE- COMPARISON OF FIVE EPS EXTRACTION METHODS

4.1 Introduction

New advancements in wastewater treatment are in demand due to a rapid
growth in human population and the need to incorporate sustainability into society. The
two main drivers of these developments are general process improvements and the
collection and recycling of resources as society moves to circular versus linear
economies (Flores et al., 2018; Guest et al., 2009). The main limitations of conventional
biological treatment or the activated sludge process are the land requirements for
gravity-based separation of flocculant activated sludge biomass from treated water, high
aeration requirements to drive the biochemical reactions needed to facilitate
biodegradation and organic matter removal, and the large capital investment costs.
Additionally, activated sludge treatment, has not fundamentally changed over the past
100 years. Anaerobic processes at resource recovery facilities are utilized for digestion
of excess activated sludge, but only a fraction of energy potential of wastewater is
recovered (Rittmann and McCarty et al., 2001).

In the last decade, another form of sludge, aerobic granules, have been
engineered to replace flocculant activated sludge biomass to treat wastewater. The
spherical form of these granules is advantageous because it improves the efficiency of
gravity-based separation and reduces the area and cost requirements for the process.
However, these technologies still require aeration to drive the biochemical reactions

needed to removal organic matter, nitrogen and/or phosphorous.
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Recently, a new granular process, oxygenic photogranule (OPG), was introduced
where the need for aeration is eliminated making it an attractive alternative for
wastewater treatment (Abouhend et al., 2018; Milferstedt et al., 2017; Park & Dolan,
2015). The OPG process is a light-driven, biological wastewater treatment process
operated as a sequencing batch reactor (SBR) without aeration (Abouhend et al., 2018).
The OPG is a microbial granular biofilm that consists of microorganisms that organize
into highly structured spherical form that can remove biodegradable organic matter,
nitrogen (N), and phosphorous (P) (Abouhend et al., 2018). A common approach to
start-up new processes is the addition of previously grown microbial biomass as a starter
culture (Abouhend et al., 2018; Ansari et al., 2019). The starter culture has to-date
primarily been grown hydrostatically (Abouhend et al., 2018; Kuo-Dahab et al., 2018;
Milferstedt et al., 2017). Hydrostatically-grown OPG used to inoculate the reactors are
cultivated in small (20mL), hydrostatic batch vials through the phenomenon coined
hydrostatic photogranulation (Milferstedt et al., 2017). Photogranulation occurs when
activated sludge inoculum is placed under a source of light in a hydrostatic environment
over a period of time (Kuo-Dahab et al., 2018; Milferstedt et al., 2017). Hydrostatically
cultivated OPGs have spherical or sphere like-structure in which layers of filamentous
cyanobacteria surround microbes in an extracellular polymeric matrix (Kuo-Dahab et al.,
2018; Milferstedt et al., 2017).

Recently, the photogranulation mechanism of OPGs in hydrostatic conditions
was proposed by Milferstedt et al. (2017) and Kuo-Dahab et al. (2018). Milferstedt et al.
(2017) reported that enrichment of motile, filamentous cyanobacteria from activated
sludge inoculum plays a key role in the photogranulation mechanism. Motile, filamentous
cyanobacteria are known to produce high molecular weight extracellular polymeric
substances (EPS) composed of polysaccharides (De Philippis & Vincenzini, 1998;

Hoiczyk, 1998). In general, EPS are mainly the high-molecular-weight secretions from
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microorganisms, and the products of cellular lysis and hydrolysis of macromolecules. In
addition, some organic matters from wastewater can also be adsorbed to the EPS matrix
(Liu & Fang, 2002; Nielsen & Jahn, 1999). EPS are generally characterized with respect
to their association with the microbial cell surfaces- these forms can be subdivided into
bound EPS (sheaths, capsular polymers, condensed gels, loosely bound polymers, and
attached organic materials) and soluble EPS (soluble macromolecules, colloids, and
slimes; Laspidou & Rittmann, 2002; Nielsen & Jahn, 1999). Bound EPS are closely
bound with cells, while soluble EPS are weakly bound with cells or dissolved into the
solution. Proteins and polysaccharides are usually found to be the major components of
EPS. Humic substances may also be a key component of the EPS in sludge in biological
wastewater treatment reactors, accounting for approximately 20% of the total amount
(Frelund et al., 1995, 1996). In addition, lipids, nucleic acids, uronic acids and some
inorganic components have also been found in EPS from various matrices (D’Abzac et
al., 2010a, 2010b; Dignac et al., 1998; Frglund et al., 1996). Their fractions in EPS
depended strongly upon the extraction methods and the sludge origins.

Milferstedt et al. (2017) and Kuo-Dahab et al. (2018) show that an increase in
total EPS polysaccharide to protein (PS/PN) ratio is associated with photogranulation
under hydrostatic conditions. Kuo-Dahab et al. and Stauch-White et al. (2017) reported
that an initial nitrogen limiting period during the start of the cultivation and the recycle of
organic nitrogen (N), which is base-extractable fraction of EPS, by phototrophic
microorganisms are components that lead to photogranulation under hydrostatic
conditions. Kuo-Dahab et al. show that both degradation and generation of EPS are
involved in and are critical for hydrostatic photogranulation.

Literature on activated sludge and process granules (i.e., aerobic and anaerobic
granules) show that the quantification and quality of EPS characteristics and the

amounts of extracted EPS can vary widely as a function of the biomass attributes and
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initial conditions (i.e., form [floccular or granular], sludge origin and microbial
community). To date, there is no single, universal method to extract EPS from biological
flocs and granules to better infer the role of EPS in these granular biofilms (i.e., activated
sludge, aerobic granules, anaerobic granules, OPGs) (Nielsen & Jahn, 1999; Novak &
Haugen (1981); Park & Novak, 2007). Additionally, a combination of methods is shown
to improve the characterization of the total EPS in activated sludge flocs or granules, as
shown by Park and Novak (2007). Park et al. (2008a) and (2008b) showed an
application of molecular tool SDS-PAGE to wastewater systems, specifically activated
sludge and digested sludge. Park et al. extracted EPS proteins by different cation
associated extraction methods. EPS proteins were subsequently fractionated by
ammonium sulfate precipitation (ASP) and subjected to SDS-PAGE. The results showed
that each extraction method led to a unique SDS-PAGE protein profile. The study also
showed that cation exchange resin (CER) extracts for EPS proteins that are bound to
Ca?" and Mg ?" base extracts for aluminum (AP**)-bound EPS proteins, and sulfide
extracts for iron (Fe?*/**)-bound EPS (Park et al., 2008b). This study shows that multiple
methods are needed to fully extract and characterize all the available fractions of EPS.
Kuo-Dahab et al. (2018) and Milferstedt et al. (2017) have both shown significant
physical and biochemical changes that arise during photogranulation. For example, one
observable change is the morphology of the biomass. Using microscopy and genomic
tools, authors observed significant biomass changes as the microbial community
became dominated by motile, filamentous cyanobacteria. In nature, motile, filamentous
cyanobacteria are known produce copious amounts of soluble EPS (i.e., slime tubes)
and bound EPS that is more rigid in the form of sheaths (Hoiczyk & Baumeister,
1995,1997; Hoiczyk, 1998). It is thought that slime tubes are produced for motility or
during active periods while sheaths are produced in aging cultures as a means of

protection and are permanently attached to the cell surface (De Philippis & Vincenzini,
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1998; Hoiczyk, 1998). Hoiczyk (1998) extracted the soluble EPS fraction with
centrifugation and mild heat while bound EPS in the form of sheaths were extracted with
centrifugation, sonication and heat treatment. Hoiczyk analysis revealed that bound EPS
fraction or sheaths are composed of various types of polysaccharides that are highly
resistant to chemical degradation, showing that multiple physical extraction may be
needed to extract and distinguish soluble and bound EPS fractions from cyanobacteria
in OPGs (Hoiczyk, 1998). Because of the sheath’s protective abilities and resistance to
chemical degradation, physical extraction methods may be more effective at extracting
bound EPS fraction from the cyanobacteria’s cell surface. Thus, both chemical and/or
physical extraction methods may be effective for extracting soluble and bound EPS
fractions in biomass that contain cyanobacterial EPS.

To date, no studies have fully characterized or shown the dynamics of different
EPS fractions during hydrostatic photogranulation, using multiple comprehensive
physical and chemical extraction methods. The evolution of EPS is tied both to the
structure of OPG and is needed to understand the cycling of carbon (C) and nitrogen (N)
during the formation of hydrostatic photogranules. The aim of the present investigation is
two-fold: first, to determine if multiple extraction methods are needed to fully characterize
EPS fractions, and second, further describe the dynamics between EPS, C and N,
during hydrostatic photogranulation for OPG formation. To achieve the aims of this
study, we assessed four physical and/or chemical bound EPS extraction methods, CER,
alkaline (base) treatment, sonication, and heat treatment, following the temporal
progression of photogranulation. The composite assessment of soluble and bound EPS
polysaccharides, proteins and humic acids from the different extraction methods are
analyzed in correlation with chlorophyll and nutrients data during different phases of
photogranulation. The outcome of this study is expected to elucidate the dynamics of

different EPS fractions and their role in successful hydrostatic photogranulation. These
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results will ultimately be beneficial for optimization of hydrostatic photogranulation and

subsequently the OPG process for wastewater treatment.

4.2 Materials and Methods

4.2.1 Source of Activated Sludge and Cultivation of OPGs

The extraction methods were tested on activated sludge inoculum, and during
the temporal progression of photogranulation of activated sludge to OPGs in January
2016. Activated sludge was sampled directly from the aeration tank of Amherst and
Hadley wastewater treatment plant (WWTP). As secondary treatment process, Amherst
WWTP utilizes biological nutrient removal with a solids retention time (SRT) of 10-15
days and domestic wastewater as their influent source. Hadley WWTP operates a
conventional activated sludge process to remove organic matter with nitrification at a 10-
day SRT with mostly residential, commercial, and agricultural influent sources. The main
characteristics of the sludge and the WWTP is described in subsequent sections and
presented in Table 1. OPGs were cultivated following the procedure of Milferstedt et al.
(2017) and Kuo-Dahab et al. (2018). After activated sludge was sampled, 10mL of well-
mixed aliquots were pipetted into 20mL scintillation vials and capped immediately after
returning to the lab, resulting in 420 individual vials for each sludge set (Figure 4.1).
Additional activated sludge was used for day 0 chemical analysis and t=0 represents
initial conditions of the experiment and water quality for the activated sludge sets. Vials
were kept in hydrostatic conditions, illuminated under broadband LED lights (that were
equally distributed) at approximately 10 klux, 24 hr. per day at 18°C. Sampling was
performed atday 0, 2, 4, 6, 9, 12, 16, 20, 24, and 28. At day 28, the cultivation was

considered complete, and a final sample collection was performed. To determine the
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success of granulation (100% of vials at the end of cultivation yielded a granule), a
shake test was performed on remaining vials (n=20) by using three firm shakes by hand
then observing the vial contents. When a granule remained intact with little or no cloud of

particles in the bulk liquid, the granulation was determined to be a success.

Figure 4.1: Oxygenic Photogranules Cultivated in a Hydrostatic Environment. Top
shelf is Hadley sludge, bottom shelf is Amherst sludge.

4.2.2 Microscopy

The development of granules was observed by using a transmitted light (EVOS
FL Color AMEFC 4300) and scanning electron microscope (SEM; FEI Quanta 200).
Images by light microscopy were obtained periodically to check granule development
during different phases. Literature was used for identification of microorganisms in the
samples. SEM samples were also collected on day 28 and a typical biological sample
preparation by the way of fixation and dehydration following the procedure presented in
Milferstedt et al. (2017). The samples were then critically point-dried using a Tousimis

SAMDRI 780B critical point dryer following vendor instructions or tertiary butanol-dried

51



as described by Baskin et al. (2014). After drying samples were mounted on aluminum
stubs, sputter-coated with gold using a Polaron E5100 sputter coater and imaged using

an SEM operated at 15 kV and a spot size of 3.5 ym

4.2.3 Analytical Procedures

Phototrophic microorganisms can be indirectly quantified by extracting and
measuring the concentration of chlorophyll in the biomass. Green algae contain both
chlorophyll a and b. Cyanobacteria, on the other hand, only contain chlorophyll a and
accessory pigment proteins known as phycobilins. Chlorophyll a/b ratio can be used as a
surrogate to represent cyanobacterial growth.

Solids content, total suspended solids (TSS) and volatile suspended solids
(VSS), and chemical oxygen demand (COD) were measured at each sampling date
using triplicate samples, all according to APHA standard engineering methods (APHA,
1998).

Dissolved organic carbon (DOC) and dissolved total nitrogen (DTN) using a
Shimadzu TN/DOC analyzer (Shimadzu TOC-VCPH with TNM-1, Shimadzu North
America, SSI Inc., Columbia, MD, USA).

Dissolved constituents in the bulk liquid: dissolved nitrogen species, nitrate (NOs
-N), nitrite (NO2-N), and ammonium (NH.*-N), and divalent and monovalent anions,
phosphate (PO.*), sulfate (SO4%), and cations, sodium (Na*), potassium (K*), calcium
(Ca?*), and magnesium (Mg?*), were measured using a Metrohm 850 Professional lon
Chromatograph (IC) (Metrohm Inc., Switzerland) with a Metrosep A Supp 5-250 anion

column and Metrosep C 2-250 cation column.
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4.2.4 EPS Extraction and Chemical Analysis

EPS was extracted and characterized after centrifugation and homogenization by
four extraction methods: the use of cation-exchange resin (CER), alkaline or base
treatment (NaOH), particle agitation by sonication, and heat treatment. A general

pathway of the four extraction methods is presented in Figure 4.2.

= CER (4°C, 400 rpm, 2 hr) |

— | Base- NaOH (pH>10.5, 4°C, 400 rpm, 2 hr) |

Homogenization

Centrifugation| —» S
(onice 0°C, 30 sec)

— | Sonication (on ice 0°C, 400 W, 10% strength, 60 sec) |

— | Heat (80°C, 1 hr) |

Figure 4.2: General Pathway of Four Extraction Methods for Biomass-Bound EPS.

EPS was extracted and characterized after centrifugation and homogenization by

four extraction methods: The use of cation-exchange resin (CER), alkaline or base
treatment (NAOH), particle agitation by sonication, and heat treatment

4.2.4.1 Sample Pretreatment

Each sample vial initially contained 10 mL of activated sludge (which later
became one OPG). The cultivation initially contained 420 individual vial samples. At
each sample point, samples were collected and destructively sampled in triplicates or
three 10 mL samples and individually processed as three separate samples. Each
individual 10 mL sample was transferred from scintillation vial to a sterile 50mL
centrifuge tube and centrifuged at 4°C and 12,000 rpm for 20 min. The supernatant was
collected and filtered through 0.45 um cellulose filters to determine the chemical
composition of the liquid phase of the vial contents also known as soluble EPS fraction.
The pellets were resuspended in phosphate buffer solution (10 mM NacCl, 1.2 mM
KH2PO4, and 6 mM Na2HPOQ,) to a total volume of 20 mL in the same 50mL centrifuge

tubes. Phosphate buffer was prepared according to Frglund et al. (1996), the
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conductivity of the buffer was made to be the same as the conductivity found for the
activated sludge inoculum at a pH of 7.2 (Frglund et al., 1995, 1996; Nielsen et al.,
1996). Each replicate was homogenized individually (500 W IKA T18 ULTRA-TURRAX)
for 30 sec. After sample pre-treatment, samples were equally divided and each of the
four extraction approaches were applied to each triplicate set, as described in the next

sections.

4.2.4.2 Cation-Exchange Resin Extraction

EPS extraction using Dowex 50x8, Na* Form, cation exchange resin
(CER)(DOWEX) was performed with as 70g CER/g VS of CER ratio according to the
method of Frglund et al. (Frelund et al., 1995, 1996; Nielsen et al., 1996). Resin was
pre-washed in phosphate buffer (10 mM NaCl, 1.2 mM KH2PO4, and 6 mM Na;HPO4; pH
7.2). For each individual sample, 50 mL centrifuge tubes were used with 20 mL sample
to provide adequate mixing. 70g/g VS of CER was weighed and added to each
centrifuge tube based on initial VS concentration of the sample. The samples were
mixed at 400 rpm on a shaker table for 2 hr in the dark at 4°C. A Milli-q water with CER
and phosphate buffer (10 mM NaCl, 1.2 mM KH2PO., and 6 mM Na;HPO4; pH 7.2) was

also tested at the start of the study as a blank control.

4.2.4.3 Sodium Hydroxide (NaOH) Extraction

Homogenized samples (suspended in 20 mL phosphate buffer; 10 mM NacCl, 1.2
mM KH2PO.4, and 6 mM Na;HPO4; pH 7.2) were adjusted to a pH 11 by using 1 M NaOH
and mixed at 400 rpm for 2 hours in the dark at 4°C (Wang, 2013). A vial with only

phosphate buffer adjusted to pH 11 with NaOH was also measured as a blank control.
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4.2.4.4 Sonication Extraction

After homogenization, each individual 10 mL sample (suspended in 20 mL
phosphate buffer; 10 mM NacCl, 1.2 mM KH,PO,, and 6 mM NaxHPO.; pH 7.2) was
placed on ice and a 400 W sonic dismembrator (Fisher Scientific model 500) was used
at 10% strength for 1 min at 20 kHz. This delivered an ultrasonic dose of approximately

4.1 W-min/mL, following the calculation shown by Muller (Muller, 2006).

4.2.4.5 Heat Extraction

After homogenization, each individual 10 mL sample (suspended in 20 mL
phosphate buffer; 10 mM NaCl, 1.2 mM KH2POQO4, and 6 mM Na>HPO4; pH 7.2) was

heated at 80°C for 1 hour in closed glass vials in an oven (Fisher Scientific).

4.2.4.6 EPS Characterization

After each extraction method, each sample was centrifuged at 4°C at 12,000 rpm
for 20 min. Afterward, EPS supernatant was stored at -20°C in aliquots until chemical
analyses were performed. DOC and DTN were measured using the same procedure as
the liquid phase. Proteins, humic acids and polysaccharides were measured according
to modified Lowry and DuBois methods, respectively (Dubois et al., 1956; Frglund et al.,
1995, 1996; Lowry et al., 1951). Bovine albumin serum, HA and glucose were used as

standards for proteins, humic acids and polysaccharides, respectively.

4.2.5 Contribution of Organic C and N from Biomolecules

The following equations below are used, for each extraction method, to calculate

the contribution of organic C and N from polysaccharides, proteins, and humic acids to
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the overall organic C and N fractions. Based on the chemical formula for glucose
(CeH1206), BSA, humic acids it is assumed that 40% of the molecular weight of
polysaccharide (PS) is C, 54% of the molecular weight of protein (PN) is C, and 48% of
the molecular weight of humic acids (HA) is C, where DOCps:pn+ta and BOCps+pn+Ha are
shown in Equation 1.

Equation 1:

DOC and BOCpgpy+pa = 0.40 % EPS PScone. + 0.54 % EPS PNgone + 0.48 % EPS HAcone

16% of the molecular weight of proteins is N and 3% of the molecular weight of humic
acids is N, where DONpn+1a and/or BONpn+Ha are shown in Equation 2.
Equation 2:

DON and BONpy 4 = 0.16 % EPS PNgope + 0.03 % EPS HAcone.

4.2.6 Statistical Analysis

Correlation analysis was performed in R (R Core Team, 2021) using R studio
(RStudio Team, 2021) interface to compute correlations and significance between two
variables. Each variable is the average for the values collected in triplicate (from
triplicate vials). The correlation analysis was done for every variable over the course of
photogranulation and explored during different phases of photogranulation. The
“PerformanceAnalytics” package (Peterson & Carl, 2020) was used to investigate the
dependence between two variables at the same time and presented in a correlation
matrix. Pearson correlation coefficient is presented which measures the linear
dependence between two variables. Each correlation matrix plot shows the distribution
of each variable along the diagonal. On the bottom section of the diagonal, the bivariate
scatter plots with a fitted line are displayed. On the top section of the diagonal, the value

of the Pearson correlation coefficient plus the significance level as stars. Each

56



significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1)

Gkekk?  Gkkd Gk @ MM«

correspond to symbols ( : A .

4.3 Results

In order to validate the consideration of EPS and the methods with which they
were extracted, OPG photogranulation in a hydrostatic environment is characterized and
defined with respect to sludge biomass characteristics, for both sludge source sets
(Amherst and Hadley), soluble constituents in the bulk liquid, and previous literature.
Initial correlation analysis of dissolved components in the bulk liquid allows for the

interpretation of EPS analysis in a closed, batch environment over the cultivation period.

4.3.1 Initial Characteristics and Variability of Activated Sludge Inoculum

Initial characteristics of the activated sludge collected from two different WWTP
are presented in Table 1. Briefly, after activated sludge was collected 10mL of sludge
was pipetted into 20mL scintillation vials resulting in a cultivation set of 420 vials for each
sludge, Amherst and Hadley (details described in the methods section). Both WWTP
have an open basin with mechanical aeration. Initial solids concentration of Amherst and
Hadley sludge inoculum is 1387155 mg/L and 3390+40 mg/L total suspended solids
(TSS), respectively. Hadley sludge solids concentration is approximately 2.5 times the
concentration of Amherst sludge. The total organic matter can be quantified by
measuring the volatile suspended solids (VSS); the organic fraction for Amherst and
Hadley sludge inoculum is 80% or 1113140 mg/L and 82% or 2793+59 mg/L VSS,
respectively. The VSS concentration remained relatively constant during the cultivation
period with an approximate overall change of +10% for both sludge sources (data not

shown). Assuming the chemical formula of a mixed culture (CsH;O:2N, carbon (C)

57



represents about 53.5% and nitrogen (N) represents about 12.4% of the molecular
weight. Biomass organic C and N can be estimated from VSS, yielding an initial estimate
of the concentration of organic C (Amherst: 595 mg/L and Hadley: 1,496 mg/L) and
organic N (Amherst: 138 mg/L and Hadley: 346 mg/L; Rittman & McCarty, 2001). Initial
dissolved organic carbon (DOC) and dissolved total nitrogen (DTN) content are found to
be 9.7+2.4 mg/L and 0.7+0.1 mg/L for Amherst, and 18.2+2.2 mg/L and 1.91£0.3 mg/L for
Hadley, respectively. Dissolved inorganic nitrogen (DIN) was found to be 96% of DTN or
15.940.6 mg/L for Amherst, and 95% of DTN or 8.8+0.3 mg/L for Hadley. This data
shows that Hadley sludge cultivation set had higher concentration of organic biomass,
and higher organic C and N in the bulk liquid during the start of the cultivation, in
comparison to Amherst.

Table 4.1 Initial Characteristics of Activated Sludge Inoculum

Ambherst Activated Sludge Hadley Activated Sludge

Parameter Units Value SD Value SD
Biological Process - Biological nutrient removal - Conventional activated sludge -
Basin Configuration - Open - Open -
Aeration Type - Mechanical - Mechanical -
Influent Sources - Residential and Umass - Residential and commercial -
SRT days 10-15 - 10 -

TSS mg/L 1387 55 3390 40

VSS mg/L 1113 40 2793 59

VSS/TSS % 80.2 4.0 82.4 20

DOC mg/L 9.7 0 18.2 0.2

DTN mg/L-N 16.7 1 9.4 0.3

DON mg/L-N 0.7 0.6 1.9 0.3

DIN mg/L-N 15.9 0 8.9 0.1

Chlorophyll a mg/L 0.5 0.0 1.1 0.0

Chlorophyll b mg/L 0.3 0.0 0.4 0.0

Chlorophyll a/b mg/L/mg/L 1.7 0.1 2.7 0.2

4.3.2 Phototrophic Growth During the Phases of Photogranulation

Temporal progression with the phases of photogranulation (Figure 4.3), 1) sludge

compaction, 1) phototrophic bloom, Ill) main granulation, and V) maturation, were first
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reported by Kuo-Dahab et al. (2018). Chlorophyll a and b concentration and a/b ratio
across those four phases of growth are consistent with previous studies (Figure 4.4;
Milferstedt et al., 2017; Kuo-Dahab et al., 2018). We defined different phases of
photogranulation based on biomass morphology and chlorophyll concentration. Phase |
is the sludge compaction period which occurs between day 0 and 3. During this phase
sludge continues to settle and compacts. During the first phase, chlorophyll a is near the
limit of detection day 0 with a concentration of 0.51 mg/L and 1.1 mg/L and yields a
chlorophyll a/b ratio of 1.65 and 2.68, for Amherst and Hadley sludge, respectively.
Phase Il is the phototrophic bloom period which occurs between day 3 and 14. During
this phase motile, filamentous cyanobacterium are enriched and morphological changes
in the biomass color and form is observable. The biomass color changes from brown to
green and the biomass begins to contract and shrink. Phase lll is coined the main
granulation period and occurs between day 14 and 21. During this phase morphological
changes continue and a blue-green or dark green, spherical, or granular form emerges.
A maximum chlorophyll a concentration of 11.4 mg/L at day and 12.6 mg/L at day 16, for
Amherst and Hadley, respectively, is seen during this phase. During phase Il and Ill
chlorophyll a/b ratio increases exponentially plateauing at day 20 for Amherst and day
24 for Hadley. Phase IV is maturation. During this phase granules have matured, and

the morphology of the biomass is completely spherical.
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Ambherst Hadley

Phase:

Sludge
Compaction

Phototrophic
Bloom

Granulation

Granule 3
Maturation 5

Figure 4.3: Temporal Progression of Photogranulation Under Hydrostatic
Conditions. Activated sludge (10 ml) from the aeration basin of two wastewater
treatment plants, Amherst and Hadley, transforms into a hydrostatic oxygenic
photogranule when exposed to light in an unagitated environment, here a 20 ml

scintillation vial with an outer diameter of 28mm and height of 61mm

60



Phase 1 n ] v Phase 1 n mn Y

| 1 | 1 1 1
r \r " L 1l s 1 \r " W 1

[
o

=

N

a) Amherst Light . b) Hadley Light

H
IS
——
i
IS

12

[Resr.
- F—
H
-
[HEi
F—#-—

H
~
K
+

H
o
bened
H
=
o

—
== b=

Chlorophyll a
Chlorophyll b
4 Chlorophyll a/b 4

Chlorophyll a
Chlorophyll b
Chlorophyll a/b

Concentration (mg/L)
[+-]
=t
Concentration (mg/L)
(e}

Time (d) Time (d)

Figure 4.4: Chlorophyll Content During the Transformation of Activated Sludge
During Photogranulation in a Hydrostatic Environment, for Two Sludge Sources
Amherst and Hadley. Phases are labeled above as, Phase I: sludge compaction,
Phase IlI: phototrophic bloom, Phase lll: main granulation, and Phase IV: granule

maturation. Concentration of Chlorophyll a, b and a/b ratio for Hadley sludge
cultivation. Error bars represent standard deviation of three replicates for
chlorophylls
Scanning electron microscopy (SEM) images are presented in Figure 4.5 of
phase IV mature, hydrostatically formed photogranules. SEM of Amherst and Hadley
photogranules are shown in upper and lower rows, respectively. (a) and (b) 21x and 17x
magnification showing a cross-section of whole photogranules in Amherst and Hadley
cultivation, respectively. Due to large size, both photogranules collapsed when sliced
with a razor blade. (c) and (d) 524x and 416x magnification showing the inner portion of
the biomass for Amherst and Hadley cultivation, respectively. The biomass is observed
to be more floccular in nature, in comparison to the outer edge, and when sliced for
imaging, portions of the inner biomass disassociated from the photogranule. (e) and (f)
340x and 385x% showing the outer edge of the photogranules and magnification of EPS
microstructures for Amherst and Hadley photogranules, respectively. An outer crust-like

entanglement of cyanobacteria filaments is observed with multiple sheath and tube-like

structures.
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Amherst

Figure 4.5: Scanning Electron Microscopy of Mature Hydrostatically Formed
Photogranules. SEM of Amherst and Hadley photogranules are shown in upper
and lower rows, respectively. (a) and (b) 21x and 17x magnification showing a
cross-section of whole photogranules in Amherst and Hadley cultivation,
respectively. Due to large size, both photogranules collapsed when sliced with a
razor blade. (c) and (d) 524x and 416x magnification showing the inner portion of
the biomass for Amherst and Hadley cultivation, respectively. (e) and (f) 340x and
385x% showing the outer edge of the photogranules and magnification of tube
microstructures Amherst and Hadley cultivation, respectively.

