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Increased nitrification capacity in flocculent activated sludge wastewater treatment systems may
be required to meet lower effluent ammonia-nitrogen (NH3-N) concentration limits, to handle
higher influent flows, and/or for conversion to nitrogen removal. A novel approach to increase
nitrification capacity in flocculent activated sludge systems is through bioaugmentation with
nitrifying granular sludge grown in a sidestream treatment reactor fed anaerobic digester
dewatering centrate. Granules from the sidestream reactor are added to the mainstream flocculent
activated sludge system to increase the nitrifying biomass concentration without increasing
aeration tank volume. The granular sludge solids retention time (SRT) can be decoupled from the
low SRT of the flocculent sludge by selective granule retention due to the larger size and faster
settling velocity of granules. Retention and accumulation of the granule biomass results in a high
volumetric nitrification capacity. The main research goal was to demonstrate viability of the

granular sludge nitrification bioaugmentation process and address fundamental scientific and



process application considerations pertaining to sidestream and mainstream treatment

performance, nitrification kinetics, and granule biopopulations.

Different types of nitrifying granules were grown on simulated centrate and evaluated for
mainstream bioaugmentation potential based on granule nitrification capacity yield and physical
characteristics favorable for mainstream retention. Granules performing a) nitrification only and
b) nitrification, denitrification and enhanced biological phosphorus removal showed the greatest
potential and were further studied in centrate treatment systems. Successful growth of both
granule types was obtained with centrate feeding and consistent production of waste granular
sludge for bioaugmentation. In separate bioaugmentation tests using the different granule types,
addition and selective retention of granules sustained nitrification and allowed nitrogen removal
by denitrification in non-nitrifying flocculent activated sludge. Mainstream effluent NH3-N
concentrations near 1 mg/L were achieved at 12°C. Granule removal at the end bioaugmentation
immediately resulted in near-complete loss of nitrification. Molecular microbial analyses showed
changes to the granule microbial community composition in mainstream treatment and low
abundance of ammonia oxidizing bacteria in waste flocculent sludge. The overall results of this
research demonstrate that nitrification bioaugmentation with granular activated sludge from
sidestream centrate treatment can greatly intensify treatment capability of flocculent activated
sludge systems by enabling nitrification and nitrogen removal in otherwise non-nitrifying

flocculent activated sludge.
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Chapter 1. OVERVIEW

Nitrogen removal has been and may be required at an increasing number of municipal water
resource recovery facilities (WRRFs) to prevent surface water impairment due to eutrophication.
Well-established flocculent activated sludge processes have been used in the last four decades
for nitrogen removal via aerobic biological nitrification and anoxic biological denitrification. The
reactor volume required for these biological processes is greatly governed by the solids retention
time (SRT) necessary to maintain the growth of slower-growing nitrifying organisms in the
nitrification step. Increasing the nitrification capacity of activated sludge processes in WRRFs to
meet lower effluent ammonia-nitrogen (NH3-N) concentrations, to handle higher influent flows,
and/or for conversion to nitrogen removal requires either increased aeration tank volume or
intensification of the biological process. Conversion of existing municipal WRRFs to
nitrification and nitrogen removal may involve increasing the flocculent activated sludge tank
volume by a factor of 3 to 4. Intensification of the biological process is of great interest to limit
the capital cost of facility upgrades and because suitable site space to increase the aeration tank

volume is often not available.

This research examines a novel approach to increase the nitrification and nitrogen removal
capacity in flocculent activated sludge systems by bioaugmentation with nitrifying granular
sludge grown in a compact, highly-loaded sidestream treatment reactor fed anaerobic digester
dewatering centrate. Nitrifying granules from the sidestream reactor are added to the mainstream
flocculent activated sludge system to provide a substantial increase in nitrification capacity

without increasing tank volume. The granular sludge solids retention time (SRT) can be



decoupled from the low SRT of the flocculent sludge by selective granule retention due to the
larger size and faster settling velocity of granules. Retention and accumulation of the nitrifying
granule biomass results in an intensified treatment process with high volumetric nitrification
capacity. The main research goal was to demonstrate viability of the granular sludge nitrification
bioaugmentation process and address fundamental scientific and process application
considerations pertaining to the bioaugmentation potential of different types of nitrifying
granules, sidestream and mainstream treatment performance, granule nitrification kinetics and

biopopulations, and fate of bioaugmented granules in mainstream treatment.