4.3.3 Dynamics of Dissolved Constituents in Bulk Liquid

Dissolved nitrogen species are quantified during hydrostatic photogranulation
and concentrations are depicted in Figure 4.6. Dissolved total nitrogen (DTN), which is
mainly composed of ammonium (NH4*-N) for day 0 Amherst and Hadley sludge sources,
decreased significantly during the first 6 days of the cultivation. Previous studies have
shown that the availability of dissolved inorganic nitrogen (DIN), particularly ammonium

NH4*-N is correlated with successful granulation (Kuo-Dahab et al., 2018; Stauch-White
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et al., 2017). Stauch-White et al. (2017) observed that NH4*-N remained high for the first
two days of successful cultivations and was quickly depleted by day 4. In contrast to this
study, they showed that NH4*-N depletion was followed by a corresponding increase in
nitrate (NO3-N), with subsequent depletion by day 12, remaining low for the remainder
of the cultivation. Here, we observe some decreases and increases in both NO3-N and
nitrite (NO2-N), but both remain relatively low (<0.8 mg N/L) for both sludge sources
during photogranulation. An increase in DON is observed in this study for both sludge
sources that occurs from day 3 during the cultivation. DON trends shown here
corroborate results reported by both Stauch-White et al. and Kuo-Dahab et al. (2018).
Correlation analysis was performed and values between chlorophylls, N, and ions during
hydrostatic cultivation of photogranules are presented in Figure 4.7 (Amherst sludge)
and Figure 4.8 (Hadley sludge). Chlorophyll a and a/b ratio show moderate to strong
correlations with DON (Amherst: r=0.90 and 0.95; Hadley: r= 0.78 and 0.91) and NH4*-N
(Amherst: r=-0.83 and -0.80; Hadley: r=-0.88 and -0.83), suggesting the uptake of NH4*-
N and subsequent release of DON is related to the enrichment of cyanobacteria and
phototrophs. Generally, these progressive DON and DIN trends validate that cultivation
was consistent with other studies and evaluation of the EPS components is translatable

to other cultivation of OPGs.
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Figure 4.6: Nitrogen Species During the Transformation of Activated Sludge
During Photogranulation in a Hydrostatic Environment, for Two Sludge Sources
Amherst and Hadley. Phases are labeled above as, Phase I: sludge compaction,
Phase II: phototrophic bloom, Phase II: main granulation, and Phase IV: granule

maturation. Concentration of DTN, DON, NH4*-N, NOs -N, and NO; -N for both

sludge sources during photogranulation. Error bars represent standard deviation
of three replicates for nitrogen
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Figure 4.7: Correlation of chlorophylls, N-species, and ions for Amherst sludge.
The distribution of each variable (chlorophyll a, chlorophyll a/b, DOC, DTN, DON,
DIN, CI, POs*, SO4%, Na*, NHs*-N, K*, Ca?*, Mg?*, monovalent:diavalent cation ratio)
for Amherst sludge is shown on the diagonal. On the bottom of the diagonal: The
bivariate scatter plots with a fitted line are displayed. On the top of the diagonal:
the value of the correlation plus the significance level as stars. Each significance
level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
((exx) fowen en i 2w ) Highlighted pink boxes are notable correlations.
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Figure 4.8: Correlation of chlorophylls, N-species, and ions for Hadley sludge. The
distribution of each variable (chlorophyll a, chlorophyll a/b, DOC, DTN, DON, DIN,
Cl, POs*, SO4%, Na*, NHs*-N, K*, Ca?*, Mg?*, monovalent:diavalent cation ratio) for
Hadley sludge is shown on the diagonal. On the bottom of the diagonal: The
bivariate scatter plots with a fitted line are displayed. On the top of the diagonal:
the value of the correlation plus the significance level as stars. Each significance
level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
(exxx ) fowen ien e w4 Highlighted pink boxes are notable correlations.

Divalent and monovalent anion, phosphate (PO.%), sulfate (SO4?) and cation,
sodium (Na*), potassium (K*), calcium (Ca?*), and magnesium (Mg?*), concentrations in
the bulk liquid are presented in Figure 4.9. during the cultivation for both sludge sources,
Amherst and Hadley. Amherst and Hadley both show similar results for the duration of
the cultivation. PO*, SO4%, and K* all show similar trends with small releases and

uptakes over the entire 28-day period between the two sludge sources. Calcium (Ca?*)
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and Magnesium (Mg?*) also show similar trends for both sludge sources, with large
release during the first three days, followed by an uptake through day 12, then relatively
unchanged until day 28 (Figure 4.10). Ca?* shows a moderate to strong correlation
(Amherst: r=-0.87; Hadley: r=-0.77) with DON suggesting that the availability of Ca?* in
the bulk liquid may be from the decay of organic matter from the activated sludge
biomass (Figure 4.10). Additionally, Mg?* only shows a moderate correlation with DON
for Amherst (r=-0.76) and Hadley (r=-0.62) sludges (Figure 4.10). Ca?" and Mg?* also
show significantly moderate to strong negative correlation with chlorophyll a/b for
Ambherst (Ca?*: r=-0.81 and Mg?*: r=-0.68) and Hadley (Ca?": r=-0.81 and Mg?*: r=-0.68),
suggesting that the release and uptake of these divalent cations from the bulk liquid is
related to the enrichment of cyanobacteria.

The divalent cation bridging theory has been supported by findings from several
studies that divalent, specially Ca?* and Mg?*, helps biofilm formation. Higgins and
Novak (1997a) reported that when the sum of monovalent cation concentration (Na*,
NH4*-N, and K*) divided by the sum of the divalent cations (Ca?* and Mg?*) was greater
than 2, then there is a loss of biomass aggregation due to loss of biofilm EPS stability.
The monovalent to divalent cation ratio is also depicted in Figure 4.9. Results here show
ratio of monovalent to divalent cations is less than 2 during photogranulation and

suggests that biofilm formation is promoted with no deterioration to the biomass.
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Figure 4.9: Anion and Cation Concentrations, and Monovalent to Divalent Cation
Ratio During the Transformation of Activated Sludge in a Hydrostatic
Environment, for Two Sludge Sources Amherst and Hadley. Phases are labeled
above as, Phase I: sludge compaction, Phase II: phototrophic bloom, Phase II:
main granulation, and Phase IV: granule maturation. Concentration of PO,*, SO4%,
Na*, K*, Ca%*, and Mg?* for Hadley sludge cultivation. Error bars represent
standard deviation of three replicates for anions and cations.
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Figure 4.10: Correlation of chlorophylls, N-species, and ion for Amherst and Hadley sludge. The distribution of each
variable, Amherst, and Hadley constituents (chlorophyll a, chlorophyll a/b ratio, DTN, DON, DIN, NH,*-N, Ca?*, Mg?) is
shown on the diagonal. On the bottom of the diagonal: The bivariate scatter plots with a fitted line are displayed. On the top
of the diagonal: the value of the correlation plus the significance level as stars. Each significance level is associated to a
symbol: p-values (0, 0.001, 0.01, 0.05, 0.1, 1) <=> symbols (“***», «**»_ x> «» ) Highlighted values in pink are
correlations between the same sludge sources.
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4.3.4 Fate and Dynamics of Different EPS Fractions and Different Sludge Sources

During Hydrostatic Photogranulation

In general, EPS can be grouped into two main groups of EPS, soluble or
biomass-bound (Nielsen & Jahn, 1999). Soluble EPS (soluble macromolecules, colloids,
and slimes) are situated in the surrounding environment of the bacterial cells whereas
bound EPS (sheaths, capsular polymers, condensed gels, etc.) can be tightly or loosely
attached to the cell surface (Comte et al., 2006; Flemming et al., 2010; Nielsen & Jahn,
1999). Here, soluble and bound EPS are extracted using five different extraction
methods: centrifugation for soluble EPS, and CER, base, sonication, and heat for bound
EPS fractions. Figure 4.11 depicts (a) and (b) EPS proteins, (c) and (d) EPS
polysaccharides, (e) and (f) EPS humic acids for Amherst and Hadley sludge sources,
respectively. Each extraction method was evaluated by quantifying polysaccharides,
proteins and humic acids using colorimetric assays. The results show similar trends, with
respect to proteins, polysaccharides, and humic acids concentrations, across both
sludge sources (Amherst and Hadley). However, the quantity of proteins,
polysaccharides, and humic acids over the photogranulation period are strongly
dependent on the extraction method and/or the trends varied between each EPS
extraction method (i.e., centrifugation, base, CER, and sonication) during
photogranulation (Figure 4.11) suggesting that each method is associated with a
different EPS fraction. A comparative analysis was also performed to understand which
extraction method correlated with key trends during granule development to validate the
method as capturing relevant protein, polysaccharide, and humic acid concentrations to

OPG development.
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Figure 4.11: The Dynamics of Different Fractions of Soluble and Biomass-bound
EPS During Hydrostatic Cultivation of Photogranules for Two Sludge Sources
(Soluble Fraction in Supplementary Info). Biomass-bound components, (a) and (b)
proteins (PN), (c) and (d) polysaccharides (PS), and (e) and (f) humic acids (HA)
are depicted. Soluble EPS was collected using centrifugation. Biomass-bound
EPS is extracted using four different procedures- CER, base, sonication, and heat.
Phase of photogranulation is shown at the top of the figure and the duration of
each phase is indicated by brackets. Concentration is shown in mg/L on the y-
axis. For all figures, time is shown on the x-axis in days. Diamonds represent
soluble EPS, squares represent CER-extractable EPS, triangles represent base-
extractable fraction, circles represent sonic-extractable fraction, and stars
represent heat-extractable fraction of EPS. Error bars represent the standard
deviation of triplicate samples.
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4.3.4.1 Similarities and Differences Between EPS Extraction Methods and Sludge

Sources

Both sludge sources, Amherst and Hadley, show very similar results for each
extraction method with respect to overall trend during photogranulation, but with different
quantities for proteins, polysaccharides, and humic acids. Different quantities make
sense, as initial TSS and VSS of Hadley sludge is much higher than Amherst sludge
accounting for the higher EPS quantities observed for each EPS fraction. Concentrations
normalized per g VSS for soluble and bound EPS proteins, polysaccharides and humic
acids are presented in Figure 4.11.

General EPS protein trends are similar between both sludges, Figure 4.11a and
Figure 4.11b, while there is a different magnitude for each method. A significantly strong
positive correlation between the sludge sources is shown for each method for extracted
proteins (soluble: r= 0.88; CER: r=0.95; base: r=0.91; sonication: r=0.82; heat: r=0.93)
Figure 4.12. Soluble proteins increase 4.8x and 6.4x by day 16 for Amherst and Hadley
sludge, respectively. Bound proteins show a decreasing trend over the course of
photogranulation for all extraction methods, for both sludge sources. CER extracted
protein shows an initial increase (Amherst: A= 49 mg/g VSS; Hadley: A= 25 mg/g VSS)
during the first 2 days of the cultivation, but a small change of (Amherst: A= 1 mg/g VSS,;
Hadley: A= 6 mg/g VSS) during phase | for Amherst and Hadley sludge, respectively.
This is followed by a decrease for the remainder of the cultivation with a net decrease of
29 mg/g VSS and 31 g/g VSS for Amherst and Hadley sludge, respectively. Base
extractable proteins show an overall decrease of 127 mg/g VSS and 42 mg/g VSS for
Ambherst and Hadley sludge, respectively. Sonication extractable protein shows a
decrease during phase |, then remaining relatively constant for Amherst sludge. Hadley

sludge also shows a decrease during phase | and continues to decrease through day 28
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or phase |V. Both sludge sources show a net decrease (Amherst: A= 35 mg/g VSS;
Hadley: A= 36 mg/g VSS) over the course of photogranulation. Heat extraction also
shows an overall decrease for both sludge sources (Amherst: A= 92 mg/g VSS; Hadley:
A= 47 mg/g VSS). Heat extracts show the highest extracted concentrations followed by
base, then sonication and CER which vacillate during the first 6 days of the cultivation
but remain in that order until day 28.

Bound proteins also show significant moderate to strong positive correlation with
soluble proteins for CER (Amherst: r=-0.79; Hadley: r=-0.70), base (Amherst: r=-0.67;
Hadley: r=-0.-0.76), and heat (Amherst: r=-0.82; Hadley: r=-0.66) extracts, for both
sludge sources Figure 4.12. For both sludge sources, no correlation is shown between
soluble proteins and sonication extractable proteins. This suggests that while a portion of
CER, base and heat extractable proteins are solubilized into the bulk liquid, sonication
proteins are not and most likely assimilated by microorganisms as substrate or into the
biofilm matrix.

Bound proteins extracted with different methods show strong positive correlation
between most methods (Figure 4.12). Amherst shows significant moderate to strong
relationships for all methods except CER vs. base (r=0.56) and CER vs. Sonication
(0.40), while Hadley sludge shows significant moderate to strong relationships for all
methods (Figure 4.12). This would suggest that protein composition is the least biased
by the approach selection. Soluble and bound base and sonication extractable proteins

are also consistent with trends observed by Kuo-Dahab et al. (2018).
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Figure 4.12: Correlation of EPS proteins between Amherst and Hadley sludge. The
distribution of each variable, Amherst, and Hadley EPS proteins for each
extraction method (soluble, CER, base, sonication, and heat), is shown on the
diagonal. On the bottom of the diagonal: the bivariate scatter plots with a fitted
line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-
values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols (“***”, «x*» e w» wi) Highlighted
values in orange are correlations between the same methods, but different sludge
sources. Highlighted values in green are correlations between different methods
but same sludge sources.

Similar trends are observed across sludge (Figure 4.11c and Figure 4.11d) for
extracted polysaccharides (soluble and bound), but polysaccharide concentration and
trends vary by methods. Like proteins, a significantly strong positive correlation between
the sludge sources is shown for each method for extracted polysaccharides (soluble: r=
0.84; CER: r=0.90; base: r=0.78; sonication: r=0.91; heat: r=0.95), Figure 4.13.

During phase | (Figure 4.11), soluble EPS polysaccharides increased by 15 mg/g
VSS and 6 mg/g VSS for Amherst and Hadley sludges, respectively. At the start of
phase Il, both trends decreased slightly followed by further increase through the end of

the cultivation by an overall net increase of 12 mg/g VSS and 22 mg/g VSS for Amherst
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and Hadley sludges. CER extracted polysaccharides also show an increase during
phase | by 28 mg/g VSS and 19 mg/g VSS, respectively for Amherst and Hadley
sludges. During phase Il there is a net decrease of 19 mg/g VSS and 22 mg/g VSS.
CER shows slight changes through phase Ill and IV with a net increase of 11 mg/g VSS
and 2 mg/g VSS by day 28 of the cultivation, for Amherst and Hadley sludges,
respectively. Base extractable polysaccharides show some slight decreases and
increases throughout the cultivation but ends with an overall net decrease of only 20
mg/g VSS and 13 mg/g VSS for Amherst and Hadley sludges, respectively at the end of
phase IV. Sonication extracted polysaccharides follow similar trend to base extracted
polysaccharides, but at lower concentrations for both sludge sources. Heat extraction
shows an initial increase during phase | but very low overall net change (Amherst: A=9
mg/g VSS; Hadley: A= 2 mg/g VSS), followed by a net increase during phase I
(Amherst: A= 12 mg/g VSS; Hadley: A= 8 mg/g VSS), and overall net increase through
phase Il and IV (Amherst: A= 7 mg/g VSS; Hadley: A= 8 mg/g VSS).

Bound polysaccharides show no significant correlations between different
extraction methods and soluble polysaccharides for both sludge sources, except Hadley
sonication extractable polysaccharides (r=0.61), Figure 4.13. This suggests that
polysaccharide-based EPS is not solubilized into the bulk liquid and any polysaccharides
that are produced remain in the EPS matrix or are assimilated as substrate by
microorganisms.

In contrast to proteins, bound polysaccharides extracted with different methods
show weak correlation between each method (Figure 4.13), except for Hadley sludge,
which shows a moderate negative correlation between base vs. heat (-0.66), but no
other correlations. This would suggest that polysaccharide composition is probably the
most biased by the approach selection and this is particularly important since

cyanobacterial EPS is more polysaccharide based (Kuo-Dahab et al., 2018). This
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suggests that different EPS extraction methods are necessary in order to characterize

and define EPS during photogranulation.
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Figure 4.13: Correlation of EPS polysaccharides between Amherst and Hadley
sludge. The distribution of each variable, Amherst, and Hadley EPS
polysaccharides for each extraction method (soluble, CER, base, sonication, and
heat), is shown on the diagonal. On the bottom of the diagonal: the bivariate
scatter plots with a fitted line are displayed. On the top of the diagonal: the value
of the correlation plus the significance level as stars. Each significance level is
associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols (“***”, “**”
e w0 i) Highlighted values in orange are correlations between the same
methods, but different sludge sources. Highlighted values in green are
correlations between different methods but same sludge sources.

Bound humic acids, show decreasing trends over the course of photogranulation
for all methods, and both sludge sources. CER extracted humic acids show a large
decrease through the midpoint of phase Il (Amherst: A= 14 mg/g VSS; Hadley: A= 16
mg/g VSS), then remains relatively constant through the end of phase IV (Amherst: A=5
mg/g VSS; Hadley: A= 4 mg/g VSS). Base extracted humic acids show small initial

increases and decreases, but an overall decrease by phase Il and IV (Amherst: A= 13
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mg/g VSS; Hadley: A= 20 mg/g VSS). Sonication extractable humic acids also show
small increases during phase |, but also decreases through phase IV for both sludge
sources (Amherst: A= 5 mg/g VSS; Hadley: A= 4 mg/g VSS). Heat extracted humic acids
show changes with the greatest magnitude with an increase during the first two days
(Amherst: A= 15 mg/g VSS; Hadley: A= 8 mg/g VSS), followed by an overall decrease
through phase IV (Amherst: A= 4 mg/g VSS; Hadley: A= 18 mg/g VSS).

In contrast to bound proteins, humic acids only show significant negative
correlation with soluble proteins for CER (r=-0.66) and base (r=-0.79) extractable humic
acids, and for Amherst sludge specifically, Figure 4.14. For all other extraction methods
for Amherst (sonication and heat), and all methods for Hadley sludge, no correlation is
shown between extraction methods and soluble humic acids. While a portion of CER
and base extractable humic acids in Amherst sludge may have been solubilized into the
bulk liquid, there seems to be an initial loss in humic acids and no corresponding
increase in the bulk liquid concentration, which may suggest that humic acids are
substrate when reduced C is limited in the initial phases of granulation.

Bound humic acids extracted with different methods show weak to moderate
positive correlation between each method (Figure 4.14). Amherst shows significant weak
to moderate correlation for CER vs base (r=0.56), CER vs heat (r=0.68), and sonication
vs heat (0.59). Hadley shows significant moderate to strong correlation for CER vs base
(r=0.62 and CER vs heat (r=0.85). This would suggest that humic acid composition is
also less biased by the approach selection in comparison to the methods for

polysaccharides, but more biased in comparison to proteins.
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Figure 4.14: Correlation of EPS humic acids between Amherst and Hadley. The
distribution of each variable, Amherst, and Hadley EPS humic acids for each
extraction method (soluble, CER, base, sonication, and heat), is shown on the
diagonal. On the bottom of the diagonal: the bivariate scatter plots with a fitted
line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-
values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols (“***», “**» x> «» ) Highlighted
values in orange are correlations between the same methods, but different sludge
sources. Highlighted values in green are correlations between different methods
but same sludge sources.

The results presented above show that different EPS extraction methods are
required to capture different fractions of EPS with respect to protein, polysaccharide, and
humic acid composition. EPS extraction methods for polysaccharides were found to be
the most biased, followed by humic acids, then proteins. This suggests that different
methods target different EPS fractions (more associated with polysaccharides), but may
overlap between the methods (proteins and humic acids). Results also show that EPS
extraction methods and trends are significantly similar, statistically, between two sludge

sources (Amherst and Hadley).
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4.3.4.2 Comparative Analysis of EPS Proteins, Polysaccharides, and Humic Acids

with Key Trends During Granule Development

A comparative correlation analysis was performed in order to understand which
EPS extraction methods correlate with key trends observed in granule development
during hydrostatic photogranulation. The correlation analysis was performed between
soluble and bound EPS proteins, polysaccharides and humic acids (for each extraction
method) and dissolved constituents (chlorophyll, C, N-species, anions, and cations). The
Pearson correlation, data distribution and corresponding p-values are presented in
Figure 4.15 to Figure 4.20. Notable correlations between EPS extracts and constituents

are highlighted- chlorophylls (pink), N-species (blue), anions and cations (purple).

4.3.4.3 EPS Proteins

All EPS extraction methods showed statistically significant moderate to strong
correlations (Amherst: r= 0.56 - 0.94; Hadley: r= 0.78 to 0.95) between proteins and
chlorophyll a and a/b ratio, for both sludge sources. Soluble proteins show a strong
positive correlation while bound proteins all show negative correlations (Figure 4.15 and
Figure 4.16).

Soluble proteins show a strong positive correlation with DON (Amherst: r=0.90;
Hadley: r=0.72) while bound proteins show moderate to strong negative correlations
(Amherst- CER: r=-0.82; base: r=-0.69; heat: r=-0.84, Hadley- CER: r =-0.81; base: r=-
0.83; sonication: r=-0.78; heat: r=-0.92) except Amherst sonication extractable proteins
(r=-0.38), for both sludge sources (Figure 4.15 and Figure 4.16).

All EPS extraction methods also have moderate to strong correlations (Amherst:

r=0.63 - 0.86; Hadley: r= 0.50 to 0.83) between proteins and NH4*-N. In contrast to
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chlorophylls, Soluble proteins show a negative correlation while bound proteins show a
positive correlation (Figure 4.15 and Figure 4.16).

Ca?" and Mg?* show negative correlation with soluble proteins (Amherst- Ca?*: r=-
0.85; Mg?*: r=-0.79; Hadley- Ca?*: r=-0.62; Mg?*: r=-0.59). CER extractable proteins
show a strong positive correlation with Ca?* and Mg?* (Amherst- Ca?*: r=0.83; Mg**:
r=0.72; Hadley- Ca?*: r=0.87; Mg?*: r=0.79) which corresponds to results in literature as
CER targets EPS fractions that are bound with divalent cations (Park & Novak, 2007;
Park et al., 2008a, 2008b). Heat extractable proteins also show a moderate positive
correlation with Ca?* but a weak correlation with Mg?* (Amherst- Ca?*: r=0.63; Mg?*:

r=0.46; Hadley- Ca?*: r=0.67; Mg?*: r=0.47).
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4.3.4.4 EPS Polysaccharides

Soluble polysaccharides show a significant moderate positive correlation with
chlorophyll a (Amherst: r=0.64; Hadley: r=0.75) and strong positive correlation with
chlorophyll a/b ratio (Amherst: r=0.70; Hadley: r=0.86). Only CER extractable
polysaccharides show a negative correlation with chlorophyll a (Amherst: r=-0.58;
Hadley: r=-0.84) and chlorophyll a/b ratio (Amherst: r=0.68; Hadley: r=-0.82) (Figure 4.17
and Figure 4.18).

Soluble polysaccharides show some correlation with DON, with Hadley sludge
having the strongest positive correlation (r=0.90) and Amherst having a moderate
positive correlation (r=0.61). Bound CER polysaccharides show moderate negative
correlations with DON (Amherst: r=-0.58; Hadley: r=-0.64), while sonication shows
moderate positive correlation with DON (Amherst: r=0.55; Hadley: r=0.68) for both
sludge sources. Hadley sludge also shows a moderate negative (r=-0.57) between base
extractable polysaccharides and DON (Figure 4.17 and Figure 4.18).

NH.*-N only shows moderate correlation with soluble polysaccharides (r=-0.60)
and CER extractable polysaccharides (r=0.66) for Hadley sludge, otherwise very weak
insignificant correlations are seen for both sludges (Figure 4.17 and Figure 4.18).

Ca?" and Mg?* in the bulk liquid show a moderate negative correlation with
soluble polysaccharides (r=-0.66) but only for Hadley sludge. CER extractable
polysaccharides show a strong correlation with Ca?* and Mg?* (Amherst- Ca?*: r=0.84;
Mg?*: r=0.84; Hadley- Ca?*: r=0.86; Mg?*: r=0.78) which corresponds to results observed

for CER extractable proteins (Figure 4.17 and Figure 4.18).
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Figure 4.18: Correlation of chlorophylls, N-species, ions, and EPS polysaccharides for Hadley sludge. The distribution of
each variable for Hadley sludge (chlorophyll a, chlorophyll a/b ratio, total DOC, DTN, DON, DIN, PO.*, SO,%, Na*, NH4*-N,
Ca?, Mg#, soluble PS, CER PS, base PS, sonication PS, heat PS), is shown on the diagonal. On the bottom of the diagonal:
the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
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4.3.4.5 EPS Humic Acids

Ambherst sludge, both soluble and bound EPS humic acids show strong
correlations between humic acids and chlorophyll a/b ratio (soluble: r=0.73; CER: r= -
0.93; base: r=-0.73; sonication: r=-0.72; heat: r=-0.72). While for Hadley sludge, only
bound EPS humic acids show correlation with chlorophyll a/b ratio (CER: r=-0.94; base:
r=-0.75; sonication: r=-0.55; heat: r=-0.89) (Figure 4.19 and Figure 4.20).

Only Amherst sludge soluble humic acids show a positive correlation with DON
(r=0.66) while Hadley sludge shows no correlation. Bound proteins show moderate to
strong negative correlations for both sludges and all extraction methods (Amherst- CER:
r=-0.86; base: r=-0.70; sonication: r=-0.73; heat: r=-0.74, Hadley- CER: r =-0.78; base:
r=-0.89; sonication: r=-0.69; heat: r=-0.69) (Figure 4.19 and Figure 4.20).

For Amherst sludge, CER (r=0.71), sonication (r=0.80), and heat (r=0.59)
extractable humic acids show correlation with NH4*-N. For Hadley sludge, all methods,
CER (r=0.74), base (r=0.62), sonication (r=0.60), and heat (r=0.74) show correlation with
NH4*-N (Figure 4.19 and Figure 4.20).

For both sludge sources, CER (Amherst- Ca?*: r=0.80; Mg?*: r=0.70; Hadley-
Ca?": r=0.77; Mg?*: r=0.64). and heat (Amherst- Ca?*: r=0.84; Mg?*: r=0.79; Hadley-
Ca?": r=0.71; Mg?": r=0.62). For Amherst sludge, sonication also shows a moderate

correlation with only Ca?* (r=0.57) (Figure 4.19 and Figure 4.20).

86



14 26

26 12 5 15 05 18 0E 1.2 0.0 08 05 20 18 25 36 14 20 28
— P11 1111 | 11 I 1 1 1111 L1111 111111 L1111 LIl 1111 n
098 | ove | a7 080 | -0s2 04 248 am 083 | 082 | a7 pes | -0.96 ast | 072 o E
o~ o F B *
= 3 el ped” | a7 098" | -0.s0 oz ; 0.20 081 088 073 093 0.73 072 072
(o]
Tosg dk N e N -
o o a1 nya 053 ey . 054 &7 iliv] []95 075 0.88 058 o051 F o
- ] am | 099 o= o oo | 099 osz e am 0.62 s 077 | as
o - -
1 o7 073 o4z 0.7 087 078 0.68 0.88 070 073 a4 BT
o4 " 7 T * " " . =
- " o 035 0.55 0.84 1.00 .53 o4 as 0.7 " .21 058
o
[ [5]x] TR - - L
{;:‘—’#_T: o E DV:I% ik [ 082 0.ES aa 03s 049 0.84 035 - g
= N P s 0.5 ® & a 0 ET c o
2 3 %_ﬂo_%/ | o= 0.54 0.70 0.83 a3 0.52 0.7s
\\;ﬂz;ﬂ/j ] oss’ ' ™ - - [
[=] ) - =
1 . * & [}
o M\D\w | y M i CES 0.71 0.80 0.58
qe o 0.97 080 0.80 0.54 05T 084" F
3 H_\_ T ) T ) 8\. = ] T e S =1 E
= h o 5 E ;n_i #’*\ M o= 0.70 o o ors =
[= o o W}ﬁ\\{m o NP Sojele _1 F ™
o | f\e b oo o b F’% { Q&7 0.78 EY E
= o b o 4 b o X - B -
e 3 A ﬂf 9 K ﬂ/:génla/: . 058 D53 068
- =] =] -
o f‘h‘i 040 nss [
B C
[=
B Fo hg™ e
g q i/a—_

A

T T 1 TTT 11 TTT 111 T T 11 T1 117
0 2 005 020 20 30 1.5 3.0 12 18 1% 25 20 35

-t
i

Figure 4.19: Correlation of chlorophylls, N-species, ions, and EPS humic acids for Amherst sludge. The distribution of each
variable for Amherst sludge (chlorophyll a, chlorophyll a/b ratio, total DOC, DTN, DON, DIN, PO.*, SO4%, Na*, NH,*-N, Ca?,
Mg?, soluble HA, CER HA, base HA, sonication HA, heat HA), is shown on the diagonal. On the bottom of the diagonal: the
bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
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Figure 4.20: Correlation of chlorophylls, N-species, ions, and EPS proteins for Hadley sludge. The distribution of each
variable for Hadley sludge (chlorophyll a, chlorophyll a/b ratio, total DOC, DTN, DON, DIN, PO.*, SO4*, Na*, NHs*-N, Ca?*,
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significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols

(“***” EEkkI) L6k 6 W “)
1 1 1 L -

88



All methods had some correlation with one or more constituents, chlorophylls, N-
species, and select cations and anions, which have been previously established as
strong indicators of successful granule formation (Kuo-Dahab et al., 2018; Milferstedt et
al., 2017; Stauch-White et al., 2017). The results presented here show that different
methods capture different fractions of EPS which align with the established key trends in
photogranule development. Further, the comparative analysis results validate that EPS
extraction methods capture relevant protein, polysaccharide and/or humic acid

concentrations during photogranule development.

4.3.5 Changes in Organic Carbon (C) and Nitrogen (N) Among Different EPS

Fractions During Photogranulation

To further characterize and analyze different EPS extraction methods, the
content of organic C and N were determined in the soluble and bound EPS fractions for
each extraction method. C and N in dissolved and bound fractions are defined as,
dissolved organic carbon (DOCrotal), dissolved organic nitrogen (DONreta), bound
organic carbon (BOCrotai) and bound organic nitrogen (BONrotal) (Figure 4.21 and Figure

4.26).

4.3.5.1 Similarities and Differences Between EPS Extraction Methods Organic C

and N Content and Sludge Sources

In accordance with above results for EPS proteins, polysaccharides and humic
acids, significantly similar trends for each extraction method for organic C and N derived
from proteins, polysaccharides and humic acids, were shown between the two sludges.

Additionally, differences across the methods were observed with respect to organic C
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and N content from proteins, polysaccharides and humic acids suggesting that EPS
extraction methods target different fractions of the EPS matrix.

DOCr.lincreases overall for both sludge sources with a net change of 10 mg
C/L and 20 mg C/L, respectively, while BOCroa decreases overall for all extraction
methods during photogranulation Figure 4.20. DOCrota and BOCrotai Shows statistically
strong positive correlation between the two sludge sources and all the EPS extraction
methods (soluble: r=0.89; CER: r=0.96; base: r=0.87; sonication: r=0.83; heat: r=0.95),
Figure 4.22. DOC and BOC proteins (soluble: r=0.88; CER: r=0.95; base: r=0.91;
sonication: r=0.82; heat: r=0.93), polysaccharides(soluble: r=0.84; CER: r=0.90; base:
r=0.78; sonication: r=0.91; heat: r=0.95), and humic acids (CER: r=1.00; base: r=0.92;
sonication: r=0.82; heat: r=0.90) also show strong correlation between the two sludge
sources, Amherst and Hadley, except Hadley DOC humic acids (r=0.12) (Figure 4.22 to
Figure 4.25).

Different EPS extraction methods also capture different organic C content
suggesting that the methods capture different fractions with respect to organic C content.
For all extraction methods, BOCrota decreases overall during photogranulation, but the
composition of organic C from proteins, polysaccharides, and humic acids changes
(Figure 4.21). The strongest and highest number of correlations are shown for DOC and
BOC proteins between extraction methods (Amherst: n=8; Hadley: n=10), followed by
DOC and BOC humic acid (Amherst: n= 5; Hadley: n=2) and last by DOC and BOC
polysaccharides (Amherst: n=0; Hadley: n=1), which suggests that extraction methods
for organic C and N derived from proteins show the least bias, followed by humic acids,
then polysaccharides between methods. Correlations are presented in Figure 4.23,
Figure 4.24, and Figure 4.25 for DOC and BOC proteins, polysaccharides, and humic
acids, respectively. Values highlighted in pink represent correlations between methods

for the sludge sources, blue highlight represents correlations that are different between

90



the methods for the two sludge sources, and purple highlight represents moderate to
strong correlations between methods for the two sludge sources.

The composition of DOCretai changes from mostly organic C derived from
polysaccharides and humic acids to proteins in the bulk liquid for both sludge sources
(Figure 4.21). The strongest correlations between soluble and bound organic C are CER
(Amherst: r=-0.79; Hadley: r=-0.70), base (Amherst: r=-0.67; Hadley: r=-0.76) and heat
(Amherst: r=-0.82; Hadley: r=-0.66) derived from proteins, suggesting that organic C in
the bulk liquid is derived from bound proteins and available as substrate. Organic C
derived from polysaccharides also shows an increase in the bulk liquid, however no or
weak correlations are seen with all EPS extraction methods suggesting that this organic

C is consumed or utilized in the biofilm versus dispersed into the bulk liquid.
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Figure 4.21: Dynamics of C for Soluble and Biomass-bound Fractions During
Hydrostatic Photogranulation for Two Sludge Sources- Amherst and Hadley. The
panel on the left side show C concentrations in the Amherst sludge, while panel

on the right side shows results for Hadley sludge. The figures are organized by
EPS extraction method as follows: (a)-(b) soluble (centrifugation), (c)-(d) CER, (e)-
(f) base, (g)-(h)sonication, and (i)-(j) heat-extractable fractions. Phase of
photogranulation is shown at the top of the figure and the duration of each phase
is indicated by brackets. Concentration is shown in mg/L on the y-axis for the line
graphs for DOC and BOC Total. Histogram shows percentage of C in each extract
for proteins, polysaccharides, and humic acids. For all figures, time is shown on
the x-axis in days. Error bars represent the standard deviation of triplicate
samples.
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Hadley sonication BOCcta, and Hadley heat BOCiqtal), is shown on the diagonal. On the bottom of the diagonal: the bivariate
scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the significance
level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols (“***”, “**”,
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Figure 4.23: The correlation of EPS dissolved and bound organic carbon derived from proteins between Amherst and
Hadley sludge. The distribution of each variable for Amherst and Hadley sludge (Amherst soluble DOCpy, Amherst CER
BOCpn, Amherst base BOCpn, Amherst sonication BOCpy, Amherst heat BOCen, Hadley soluble DOCpy, Hadley CER BOCkn,
Hadley base BOCpn, Hadley sonication BOCen, and Hadley heat BOCey), is shown on the diagonal. On the bottom of the
diagonal: the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation
plus the significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=>
Symb0|s (“***”, “**”, H*”, “.”, n H).
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Figure 4.24: The correlation of EPS dissolved and bound organic carbon derived from polysaccharides between Amherst
and Hadley sludge. The distribution of each variable for Amherst and Hadley sludge (Amherst soluble DOCps, Amherst
CER BOCps, Amherst base BOCps, Amherst sonication BOCps, Amherst heat BOCps, Hadley soluble DOCps, Hadley CER

BOCes, Hadley base BOCps, Hadley sonication BOCps, and Hadley heat BOCps), is shown on the diagonal. On the bottom of
the diagonal: the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the
correlation plus the significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05,
0.1, 1) <=> SymbOIS (H***”, H**”, “*”, “.”, L1} “).
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Figure 4.25: The correlation of EPS dissolved and bound organic carbon derived from humic acids between Amherst and
Hadley sludge. The distribution of each variable for Amherst and Hadley sludge (Amherst soluble DOCuxa, Amherst CER
BOCHa, Amherst base BOCya, Amherst sonication BOCua, Amherst heat BOCua, Hadley soluble DOCya, Hadley CER BOCya,
Hadley base BOCua, Hadley sonication BOCua, and Hadley heat BOCxa), is shown on the diagonal. On the bottom of the
diagonal: the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation
plus the significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=>
symbols (“***”, “**”, “*”, “.”, " “).
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Similar to DOC, DONrota for both Amherst and Hadley sludge sources increases
overall for both sludge sources with a net change of 2 mg N/L and 2.4 mg N/L,
respectively, Figure 4.26. Like DOCrotai and BOC, DON and BONrotal Show strong
correlation between the two sludge sources for all EPS extraction methods (soluble:
r=0.86; CER: r=0.95; base: r=0.94; sonication: r=0.88; heat: r=0.91), Figure 27. DON
and BON proteins (soluble: r=0.88; CER: r=0.95; base: r=0.91; sonication: r=0.82; heat:
r=0.93) humic acids (CER: r=1.00; base: r=0.92; sonication: r=0.81; heat: r=0.90) also
show strong correlation between the two sludge sources, Amherst and Hadley, except
Hadley DOC humic acids (r=0.13) (Figure 4.28 to Figure 4.29).

Different EPS extraction methods also capture different organic N content,
suggesting methods target different fractions. Like BOC, for all extraction methods,
BONr.ta decreases overall during photogranulation, but the composition of organic N
between proteins and humic acids remains relatively constant (Figure 4.21) suggests
proteins and humic acids are equally solubilized or utilized during photogranulation.

The strongest correlations are shown for DON and BON proteins (Amherst: n=8;
Hadley: n=10) between extraction methods followed by DON and BON humic acids
(Amherst: n=5; Hadley: n=2), which suggests that extraction methods for organic N
derived from proteins show the least bias, then humic acids. Correlations are presented
in Figure 4.28 and Figure 4.29 for DON and BON proteins and humic acids, respectively.
Values highlighted in pink represent correlations between sludge sources, blue highlight
represents correlations that are different between methods for the two sludge sources,
and purple highlight represents moderate to strong correlations between methods for the
two sludge sources.

The strongest correlations between soluble and bound organic N are CER
(Amherst: r=-0.79; Hadley: r=-0.70), base (Amherst: r=-0.67; Hadley: r=-0.76) and heat

(Amherst: r= -0.82; Hadley: r=-0.66) derived from proteins, suggesting that organic N in
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the bulk liquid is derived from proteins and available as substrate. Amherst sludge BON
humic acids also show moderate to strong correlation between soluble with CER (r=-
0.66) and base (r=-0.81), while Hadley BON humic acids show no moderate or strong
correlations with soluble DON. This suggests that organic N from humic acids in

Amherst sets may be solubilized and contribute to DON.
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Figure 4.26: Dynamics of N for Soluble and Biomass-bound Fractions During
Hydrostatic Photogranulation for Two Sludge Sources-Amherst and Hadley. The
panel on the left side show N concentrations in the Amherst sludge, while panel
on the right side shows results for Hadley sludge. The figures are organized by

EPS extraction method as follows: (a)-(b) soluble (centrifugation), (c)-(d) CER, (e)-
(f) base, (g)-(h)sonication, and (i)-(j) heat-extractable fractions. Phase of
photogranulation is shown at the top of the figure and the duration of each phase
is indicated by brackets. Concentration is shown in mg/L on the y-axis for the line
graphs for DON and BON Total. Histogram shows percentage of N in each extract
for proteins and humic acids. For all figures, time is shown on the x-axis in days.
Error bars represent the standard deviation of triplicate samples.
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Figure 4.27: The correlation of EPS dissolved and bound organic nitrogen between Amherst and Hadley sludge. The
distribution of each variable for Amherst and Hadley sludge (Amherst soluble DONtoraL, Amherst CER BONroraL, Amherst
base BONroraL, Amherst sonication BONrtora,, Amherst heat BONrtoraL, Hadley soluble DONroraL, Hadley CER BONrortaL,
Hadley base BONtoraL, Hadley sonication BONtoraL, and Hadley heat BONroraL), is shown on the diagonal. On the bottom of
the diagonal: the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the
correlation plus the significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05,
0-1, 1) <=> symbols (“***”, “**”, “*”, u.”, " “).
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Figure 4.28: The correlation of EPS dissolved and bound organic nitrogen derived from proteins between Amherst and
Hadley sludge. The distribution of each variable for Amherst and Hadley sludge (Amherst soluble DONpn, Amherst CER
BONepn, Amherst base BONpn, Amherst sonication BONpn, Amherst heat BONgn, Hadley soluble DONgn, Hadley CER BONEgy,
Hadley base BONgn, Hadley sonication BONgn, and Hadley heat BONgy), is shown on the diagonal. On the bottom of the
diagonal: the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation
plus the significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=>
symbols (“***”, H**”, H*”, “.”, n H).
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Figure 4.29: The correlation of EPS dissolved and bound organic nitrogen derived from humic acids between Amherst and
Hadley sludge. The distribution of each variable for Amherst and Hadley sludge (Amherst soluble DONsa, Amherst CER
BONua, Amherst base BONua, Amherst sonication BONya, Amherst heat BONua, Hadley soluble DONua, Hadley CER BONya,
Hadley base BONua, Hadley sonication BONua, and Hadley heat BONua), is shown on the diagonal. On the bottom of the
diagonal: the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation
plus the significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=>
SymbOlS (“***”, H**”, H*”, “.”, n “).
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4.3.5.2 Comparative Analysis Between Dissolved and Organic C and N and Key

Trends During Granule Development

Results presented in the previous section show that dissolved and bound organic
C and N show statistically significant trends between the two sludge sources.
Additionally, results show that the different extraction methods also show statistically
different dissolved and bound organic C and N concentrations for each extract during
photogranulation. Here, we present another comparative correlation analysis in order to
understand how dissolved and bound organic C and N, for different extraction methods,
correlates with key trends observed during hydrostatic photogranule development. The
correlation analysis was performed between dissolved and bound organic C and N
fractions and select dissolved constituents (chlorophyll, C, N-species, anions, and
cations). The Pearson correlation, data distribution and corresponding p-values are
presented in Figure 4.30 to Figure 4.39. Notable correlations between EPS extracts and
constituents are highlighted- chlorophylls (pink), N-species (blue), anions and cations

(purple) and also presented in Figure 4.40.

4.3.5.3 Dissolved and Bound Organic C

All DOC and BOC from proteins show significant correlation with chlorophylls (a
and a/b ratio) for both sludge sources (Figure 4.30 and Figure 4.31). DOC from
polysaccharides shows a moderate to strong correlation with chlorophylls, along with
CER BOC for both sludge sources. Only Hadley sludge sonication BOC shows a
significant moderate correlation with chlorophylls (Figure 4.32 and Figure 4.33). All

dissolved and bound organic C from humic acids also show moderate to strong
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correlation with chlorophylls, except DOC for Hadley sludge (Figure 4.34 and Figure
4.35).

Figure 4.40 summarizes moderate and strong correlations between DOC/BOC or
DON/BON proteins polysaccharides and/or humic acids and the different extraction
methods and both sludge sources. At least one method correlated with each constituent,
chlorophylls, N-species, and select cations and anions, which have been previously
established as indicators of successful granule formation (Kuo-Dahab et al., 2018;
Milferstedt et al., 2017; Stauch-White et al., 2017). The results presented here show that
different methods capture different dissolved and bound organic C quantities which align
with the established key trends in photogranule development. Methods arranged from
the highest number of correlations between dissolved and bound organic carbon with
these constituents were CER (n=22), heat (n=14), soluble (n=10), base (n=7) and
sonication (n=7). These results validate that EPS extraction methods capture relevant
protein, polysaccharide and/or humic acid concentrations during photogranule

development.
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Figure 4.30: The correlation for chlorophylls, N-species, ions and organic carbon derived from proteins in Amherst sludge.
The distribution of each variable for Amherst sludge (chlorophyll a, chlorophyll a/b ratio, DIN, NHs*-N, Ca?*, Mg?*, DOCpn,
CER BOCen, base BOCen, sonication BOCpn, heat BOCen) is shown on the diagonal. On the bottom of the diagonal: the
bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
(CxFx, wown ieen e » 0w ) Values highlighted in pink represent correlations for chlorophylls, values in blue represent
correlations for DIN and NH.*-N, and values highlighted in purple represent correlations for Ca%* and Mg?*.
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Figure 4.31: The correlation for chlorophylls, N-species, ions and organic carbon derived from proteins in Hadley sludge.
The The distribution of each variable for Hadley sludge (chlorophyll a, chlorophyll a/b ratio, DIN, NH,*-N, Ca?*, Mg?*, DOCpy,
CER BOCkep\, base BOCen, sonication BOCpn, heat BOCen) is shown on the diagonal. On the bottom of the diagonal: the
bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
(e, cen Do e i) Values highlighted in pink represent correlations for chlorophylls, values in blue represent
correlations for DIN and NH,*-N, and values highlighted in purple represent correlations for Ca?* and Mg?*.
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Figure 4.32: The correlation for chlorophylls, N-species, ions and organic carbon derived from polysaccharides in Amherst
sludge. The distribution of each variable for Amherst sludge (chlorophyll a, chlorophyll a/b ratio, DIN, NH,*-N, Ca?*, Mg?*,
DOCps, CER BOCps, base BOCps, sonication BOCps, heat BOCps) is shown on the diagonal. On the bottom of the diagonal:
the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the

significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols

(xFr ) fown ien e n 0w ) Values highlighted in pink represent correlations for chlorophylls, values in blue represent
correlations for DIN and NH,*-N, and values highlighted in purple represent correlations for Ca?* and Mg?*.
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Figure 4.33: The correlation for chlorophylls, N-species, ions and organic carbon derived from polysaccharides in Hadley
sludge. The distribution of each variable for Hadley sludge (chlorophyll a, chlorophyll a/b ratio, DIN, NHs*-N, Ca?*, Mg?*,
DOCps, CER BOCrs, base BOCps, sonication BOCps, heat BOCps) is shown on the diagonal. On the bottom of the diagonal:
the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
(xrrr, comen Jeoe w wi) Values highlighted in pink represent correlations for chlorophylls, values in blue represent
correlations for DIN and NH4*-N, and values highlighted in purple represent correlations for Ca?* and Mg?**.
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Figure 4.34: The correlation for chlorophylls, N-species, ions and organic carbon derived from humic acids in Amherst
sludge. The distribution of each variable for Amherst sludge (chlorophyll a, chlorophyll a/b ratio, DIN, NH,*-N, Ca?*, Mg?*,
DOChHa, CER BOChHa, base BOCua, sonication BOCua, heat BOCha) is shown on the diagonal. On the bottom of the diagonal:
the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
(‘e e Do e i) Values highlighted in pink represent correlations for chlorophylls, values in blue represent
correlations for DIN and NH.*-N, and values highlighted in purple represent correlations for Ca?* and Mg?*.
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Figure 4.35: The correlation for chlorophylls, N-species, ions and organic carbon derived from humic acids in Amherst
sludge. The distribution of each variable for Hadley sludge (chlorophyll a, chlorophyll a/b ratio, DIN, NHs*-N, Ca%*, Mg?*,
DOCHa, CER BOCua, base BOCua, sonication BOCua, heat BOCua) is shown on the diagonal. On the bottom of the diagonal:
the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
(e, oeen Do e i) Values highlighted in pink represent correlations for chlorophylls, values in blue represent
correlatlons for DIN and NH4*-N, and values highlighted in purple represent correlations for Ca?* and Mg?'.
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4.3.5.4 Dissolved and Bound Organic N

All DON and BON from proteins show significant correlation with chlorophylls (a
and a/b ratio) for both sludge sources (Figure 4.36 and Figure 4.37). All dissolved and
bound organic C from humic acids also show moderate to strong correlation with
chlorophylls, except DON for Hadley sludge (Figure 4.38 and Figure 4.39).

Figure 4.40 summarizes moderate and strong correlations between DON/BON
proteins and/or humic acids and the different extraction methods and both sludge
sources. At least one method correlated with each constituent, chlorophylls, N-species,
and select cations and anions, which have been previously established as indicators of
successful granule formation (Kuo-Dahab et al., 2018; Milferstedt et al., 2017; Stauch-
White et al., 2017). The results presented here show that different methods capture
different dissolved and bound organic N quantities which align with the established key
trends in photogranule development. Methods arranged from the highest number of
correlations between dissolved and bound organic carbon with these constituents were
CER (n=16), heat (n=14), sonication (n=8), base (n=7) and soluble (n=5). These results
validate that EPS extraction methods capture relevant protein, polysaccharide and/or

humic acid concentrations during photogranule development.