Chapter 2 reviews relevant literature for this research, including a discussion of the challenges
of biological nitrogen removal in flocculent activated sludge systems lacking nitrogen removal
capability, nitrification bioaugmentation using flocculent activated sludge from sidestream
treatment, aerobic granular sludge growth, and centrate treatment using aerobic granular sludge.
The proposed granular activated sludge bioaugmentation process is presented and discussion of
the limited prior work on nitrification bioaugmentation using aerobic granular sludge leads to

introduction of pertinent research needs addressed in this study.

A product of this effort was a comprehensive report on the use of aerobic granular sludge for
biological nutrient removal to advance the state of knowledge within the wastewater treatment
industry and provide guidance for future research. The following topics were addressed in detail:
1) physicochemical characteristics of aerobic granular sludge, 2) selective pressures for aerobic
granular sludge growth, 3) the effect of different operating conditions on granular sludge growth,

4) microbial diversity in aerobic granular sludge, 5) nutrient removal in bench-scale systems, 6)



removal of micropollutants and industrial chemicals in bench-scale systems, 7) full-scale aerobic
granular sludge process applications and nutrient removal performance, 8) modeling of aerobic
granular sludge processes, 9) resource recovery opportunities and 10) research needs. Chapter 3
consists of an edited version of the report’s Executive Summary, and the entire report is included

in the Supplemental Information as Appendix A.

Although different types of nitrifying granules have been grown in laboratory reactors, metrics of
relevance to bioaugmentation have not been reported in prior studies. To inform future research
phases, three types of nitrifying granules were grown on simulated centrate and evaluated for
mainstream bioaugmentation potential based on granule nitrification capacity yield to support
bioaugmentation and physical characteristics favorable for mainstream retention. This is the
topic of the research paper in Chapter 4: “Comparison of different aerobic granular sludge types
for activated sludge nitrification bioaugmentation potential.” Granules were grown under the
following conditions: 1) anaerobic feeding followed by aeration for nitrification and
denitrification and enhanced biological phosphorus removal by phosphorus-accumulating
organisms (NDN-PAO granules), 2) anoxic step feeding with sequential aerobic periods for
nitrification and anoxic periods with denitrification by ordinary heterotrophic organisms (NDN-
OHO granules), and 3) aerated feeding without external organic carbon addition for nitrification
only (NIT granules). NDN-OHO granules were not suitable for bioaugmentation due to
excessive detrimental growth of Zoogloea and Thauera and production of extracellular
polymeric substances, which resulted in poor settling characteristics and low density, hindering
their ability to be separated from flocs. NDN-PAO and NIT granules showed the greatest

potential for mainstream bioaugmentation and were further studied in centrate treatment systems.



Sidestream granule growth on centrate and mainstream nitrification bioaugmentation was studied
in parallel tracks with NIT and NDN-PAO granules, respectively. Research associated with
sidestream NIT granules is the topic of Chapter 5, “Bioaugmentation with nitrifying granules in
low-SRT flocculent activated sludge at low temperature”, and a similar study using NDN-PAO
granules is covered in Chapter 6, “Bioaugmentation of sidestream nitrifying-denitrifying
phosphorus-accumulating granules in a low-SRT activated sludge system at low temperature.”
Successful growth of both granule types was obtained with centrate feeding and supplemental
alkalinity or external organic carbon, respectively. NH3-N and TN removal efficiencies were
greater than 80% in the sidestream NIT and NDN-PAO systems, respectively, at influent total
nitrogen (TN) loading rates near 0.6 kg/m3-d. Waste granular sludge production to support
bioaugmentation was consistent for both granule types, but nitrifying granule capacity yield was

higher for NDN-PAO granules.