111



2 8 10 14 0.0 0.4 0.8 05 15 25 4 & 12 18 10 12 14 18
| I T | | | | | | | T | | | | | | |
Amberst Cilorppihyila kK *% *k *% * *k Kk *hk *k . Tk [
| 0.98 -0.83 083 -0.82 070 0.91 -0.87 -0.83 056 093 L=
3z B Aenber= Ch ,_._-.\ o o e . e, % o i ek
= 3 ?’i 0.80 0.80 0.81 -0.68 0.93 0.83 0.83 -0.56 -0.94
"7 i [] Aenber=t D4 ok : Kk Kk * % [ .
: _ 0.53 034 063 087 | 078 0.76 082 [°
o ] : [Anber=t Ammerium - ok s 3 *k s 3 °
Cl o 0.53 0.33 .63 0.86 0.78 0.77 0.82

-0.85 0.83 0.44 - 063

20

079 0.71 0.28 15 0.46

o
- b
|
o
of
i [
1

5

fraa]Po0 s o . w* [
1 / ‘ﬁlq 079 067 280 082 [-
[ =
] T Ind=t PYyBON_CER . ® =
° ] T Oo}\obxm 0.56 040 0.70
<+ o =i
N \U pepfiE) ENBON_Bms e wxk [ g
1 b N | 085 | 093
L ©
- - v w AP ifig] FHECH_Saric - T
A 0.73
= op Qo .
2 B‘A “3—-0—9—@&‘,' o ;TL
v peniefBBON Hest |y
q o o 0n L s
] DD\-%\ENPD 1] o FZ |
T T 177 T T T 1 = T T 1771 T T T -
24688 0 5 10 15 15 25 35 0.0 1.0 20 10 20 30 15 20 25 30

Figure 4.36: The correlation for chlorophylls, N-species, ions and organic nitrogen derived from proteins in Amherst sludge.
The distribution of each variable for Amherst sludge (chlorophyll a, chlorophyll a/b ratio, DIN, NHs*-N, Ca?*, Mg?*, DONen,
CER BONgpy, base BONgn, sonication BONpn, heat BONgn) is shown on the diagonal. On the bottom of the diagonal: the
bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
() fown ieen e w0 ) Values highlighted in pink represent correlations for chlorophylls, values in blue represent
correlations for DIN and NH.*-N, and values highlighted in purple represent correlations for Ca%* and Mg?*.
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Figure 4.37: The correlation for chlorophylls, N-species, ions and organic nitrogen derived from proteins in Hadley sludge.
The distribution of each variable for Hadley sludge (chlorophyll a, chlorophyll a/b ratio, DIN, NHs*-N, Ca?*, Mg?*, DONpn, CER
BON¢en, base BONgn, sonication BONpy, heat BONpn) is shown on the diagonal. On the bottom of the diagonal: the bivariate
scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the significance
level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols (“***”, “**”,
e e w i), Values highlighted in pink represent correlations for chlorophylls, values in blue represent correlations for DIN
and NH.*-N, and values highlighted in purple represent correlations for Ca?* and Mg?%*.
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Figure 4.38: The correlation for chlorophylls, N-species, ions and organic nitrogen derived from humic acids in Amherst
sludge. The distribution of each variable for Amherst sludge (chlorophyll a, chlorophyll a/b ratio, DIN, NH,*-N, Ca?*, Mg?*,
DONua, CER BONua, base BONua, sonication BONua, heat BONua) is shown on the diagonal. On the bottom of the diagonal:
the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
() G ieen e w0 ) Values highlighted in pink represent correlations for chlorophylls, values in blue represent
correlations for DIN and NH.*-N, and values highlighted in purple represent correlations for Ca?* and Mg?*.
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Figure 4.39: The correlation for chlorophylls, N-species, ions and organic nitrogen derived from humic acids in Hadley
sludge. The distribution of each variable for Hadley sludge (chlorophyll a, chlorophyll a/b ratio, DIN, NHs*-N, Ca%*, Mg?*,
DONua, CER BONua, base BONua, sonication BONua, heat BONua) is shown on the diagonal. On the bottom of the diagonal:
the bivariate scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the
significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols
(e o e i) Values highlighted in pink represent correlations for chlorophylls, values in blue represent
correlatlons for DIN and NH4*-N, and values highlighted in purple represent correlations for Ca?* and Mg?'.
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adiey heat 0.77| sonic 0.60
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Figure 4.40: Summary of Notable Correlations Between Dissolved and Bound C
and N Derived from Proteins, Polysaccharides and Humic Acids, and Different
EPS Extraction Methods for Amherst and Hadley Sludge

4.4 Discussion

Granulation refers to the process by which the self-immobilization of microbes in

biological wastewater treatment systems results in a compact, granule structure.
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Currently, there is no single granulation mechanism model that can be applied across all
granules, but several concepts have been reported that involve EPS, selection pressure
(Hulshoff Pol et al.,1983; Liu & Tay, 2004); shear force (Liu & Tay, 2002); bridging by
filamentous organisms (Beun et al., 1999; Wiegant et al., 1988); cell surface
hydrophobicity (Ding et al., 2015; Gao et al., 2011; Kent et al., 2018; Sheng et al., 2010;
Wang et al., 2018) concentric, layered organization of microorganisms (Lv et al., 2014;
MaclLeod et al., 1990; Sekiguchi et al., 1999; Tay et al., 2002; Vlaeminck et al., 2010).
Each of these concepts involves EPS in one role or another.

EPS is not only thought to influence and mediate the formation of granules, but
also suggests that EPS plays a role in the maintenance of the structure of granules. For
example, Zhou et al. (2006) found that a slight overloading in upflow anaerobic sludge
blanket (UASB) reactors would stimulate EPS production and shorten the period of
granulation. Addition of exogenous EPS to anaerobic reactors with deteriorated granules
would lead to a significant recuperation of operational performance of the reactors
(Vivanco et al., 2006). In the aerobic sludge granulation process, the EPS content
increased with cultivation time at the initial stage. All of these indicate the essential role
of EPS in granulation.

Additionally, the composition and distribution of EPS influences the formation of
granules. EPS can bind cells closely through ion bridging interactions, hydrophobic
interactions, and polymer entanglement, which serves to enhance and promote the
formation of granules. As no universal extraction method is available for the quantitative
extraction of EPS from granules a method must be selected and optimized for each
case, taking into consideration the sample characteristics. Several EPS extraction
methods should be compared, and the most appropriate method selected (Sheng et al.,

2010).
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In order to fully understand hydrostatic granulation of oxygenic photogranules,
first, we determined if multiple EPS extraction methods are needed to fully characterize
EPS, and dynamics between EPS and key granulation trends were analyzed to infer
OPG formation. Centrifugation was used to collect soluble EPS and four physical and/or
chemical bound EPS extraction methods, CER, alkaline (base) treatment, sonication,
and heat treatment, following the temporal progression of photogranulation using two
different sludge sources. The composite assessment of soluble and bound EPS
polysaccharides, proteins and humic acids from the different extraction methods were
analyzed in correlation between the two sludges, the extraction methods themselves,

and with chlorophyll and nutrients data during different phases of photogranulation.

4.4.1 Key Trends Observed Across Two Sludge Sources

Kuo-Dahab et al. (2018) first showed the use of multiple extraction methods,
centrifugation, base and sonication, across two sludge sources to study the dynamics
and fate of EPS during hydrostatic photogranulation. Despite the different origins and
initial parameters of Amherst and Hadley activated sludge, photogranulation of both
sludges in their study, showed four common phases and similar trends in chlorophylis,
nitrogen, and soluble and bound EPS. Results in this study, corroborate findings in Kuo-
Dahab et al. showing that both sludge sources have strong, statistically significant key
trends with respect to chlorophyll a (r=0.99), chlorophyll a/b ratio (r=0.99), DTN (r=0.88),
DON (r=0.95), DIN (r=0.96), NH4*-N (r=0.96), Ca?* (0.99), and Mg?* (0.99), during
hydrostatic photogranulation (Figure 4.10). This shows that these trends are inherent in
hydrostatic photogranulation.

Results for EPS extraction methods also show that protein (soluble: r= 0.88;

CER: r=0.95; base: r=0.91; sonication: r=0.82; heat: r=0.93), polysaccharide (soluble: r=
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0.84; CER: r=0.90; base: r=0.78; sonication: r=0.91; heat: r=0.95), and humic acid
(soluble: r= 0.14); CER: r= 1.00; base: r=0.92 ; sonication: r=0.82: heat: r=0.90) trends
are significantly similar between the two sludge sources Amherst and Hadley, except for
soluble humic acids. This suggests that despite the differences in sludge source
inoculum, these complex microbial biofilms share similar function with respect to EPS
production and consumption during hydrostatic photogranulation, even though
communities may contain different microorganisms and initial concentrations of
constituents. Results also suggest that these EPS trends, like chlorophylls, nitrogen, and

cations, may be essential for hydrostatic formation of photogranules.

4.4.2 Multiple EPS Extraction Methods to Capture Different Fractions of EPS

Results here show that different EPS extraction methods are required to capture
different fractions of EPS, and the EPS extraction protocol used affects the quantity and
composition of EPS extracted, with respect to protein, polysaccharide, and humic acids,
during photogranulation. EPS extraction methods for polysaccharides were found to be
the most biased, followed by humic acids, then proteins. This suggests that different
methods target different EPS fractions, perhaps more associated with polysaccharides
(as no correlations were found between methods based on polysaccharide content) but
may overlap between the methods for protein and humic acids (as these methods
showed high correlation between methods based on protein content). This is particularly
important during photogranulation as cyanobacterial EPS is more polysaccharide based

(Kuo-Dahab et al., 2018).
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4.4.3 Comparative Analysis of Key Trends in Granule Development

The progressive chlorophyll a, a/b ratio, N-species, and cation and anion trends
observed in this study validate that the cultivation was consistent with other studies
(Kuo-Dahab et al., 2018; Milferstedt et al., 2017; Stauch-White et al., 2017), and
evaluation of the EPS components is translatable across cultivation of OPGs. Multiple
correlations between EPS extracts and chlorophylls, DON, DIN, NHs*-N, and
anions/cations show that this closed system is composed of complex interactions that

eventually produce a photogranule in a hydrostatic environment.

4.4.4 Chlorophylls

Activated sludge was initially collected from an open aeration basin, where light
intensity is intermittent with turbulent mixing conditions. With the transition to a
hydrostatic environment, with 24-hour light intensity, we observed an exponential
increase in chlorophylls (a and a/b ratio) along with increases in soluble and bound EPS
showing that these conditions are favorable for phototrophic microorganisms. The
moderate to strong correlations between soluble proteins, polysaccharides, and humic
acids (except Hadley soluble humic acids) suggests that the release or solubilization of
these components into the bulk liquid is associated with phototrophic growth. Bound
EPS also show moderate to strong negative correlations with chlorophylls, for both
sludge sources: all EPS extraction methods for proteins and humic acids, and CER
extracts for polysaccharides. First, this shows that there is a link between the dynamics
of these bound fractions (production and consumption) and the enrichment of
phototrophs. This may be due to either degradation of decay of the activated sludge

biomass by phototrophs and/or the active production of “new” EPS by phototrophs.
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Second, the extraction methods may select for different fraction of EPS associated with

photographs during photogranulation.

4.4.5 Nitrogen Species

Stauch-White et al. (2017) first reported the correlation between successful
photogranule cultivations and higher NH4*-N concentrations (>20 mg/L-N) in activated
sludge inoculum. This study shows initial high NH4*-N bulk liquid concentrations for both
sludge sources followed by an exponential uptake from the bulk liquid. NH4*-N also
shows a strong negative correlation with chlorophylls suggesting that NH4*-N is
assimilated by phototrophs.

By the end of phase I, both sludge sources show an NHs*-N concentration of <2
mg N/L. At the end of phase |, DON concentrations start to increase for both sludge
sources. DON and NH4*-N show moderate negative correlation (Amherst: r=-0.71;
Hadley: r=-0.70), while DON also shows moderate to strong positive correlation with
chlorophylls (Amherst- chlorophyll a: r=0.90; chlorophyll a/b: r=0.95; Hadley- chlorophyll
a: r=0.78; chlorophyll a/b: r=0.91). The strong correlations between chlorophylls, DON
and NH4™-N suggest that the solubilization of DON and uptake of NH4*-N are linked to
enrichment of phototrophs and their metabolism resulting in successful granule
formation.

Here, we observe that all EPS extraction methods also have moderate to strong
correlations (Amherst: r= 0.63 - 0.86; Hadley: r= 0.50 to 0.83) between proteins and
NH4*-N. In contrast to chlorophylls, Soluble proteins show a negative correlation while
bound proteins show a positive correlation (Figure 4.14 and Figure 4.15). Soluble
proteins also show a strong positive correlation with DON (Amherst: r=0.90; Hadley:

r=0.72) while bound proteins show moderate to strong negative correlations (Amherst-
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CER: r=-0.82; base: r=-0.69; heat: r=-0.84, Hadley- CER: r =-0.81; base: r=-0.83;
sonication: r=-0.78; heat: r=-0.92) except Amherst sonication extractable proteins (r=-
0.38), for both sludge sources (Figure 4.14 and Figure 4.15).

NH4*-N only shows moderate correlation with soluble polysaccharides (r=-0.60)
and CER extractable polysaccharides (r=0.66) for Hadley sludge, otherwise very weak
insignificant correlations are seen for both sludges (Figure 4.16 and Figure 4.17).
Soluble polysaccharides show some correlation with DON, with Hadley sludge having
the strongest positive correlation (r=0.90) and Amherst having a moderate positive
correlation (r=0.61). Bound CER polysaccharides show moderate negative correlations
with DON (Amherst: r=-0.58; Hadley: r=-0.64), while sonication shows moderate positive
correlation with DON (Amherst: r=0.55; Hadley: r=0.68) for both sludge sources. Hadley
sludge also shows a moderate negative (r=-0.57) between base extractable
polysaccharides and DON (Figure 4.16 and Figure 4.17).

For Amherst sludge, CER (r=0.71), sonication (r=0.80), and heat (r=0.59)
extractable humic acids show correlation with NH4*-N. For Hadley sludge, all methods,
CER (r=0.74), base (r=0.62), sonication (r=0.60), and heat (r=0.74) show correlation with
NH4*-N (Figure 18 and Figure 19). Only Amherst sludge soluble humic acids show a
positive correlation with DON (r=0.66) while Hadley sludge shows no correlation. Bound
proteins show moderate to strong negative correlations for both sludges and all
extraction methods (Amherst- CER: r=-0.86; base: r=-0.70; sonication: r=-0.73; heat: r=-
0.74, Hadley- CER: r =-0.78; base: r=-0.89; sonication: r=-0.69; heat: r=-0.69) (Figure
4.18 and Figure 4.19).

The photogranulation mechanism has been explored in previous literature (Kuo-
Dahab et al., 2018; Milferstedt et al., 2017; Stauch-White et al., 2017). Milferstedt et al.
(2017) show that in hydrostatic cultivations, the initially provided activated sludge is the

only major C source in this closed system, and biodegradation converts the sludge to
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CO; which is then available for phototrophic growth. During photogranulation, they also
observed an increase in chlorophyll a concentration with an overall unchanged biomass
concentration and an increase in polysaccharide-based EPS. Here, chlorophyll content
shows an increase in the amount of cyanobacteria during photogranulation, as
microorganism community changes, results show that EPS composition and quantity
also changes. Even though over the course of photogranulation polysaccharide
concentration has a low net change, multiple dynamic changes are observed during
photogranulation for each phase for polysaccharides in comparison to proteins and
humic acids. Additionally, here we observe multiple correlations between DOC/BOC and
DON/BON derived from EPS proteins, polysaccharides and humic acids using different
extraction methods and chlorophylls, DIN, and NH4*-N (Figure 4.40). Dynamics of
dissolved and bound organic C and N also show that these fractions are simultaneously
increasing and decreasing, soluble organic C and N increase while bound organic C and
N decrease during photogranulation. These results, first, suggest that different methods,
target and extract different fractions of EPS, and second, recycle of organic C and N is
most likely occurring during hydrostatic photogranulation through an uptake and
degradation loop by phototrophic microorganisms.

Literature shows that cyanobacteria dictate the bioavailability of extracellular C in
natural microbial mats (non-granular biofilms) through a balance of uptake and
degradation. The turnover of EPS in some mats is 5-8% in 20-30min (Decho et al., 2005;
Dupraz et al., 2009; Stuart et al., 2016). Stuart et al. (2015) showed that the extracellular
matrix serves as a C store for microbial mat cyanobacteria. Their results provide
evidence that the relationship of cyanobacteria (and other primary producers) with C in
dynamic microbial communities is more complex than fluxes of only inorganic C. Authors
also found that cyanobacteria, were degrading proteins, polysaccharides, and nucleic

acids. Although it is likely that other bacteria also degrade extracellular organic matter,
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they detected extracellular proteins assigned to Gammaproteobacteria, including several
proteins involved in binding and uptake of sugars and amino acids. Authors confirmed
that cyanobacteria were capable of extracellular protein degradation and alpha- and
beta-glucan hydrolysis. They also identified 21 cyanobacterial extracellular proteins
indicating there are commonly secreted proteins involved in protein and organic C
metabolism, in cyanobacteria (Stuart et al., 2015). The degradative EPS proteins and
links between degradation and assimilation that they identified confirm the important role
of cyanobacterial organic C excretion and utilization in complex microbial communities.

The N cycle is composed of oxidation-reduction reactions, many of which are
used in the energy metabolism of microbes. NH4*-N is incorporated into C-skeletons by
phototrophic organisms in a process known as NH4*-N assimilation (Herrero et al.,
2001). NH4™-N is the most reduced inorganic form of N available for assimilation, but
normally, the N forms found in nature are oxidized forms, mainly nitrate (NO3s™-N), nitrite
(NO2-N) and dinitrogen (N2). In addition, certain ecosystems also contain other forms of
N such as urea. In general, all these forms of N require their reduction to NH4s*-N, a
process that needs an energy expense. That is the reason why most of the phototrophic
organisms prefer NHs*-N as a N source. In the absence of NHs*-N, they display different
strategies to optimize N assimilation, by different regulatory systems that ensure N
supply, and can harvest NH4*-N from amino acids (Muro-Pastor et al., 2003).

In addition to degradation, cyanobacteria are known to produce copious amounts
of slime EPS for motility and sheath tubes during times of stress. SEM imaging of
mature granules show the presence of multiple sheath tubes. The polysaccharide
composition of slime versus sheath tubes also varies and thus could contribute to the
changes in EPS polysaccharide quantities. Hoicyzk (1998, 2000) has shown that slime is
composed of 34% glucose, 33% xylose, and less amounts of arabinose, galactose,

fucose, and rhamnose, while sheath tubes are composed of 60% glucose, 18%
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galactose and less of xylose, arabinose, and rhamnose. Additionally, the types of EPS
produced by cyanobacteria varies and the different extraction methods used here may
target these different types of EPS. Slime is more loosely present around the cell while
sheath tubes are anchored to the cell surface. It is reasonable that different extraction
methods are required to extract these different types of EPS. As low overall change in
the quantity of polysaccharide-base EPS is observed during photogranulation, literature
and results suggest that one type of EPS may be metabolized and assimilated or
recycled for another type of EPS (i.e., slime for sheath tubes or vice versa).

It is also possible that other microorganisms in the biofilm are able to utilize EPS
produced by other microorganisms besides just their own. Milferstedt et al. (2017) shows
the presence of multiple different heterotrophic microorganisms in the community.
Milferstedt et al. also shows that the community in photogranules changes over time to
more specific community with less diversity. These microorganisms are also known to
produce EPS and thus could be why dynamics in EPS composition and quantity are also
observed. However, as the community is significantly composed of cyanobacteria and
phototrophs, this would perhaps suggest that EPS dynamics is mainly due to these

microorganisms.

4.4.6 Divalent Cations- Ca?* and Mg?*

The divalent cation bridging theory has been supported by findings from several
studies that divalent, specially Ca* and Mg?*, helps biofilm formation. Higgins and
Novak (2002) reported that when the sum of monovalent cation concentration (Na*,
NH4*-N, and K*) divided by the sum of the divalent cations (Ca?* and Mg?*) was greater
than 2, then there is a loss of biomass aggregation due to loss of biofilm EPS stability.

Results here show ratio of monovalent to divalent cations is less than 2 during
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photogranulation and suggests that biofilm formation is promoted with no deterioration to
the biomass and suggests that cations are assisting in granule formation. Positively
charged cations, Ca?* and Mg?*, are known to stabilize negatively charged proteins in
the biofilm structure. First, this may suggest CER and heat methods extract EPS
fractions that are associated with biofilm structure. Second, these results infer that CER
and heat extracts have an overlap in fractions extracted as we also observe significant

correlation between heat extract and divalent cations.

4.5 Conclusion

The current study shows that multiple EPS extraction methods are required in
order to characterize EPS during the transformation of activated sludge into a
photogranule in a hydrostatic environment. While filamentous cyanobacteria, EPS and N
are known to play key roles in photogranulation (Kuo-Dahab et al., 2018; Stauch-White
et al., 2017), the present study reveals why cyanobacteria are selected and how different
fractions of EPS and their recycle leads to photogranulation in hydrostatic conditions.

Despite differences in sludge inoculum, EPS trends using five different extraction
methods, centrifugation, CER, base, sonication, and heat, show that trends are
significantly similar, statistically, between two sludge sources (Amherst and Hadley). The
results presented above show that different EPS extraction methods are required to
capture different fractions of EPS with respect to protein, polysaccharide, and humic acid
composition and organic C and N content. EPS extraction methods for polysaccharides
was found to be the most biased, followed by humic acids, then proteins. This suggests
that different methods target different EPS fractions (more associated with
polysaccharides), but may share overlap between the methods (proteins and humic

acids).
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All methods had statistically significant moderate to strong correlations with one
or more constituents, chlorophylls, N-species, and select cations and anions, which have
been previously established as strong indicators of successful granule formation (Kuo-
Dahab et al., 2018; Milferstedt et al., 2017; Stauch-White et al., 2017). Specifically,
bound humic acids and no corresponding increase in the bulk liquid may suggest that
humic acids are substrate when reduced carbon is limited in the initial phase of
granulation These results suggest that different EPS fractions are linked to multiple
processes during hydrostatic photogranulation, including the enrichment of filamentous
cyanobacteria, nitrogen metabolism and recycle of organic C and N, assimilation and
biofilm incorporation of NH4*-N, and biofilm structure, further suggesting that the role of
EPS is a complex process with multiple courses of action. Thus, the evolution of EPS
during photogranulation is tied to both the understanding of the photogranulation

mechanism and to the OPG structure.
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CHAPTER §
INVESTIGATION ON THE ADDITION OF CATIONS FOR THE ENHANCEMENT OF

ACTIVATED SLUDGE PHOTOGRANULATION IN A HYDROSTATIC ENVIRONMENT

5.1 Introduction

Recently, researchers have focused on the cultivation of granular forms of
microalgae biomass in an attempt to avoid the physical challenges (large footprint) and
associated economic costs of harvesting microalgae biomass from traditional processes
(photobioreactors or open lagoons and ponds, etc.) (Molina Grima et al., 2003). Tiron et
al. (2015, 2017) presented granular activated algae (GAA) to treat low-strength
wastewater in a sequencing batch reactor (SBR). GAA are composed of unicellular and
filamentous microalgae, Chlorella sp. and Phormidium sp., respectively, with an optimum
range in size from 700-1,500um (Tiron et al., 2015; Tiron et al., 2017). Recently, several
authors presented oxygenic photogranules (OPG), also microalgae granules, which
range in size from 100-4,500 um (Abouhend et al., 2018; Ansari et al., 2019; Kuo-Dahab
et al., 2018; Milferstedt et al., 2017; Park & Dolan, 2015; Stauch-White et al., 2017).
OPG are composed of both motile, filamentous cyanobacteria, including cyanobacteria
from the family Oscillatoriales and the microalga Acutodesmus obliquus embedded in
and surrounded by a matrix of extracellular polymeric substances (EPS). Both types of
microalgae granules have been studied for the treatment of domestic wastewater and
biomass production (Abouhend et al., 2018; Milferstedt et al., 2017; O. Tiron et al., 2015;
Olga Tiron et al., 2017).

Granular sludge is cultivated through the process of photogranulation, but with
some differences. GAA starts with a sequencing batch reactor (SBR) and is inoculated

with microalgae to form bacterial-algae flocs coined “activated algae” that develop
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through the process of photogranulation into granules over time (numerous batches)
(Tiron et al., 2015; Tiron et al., 2017). OPG are cultivated from activated sludge
inoculum in individual glass vials in a hydrostatic environment over a period of
approximately 25 to 42 days (Kuo-Dahab et al., 2018; Milferstedt et al., 2017; Chul Park
& Dolan, 2015). A hydrostatic environment is void of mixing, while SBR systems are
hydrodynamic. OPG SBR systems use hydrostatically cultivated OPGs to start-up the
system, which subsequently produce new OPG biomass. During hydrostatic cultivation,
it is not always guaranteed that all biomass in each vial will granulate fully during the
long 25-to-42-day cultivation period. Therefore, it would be advantageous to enhance or
expedite hydrostatic photogranulation for OPG reactor start-up and subsequent
operation (Abouhend et al., 2018; Ansari et al., 2019; Milferstedt et al., 2017; Park &
Dolan, 2015).

In OPGs, Milferstedt et al. observed an increase in EPS polysaccharide to
protein (PS/PN) ratio during hydrostatic photogranulation. PS/PN ratio correlated with
the enrichment of filamentous cyanobacteria, suggesting that an increase in EPS
polysaccharides is linked to the emergence of cyanobacteria during photogranulation.
Kuo-Dahab et al. (2018) also investigated the fate and dynamics of EPS during
photogranulation of OPG under hydrostatic conditions. The authors found that multiple
proteins and polysaccharides trends emerged when base and sonication EPS extraction
methods were used. Chapter 4 shows that different EPS extraction methods target
different fractions of EPS during photogranulation, revealing varying fates of EPS
proteins, polysaccharides, and humic acids. Chapter 4 also shows that EPS extraction
methods across two sludge sources are significantly similar with respect to EPS
proteins, polysaccharides, and humic acids, and they’re respective organic C and N
content. Authors also showed that multiple extraction methods are needed to fully

characterize the total EPS pool. Kuo-Dahab et al. (2018) results show that base
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extractable EPS proteins from sludge inoculum degrades and becomes the source of C
and N for phototrophic growth. In addition, the authors found that the limitation of original
dissolved inorganic nitrogen (DIN) and the release of organic N (e.g., proteinaceous
EPS) is potentially advantageous to filamentous cyanobacteria, promoting
photogranulation. This research shows that initial activated sludge inoculum, nutrients
and EPS proteins from different fractions extracted by various methods have a
significant role in promoting cyanobacterial growth and photogranulation.

Along with EPS proteins, multiple studies have also shown that cations play an
essential role in the aggregation or bioflocculation of activated sludge, and the
enhancement of granulation (Higgins & Novak, 1997a, 1997b; Park et al., 2006, 2008a,
2008b). Higgins and Novak (1997b) showed that divalent cations (Ca?* and Mg?*) bind
extracellular proteins within activated sludge flocs, and is consistent with the ion-bridging
model that was proposed by numerous researchers (Bruus et al., 1992; Novak &
Haugan, 1980; Tezuka, 1969). The model proposed can be used to explain the
relationship between EPS, cations, and settling and dewatering in activated sludge.
Divalent cations bridge negatively charged sites on EPS, binding them to microbial
surfaces and other EPS constituents. The binding of EPS constituents stabilizes the
EPS matrix, which improves floc formation in addition to settling and clarification. The
results from this study showed that high concentrations of monovalent cations displaced
the divalent cations from within the floc and led to a decrease in the bound EPS protein
content, which was associated with a deterioration in sludge settling properties. Cation
concentrations mainly affected bound protein, not bound polysaccharide concentrations
suggesting that proteins play an important role in bioflocculation and may be dominant in
activated sludge.

SDS-PAGE is a molecular tool that can be used for the size-based separation

and has been used to study activated sludge EPS proteins. Park et al. (2008a) and
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(2008b) showed one application of SDS-PAGE to wastewater systems, specifically
activated sludge and digested sludge. Park et al. extracted EPS proteins by different
cation associated extraction methods. EPS protein was subsequently fractionated by
ammonium sulfate precipitation (ASP) and subjected to SDS-PAGE. The results showed
that each extraction method led to a unique SDS-PAGE protein profile. The study also
shows that CER extracts for EPS protein that are bound to calcium (Ca?*) and
magnesium (Mg %), base extracts for aluminum (AI**)-bound EPS protein, and sulfide
extracts for iron (Fe?***rbound EPS. Park et al. also identified ten proteins ranging in
molecular mass (~21-66 kDa) using proteomics analysis. The study reported that some
common proteins were extracted by all the methods; base and sulfide protein shared
some similarity suggesting that base can target both AI** and Fe?"**-bound EPS.

Caudan et al. (2014) reported that alpha (1-4) glucans and proteins play role in
granulation and were found to be distributed throughout the granules. Caudan et al.
suggested that granule cohesion depends partially on Ca?* linkages with anionic proteins
in EDTA extracted EPS. The EPS proteins pool was found to contain two major
fractions, one group corresponding to low molecular mass proteins (~1.6 kDa) and one
group corresponding to high molecular mass proteins (~200 kDa). Zhu et al. (2015)
compared the SDS-PAGE profile of activated sludge flocs, aerobic and anaerobic
granular sludge EPS. The authors found that EPS proteins bound with Ca?* and Mg?",
reduce the surface charge by forming linkages between EPS and cells promoting
adhesion and formation of granules. Zhu et al. also showed that high molecular mass
proteins (~66-97 kDa) were favored during sludge granulation. Authors suggested that
high molecular mass proteins offer more binding sites and interaction points with divalent
cations and EPS promoting granulation (Zhu et al., 2015). These studies show that SDS-
PAGE is a useful tool to characterize EPS proteins that are present during

photogranulation. Further, studies suggest that different molecular mass proteins may
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have different roles in the various EPS extracted fractions, and that cations may play an
important role in each of these fractions during photogranulation.

A better understanding of the dynamics and fate of cations and EPS fractions
during photogranulation is crucial for improving our understanding of photogranulation
phenomenon. Currently, there are no studies that investigate the role of cations during
hydrostatic photogranulation of activated sludge. Additionally, there is no research that
utilizes SDS-PAGE for more specific size-based separation and molecular analysis of
EPS proteins in photogranules. The objective of this study is to determine how cation
addition affects hydrostatic photogranulation. Here, activated sludge inoculum was
collected from the aeration basin of a wastewater treatment plant and statically cultivated
into OPG. Ca?*, Mg?*, Na*, dextrose and EDTA were added as separate treatments.
Chlorophyll, nutrients, and EPS dynamics were quantified over the course of
photogranulation. EPS extracts were further subjected to ammonium sulfate precipitation
(ASP) and subsequent SDS-PAGE profiling. SDS-PAGE banding pattern from different
treatments (i.e., cation addition vs control) and EPS extractions is examined along with
changes in chlorophylls and nutrients to determine the effect of treatments on
photogranule development. The outcome of this study is expected to demonstrate the
importance of cations and their effect on EPS dynamics during hydrostatic
photogranulation, to enhance and expedite hydrostatic cultivation for OPG reactor

operation and inform on OPG reactor performance.
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5.2 Materials and Methods

5.2.1 Source of Activated Sludge for Cultivation of OPGs

Activated sludge was sampled directly from the aeration tank of Amherst and/or
Hadley wastewater treatment plant (WWTP). The preliminary study used both Amherst
and Hadley sludges as inoculum, and initial characteristics were not measured for the
sludge sources. The In-depth study only used Hadley as a sludge source. As secondary
treatment process, Amherst WWTP utilizes biological nutrient removal with a solids
retention time (SRT) of 10-15 days and domestic wastewater as their influent source.
Hadley WWTP operates a conventional activated sludge process to remove organic
matter with nitrification at a 10-day SRT with mostly residential, commercial, and
agricultural influent sources. The main characteristics of the sludge and the WWTP are

described in subsequent sections and presented in Table 5.1.
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Table 5.1 Initial Characteristics of Hadley Activated Sludge (t=0)

Hadley Activated Sludge Inoculum

Parameter
Biological Process Conventional activated sludge
Basin Configuration Open
Aeration Type Mechanical
Influent Sources Residential and commercial
SRT 10d
Parameter Units Value SD
TSS mg/L 2720 123
VSS mg/L 2343 112
VSS/TSS % 86.1 2.0
DOC mg/L 19.8 0.1
DTN mg/L-N 4.4 0.1
DON mg/L-N 1.2 0.01
DIN mg/L-N 3.2 0.1
ca® meq/L 1.9 0.2
Mg meq/L 2.4 0.03
pH - 8.2 0.2
Chlorophyll a mg/L 0.3 0.1
Chlorophyll b mg/L 0.1 0.01
Chlorophyll a/b mg/L/mg/L 3.3 1.0

OPGs were cultivated following the procedure of Milferstedt et al. (2017) and
Kuo-Dahab et al. (2018). After activated sludge was sampled, 10mL of well-mixed
aliquots were pipetted into 20mL scintillation vials and capped immediately after

returning to the lab and set-up for cultivation.

5.2.2 Experimental Set-up for Chemical Addition Study in a Hydrostatic

Environment

After returning to the lab, and before capping vials, chemical treatments, 10
meqg/L, 20 meqg/L, and 40 meg/L Mg?*, 10 meg/L, 20 meg/L, and 40 meg/L Ca?*, 10
meg/L, 20 meg/L, and 40 meg/L Na*, 1mM dextrose, 5mM dextrose and 1mM EDTA
(Figure 1) were added to individual vials containing 10mL of activated sludge from

Ambherst and Hadley sludge sources. The treatments were chosen based on literature
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and to give a low, middle, and high concentration range. Two control treatments (one for
each sludge) were also set-up for cultivation. Each treatment group was composed of 15
vial replicates for a total of 390 vials for the two sludge sources. Cations, Na*, Ca?* and
Mg?* were chosen for their role in the aggregation and bioflocculation of activated
sludge. Ethylenediaminetetraacetic acid (EDTA), a chelating agent, was chosen
because of its ability to remove Ca?* from activated sludge. The cationic bridging model
was proposed by Kakii et al. (1985) and Eriksson and Alm (1991) who observed reduced
settling and dewatering characteristics when EDTA was added to activated sludge.
Dextrose addition was chosen due to its ability to inhibit different microbial processes
(i.e., sulfate reduction). Vials were kept in hydrostatic conditions, illuminated under
broadband LED lights at approximately 10 kLux, 24 hours per day at 18°C. Vials were
monitored over a period of 42 days and at the end of the study, each vial was
characterized based on the morphology of the biomass. A "disc granule" is defined as
biomass that remained intact after a shake test, but biomass was in the shape of an
ellipse or ellipsoid. A "spherical granule" is defined as biomass that remained intact after
a shake test, but biomass was in the shape of a sphere. Biomass that did not remain
intact after the shake test is defined as "floccular biomass." To determine the success of
granulation, a shake test was performed on the vials as described by Stauch-White et al.
(2017). Briefly, three firm vertical shakes by hand are applied, then observing the vial
contents. When the biomass remained intact with little to no cloud of visible particulates
in the bulk liquid, granulation was determined to be successful. The chemical addition
experiments were performed at two different time points, July and December to account
for seasonal variation in activated sludge at both treatment plants. This study was
performed prior to an in-depth progression and characterization study to determine more

specific quantities for chemical addition for each treatment.
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5.2.3 Experimental Set-up for Progression and Characterization Study with

Chemical Addition in a Hydrostatic Environment

Hadley sludge was collected and after returning to the lab, chemical treatments,
20 meg/L Na*, 40 meg/L Ca?*, and 20 meq/L AP*, were added to individual vials as salts.
Additionally, a light control or activated sludge with no chemical addition (a normal
cultivation) and a dark control were included. A total of 240 vials for each sludge
treatment and control sets were set-up (total of 1,200 vials). Additional activated sludge
was used for day 0 chemical analysis and t=0 represents initial conditions of the
experiment and water quality for the activated sludge sets. Only one sludge source was
chosen for progression and characterization study based on results from Chapter 4,
showing that two sludge sources show significantly similar trends during hydrostatic
photogranulation. Vials were kept in hydrostatic conditions, illuminated under broadband
LED lights at approximately 10 kLux, 24 hours. per day at 18°C. Sampling was
performed at day 0, 3, 9, 27. At day 27, the cultivation was considered complete, and a
final sample collection was performed. To determine the success of granulation (100%
of vials at the end of cultivation yielded a granule), a shake test was performed on
remaining vials (n=20) by using three firm shakes by hand then observing the vial
contents. When a granule remained intact with little or no cloud of particles in the bulk

liquid, the granulation was determined to be a success.

5.2.4 Analytical Procedures

Phototrophic microorganisms can be indirectly quantified by extracting and
measuring the concentration of chlorophyll in the biomass. Green algae contain both

chlorophyll a and b. Cyanobacteria, on the other hand, only contain chlorophyll a and
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accessory pigment proteins known as phycobilins. Chlorophyll a/b ratio can be used as a
surrogate to represent cyanobacterial growth.

Solids content, total suspended solids (TSS) and volatile suspended solids
(VSS), and chemical oxygen demand (COD) were measured at each sampling date
using triplicate samples, all according to APHA standard engineering methods (APHA,
1998).

Dissolved organic carbon (DOC) and dissolved total nitrogen (DTN) using a
Shimadzu TN/DOC analyzer (Shimadzu TOC-VCPH with TNM-1, Shimadzu North
America, SSI Inc., Columbia, MD, USA).

Dissolved constituents in the bulk liquid: dissolved nitrogen species, nitrate (NOs
-N), nitrite (NO2-N), and ammonium (NH.*-N), and divalent and monovalent anions,
phosphate (PO.*), sulfate (SO4%), and cations, sodium (Na*), potassium (K*), calcium
(Ca?*), and magnesium (Mg?*), were measured using a Metrohm 850 Professional lon
Chromatograph (IC) (Metrohm Inc., Switzerland) with a Metrosep A Supp 5-250 anion

column and Metrosep C 2-250 cation column.

5.2.5 Microscopy

The development of granules was observed by using a transmitted light (EVOS
FL Color AMEFC 4300). Images by light microscopy were obtained periodically to check
granule development during different phases. Literature was used for identification of

microorganisms in the samples.

5.2.6 EPS Extraction and Chemical Analysis

All samples were pretreated by centrifugation and homogenization prior to EPS

extraction. Bound crude EPS was extracted by three different extraction methods,
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cation-exchange resin (CER), alkaline or base treatment (NaOH), and particle agitation
by sonication. Base and sonication treatments followed the procedure of Kuo-Dahab et
al. (2018) and Chapter 4 (8). Following extraction, crude extracts were centrifuged,

filtered and characterized.

5.2.6.1 Sample Pretreatment

Each sample vial initially contained 10 mL of activated sludge (which later
became one OPG). The cultivation initially contained 420 individual vial samples. At
each sampling time point, samples were collected and destructively sampled in
triplicates or three 10 mL samples and individually processed as three separate
samples. Each individual 10 mL sample was transferred from scintillation vial to a sterile
50mL centrifuge tube and centrifuged at 4°C and 12,000 rpm for 20 min. The
supernatant was collected and filtered through 0.45 um cellulose filters to determine the
chemical composition of the liquid phase of the vial contents also known as soluble EPS
fraction. The pellets were resuspended in phosphate buffer solution (10 mM NaCl, 1.2
mM KH2POs, and 6 mM Na:HPOs; pH 7.2) to a total volume of 20 mL in the same 50mL
centrifuge tubes. Phosphate buffer was prepared according to Freglund et al. (1995,
1996), the conductivity of the buffer was made to be the same as the conductivity found
for the activated sludge inoculum at a pH of 7.2 (Frglund et al., 1995, 1996). Each
replicate was homogenized individually (500 W IKA T18 ULTRA-TURRAX) for 30 sec.
After sample pre-treatment, samples were equally divided and each of the four
extraction approaches were applied to each triplicate set, as described in the next

sections.
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5.2.6.2 Cation-Exchange Resin Extraction

EPS extraction using Dowex 50x8, Na+ Form, cation-exchange resin (DOWEX)
was performed with a 0.5 g of VS-to-35 g of cation exchange resin ratio according to the
method of Frglund et al. (1995,1996). Resin was pre-washed in phosphate buffer (10
mM NacCl, 1.2 mM KH2PO4, and 6 mM NazHPO4; pH 7.2). For each individual sample, 50
mL centrifuge tubes were used with 20 mL sample to provide adequate mixing. 70g/g VS
of CER was weighed and added to each centrifuge tube based on initial VS
concentration of the sample. The samples were mixed at 400 rpm on a shaker table for 2
hr in the dark at 4°C. A Milli-q water with CER and phosphate buffer (10 mM NacCl, 1.2
mM KH2PO4, and 6 mM NaxHPO.; pH 7.2). was also tested at the start of the study as a

blank control.

5.2.6.3 Sodium Hydroxide (NaOH) Extraction

Homogenized samples (suspended in 20 mL phosphate buffer; 10 mM NacCl, 1.2
mM KH2PO4, and 6 mM Naz;HPOs; pH 7.2) were adjusted to a pH 10.5 by using 1 M
NaOH and mixed at 400 rpm for 2 hours in the dark at 4°C (20). A blank vial with

phosphate buffer adjusted to pH 10.5 with NaOH was also measured as a blank control.

5.2.6.4 Sonication Extraction

Homogenized samples (suspended in 20 mL phosphate buffer; 10 mM NacCl, 1.2
mM KH2PO4, and 6 mM Na;HPO,; pH 7.2) were placed on ice and a 400 W sonic
dismembrator (Fisher Scientific model 500) was used at 10% strength for 1 min at 20
kHz. This delivered an ultrasonic dose of approximately 4.1 W-min/mL, following the

calculation shown by Muller (2006).
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5.2.6.5 EPS Characterization

After each extraction method, whole samples (20mL) were centrifuged at 4°C at
12,000 x g for 20 min and filtered by 0.45 um cellulose filter. Afterward, EPS supernatant
was stored at -20°C in aliquots until chemical analyses were performed. TOC and TN in
EPS extracts were measured using the same procedure as the liquid phase. Proteins,
polysaccharides, and humic acids were measured according to modified Lowry- and
DuBois methods, respectively (Dubois et al., 1956; Fraglund et al., 1995, 1996; Lowry et

al., 1951). Bovine albumin serum, glucose and humic acids were used as standards.

5.2.7 Ammonium Sulfate Precipitation ((NH4)2S0.)

Crude EPS extracts, from each method, were precipitated following the
procedures of Park and Novak (2007), based on salting-out characteristics. EPS was
precipitated by addition of ammonium sulfate ((NH4).SO.) (Park & Novak, 2007).
(NH4)2SO:. salt is often used as a protein precipitant due to its high solubility and ability
to stabilize protein structure. At high salt concentrations or high ionic strength, proteins
will precipitate out of solution. The solubility of proteins by ammonium sulfate is typically
expressed as a function of the percent saturation. As more salt is added to the mixture,
there is an increase in the surface tension of the water, thus increasing hydrophobic
interactions between water and proteins. This ultimately leads to protein precipitation. In
other words, with increasing ammonium sulfate concentrations, more hydrophilic
proteins are precipitated. Samples were placed in 50 mL centrifuge tubes and solid
(NH4)2S0O4 was added in one step to provide salt saturation levels of 90%. The
precipitation was performed at 4°C on a shaker table for at least 12 hours, usually
overnight, until all solid (NH4).SO4 dissolved. The precipitate was recovered by

centrifugation (20,000 x g, 20 min). The pellet was resuspended in 1.5 mL of PBS and
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dialyzed for at least 24 h in the same PBS buffer with two changes of buffer at 4°C on a
shaker table. Samples were dialyzed using 6.8 kDa cellulose membrane dialysis tubing,

excluding all samples smaller than 6.8 kDa.

5.2.8 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS- PAGE)

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
performed to investigate the EPS SDS-PAGE protein profile expressed during
hydrostatic photogranulation of activated sludge for control and treated samples. SDS-
PAGE is a technique that separates out proteins in a sample and yields valuable
information on the similarity or dissimilarity of the sample. SDS-PAGE produces complex
banding patterns of different molecular mass proteins, which is reproducible and can be
considered a “fingerprint” of the sample that is investigated (Kersters & De Ley, 1975,
1980). The resulting protein profiles after SDS-PAGE can lead to a better understanding
of the dynamics and diversity of microbial communities in the sample.

SDS- PAGE was performed according to the method of Laemmli (1970). Precast
4-12% Criterion™ Bis-Tris protein gels (12+2 well, 45 L) were used for separations
(Biorad, Hercules, CA). Protein concentration was measured in each sample using the
modified Lowry procedure (1951) and samples were diluted with ultra-pure water in 2 mL
centrifuge tubes. Samples were mixed with SDS-PAGE Biorad XT sample buffer (4-
times) and Biorad XT reducing agent (20-times). The mixture was heated in a closed vial
at 95°C for 10 min, then the vial was opened for approximately 20 min to concentrate the
samples down to 1.5 mL. Samples were briefly vortexed for 30 sec. then centrifuged at
22,000 x g for 1 min to remove debris, and the supernatant was loaded onto the SDS-
PAGE gel. Protein concentration was quantified following modified Lowry method

(Freglund et al., 1996) and a total mass of 8 pg of EPS protein was added to each well.
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Precision Plus Protein™ dual color pre-stained protein standards were used for ladders
(Biorad, Hercules, CA). Gels were run at 50 volts for 150 min then 70 volts for 75 min.
for a total run time of 225 min. When electrophoresis was complete, the gel was washed
with ultra-pure water and stained using the Pierce Silver Stain kit (Thermo Scientific,

Waltham, MA).

5.2.9 Statistical Analysis

Correlation analysis was performed in R (R Core Team, 2021) using R studio
(RStudio Team, 2021) interface to compute correlations and significance between two
variables. Each variable is the average for the values collected in triplicate. The
correlation analysis was done for every variable over the course of photogranulation and
explored during different phases of photogranulation. The “PerformanceAnalytics”
package (Peterson & Carl, 2020) was used to investigate the dependence between two
variables at the same time and presented in a correlation matrix. Pearson correlation
coefficient is presented which measures the linear dependence between two variables.
Each correlation matrix plot shows the distribution of each variable along the diagonal.
On the bottom section of the diagonal, the bivariate scatter plots with a fitted line are
displayed. On the top section of the diagonal, the value of the Pearson correlation
coefficient plus the significance level as stars. Each significance level is associated to a

symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) correspond to symbols (“***”, “x*7 > «» ey
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5.3 Results

5.3.1 Photogranulation with Chemical Addition Study in a Hydrostatic

Environment

Activated sludge was collected from an open aeration basin from two different
full-scale wastewater treatment plants (WWTP), Amherst and Hadley. This study
investigated the effect of chemical addition in a hydrostatic environment on successful
photogranulation. Briefly, vials were cultivated, according to procedure above, over a
period of 42 days and each vial was characterized based on morphology of the biomass

using a shake test to determine the success rate of granulation with chemical addition.
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Figure 5.1: Photogranulation with Chemical Addition Study in a Hydrostatic
Environment Final Granule Count. Panel a) Amherst sludge in July, b) Hadley
sludge in July, ¢) Amherst sludge in December, and d) Hadley sludge in
December. Control or treatment is indicated on the x-axis while sample number
(n=15 total) or vial numbers is indicated on the y-axis. The dots indicate number of
disc granules, the diagonal lines indicate the number of spherical granules, and
the waved lines indicate number of vials with floccular biomass. The labels
indicate the percent of successful spherical granules out of n=15 vials.

Results from the end of the study are presented in Figure 5.1. Both the success
rate of granulation or total number of disc and spherical granules, and spherical success
rate or total number of spherical granules only were calculated for each treatment.
Percentages in graphs indicate the percentage of successful spherical granules out of
n=15 samples or vials.

The addition of cations at most concentrations increased the percentage of total
granules, except the EDTA and dextrose treatments, which had a percentage equal to or
less than the control (Figure 5.1)

The addition of Mg?* varied across sludge source and seasonality. For July, Mg?*

showed a high percentage of total granules (n>87%) for all three concentrations (10, 20,

and 40 meq/L) for Amherst and Hadley (n>73%) sludge. Amherst and Hadley showed
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relatively low percentage of spherical granules for all concentrations (<40%), except
Hadley 10 and 20 meg/L (10 meg/L Mg?": n=73%; 20 meqg/L Mg?*: n=73%). For the
December cultivation period, all concentrations (10, 20, and 40 meg/L) of Mg?* increase
total percentage of granules for Amherst (n>93%) but had low percentage of spherical
granules (n<33%). For Hadley, 10 and 20 meg/L Mg?* showed a high percentage of total
granules (n>87%) with 40 meqg/L showing low percentage (n=13%). Hadley 10 meq/L
Mg?* addition also showed a positive effect on percentage of spherical granules
(n=87%), but no spherical granules appeared for 20 and 40 meqg/L Mg?*addition.

In contrast to Mg?*, for the July sludge sets, the addition of 10, 20 and 40 meq/L
Ca?" increased the percentage of total granules for all concentrations for both sludges
(n>87%). For both sludges, the percentage of spherical granules increased with higher
Ca?* concentrations (Amherst: 10 meg/L: n=20%; 20 meg/L: n=53%; 40 meq/L: n=100%;
Hadley: 10 meq/L: n=40%; 20 meq/L: n=87%; 40 meq/L: n=93%). For December, similar
results are also observed for all concentrations (10, 20 and 40 meg/L Ca?*), with a high
percentage of total granules (n>87%) for both sludge sources. The percentage of
spherical granules increased with higher Ca?* concentrations for both sludge sources
(Amherst: 10 meg/L: n=0%; 20 meg/L: n= 40%; 40 meqg/L: n=100%; Hadley: 10 meq/L:
n=73%; 20 meqg/L: n=80%; 40 meq/L: n=87%).

In comparison to controls which showed n=87% success rate for total granules,
for both sludge sources in July. Percentage of spherical granules is n=20% and n=13%
for Amherst and Hadley, respectively. For December, Amherst control granulated
n=100% for total granules and with n=7% spherical granules, while Hadley control
granulated at n=33% for total granules but no spherical granules. These results suggest
that the divalent cation Ca?* may have a stronger positive effect on photogranulation by
producing spherical granules, versus Mg?* addition, by increasing the total percentage of

granules and spherical granules for any given cultivation (Figure 5.1). Additionally,
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results also show that Mg?* may have some positive effect as well on granulation with
changes in season, but was not determined precisely during this study. Examples of final
granules are presented in Figure 5.2.

The results presented in Figure 1 also suggest that monovalent cation Na*, at
lower concentrations, like 10 or 20 meqg/L, may have a positive effect on the percentage
of granules and spherical granules during photogranulation. During the July cultivation
period, 10, 20, and 40 meg/L Na* increased the percentage of granules in Amherst
sludge (10 meg/L: n=100%; 20 meq/L: n=100%; 40 meq/L: n=73%), but low percentage
of spherical granules for all concentrations (n<33%). Hadley showed no increase in total
granules (n<47%) but did show increase in the total percentage of spherical granules for
10 meq/L (n=27%) and 20 meq/L (n=33%), in comparison to the light control. During the
December cultivation, all Amherst Na* show an increase in percentage of total granules
(n>80%) and showing an increase in total spherical granules for 10 meqg/L (n=27%), 20
megqg/L (n=93%), and 40 meg/L (n=60%) in comparison to the control. In contrast, Hadley
sludge only shows an increase in total granule percentage for 20 meq/L Na* (n=40%)
and total spherical granules for 10 meg/L Na* (n=13%) and 20 meg/L Na* (n=20%).

The addition of 1mM and 5mM dextrose and 1 mM EDTA was also tested (Figure
5.1). These chemical treatments and concentrations showed negative impacts on
photogranulation. The negative impacts resulted in lower percent of total granules and
spherical granules at the end of the cultivation period, in comparison to the control.

The results presented in Figure 5.1 suggest that the addition of cations (Na*,
Ca?" and Mg?*), at specific concentrations, leads to a higher percentage of spherical
granules in comparison to control (no treatment) vials during hydrostatic cultivation. Na*
at 20 meqg/L and Ca?" at 40 meg/L show the highest percentage of spherical granules for
monovalent and divalent cations, respectively, and were selected for the in-depth

progression and characterization study.

146



Hadley Light Control
WL e n— —

10 20 20 40
meq/L meq/L meq/L meq/L

Na* Na* Ca* Ca*

o

Figure 5.2: Example of Finale Granules from Chemical Addition Study

5.3.2 Progression and Characterization Study of Photogranulation in a Hydrostatic

Environment

5.3.2.1 Background on Sludge Inoculum

A characterization study was completed to further examine the effect of
monovalent and divalent cations during photogranulation. Based on the results from the
addition study, one monovalent and one divalent cation were selected that showed a
high percentage of spherical granules, the addition of Na* (20 meq/L) and Ca?* (40
meg/L) was selected for the following in-depth characterization study. Ca?* was chosen
over Mg?* due to the increase in both spherical and total granules for Amherst and
Hadley sludge.

Activated sludge was collected from a single source, Hadley WWTP. Initial
activated sludge inoculum solids content is 2720+123 mg/L TSS and 2343+112 mg/L
VSS, with a VSS/TSS ratio of 86.1+2.0%. Dissolved nitrogen, DTN, DON, and DIN

concentrations are 4.9+0.1, 1.7£0.0, and 3.2+0.1 mg/L-N, respectively. The initial pH of
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the sludge was 8.2+0.2. Using microscopy (Figure 5.3) minimal number of microalgae
were observed like previous literature (Kuo-Dahab et al., 2018; Milferstedt et al., 2017)
and Chapter 3 and 4. This is supported by low initial chlorophyll a, b concentrations

which are 0.3+0.1 and 0.1+0.0 mg/L, respectively.

Figure 5.3: Hadley Sludge (t=0) Showing Minimal Numbers of Microalgae.
Scalebars are set to 400um

5.3.3 Final Granule Count

At the end of the cultivation period, 20 vials remained for each treatment in order
to determine photogranulation succession. Using the aforementioned methodology,
granulation was classified based on biomass morphology and a shake test. Results are
presented in Table 5.2, including both the success rate of granulation or total number of
disc and spherical granules, and spherical success rate or total number of spherical
granules. The addition of 20 meg/L Na* and 40 meq/L Ca?* had a positive effect on the
total granule and spherical granule percentages in comparison to the control. The
light+Na* treatment percentage of total granules was the same as the light control,
however the treatment had a greater percentage of spherical granules in comparison to

the control, 35% and 25%, respectively. The light+Ca?* had both a higher percentage of

148



total granules, 100%, and spherical granules, 100%, in comparison to the light control
with total granules of 90%, and spherical granules, 25%. These results suggest that Na*
and Ca?* addition has a positive effect on the total percentage of granules and spherical
granules. However, results also indicate that Ca?* may be more impactful in comparison
to Na* based on final percentages.

Table 5.2 Final Granule Count for Hydrostatic Photogranulation with Three
Different Treatments

*Granule (Disc or Spherical Total
spherical) Granules
Source Treatment Disc Spherical FI.O ceular " Total . | Total vials Success | Success
Biomass | "granules Rate Rate
Light Control 13 5 2 18 20 25% 90%
Hadley Light+Ca®" (40 meg/L) 0 20 0 20 20 100% 100%
Light+Na" (20 meg/L) 11 7 2 18 20 35% 90%
Dark Control 0 0 20 0 20 0% 0%

5.3.3.1 Biomass Morphology, Chlorophyll, and Nitrogen Trends During

Photogranulation

Chlorophylls and nitrogen species are presented in Figure 5.4 and Figure 5.6.
Phases of photogranulation presented by Kuo-Dahab et al., 2018 were adopted for this
study. Sludge compaction appeared at day 0 until day 3. During the first 3 days sludge
biomass settled and became visibly more compact. Chlorophylls were detected in initial
sludge inoculum for all treatments, but at low levels, in comparison to the proceeding
days of the cultivation (Figure 5.4). Chlorophyll a was found to increase slightly during
the first 3 days of granulation. All plants, algae and cyanobacteria that photosynthesize
contain chlorophyll a pigment. Chlorophyll b pigment is present only in green algae and
plants. Chlorophyll a/b ratio is used as an indicator for cyanobacterial growth as they
only contain chlorophyll a pigment. Here, chlorophyll a/b increases significantly for the
light+Ca?* treatment, while the control and Na* treatment remain relatively low. The

phototrophic bloom period typically occurs between day 3 and day 14 (Kuo-Dahab et al.,
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2018; Chapter 4). The biomass initially floated to the top of the liquid in the vial between
day 3 and 9, and the morphology of the biomass began to change with the appearance
of motile, filamentous cyanobacteria for all light treatments, verified by light microscopy
(videos not shown). This is observed with an increase in chlorophyll a until day 27 for all
treatments, however only a significant increase in chlorophyll a/b ratio is shown for
light+Ca?* treatment.

Chlorophyll a show significant positive correlation (Figure 5.5) between the light
control and light+Na* (r=0.99; p-value=0.05) and light+Ca?* (r=1.0; p-value=0.01).
Chlorophyll a/b ratio show a positive insignificant correlation between the light control
and light+Na* (r=0.90; p-value=1.0) and light+Ca?* (r=0.84; p-value=1.0). Green algae
contain both chlorophyll a and b. Cyanobacteria, on the other hand, only contain
chlorophyll a and accessory pigment proteins known as phycobilins. Chlorophyll a/b ratio
can be used as a surrogate to represent cyanobacterial growth. These results suggest
that cation addition may have an effect on cyanobacterial growth in both treatment
conditions in comparison to the control. Additionally, Ca?* addition may have greater
effect as the chlorophyll a/b ratio was significantly higher than the light and dark control

and the light+Na* treatment.
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5.4: The Fate of a) Chlorophyll a and b) Chlorophyll a/b Ratio During Hydrostatic
Cultivation of Photogranules for Light Control, Light with the Addition of Na+,
Light with the Addition of Ca?*, and Dark Control. Hydrostatically formed
photogranules were formed from activated sludge inoculum. Error bars represent
the standard deviation of triplicate vial samples.
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Figure 5.5: The correlation of chlorophylls between different treatments for Hadley sludge. The distribution of each variable
(Chlorophyll a, chlorophyll b, chlorophyll ¢, and chlorophyll a/b ratio) for light control, light+Na*, light+Ca?* and dark control
is shown on the diagonal. On the bottom of the diagonal: the bivariate scatter plots with a fitted line are displayed. On the
top of the diagonal: the value of the correlation plus the significance level as stars. Each significance level is associated to
a symbol: p-values (0.001, 0.01, 0.05, 0.1, 1) <=> symbols (“***”, ¥ o am w )
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Along with changes in morphology and chlorophyll concentrations, changes in
inorganic (DIN) nitrogen species and dissolved organic (DON) are also observed. Nitrate
(NO3s-N) and nitrite (NO2-N) (Figure 5.6) concentrations between the light control and
the two treatments, light+Na*, and light+Ca?*, showed similar trends. Dark control
showed different trends which makes sense as there is no oxygenic photosynthesis
occurring and the closed environment should correspond to trends seen with batch
anaerobic digestion without mixing. Similar to results shown in Chapter 4 and previous
literature (Kuo-Dahab et al., 2018; Stauch-White et al., 2017), DIN or NO2-N and NOs™-N
are depleted immediately and remain low during photogranulation for all treatments.
Light control and light+Na* addition show very similar trends for all N-species, while
light+Ca?* shows some differences with respect to magnitude of changes in
concentrations.

Briefly, Ammonium (NH4"-N) shows an initial release into the bulk liquid during
the first 3 days followed by an uptake between day 3 and 9. However, the initial NH4*-N
release for light+Ca?* treatment is lower than the release seen for the control and Na*
treatments during the first 3 days. The initial release and uptake of NH4*-N occurs
simultaneously with the enrichment of phototrophs as observed by an increase in
chlorophyll a and a/b ratio. DON shows a slight release during the first 3 days for all
treatments. A significant release of DON is observed for light and light+Na* treatments
until day 9, which remains constant through day 27 (Figure 5.6). DON in the light+Ca?
treatment is exponentially released into the bulk liquid through day 27. Dark control
shows the most different trends with a large release of NH4*-N and a constant release of
DON, commonly observed in anaerobic digestion. An increase in DON release can
occur through intracellular and extracellular secretion of proteins, and other organic N

decay.
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These results show that Na* addition has little to no effect on N-species during
photogranulation in comparison to the control, showing a significant positive linear
Pearson correlation between light control and light+Na* DON (r=0.99) and NH4*-N
(r=0.99) trends. Ca?* addition may have an effect on DON and NH4*-N uptake and
release from the bulk liquid during photogranulation, as the trends are different in
comparison to the control. Light control and light+Ca?* Pearson correlation for DON
(r=0.84: p-value: 1.0) and NH4*-N (r=0.89; p-value: 1.0) are positively correlated but not

significant.
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Figure 5.6: The Fate of Dissolved Nitrogen Species During Hydrostatic Cultivation
of Photogranules for (a) Light Control, (b) Light with the Addition of Na*, (c) Light
with the Addition of Ca?*, and (d) Dark Control. Hydrostatically formed
photogranules were formed from activated sludge inoculum. Error bars represent

the standard deviation of triplicate vial samples.
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5.3.4 Anions and Cations During Photogranulation

Anions, phosphate (PO.*) and sulfate (SO4%), and cations, potassium (K*),
sodium (Na*), calcium (Ca?*), and Magnesium (Mg?*) concentrations during the
photogranulation period are presented in Figure 5.8. Na* follows similar trend for all
treatments remaining relatively constant for the duration of the cultivation (Figure 5.3),
however Pearson correlation shows no significant correlation between the different
treatments and light control. This suggests that the Na* addition may have some effect
on photogranulation. K* trends are similar between light control and light+Na* treatment
with an increase in concentration through day 9 followed by a decrease to day 27. In
contrast, light+Ca?* treatment K* decreases through day 9 followed by a slight increase
at day 27 (Figure 5.8). Ca?* shows varying trends between the different treatments, there
are no significant correlations between the different treatments and light control (Figure
5.10). Briefly, light control shows an immediate release of Ca?* into the bulk liquid by day
3, followed by a rapid uptake by day 9 and remaining constant at day 27. Light+Na*
shows an overall release of Ca?* into the bulk liquid by day 27 but at relatively low
concentrations. Light+Ca?* treatment shows a large release of Ca?* by day 3, like light
control, with a decrease to initial day 0 concentrations by day 27 (Figure 5.8). All
treatments (except dark control) follow the same trend for Mg?* with an initial release at
day 3, followed by an uptake at day 9 and remaining constant at day 27 (Figure 5.8).
Light control shows strong correlation with light+Na* treatment (r=0.99) and light + Ca?*
treatment (r=0.97), suggesting that the addition of cations had no effect on Mg?*
concentration in the bulk liquid. Mg?* shows a similar trend to light control Ca?* uptake
during photogranulation (r=0.95). PO.* also shows similar trends for the light and
light+Na* treatment with an initial release followed by an uptake by day 9 and remaining

at a low concentration by day 27 (Figure 5.8). Light+Ca?* treatment shows an overall
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uptake of PO4* from day 0 through day 27. Light and light+Na* SO4? trends are similar
with an initial uptake, then a significant release at day 9, and an uptake again by day 27
(Figure 5.8). Light+Ca?* treatment shows a different trend with an initial release at day 3,
then an uptake through day 27 of SO4%. These results suggest that since addition
treatment (Na* and Ca?*) are similar to light controls for some species in the bulk liquid,
addition of cations may have not had an effect on PO,*, Mg?*, and SO4% concentrations
in the bulk liquid during photogranulation.

The ratio of monovalent to divalent cations was also determined for the different
control (light and dark) and treatments (Na* and Ca?*). Higgins and Novak (2002)
reported that when the sum of monovalent cation concentration (Na*, NH4*, and K*)
divided by the sum of the divalent cations (Ca?* and Mg?*) was greater than 2, then this
could cause floc property deterioration. Results here show that without the addition of

Ca?*, ratio of monovalent to divalent cations is much greater than 2 (Figure 5.9).
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Figure 5.8: Changes in Anions and Cations in the Bulk Liquid During Hydrostatic
Cultivation of Photogranules for Four Different Treatments- Light Control, Light
with the Addition of Na* light with the Addition of Ca?* and Dark Control. Panel c)
Ca?* concentration is on the secondary axis.
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Figure 5.10: The correlation of ions between different treatments for Hadley sludge. The distribution of each variable (NH4*-
N, Na*, K*, Ca?*, and Mg?*) for light control, light+Na*, light+Ca?* and dark control is shown on the diagonal. On the bottom
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correlation plus the significance level as stars. Each significance level is associated to a symbol: p-values (0.001, 0.01, 0.05,
0.1, 1) <=> SymbOIS (“***”, “**”, “*”, “.”, n “).

161



5.3.5 Dynamics of EPS During Progression of Photogranulation in Hydrostatic

Conditions

5.3.5.1 Crude EPS During Photogranulation by Different Extraction Methods

Across Cation Addition Treatments and Controls

Crude EPS (soluble and bound) proteins, polysaccharides and humic aids
concentrations are presented in Figure 5.11, Figure 5.12, and Figure 5.13, respectively,
during photogranulation for the three different treatments (light control, light+Na*, and
light+Ca?*). Soluble EPS was collected using centrifugation and filtration while bound
EPS was extracted using three different extraction methods, CER, base and sonication.
Subsequently, each EPS extract was subject to SDS-PAGE analysis. The results for
crude EPS corroborate findings by Kuo-Dahab et al., 2018 and results in Chapter 4,
which shows that different EPS extraction methods led to unique protein factions.

Soluble EPS proteins showed similar trend during photogranulation across all the
treatments and to the results presented in Chapter 4 and Kuo-Dahab et al. (2018) for
light and dark controls. An increase in soluble proteins during day 3 to 9, with a slight
decrease during the last days of photogranulation is observed (Figure 5.11). Bound EPS
trends for the different extraction methods show the same trends as described in Kuo-
Dahab et al. and Chapter 4 for light and dark controls. Bound EPS proteins show varying
trends for the three different treatments and the three different extraction protocols. Light
control base extractable proteins show high initial concentration with a 48% decrease
during the first 3 days of cultivation. Base extractable proteins continue to decrease from
day 3 to 27 with an overall decrease of 86% from the initial starting concentration. CER

extractable proteins shows an initial 58% increase by day 3, followed by a 3% overall
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decrease over the cultivation period. Sonication extractable proteins shows a consistent
decrease of 75% overall over the cultivation period. Bound proteins for light+Na*
treatment follows similar trends overall but with differences in percent of EPS that is
extracted in comparison to the light control. Base extractable proteins has an initial 57%
decrease during the first three days and an overall decrease of 71%. CER extractable
proteins shows only a 19% initial increase but with a 35% decrease overall over the
entire cultivation period. Sonication extractable proteins shows a consistent decrease of
only 24% overall during the cultivation. In contrast, bound proteins for the light+Ca?*
treatment differs in comparison to the light and light+Na* treatment. Base extractable
proteins has an initial decrease of only 4% until day 3 jumping up to a 54% decrease by
day 9, and an overall decrease of 73% for the duration of the cultivation. CER
extractable proteins shows an increase of 33% by day 3, remaining constant through
day 9, and decreasing by an overall 32% from the initial concentration by day 27.
Sonication extractable proteins shows a consistent decrease of 27% overall during

photogranulation.
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Figure 5.11: Changes in Soluble and Biomass-bound EPS Proteins (PN) During the
Hydrostatic Cultivation of Photogranules. EPS are extracted by CER procedure,
base and sonication treatments. Light control (a), light with the addition of Na* (b),
light with the addition of Ca?* (c), and dark control (d) are shown with
concentration in mg/L on the y-axis and time in days on the x-axis. Error bars
represent the standard deviation of triplicate samples.
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Soluble EPS PS showed different trends between the light control and the two
treatments (Na* and Ca?*) (Figure 5.12). Light control shows an initial increase until day
9 followed by a slight decrease at the end of the cultivation. Both light+Na* and
light+Ca?* treatments show an increasing trend in soluble EPS polysaccharides until the
end of the cultivation; however, the day 27 concentration is 2.7 times higher for the
light+Na* in comparison to the light+Ca?* treatment indicating a higher degree of
polysaccharides solubilization from the biomass in light+Na* treatment. Bound base
extractable polysaccharides for the light control shows a slight increase until day 3
followed by a 46% decrease until day 9, then an increase again until day 27. CER
extractable polysaccharides shows a 50% increase until day 3 and remains relatively
constant until day 27. Sonication extractable polysaccharides increases by 1.1 times by
day 9 and remains constant until day 27. For light+Na* treatment, CER extracted EPS
polysaccharides follows similar trend to the light control with an initial 50% increase at
day 3, followed by a decrease until day 9, and then another increase by day 27 for an
overall increase of 67% in polysaccharides concentration during photogranulation. Base
extractable polysaccharides in the light+Na* treatment decreases by 56% until day 9,
then remains constant until day 27. Sonication extractable polysaccharides showed
similar trend to the light control, with an overall increase in concentration of 4.3 times
from day 0 until day 27. Light+Ca?* treatment shows increasing trends for all bound EPS
polysaccharides. CER extractable polysaccharides has the highest increase at 2.3 times
the initial concentration on day 27 in comparison to the other treatments. Base and
sonication extractable EPS polysaccharides also increase by 8.8 and 2.0 times,

respectively, in concentration from day 0 to day 27.
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Figure 5.12: Changes in Soluble and Biomass-bound EPS PS During the
Hydrostatic Cultivation of Photogranules. EPS are extracted by CER procedure,
base and sonication treatments. Light control (a), light with the addition of Na* (b),
light with the addition of Ca?* (c), and dark control (d) are shown with
concentration in mg/L on the y-axis and time in days on the x-axis. Error bars
represent the standard deviation of triplicate samples.
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All humic acid trends show very similar results between the different treatments
except CER extracts, which still show a similar trend but different magnitude of intensity.
On day 3, light and dark control show the greatest increases in humic acids, followed by
the light+Na* treatment, than light+Ca?* treatment. After day 3, the trends decreased and
remained relatively constant until the end of photogranulation (Figure 5.13). The EPS
trends in this study for the different extraction methods all corroborate results shown in

Chapter 4 for humic acids.
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Figure 5.13: Changes in Soluble and Biomass-Bound EPS HA During the
Hydrostatic Cultivation of Photogranules. EPS are extracted by CER procedure,
base and sonication treatments. Light control (a), light with the addition of Na* (b),
light with the addition of Ca?* (c), and dark control (d) are shown with
concentration in mg/L on the y-axis and time in days on the x-axis. Error bars
represent the standard deviation of triplicate samples.
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Pearson correlation analysis between extraction methods, controls and different
treatments (addition of Na* and Ca?*) was conducted. Pearson correlation coefficients
are presented in Figure 5.14 to Figure 5.17. The strongest significant positive
correlations shown between light control and light+Na* treatment were soluble proteins
(r=0.93), base proteins (r=0.93), sonication proteins (r=0.96), sonication polysaccharides
(r=0.94), and sonication humic acids (r=0.98). Two significant positive correlations were
shown between light control and light+Ca?* treatment for CER proteins (r=0.92) and
sonication polysaccharides (r=0.90). These correlations were also observed in Chapter 4
and suggest that these trends are signatures of hydrostatic photogranulation that persist
even with cation addition.

On the other hand, results also show that addition of divalent cation Ca?* has a
significant effect on the CER protein and sonication extractable polysaccharides. There
is a significant increase in bound CER proteins suggesting that the addition of Ca?* may
increase the quantity of proteins in this fraction, potentially by physically binding more
proteins in comparison to the light control. The overall concentration of polysaccharides
in soluble fraction polysaccharides in the light+Ca?* treatment is less than the light
control, while bound polysaccharides in the sonication fraction increases in the
light+Ca?* treatment in comparison to the light control, suggesting that Ca?* addition
could also bind more polysaccharides in the sonication fraction when added during
hydrostatic photogranulation. A strong significant positive correlation between soluble
polysaccharides is also observed between the two treatments (Na* and Ca?*) (r=0.99)
suggesting that these are affected by cation addition, as no significant correlation was
observed with light control for these two treatments. The other EPS fractions (Figure
5.14 to Figure 5.17) for light+Na* and light+Ca?* show correlation with light control but

not on a significant level (p-values= 1.0).
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Figure 5.17: The correlation of sonication extractable EPS between different treatments for Hadley sludge. The distribution
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5.3.6 Isolation and Analysis of EPS Protein Pools During Photogranulation

5.3.6.1 Ammonium Sulfate Precipitation of Protein

Crude EPS extract, from each extraction method, was subjected to (NH4)2SO4
precipitation. Only light control, light+Ca?* treatment, and dark control crude EPS extract
was selected for ASP and subsequent SDS-PAGE analysis. The protein concentrations
for CER, base, and sonication EPS extracts after ASP and the percentage recovery for
each extract, during photogranulation, are shown in Figure 5.18. Recovered proteins
versus non-recovered proteins are also shown in Figure 5.19.

The total percent protein recovered for activated sludge inoculum (day 0), in the
light control cultivation, is the highest for CER, followed by sonication, then base
treatment. These results are similar to and support results published by Park et al.
(2008b) for activated sludge. Park et al. found that CER protein recovery is
approximately 10-30% higher in comparison to recovery of proteins by base extraction.
This suggests that CER and sonication extracted protein are more hydrophobic and/or
larger in mass than base-extracted protein, while base-extracted are more hydrophilic in
the activated sludge inoculum (Figure 5.18).

During photogranulation, the concentration of base extractable protein after ASP
decreases from day 0 to day 27 for the light control set. The percentage of protein
recovered after ASP is relatively low, approximately 20-40% for the first 9 days of the
cultivation and increases to about 100% by day 27(Figure 5.18; Figure 5.19).
Additionally, the fraction of protein not-recovered decreases with photogranulation. This
suggests that the base extractable protein portion that is degraded and utilized for
phototrophic growth may be hydrophilic protein. In contrast, CER extractable protein

concentration after ASP increases until day 3, followed by a decrease until day 27. The
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percentage of protein recovered is relatively constant at 60% for the first 9 days and
decreases to approximately 30% by day 27 (Figure 5.18; Figure 5.19). This shows that
the hydrophilic portion of CER protein increases with photogranulation. The
concentration of recovered protein from sonication closely follows the base extract trend,
decreasing over the cultivation period. The protein recovery after ASP decreases from
day 0 to 3, but then remains constant at approximately 35-40% decreases while the
concentration not-recovered increases after the first 3 days (Figure 5.18; Figure 5.19).
This shows that the hydrophilic portion of sonication protein also increases with
photogranulation.

The total percent of protein recovered for the activated sludge inoculum treated
with the addition of Ca?* is highest for sonication, followed by CER than base treatments.
These results are also in accordance with previous studies on activated sludge
inoculum, and both CER and sonication recovered 10-40% more protein than base
extraction. In the light+Ca?* treatment cultivation, the concentration of base and CER
extractable protein closely follows the overall trends observed for the light control set
(Figure 18). However, the percentage of protein recovered after ASP differs slightly at
each sample point. The percentage of protein recovered by base extraction decreases
slightly until day 3, then increases significantly from approximately 30% to 100% by day
27. The fraction not-recovered also decreases significantly (Figure 5.19). Like the light
control, the CER extracted protein concentration and percent recovery after ASP
increases from day 0 to day 3, followed by a decrease from day 3 to 27 (Figure 5.18).
Initially, sonication has the highest recovery at day 0, then decreases to 40% at day 3,

and increases to approximately 50-65% for the remainder of the cultivation period.
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5.3.6.2 SDS-PAGE Banding Profile During Photogranulation

Chapter 4 revealed that EPS extraction procedures isolated unique protein
groups so the understand the full relationship between cation augmentation and protein
niches, three protein isolations methods were analyzed with SDS-PAGE. EPS proteins
based on molecular mass, for the two controls (light and dark) and the light+Ca?*
treatment, extracts were subjected to separation by SDS-PAGE. SDS-PAGE was not
utilized for soluble EPS proteins because concentrations were too low to perform the

analysis. SDS-PAGE was utilized to reduce the complexity of the extracts, separate out
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different molecular mass proteins, and to generate a “fingerprint” for each sample. The
presence of different molecular mass proteins in environmental samples can potentially
be a reliable indicator of microbial function. The SDS-PAGE profile of EPS protein during
hydrostatic photogranulation are shown in Figure 5.20. Several distinct protein bands
were present, predominantly in the molecular mass region 10 -75 kDa for base and CER
extracts, and region 10-37 kDa for sonication extracts (Figure 5.20) for all treatments
(light control, light+Ca?*, and dark control). For all three treatments, although similar
bands were present in multiple lanes, each extraction method contained different
profiles, indicating that different fractions of protein were released from different EPS
extraction methods, which corroborates results from Chapter 4. The diffuse “smearing”
pattern in low molecular mass ranges, especially by base and sonication extraction, is
potentially due to hydrolyzed/degraded protein or low molecular mass substances that
bind silver, such as free carbohydrates. The SDS-PAGE banding patterns were also
different with respect to each extraction method, and the level of smearing in the low
molecular mass range, over the course of photogranulation.

Figure 5.20 and Table 5.3 to Table 5.5 show the results of the SDS-PAGE
banding pattern for the three different extraction methods (base, CER and sonication)
and three different treatments (light control, light+Ca?*, and dark control). Interestingly,
on a molecular level, the banding pattern between the three treatments show fairly
similar results for each extraction method, with differences of only one or two bands or
the time point/sample point when a specific band appears or disappears on the SDS-
PAGE profile.

Base extraction shows six distinct bands at day 0- bands a1-a6 (Figure
5.20;Table 5.3 to Table 5.5) for all treatments with their respective molecular masses. All
of these bands are seen in day 3 samples for all treatments with the addition of two other

bands, a7 and a8. By day 9, due to heavy “smearing” on the lower region of the lane, we
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are unable to identify any protein bands below 37 kDa. In the light control treatment,
band a9 appears in the light control on day 9 but disappears or is too faint to be
identified by day 27. Band a10 appears on day 27 but is rather faint. In contrast, for the
light+Ca?* treatment, new bands a9 and a 10 only appear on day 27 with much higher
molecular masses at approximately 150 and 250 kDa, respectively. Dark control shows
no new bands, only changes in the intensity of specific bands over the 27-day period.

CER extraction shows seven distinct bands at day 0- bands b1-b7 (Figure
5.20;Table 5.3 to Table 5.5) for all treatments. Day 3 shows similar results for all three
treatments with bands b1-b4 remaining, and while b5-b7 disappear almost entirely from
the profile. For light control, band b1 remains through day 27 and b2 until day 9 while all
other bands lose intensity or completely disappear from the profile. For light+Ca?* similar
pattern is observed for bands b1 and b2, while bands b3 and b4 also remain on day 9
but with a higher level of smearing. By day 27, the SDS-PAGE profile is the same as
light control. Dark control shows a different profile with bands b1-b5 remaining until day
9, and bands b1-b4 until day 27.

Sonication extraction shows only three distinct bands that are visible for all
treatments (Figure 5.20;Table 5.3 to Table 5.5). For light treatment, these bands remain
through day 9 and disappear by day 27. There is an appearance of a new band, c4, on
day 27 for light treatment. Light+Ca?* treatment shows a similar banding pattern to light
control, but without the appearance of a new band on the last day. Dark control banding
pattern is like the other treatments, but more smears are observed on day 9 and 27

making it difficult to clearly identify any bands.
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Figure 5.20: SDS-PAGE of Extracellular PN During Progression of
Photogranulation Extracted by (a) Base (Alkaline) Treatment, (b) the CER
Procedure and (c) Sonication Procedure, Subsequently Fractionated by an
(NH4)2SO, Precipitation. Lanes: L, molecular mass ladder; lanes D0 thru D27, PN
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D3 is day 3), during photogranulation. PN sample loading is 8 pug per lane.
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Table 5.3 Appearance of SDS-PAGE Bands for and Corresponding Approximate
Molecular Mass During Photogranulation of Light Control Cultivation

Light Control
Band MwW Day
(kDa) DO D3 D9 D27
al ~18 X X * *
a2 ~20 X X * *
a3 ~37 X X * X
a4 ~40 X X * *
ab ~72 X X - -
a6 ~75 X X - -
a7 ~52 - X X -
a8 ~54 - X X -
a9 ~50 - - X -
a10 ~42 - - - X
b1 ~20 X X X X
b2 ~35 X X X -
b3 ~37 X X - -
b4 ~39 X - - -
b5 ~48 X - - -
b6 ~52 X - - -
b7 ~60 X - - -
c1 ~20 X X X X
c2 ~25 X X X -
c3 ~37 X X X -
c4 ~27 - - - X

Note. Sizes were approximated by using the standard ladder. “X” signifies band is

present, “-“ signifies band is not present, and “*” signifies band may be present but is not

clearly visible due to smearing.
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Table 5.4. Appearance of SDS-PAGE Bands for and Corresponding Approximate
Molecular Mass During Photogranulation of Light + Ca?* Cultivation

Light + Ca®
Band MW Day
(kDa) DO D3 D9 D27
al ~18 X X * *
a2 ~20 X X * *
a3 ~37 X X X *
a4 ~40 X X X X
ab ~72 X X X -
a6 ~75 X X X -
a7 ~52 - X X X
a8 ~54 - X X X
a9 ~150 - - - X
a10 ~250 - - - X
b1 ~20 X X X X
b2 ~35 X X X -
b3 ~37 X X * -
b4 ~39 X X * -
b5 ~48 X * - -
b6 ~52 X X - -
b7 ~60 X X - -
c1 ~20 X X X *
c2 ~25 X X X *
c3 ~37 X - - *

Note. Sizes were approximated by using the standard ladder. “X” signifies band is
present, “-“ signifies band is not present, and “*” signifies band may be present but is not

clearly visible due to smearing.
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Table 5.5. Appearance of SDS-PAGE Bands for and Corresponding Approximate
Molecular Mass During Photogranulation of Dark Control Cultivation

Dark Control
Band Mw Day
(kDa) DO D3 D9 D27
al ~18 X X X X
a2 ~20 X X * X
a3 ~37 X X X X
a4 ~40 X X * X
ab ~72 X X X X
a6 ~75 X X X X
a7 ~52 - X X X
a8 ~54 - X X X
b1 ~20 X X X X
b2 ~35 X X X X
b3 ~37 X X X X
b4 ~39 X X X X
b5 ~48 X - X -
b6 ~52 X - - -
b7 ~60 X - - -
cl ~20 X * - -
c2 ~25 X * - -
c3 ~37 X X - -

Note. Sizes were approximated by using the standard ladder. “X” signifies band is

present, “-“ signifies band is not present, and “*” signifies band may be present but is not

clearly visible due to smearing.

5.4 Discussion

The current study aimed to investigate the addition of monovalent (Na*) and
divalent cations (Ca?* and Mg?*) to enhance hydrostatic photogranulation of activated

sludge inoculum. Initial results show that addition of cations (Na*, Ca?* and Mg?*), at
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specific concentrations, leads to a higher percentage of spherical granules in
comparison to light control (no treatments) vials during hydrostatic cultivation and a dark
control where no granules formed. Characterization of soluble constituents in a subset of
the augmented sludges revealed correlated trends between different treatments and key
trends previously reported as indicators of successful granulation phenomena.
Chlorophylls, nitrogen species, anions, cations, and EPS are utilized to characterize
photogranulation on four different treatments, 1) light control, 2) light with addition of 20
meqg/L Na* (light+Na*), 3) light with the addition of 40 meq/L Ca?* (light+Ca?*), and 4)
dark control. EPS dynamics are studied using three different extraction methods, base,
CER and sonication, followed by ASP and SDS-PAGE analysis.

The addition of Ca?* enhanced percentage of total (n=100%) and spherical
granules (n=100%) in comparison to the light (total: 90%; spherical: 25%) and dark
control (total: 0%; spherical: 0%). The addition of Na* resulted in the same percentage of
total granules (n=90%), but increased the percentage of spherical granules (n=35%), in
comparison to the light and dark controls. These results show that Ca?* has a greater
positive effect on total and spherical granules, in comparison to Na* addition. Previous
studies report that cations have been shown to have a significant effect on the bulk
properties of activated sludge aggregations from loosely bound floc to dense granules
(Sheng et al., 2010). OPG initially start as activated sludge floc and over
photogranulation became dense granules (Milferstedt et al., 2017; Stauch-White et al.,
2017). As activated sludge floc is the initial starting material, previous research on the
bioaggregation of activated sludge floc may provide insight on the initial stages of biofilm
formation during photogranulation.

Activated sludge floc and granules both contain high amounts of EPS (Kuo-
Dahab et al., 2018; Milferstedt et al., 2017; Park et al., 2008s, 2008b). One concept that

pertains to EPS in both flocs and granules is the divalent cation bridging theory. The first
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researchers to propose divalent cation bridging included McKinney and Horswood
(1952) and Tezuka (1969) (McKinney & Horwood, 1952; Tezuka, 1969). According to
this theory, divalent cations bridge negatively charged functional ions within the EPS and
this bridge helps to aggregate and stabilize the EPS matrix and microbes, thereby
promoting bioflocculation and aggregation. The divalent cation bridging theory has been
supported by findings from several studies that divalent cations, specially Ca?* and Mg?*,
helps bioflocculation. Higgins and Novak (1997b) reported that when the sum of
monovalent cation concentration (Na*, NH4*, and K*) divided by the sum of the divalent
cations (Ca?* and Mg?*) was greater than 2, then this could cause floc property
deterioration. Results here show that without the addition of Ca?*, ratio of monovalent to
divalent cations is much greater than 2. This could partially account for the higher
percentage of total granules and spherical granules seen with the addition of Ca?* and
Mg?*, which brings the ratio of monovalent to divalent cations to <2. On the other hand,
this still does not explain why the addition of Na* also had a positive effect on the
percentage of spherical granules. As we observed no change in Na* in the bulk liquid,
this could suggest that the addition of Na® may have altered the water chemistry in a
way that had a positive impact on photogranulation.

Additionally, Higgins and Novak (1997b) observed that the addition of Ca?* and
Mg?* to activated sludge systems, increased the bound protein content which was
observed with an improvement in settling. Addition of monovalent cations above 10
meq/L resulted in a decrease in the bound protein concentration, which was related to a
deterioration in settling properties. High concentrations of monovalent cations can
displace the divalent cations due to an ion-exchange mechanism and cause
deflocculation due to release of biopolymer fraction that appears to be a lectin suggests
the bound protein fraction is involved in the binding of sugar residues on

polysaccharides (Higgins & Novak, 1997b). Higgins and Novak (1997b) proposed a new
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model where cross-linking of polysaccharides and cation bridges act to stabilize the EPS
network, and divalent cations may also be involved in the structural stability and binding
activity of the lectin-like proteins. Here, we added 20 meg/L of Na®and observed an
increase in spherical granules. Kuo-Dahab et al. (2018) showed that activated sludge
degradation and recycle of base extractable proteins occurs, suggesting that potentially
the addition of Na* possibly displaced divalent cations as both an increase in Ca?* and
Mg?* concentration in the bulk liquid was observed for light+Na* sets during the first few
days of photogranulation. In addition, EPS soluble and CER polysaccharides increased
in light+Na* while CER extractable proteins decreased. CER is known to extract for EPS
that is bound with divalent cations, and therefore, these results suggest that addition of
Na* treatment follows the model proposed by Higgins and Novak (1997b) and possibly
displaces divalent cations and decreases bound proteins in the CER fraction.

In contrast to the aforementioned model, Zita and Hermansson (1994) described
the role of cations in floc formation in terms of the Derjaugin, Landau, Verwey and
Overbeek (DLVO) theory. Using this theory, the presence of cations reduces the
separation distance between negatively charged bacteria promoting flocculation. They
found that both monovalent and divalent cations had the same capacity to enhance
flocculation and no ion exchange was observed. Higgins and Novak (1997b) also
maintained that according to the DLVO theory, settling and dewatering should be
improved with Na* at any concentration. This was experimentally shown not to be the
case (as described above). The cationic bridging model was also proposed by Eriksson
and Alm (1991) and Kakii et al. (1985) who found the removal of Ca?* from sludge with a
chelating agent (ethylenediaminetetraacetic acid (EDTA)), resulted in reduced settling
and dewatering characteristics. This was also observed in this study as addition of 1mM
EDTA showed negative impacts on photogranulation with no disc or spherical granules,

only floccular biomass.
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Additionally, Cousin and Ganczarczyk (1999) investigated the effect of Ca?* on
specific floc properties such as size and density. It was found that the addition of calcium
(> 4 meq/L) resulted in an increase in floc size and a decrease in porosity. A minimum
addition of 4 meq/L was thought to be necessary to overcome the ion exchange between
competing ions, such as Na*. The increase in floc size was then speculated to be due to
the formation of Ca?* bridges among microbial aggregates and particles. Here, we
observed that the light+Ca?* treatment produced a higher percentage of spherical
granules in comparison to the light control and light+Na* treatment. This suggests that
ion competition may be why the addition of Na* still produced a high percentage of
spherical granules but less than the Ca?* added set.

In contrast to physical aggregation and bioflocculation through divalent cation
bridging, cyanobacteria research has suggested that Ca?* is a signaling molecule and is
modulated by EPS. The prevalence of Ca?*-binding protein identified by Vilhauer et al.
(2014) and the known role of Ca?* in cyanobacterial phenotypic state suggest that the
control of Ca?* levels is modulated to some degree by EPS. The diversity of protein and
metabolites found indicate that the EPS matrix outside the cyanobacterial cell is an
important contributor to cell fate decisions. The authors proposed that minor changes in
EPS protein sequences can dramatically influence phenotypic outputs and these
proteins are essentially the determinants of community organization. In this study, similar
SDS-PAGE banding pattern across the treatments showed same EPS protein on a
molecular level which did not change with the addition of Ca?* (in comparison to control).
This may further imply that enhancement is more likely due to Ca?* cation bridging, as
we also observe strong correlations between Mg?* and base protein, versus changes on
a molecular level influenced by cyanobacteria.

In addition, in the light+Ca?* treatment, greater recovery of CER protein after

ASP suggest that more hydrophobic protein is available thus addition of Ca?* may
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influence the hydrophobicity of proteins that are produced by cyanobacteria. In both
conditions light control and light+Ca?*, changes in ASP recovery occurred over
photogranulation. Proteins with relatively few hydrophilic regions will aggregate and
precipitate out at relatively low concentrations of AS. In contrast, proteins with more
hydrophilic regions will remain in solution until the concentration of AS added is higher,
hence, any proteins remaining in solution after 90% ASP are strongly hydrophilic. Thus,
fraction that was not precipitated or not recovered could be hydrophilic glycoPN as these
molecules are not expected to be precipitated during the salting out process (ASP).
Additionally, a high recovery of proteins is indicative of high concentration of

hydrophobic proteins in the solution before ASP.

5.5 Conclusion

The current study aimed to investigate the addition of monovalent (Na*) and
divalent cations (Ca?* and Mg?*) to enhance hydrostatic photogranulation of activated
sludge inoculum. The results from our initial chemical addition study show that the
addition of cations (Na*, Ca?* and Mg?*), at specific concentrations, leads to a higher
percentage of spherical granules in comparison to light control (no treatments) vials
during hydrostatic cultivation and a dark control where no granules formed. An in-depth
study was performed on the progression and characterization of 1) light control, 2) light
with addition of 20 meg/L Na* (light+Na*), 3) light with the addition of 40 meq/L Ca?*
(light+Ca?*), and 4) dark control. The results from this study suggest the following:

e The addition of Ca?* enhanced percentage of total (n=100%) and spherical

granules (n=100%) in comparison to the light (total: 90%; spherical: 25%) and

dark control (total: 0%; spherical: 0%).
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e The addition of Na*resulted in the same percentage of total granules
(n=90%), but increased the percentage of spherical granules (n=35%), in
comparison to the light and dark controls. These results show that Ca?* has a
greater positive effect on total and spherical granules, in comparison to Na*
addition.

¢ Results here show that without the addition of Ca?*, ratio of monovalent to
divalent cations is much greater than 2. This could partially account for the
higher percentage of total granules and spherical granules seen with the
addition of Ca?* and Mg?*, which brings the ratio of monovalent to divalent
cations to <2.

¢ Results suggest that the addition of Na® may displace divalent cations as both
an increase in Ca?* and Mg?* concentration in the bulk liquid was observed
for light+Na* sets during the first few days of photogranulation. EPS soluble
and CER polysaccharides increased in light+Na*while CER extractable
proteins decreased.

e Similar SDS-PAGE banding pattern across the treatments showed same EPS
protein on a molecular level which did not change with the addition of Ca?* (in
comparison to control). This may further imply that enhancement is more
likely due to Ca?* cation bridging, versus changes on a molecular level
influenced by the microbial community.

Light+Ca?* treatment showed greater recovery of CER protein after ASP, and

different recovery patterns in comparison to light and dark control, suggesting that more
hydrophobic protein is available. This further infers that the addition of Ca?* may

influence the hydrophobicity of EPS proteins during hydrostatic photogranulation.
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CHAPTER 6
CONCLUSIONS

The purpose of this dissertation is to advance our understanding of
photogranulation in a hydrostatic environment to better understand oxygenic
photogranule (OPG) reactor operation for wastewater treatment and energy recovery.
This dissertation focuses on and highlights the role of extracellular polymeric substances
(EPS) in the formation of hydrostatic photogranules. The work presented has been
divided into three separate sections:

In Chapter 3, the aim of this study was to investigate the fate and dynamics of
EPS during photogranulation on activated sludge in a hydrostatic environment. The
study shows that during the transformation of activated sludge into a photogranular
biomass, sludge’s base-extractable EPS proteins selectively degrade. Strong
correlations between base-extracted proteins and the growth of chlorophyll a and
chlorophyll a/b ratio suggest that the bioavailability of this organic nitrogen is linked with
selection and enrichment of filamentous cyanobacteria under hydrostatic conditions. The
results of soluble and sonication-extractable EPS and microscopy also show that the
growth of filamentous cyanobacteria yielded large amounts of polysaccharide-based
EPS, which it consistent with what is reported for their motility and maintenance. With
findings on the progression of photogranulation, the fate and dynamics of EPS, and
microscopy on microstructures associated with EPS, we discuss the potential
mechanisms of photogranulation occurring under hydrostatic conditions.

In Chapter 4, the aim of the investigation is two-fold: First, to determine if multiple
extraction methods are needed to fully characterize EPS fractions, and second, further
describe the dynamics between EPS, carbon, and nitrogen, during hydrostatic
photogranulation for OPG formation. The study shows that multiple EPS extraction

methods are required in order to fully characterize EPS during the transformation of
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activated sludge into a photogranule in a hydrostatic environment. While filamentous
cyanobacteria, EPS and nitrogen are known to play key roles in photogranulation, the
present study reveals why cyanobacteria are selected and how different fractions of EPS
and their potential recycle leads to photogranulation in hydrostatic conditions. The
different EPS extraction methods are required to capture different fractions of EPS with
respect to protein, polysaccharide, and humic acid composition and organic carbon and
nitrogen content. Though the fractions were different across methods, they were similar
between cultivations from different sludge inoculums. EPS trends using five different
extraction methods, centrifugation, CER, base, sonication, and heat, concentrations of
EPS fractions were statistically similar, between sludge sources Amherst and Hadley
treatment facilities despite variation in their initial sludge characteristics. EPS extraction
methods for polysaccharides was found to be the most varied, followed by humic acids,
then proteins. While overlap in the most likely abundant fractions exist, the different
methods highlight that subgroups are only capture by certain methods whether because
they are sensitive to degradation or omission by the extraction protocol.

All methods had statistically significant moderate to strong correlations with one
or more constituents, chlorophylls, nitrogen-species, and select cations and anions,
which have been previously established as strong indicators of successful granule
formation. These results suggest that different EPS fractions are linked to multiple
processes during hydrostatic photogranulation, including the enrichment of filamentous
cyanobacteria, nitrogen metabolism and recycle of organic nitrogen, assimilation and
biofilm incorporation of ammonium, and biofilm structure, further suggesting that the role
of EPS is a complex process with multiple roles in photogranulation.

In Chapter 5, the aim of this study is to elucidate the addition of monovalent (Na*)
and divalent cations (Ca?* and Mg?*) to enhance hydrostatic photogranulation of

activated sludge inoculum with respect to EPS fractions. The results from our initial
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chemical addition study show that the addition of cations (Na*, Ca?* and Mg?*), at
specific concentrations, leads to a higher percentage of spherical granules in
comparison to light control (no treatments) vials during hydrostatic cultivation and a dark
control where no granules formed.

The EPS present during hydrostatic photogranulation of activated sludge were
investigated using three different extraction methods: base treatment, cation exchange
resin (CER) procedure, and sonication treatment. EPS protein, polysaccharide, and
humic acid composition in crude EPS extracts was compared to chlorophylls and
nutrients between the treatments (Na* and Ca?*) and light and dark controls. The crude
EPS extracted was subsequently precipitated by ammonium sulfate precipitation (ASP)
and analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Key trends for successful granule formation were compared among different
treatments.

An in-depth study was performed on the progression and characterization of 1)
light control, 2) light with addition of 20 meqg/L Na* (light+Na*), 3) light with the addition of
40 meqg/L Ca?* (light+Ca?*), and 4) dark control. The results from this study suggest the
following: First, the addition of Ca?* enhanced percentage of total (n=100%) and
spherical granules (n=100%) in comparison to the light (total: 90%; spherical: 25%) and
dark control (total: 0%; spherical: 0%). The addition of Na* resulted in the same
percentage of total granules (n=90%), but increased the percentage of spherical
granules (n=35%), in comparison to the light and dark controls. These results show that
Ca?" has a greater positive effect on total and spherical granules, in comparison to Na*
addition.

Additionally, results show that initial activated sludge bulk liquid may have an
imbalance between monovalent to divalent cations and without the addition of Ca?*, ratio

of monovalent to divalent cations is much greater than 2. This could partially account for
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the higher percentage of total granules and spherical granules seen with the addition of
Ca?* and Mg#*, which brings the ratio of monovalent to divalent cations to <2. These
results corroborate findings by Higgins and Novak (1997a, 1997b), which suggest that
the addition of Na* may displace divalent cations as both an increase in Ca?* and Mg?*
concentration in the bulk liquid was observed for light+Na* sets during the first few days
of photogranulation. Higgins and Novak also show that bound protein decreases which
was observed here for CER extractable proteins, while EPS soluble and CER
polysaccharides increased in light+Na*.

Light+Ca?* treatment showed greater recovery of CER protein after ASP, and
different recovery patterns in comparison to light and dark control, suggesting that more
hydrophobic protein is available. This further infers that the addition of Ca?* may
influence the hydrophobicity of EPS proteins during hydrostatic photogranulation. After
ASP, SDS-PAGE was applied and banding pattern across the treatments showed same
EPS protein on a molecular level which did not change with the addition of Ca?* (in
comparison to control). This may further imply that enhancement is more likely due to
Ca?* cation bridging, versus changes on a molecular level influenced by the microbial
community.

EPS have significant impact on the structural development of granular biofilms
(i.e., aerobic granules and anaerobic granules) and this work demonstrate this to be true
for one specific type of granular biofilm OPGs. EPS are essential components that are
required for microorganisms to aggregate, accounting for the compact and spherical
structure of granules. Since the success of granule processes depends on the
effectiveness of aggregation, compaction, and subsequent solid/liquid separation, the
role of EPS in granule formation is clearly important. This work shows that different
protocols, extract different fractions of EPS and these fractions are associated with a

variety of processes. EPS extraction methods for polysaccharides was found to be the
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most biased, followed by humic acids, then proteins. Results also show that there are
common EPS trends associated with photogranulation, base extractable proteins are
selectively degraded, and nitrogen derived from this fraction is linked to the selection
and enrichment of filamentous cyanobacteria. In contrast, an increase of soluble and
sonication extractable EPS and microscopy show that growth of filamentous
cyanobacteria yielded large amounts of polysaccharide-based EPS which may be a
result of their motility and maintenance. Further, an initial loss in bound humic acids and
no corresponding increase in the bulk liquid may suggest that humic acids are substrate
when reduced carbon is limited in the initial phase of granulation. Dynamics of EPS
fractions during photogranulation also suggest that filamentous cyanobacteria may
recycle organic C and N from different EPS fractions. This work also shows that the
addition of Ca?*increases the total percentage of successful granules and spherical
granules during hydrostatic photogranulation, which may have an influence on the
hydrophobicity of EPS proteins possibly leading to cation bridging and stabilization of
negatively charged sites in the EPS matrix, thereby enhancing photogranulation.

The findings from this research are expected to enhance the fundamental
knowledge on photogranulation in hydrostatic and hydrodynamic conditions. These
results are also thought to be a significance to the current wastewater engineering
community and contribute to developing scientifically sound engineering application of

the OPG process for wastewater treatment.
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structure and microbial characteristics as HSP.”'*'" This
suggests that hydrostatic cultivation of photogranules may
provide an opportunity to study the photogranulation
phenomenon that also occurs in bioreactor operation.

Like other granules, photogranules possess a high and
complex network of extracellular polymeric substances
(EPS).”'° 1t is well-known that EPS in bioaggregates have a
significant influence on their physiochemical and physiological
properties, including surface charge, dewaterability, settle-
ability, structural stability, and rheolo 416722 The function of
EPS is governed by its composition.” At the macromolecular
level, proteins and polysaccharides are the major components
of EPS in bioaggregate&“’ZS This composition can be affected
by many factors, including environmental signals, such as
species and concentrations of nutrients, substrates, and growth
conditions.””**””  Generally, EPS are categorized by their
association with the cell surface, i.e., soluble or biomass-bound
EPS, which may lead to different functions for bioaggrega-
tion.”»>* Soluble EPS can be generally obtained by
centrifugation and/or filtration. Biomass-bound EPS can be
obtained using various extraction methods, such as sonication,
cation exchange resin (CER) extraction, base treatment, etc.

Numerous studies have been conducted to understand
granulation with EPS. Tay et al.'® reported that extraction
using sequential base and heat treatment showed an increase of
EPS polysaccharides to proteins (PS/PN) ratio with increased
level of granulation for aerobic granule sludge. The same study
concluded that an increase in aeration rate (thus, increased
shear) resulted in the increase in PS/PN, which seemed to
promote granulation. However, McSwain et al,'” using the
same extraction methods as Tay et al,'® found that a high yield
of proteins versus polysaccharides correlated with an increase
in granulation. They also found that CER extraction showed a
preferential isolation of proteins but with an overall lower
extraction efficiency compared to the sequential base and heat
treatment.”” McSwain et al.'” concluded that the aerobic
granular sludge systems with constant aeration but shorter
settling time promoted granulation with a decrease in PS/PN.
These examples in literature suggest that there are different
observations about EPS and granulation, which can be more
complicated if different extraction methods are used. None-
theless, it is well agreed that EPS plays a major role in
granulation and studies about EPS in granulation have
continued."”'%?°?%73 Eor photogranules, although Milferstedt
et al.'” showed an increasing trend of PS/PN during
photogranulation under hydrostatic conditions, no further
details about EPS as well as progressive changes in biomass
that occur along with the changes in EPS have yet been
reported. Thus, despite increasing interest about the photo-
granular process, EPS in photogranulation remains mainly
undiscovered.

In this study, we present photogranulation of activated
sludge under hydrostatic conditions with focus on different
fractions of EPS and their associated microstructure develop-
ment. Two different sludge sources were incubated in a closed,
hydrostatic environment under light conditions to produce
photogranules. We present changes in nutrients, phototrophic
constituents of biomass, and the composition of EPS during
the photogranulation process. Microscopy was conducted to
study the structure of photogranules, including the distribution
of filamentous cyanobacteria and EPS network in photo-
granules. The outcome of this study is expected to advance the
understanding of photogranulation, which should be useful for

the development of the OPG process for aeration-free
wastewater treatment.

B MATERIALS AND METHODS

Generation of HSP. Cultivation of photogranules followed
the procedure shown by Milferstedt et al’? Briefly, activated
sludge, the inoculum of photogranules, was collected from the
aeration basin at two local wastewater treatment plants
(WWTP): Ambherst and Hadley, MA. Aliquots of 10 mL of
activated sludge were pipetted into 20 mL glass vials and
capped. Subsequently, all replicates were placed under
unmixed, 24 h artificial-light illumination at 20 °C. Light
irradiation was 20—35 and 160—200 ymol/m>s along the
sides and the tops of the vials, respectively. Numerous
replicates were prepared for destructive sampling. Sampling
dates were chosen to reflect various phases of granulation
through macroscopic and microscopic imaging.

Study of EPS during Photogranulation. We obtained
and analyzed both soluble and biomass-bound EPS during the
progression of photogranulation. For biomass-bound EPS, we
employed two extraction methods, base extraction and
sonication, since these two methods are known to target
different fractions of EPS, which are linked with different metal
contents in sludge. Earlier proteomics work investigated EPS
proteins that were extracted when divalent cations, Fe** and
AP* were targeted by CER Erocedure, sulfide treatment, and
base treatment, respectively.” It was found that while proteins
extracted from sulfide and base treatments were similar to each
other, the composition and origin of the CER-extracted
proteins were substantially different from the two other
methods. CER-extracted proteins showed more bacterial
proteins involved in aggregation while base and sulfide-
extracted proteins showed more sewage-derived proteins that
persisted in the activated sludge process. Studies have also
shown that sonication has high tendency to select for EPS
associated with divalent cations,'”**>° which we also
confirmed with our preliminary sodium dodecyl sulfate
polyacrylamide gel electrophoresis work showing that proteins
released by sonication and the CER procedure are similar. In
the current study, we chose sonication and base treatment to
target EPS that are bound with divalent cations and trivalent
cations (Fe** and AI**), respectively, and studied how these
fractions of EPS change during photogranulation.

All EPS extractions were performed in triplicates. Sample
from the cultivation vial was collected in a sterile tube and
centrifuged at 9000 rpm for 20 min to separate supernatant
and solid fractions. The supernatant was filtered with 0.45 ym
filters, and EPS in these filtrates were classified as soluble EPS.
The solids after centrifugation were resuspended in 20 mL of
designated extraction solution and subjected to sonication or
base treatment. Sonication and base treatment followed the
procedures of Wang et al.*® and Park and Novak®” with slight
modifications, respectively. The detailed procedures of
sonication and base treatment for the extraction of biomass-
bound EPS are shown in the Supporting Information (SI).

Analytical Measurements. Total and volatile suspended
solids (TSS, VSS) of samEles were measured following
Standard Methods 2540D/E.* Extraction and quantification
of chlorophyll followed Standard Methods 10200H.”* Soluble
fractions of samples, for total dissolved nitrogen (TDN),
dissolved inorganic nitrogen (DIN) (ammonium, nitrate,
nitrite), dissolved organic carbon (DOC), phosphate, calcium,
and magnesium, were obtained by centrifuging samples at

DOI: 10.1021/acs.est.8503033
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Figure 1. Transformation of activated sludge into a photogranule in a hydrostatic environment shown with the macroscopic progression and
changes in the chlorophyll content. Sources of activated sludge are Amherst (left column) and Hadley (right column) WWTP. Macroscopic images
of biomass at different photogranulation phases are shown above the label of each phase: Phase I, sludge compaction; Phase I, phototrophic
bloom; Phase III, main granulation; and Phase IV, granule maturation. Concentrations of chlorophyll a and b for (a) Amherst and (b) Hadley
cultivations. Chlorophyll a/b ratio for (c) Amherst and (d) Hadley cultivations. Error bars represent standard deviation of three replicates for

chlorophylls.

12 000 rpm for 20 min and filtering the supernatant using 0.45
pm filters. TDN and DOC were measured using a Shimadzu
TN/TOC analyzer (TOC-VCPH, Shimadzu, U.S.A). DIN
species, phosphate, Ca’* and Mg’* were measured using a
Metrohm 850 Professional Ion Chromatograph (IC) (Met-
rohm, Switzerland). Dissolved organic nitrogen (DON) was
calculated by subtracting DIN species from TDN values.
Quantification of EPS polysaccharides followed Dubois et al.
(1956) using glucose as the standard.*” EPS Proteins were
determined using the Frolund modification of the Lowry
method with bovine serum albumin as the standards.***!

Microscopy. Light microscopy was conducted using light
microscope EVOS FL Color AMEFC 4300. Scanning electron
microscopy (SEM) of HSP was conducted using a FEI Quanta
200 SEM. Microscopy details are provided in the SI.

Statistical Analysis. Pearson correlation coefficient and
regression analyses were conducted using the Pearson and
Regression functions, respectively, in Microsoft Excel 2017 to
compute correlations and significance between the variables.

B RESULTS AND DISCUSSION

Characteristics of Activated Sludge as Photogranule
Inoculum. Both Amherst and Hadley WWTPs employ the
activated sludge process with mechanical aeration in open
basins (Table S1). Amherst operates predenitrification and
intermittent aeration, at 10—15 d solids retention time (SRT),
to support biological nutrient removal for N removal.*” Hadley
operates conventional activated sludge with nitrification at 10 d
SRT. Consequently, soluble phase of each activated sludge,
which can be considered the secondary effluent of WWTPs,
showed considerably different TDN and composition (Table

DO 10.1021/acs.est.8b03033
Environ. Sci. Technol. 2018, 52, 10462-10471

197



Environmental Science & Technology

20
L Amh
- mherst
z --DON
S NHa+
£ NO3-
c
£10 e :
g
z &
g5
S !
f 1 |
0 i o
0 20 0

10
Time (d)

20
b Hadley
-2--DON
BT .ENHae
NO3-

Concentration (mg/L N)
=

0 Time (d)

dissolved N. NO,™ not shown as values were all <0.4 mg/L N.

S1). This also means that photogranulation from these sludge
inoculums started with different levels of soluble N. While
domestic wastewater is the primary source for both facilities,
Hadley also receives storm runoff which contains high levels of
agricultural runoff. The entry of agricultural wastewater could
potentially account for high DON in Hadley activated sludge.
VSS of Amherst and Hadley activated sludge was 1783 + 12
and 2810 + 20 mg/L, respectively. Both activated sludges
contained very low but detectable levels of chlorophylls a and b
(Table S1). Light microscopy also showed minor presence of
phototrophic microorganisms, although sludge flocs were
composed primarily of nonphototrophic bacterial aggregates
(data not shown).

Transformation of Activated Sludge into Photo-
granules under Hydrostatic Conditions. Despite the
different origins and initial parameters of Amherst and Hadley
activated sludges, photogranulation of both sludges showed
four common phases (Figure 1).

Phase 1 (the sludge compaction period) occurred during
about the first 3 days of cultivation. During this stage, sludge
first settled. Then, the majority of vials in this study showed
sludge rising, an indication of denitrification. While floating,
sludge compacted further, represented by shrinking sludge
height. During this stage, chlorophylls remained low (Figure
1

Phase II (the phototrophic bloom period) typically occurred
between 3 and 14 days of the cultivation with a visual color
change of the biomass from brown to green and an inward
contraction of the biomass. A substantial increase in
chlorophylls, especially chlorophyll a, was observed, indicating
a phototrophic bloom period during Phase II (Figure lab).
The substantial increase in chlorophyll a/b ratio over Phase II
(Figure 1c,d) also suggests cyanobacterial enrichment because
chlorophyll a is present in both cyanobacteria and green algae
while chlorophyll b is absent in cyanobacteria. In both
cultivation sets, the peak chlorophyll a/b ratio reached about
7, much greater than the average chlorophyll a/b ratio, 2.2 +
1.2, for planktonic algae.43 This is also consistent with
microscopic observation that typically green algae bloom
occurred first but filamentous cyanobacteria became a
dominant phototrophic group during phase II and for the
remainder of cultivation. Using light microscopy, filamentous
cyanobacteria were found to exhibit motilitg! through gliding,
which was also reported by earlier studies.'”"®

Phase III (the main granulation period) was established
between 14 and 21 days of cultivation, which took place along
with emergence of a more spherical or granular structure.

10465

During this phase, the sides of the biomass began to contract
more and became round. The extent of biomass contraction up
to this point was faster for Amherst than Hadley. Even though
chlorophyll levels showed a similar trend up to this point,
differences in chlorophyll a/b ratio seem to reflect different
rates of contraction between the Amherst and Hadley
cultivations (Figure lc,d).

Finally, granules were fully formed by Phase IV (the
maturation period), 21—28 days after the start of the
hydrostatic cultivation (Figures 1 and S1). Filamentous
cyanobacteria in photogranules were observed with signifi-
cantly decreased motility during this phase.

Despite substantial growth of phototrophic organisms, VSS
and TSS did not change during cultivation (Figure S2), which
was also observed by earlier studies.'”’> Assuming that
chlorophyll a accounts for 1% of VSS of phototrophic
organisms,“ increase in chlorophyll a from 0.3 to approx-
imately 9 mg/L in both cultivation sets could have accounted
for the growth of about 900 mg/L VSS. This new phototrophic
growth, however, did not result in the increase in VSS during
cultivation. This suggests that the original sludge organic
matter was decayed and recycled for phototrophic growth.
This notion can be supported by examining the level of
dissolved carbon in sludge inoculum that might have been
available for the growth of phototrophic microorganisms. The
measured DOC in both Amherst and Hadley activated sludge
sets showed, on average, 7.2 mg/L or 0.6 mM C (Table S1).
The alkalinity of secondary effluent from these WWTPs has
shown the values less than 150 mg/L CaCO;, which can
provide up to approximately 3 mM carbon (C). Hence, the
theoretical total dissolved C that could have been available for
phototrophic growth is less than 4 mM. This is substantially
smaller than 40 mM C that may be necessary to produce 900
mg/L VSS, with an assumption that the chemical formula of
phototrophic VSS is C,oH;5,045NP in which C represents
about 52% of molecular weight.”

Literature shows that EPS accounts for a large fraction of
organic matter in activated sludge.r’“’“’“ Thus, knowing the
fate of EPS from sludge inoculum could be important to
understand the C recycle and photogranulation in hydrostatic
cultivation. Furthermore, studying the dynamics of EPS
generated during the phototrophic growth could reveal more
about photogranulation and these will be presented and
discussed in the later sections of the current study.

Fate of Dissolved Nitrogen during the Process of
Photogranulation under Hydrostatic Conditions. In
addition to C, nitrogen (N) also seems to be available from

DOI: 10.1021/acs.est.8503033
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inoculum biomass and recycled for phototrophic growth
during hydrostatic cultivation of photogranules.

The changes in dissolved N in Amherst and Hadley
cultivations are shown in Figure 2. Nitrate was depleted
within the first 3 days of cultivation (Phase I). This removal
appears to be linked with denitrification, as we observed the
formation of gas bubbles and sludge rising during this period.
In the Ambherst set, nitrate was released during the later periods
of cultivation, indicating the occurrence of nitrification along
with the oxygenic photosynthesis. In the Hadley set, nitrate
remained depleted, implying insignificant nitrification. Ammo-
nia available from inoculum was also removed during the first 7
days of cultivation. In the Ambherst set, some release of
ammonia was observed during the later periods of cultivation.
In contrast, ammonia in the Hadley set remained depleted
until the end of cultivation. Finally, some or significant removal
of DON occurred during the early period of cultivation.

10466

However, longer cultivation caused DON to be released back
to the liquid phase.

These results show that both cultivation sets underwent a
limitation of N, especially DIN, during the first two phases.
Assuming that all TDN available in inoculum was used for
phototrophic growth, this would mean 0.6 mM and 1.4 mM N
from Amherst and Hadley, respectively (Table S1). It is
unlikely that uptake of only these amounts of N can account
for substantial increase of phototrophic biomass when
considering the stoichiometric ratio of N to phototrophic
biomass is about 0.1. Using the amounts and chemical formula
of phototrophic VSS shown above, approximately 6 mM of N
should have been needed, which is four to ten times greater
than initial TDN. These differences could be even greater if
initial nitrate was removed by denitrification, because
denitrification was not considered in the above calculation.
N fixation is unlikely to happen in this closed and substrate-
limited environment because nitrogen fixation is energy
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intensive process. Indeed, Stauch-White et al.'* examined the
presence of N fixation with gPCR but the results were
negative. Consequently, to support phototrophic bloom
(Phase II), more N than initil TDN should have been
available and it is reasonable to assume that sludge VSS again
became the source of N.

Depletion of DIN and degradation of sludge is thought to
promote cyanobacteria, because these phototrophic organisms
can utilize organic C and organic N from their extracellular
environments.'® Thus, when DIN becomes depleted organic N
from the decay of sludge, such as nitrogenous EPS (i,
proteins), could become the source of N for cyanobacteria, and
this could give them the advantage to green algae. These points
are partially supported by a moderate to strong Pearson
correlation between chlorophyll a/b and the ratio of DOC/
TDN for Amherst (r = 0.87) and Hadley (r = 0.66) during the
first two phases of photogranulation.

Fate and Dynamics of EPS in the Progression of
Photogranulation under Hydrostatic Conditions. The
pattern of changes in soluble EPS, proteins, and polysacchar-
ides, and even PS/PN ratio was very similar between the
Ambherst and Hadley cultivations (Figure 3), which suggests a
common phenomenon in photogranulation under hydrostatic
conditions. During the progression of photogranulation, a
general increase for soluble proteins and polysaccharides was

observed. As can be expected from the comparison of Figures 1
and 3, soluble EPS had positive correlations with chlorophyll a:
proteins (Amherst, r = 0.93; Hadley, r = 0.84); polysaccharides
(Amherst, r = 0.84; Hadley, r = 0.72) (Table 1). There were
also correlations between soluble EPS and chlorophyll b, and
this was particularly the case for Amherst as seen with proteins
(Amherst, r = 0.91; Hadley, r = 0.64) and polysaccharides
(Amherst, r = 0.81; Hadley, r = 0.46). The chlorophyll a/b also
correlated moderately or strongly with soluble proteins
(Amherst, r = 0.64; Hadley, r = 0.90) and polysaccharides
(Amherst, r = 0.54; Hadley, r = 0.87).

It can also be seen that during Phase II and after, both
cultivation sets showed more dramatic increase in soluble
polysaccharides than proteins, which led to an evident increase
of PS/PN in soluble EPS (Figure 3). These results imply an
important role of EPS polysaccharides in the growth of
filamentous cyanobacteria and photogranulation. Indeed,
filamentous cyanobacteria are known to produce slime, a
form of soluble polysaccharides or a mucilaginous substance
that is loosely dispersed around the cell.”*" This slime is
highly associated with gliding motility of filamentous
cyanobacteria as it serves as lubricant or substratum for the
movement of filamentous cyanobacteria.”™>> According to
literature, in new cultures of filamentous cyanobacteria, gliding
motility was always accompanied by the presence of slime
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Amherst_

nd Hadley cultivation, respectively.

EPS.**° In our study, gliding motility of filamentous
cyanobacteria was also directly observed by light microscopy
during the phototrophic bloom periods.

The dynamics of biomass-bound EPS were more compli-
cated than those for soluble EPS due to different trends
between extraction methods and both common and different
phases existing between cultivations. Base-extracted proteins
and polysaccharides showed very similar trends between
Ambherst and Hadley cultivations. Most notably, base-extracted
proteins substantially decreased with the difference between
day 0 (sludge inoculum) and day 28 (mature photogranules)
by 51% and $8% for Amherst and Hadley, respectively (Figure
4a,b). Moreover, base-extracted proteins correlated negatively
with chlorophyll a (Amherst, r = —0.80; Hadley, r = —0.93)
and chlorophyll a/b (Ambherst, r = —0.75; Hadley, r = —0.93)
(Table 1). Significant reduction of base-extractable proteins
over the cultivation and their strong correlations with
chlorophylls suggest that this particular pool of EPS in sludge
degraded and was available for phototrophic growth.

Base treatment can extract EPS proteins that are bound with
Fe®*. It is a reasonable postulation that sludge in a closed vial
undergoes anoxic decay before an oxic environment prevails
with the bloom of phototrophs. Then, Fe** in the sludge is
expected to be reduced to soluble Fe¥, leading to the release
of EPS proteins that are bound with Fe’*. These released
proteins then could become the source of C and N for
phototrophic growth. As discussed earlier, the limitation of
original DIN but the release of organic N could be
advantageous to filamentous cyanobacteria because they can
utilize organic N as a source of N.** Literature also shows that
cyanobacteria can recycle extracellular organic C and N in mats
where the typical turnover of EPS is 5—8% in 20—30 min.**
These points, thus, could potentially explain the dominance of

filamentous cyanobacteria after green algae in the progression
of photogranulation.

While it might be possible that some of the reduced base-
extracted proteins became soluble proteins (base-extracted
proteins vs soluble proteins: Amherst, r = —0.89; Hadley, r =
—0.87), base-extracted proteins also moderately correlated
with soluble polysaccharides (Amherst, r = —0.82; Hadley, r =
—0.75) (Table S2). Since only base-extracted proteins, not
base-extracted polysaccharides, correlate with soluble EPS
(Table S2), these observations suggest that the decreased base-
extracted proteins were more likely utilized for the growth of
phototrophs. In other words, soluble EPS is more likely
associated with the growth of phototrophs rather than the
residual of sludge decay, and strong correlations between
soluble EPS and chlorophyll contents shown earlier support
this statement.

In contrast to base-extracted proteins, sonication-extracted
proteins showed different trends between the two sludge
sources (Figure 4). Amherst cultivation showed substantial
increase during the first two phases followed by a decrease,
while Hadley one showed little change. Sonication extraction is
known to select for EPS bound with divalent cations, which is
also partially supported by this study showing a negative
correlation between sonication-extracted proteins and soluble
Ca’ for Amherst (r = —0.79) and Hadley (r = —0.71)
cultivations.

Different from proteins, sonication-extracted polysaccharides
showed similar trends between the two cultivations (Figure
4c,d), like the common trends of base-extracted proteins or
soluble EPS across the cultivations. An initial decrease of
sonication-extracted polysaccharides during Phase 1 was
followed by an increase for both sludge sources. Worth noting
is that this fraction of polysaccharide showed stronger
correlation with chlorophyll a/b (Amherst, r = 0.68; Hadley,
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r = 0.71) than chlorophyll a (Amherst, r = 0.64; Hadley, r =
0.51). Furthermore, there was no correlation between
sonication-extracted polysaccharides and chlorophyll b (Am-
herst, r = 0.37; Hadley, r = 0.16) (Table 1). These trends are
comparable to what was seen with soluble polysaccharides, and
indeed sonication-extracted polysaccharides were found to
positively correlate with soluble polysaccharides (Amherst, r =
0.62; Hadley, r = 0.89) (Table S2) while no or negative
correlation was found between base-extracted polysaccharides
and soluble polysaccharides (Amherst, r = 0.11; Hadley, r =
~0.76).

Similar to PS/PN in soluble EPS, a clear increase in PS/PN
of sonication-extracted EPS was observed during Phase II and
1II (Figure 4e,f). The regression analysis on PS/PN of soluble
EPS and sonication-extracted EPS from day 3 until the end of
cultivation showed very strong correlations (Ambherst, r = 0.96;
Hadley, r = 0.98). These results again suggest that photo-
granulation under hydrostatic conditions occurs via enrich-
ment of polysaccharides that are highly associated with the
growth of filamentous cyanobacteria and their motility.

Morphology of EPS and Microstructures in Photo-
granules. Milferstedt et al.'® showed an SEM image of a
cross-section of an HSP. There, interwoven mat of
cyanobacterial biomass constituted the outer layer of the
photogranule and enclosed inner biomass. In the current study,
we report more detailed morphology of photogranules by
SEM, with focuses on EPS network and filamentous
cyanobacteria in the outer layer.

First, SEM shows the overall cross sections of photogranules
generated from Amherst and Hadley cultivations (Figures
Sab). The interwoven nature of the outer layer of photo-
granules due to dense and complicated layering of filamentous
cyanobacteria can also be seen (Figure Sc,d).

A larger magnification shows that EPS in sheath and tube
structures encased filamentous cyanobacteria for both Amherst
and Hadley photogranules (Figure Se,f), which were observed
and identified in comparison to literature.””*® Filamentous
cyanobacteria were observed to occupy the interior of some
sheath and tube structures, while others were empty.
Particularly, Hadley granules show multiple tubes and sheaths
that are meshed into a honeycomb-like structure (Figure Sf). It
has been reported that these sheath and tube structures are of
polysaccharide nature and mostly composed of glucose.””
‘While these sheath and tubes EPS were abundantly present in
the outer layer of photogranules, we could also find slime-like
EPS coating the surface of filamentous cyanobacteria (Figure
5gh).

While future research may help to gain more insight of these
different types of EPS in photogranules, information shown in
literature suggests that sheath/tube EPS reflect aging or
maturation of granulation. With time in established, aged
cultures of filamentous cyanobacteria, a change in the form of
EPS (slime — sheath) was observed, with reduced
motility.”*** One reason this can occur is due to unbalanced
C to N metabolism.”**” Hoiczyk™ also observed by light
microscopy that in Phormidium sp., ensheathed filamentous
cyanobacteria were never observed to move. On the basis of
the methods from Hoiczyk to visualize motility, filamentous
cyanobacteria in our mature photogranules showed much less
motility compared to earlier phases of development.

Potential Mechanisms of Sludge-Based Photogranu-
lation under Hydrostatic Conditions. The current study
shows that both degradation and generation of EPS are closely

involved in the transformation of activated sludge into a
photogranule in a hydrostatic environment that is, based on
conventional understanding, highly unlikely to produce
granular biomass. While filamentous cyanobacteria are
known to play a key role in photogranulation,m'b the present
study starts to reveal why this group of phototrophs is selected
and how the recycle of EPS leads to photogranulation under
hydrostatic conditions.

On the basis of the results of EPS and basic characteristics of
biomass, it seems clear that the decaying sludge inoculum,
especially base-extractable proteins, is recycled for the growth
of phototrophic biomass. Furthermore, on the basis of the
results of SEM as well as correlations among soluble and
sonication-extracted EPS with chlorophylls, significant
amounts of C from photosynthesis seem to be invested
toward the production of EPS polysaccharides.

Movement of filamentous cyanobacteria with their adhesive
EPS covering entire trichomes’>* is thought to enhance
aggregation of biomass during Phase II (the phototrophic,
especially, cyanobacterial, bloom period). This motility occurs
in the microscale, but filamentous cyanobacteria can glide as
fast as 10 um/s with a rate of elongation up to 3 um/s."’
Hence, this “movement” in “hydrostatic” environment may be
somewhat analogous to hydrodynamic conditions in reactor
operation, affecting granulation.

However, the motility of filamentous cyanobacteria itself
seems to cause the limitation of their growth, because the
motility becomes significantly restricted as they grow
substantially. Literature shows that when filamentous cyano-
bacteria reach high densities, their motility creates collision and
random movements, including flexing motions, leading to the
formation of interwoven mat.”*”®" This point may also be
supported by observations that chlorophylls and soluble/
sonication EPS started leveling off (Phase III), despite the
presence of substrates and nutrients, including light, DOC (as
the source of CO,), N (even DIN in the Amherst set), and
phosphorus (Figures 1,2, and $3). The restricted growth of
filamentous cyanobacteria from substantial entanglement then
seemed to promote the granule formation, which might be
enhanced by the production of sheath/tubes-like EPS.

The other possibility of the limited growth of filamentous
cyanobacteria and the entry into the main granulation phase is
that there might have been actually no more effective form of
organic C to recycle as base-extracted proteins become
depleted. This statement can be supported by a strong
correlation between base-extracted proteins and chlorophylls
so that the declination in chlorophyll a (phototrophic growth)
as well as a/b (cyanobacterial growth) took place along with
no further change in base-extracted proteins (Figures 1 and 4
and Table 1).

We expect that EPS in photogranules grown in reactors
could be different from EPS in HSP due to the presence of
shear. In other words, the key force(s) to push for
photogranulation under hydrostatic and hydrodynamic con-
ditions may be different. Future studies will require direct
comparison on EPS between photogranules formed by
hydrostatic cultivation and hydrodynamic reactor operation.
Furthermore, the analysis of EPS would be useful to investigate
the formation of photogranules under different conditions,
such as different hydraulic and light conditions. Ultimately,
these efforts will advance our understanding of photo-
granulation phenomenon and be helpful for developing the
OPG process for aeration-free wastewater treatment.
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