In separate bioaugmentation tests using sidestream NIT or NDN-PAO granules, addition of
granules initiated and sustained nitrification and nitrogen removal in non-nitrifying flocculent
activated sludge at 12°C with aerobic SRT of 2.5 d and total SRT of 4 to 5 days.
Bioaugmentation occurred with an initial slug addition of granules followed by continuous daily
addition of granules at a rate proportionate to the observed sidestream granule yield and typical
sidestream nitrogen load ratios at full-scale municipal WRRFs. Mainstream effluent NH3-N
concentrations were less than 1 mg/L throughout NIT granule bioaugmentation and near 1 mg/L
after 20 days of bioaugmentation with NDN-PAO granules. In both mainstream reactors, the rate

of NH;-N oxidation slowed as NHi-N concentrations approached the apparent half saturation



concentration of 2.3 mg/L for both granule types. Removal of granules from the mainstream
system after 30 to 40 days of bioaugmentation immediately resulted in near-complete loss of
nitrification. Together with molecular microbial analyses indicating low abundance of ammonia
oxidizing bacteria in the waste flocculent sludge, data indicated that nitrifiers remained with
granules with little nitrifier loss to flocculent sludge. In both bioaugmentation tests, granule mass
at the end of bioaugmentation was greater than that added as sidestream granules and indicated
that seeded granules persisted and new granule growth occurred in mainstream treatment.
Granule microbial community composition changed in mainstream treatment and was more
similar to that of the flocculent sludge than the original sidestream granules. These overall results
indicated that the granular sludge bioaugmentation can provide elevated levels of nitrification
and enable nitrogen removal in non-nitrifying flocculent sludge and that both NIT and NDN-

PAO sidestream granules are potentially viable for mainstream nitrification bioaugmentation.

The methods, results, and conclusions of this research are presented in Chapters 4-6 as
manuscripts accepted or submitted for publication. Additional perspectives, research needs, and
engineering implications are discussed in Chapter 7. Supplemental information associated with

Chapters 4 and 6 are presented in Appendices B and C, respectively.
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Chapter 2. BACKGROUND

2.1  CHALLENGES OF BIOLOGICAL NITROGEN REMOVAL

The deleterious impacts of eutrophication in aquatic ecosystems including hypoxic zones, fish
kills, and production of toxins and offensive taste and odor compounds arising from algal blooms
caused by excessive nutrient inputs has long been recognized (Oglesby and Edmondson, 1966).
Nitrogen and phosphorus are the limiting macronutrients in aquatic ecosystems, with phosphorus
typically being the limiting nutrient in freshwater ecosystems and nitrogen typically being the
limiting nutrient in brackish and marine ecosystems (Conley et al., 2009). Point source
discharges from domestic and industrial WRRFs represent a significant source of potential
nutrient loads to receiving water bodies. Consequently, nutrient removal requirements have been

and continue to be promulgated as part of regulatory discharge permits.

While phosphorus can be removed chemically or biologically with minimal modifications or
expansion of a conventional flocculent activated sludge WRRF that has been designed for
biochemical oxygen demand (BOD) removal only, upgrading it to nitrogen removal
requirements presents greater challenges and potential high increase in space needed and cost
impacts. Biological nitrogen removal from domestic wastewater is by far considered the
economical and viable approach over physical-chemical treatment alternatives. Numerous
biological nitrogen removal processes have been developed and widely implemented (USEPA,
2009). Nitrification, the biologically mediated oxidation of ammonia to nitrate, is the rate-
limiting step in these processes and ultimately governs the tank volume required for the
biological treatment process (Tchobanoglous et al., 2014). For a winter process temperature of

10°C in the northern U.S., the solids retention time (SRT) and tank volume required for a
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biological nitrogen removal may be 3 to 4 times greater than that that required for BOD removal
only assuming the bioreactor mixed liquor suspended solids (MLSS) concentration is not
increased. Therefore, upgrades to achieve nitrogen removal can be difficult to achieve in

available site space and can also result in a significant capital cost.

Strategies and technologies to minimize the bioreactor volume expansion necessary to achieve
biological nitrogen removal in flocculent activated sludge systems have been developed.
Examples include step-feed activated sludge, integrated fixed-film activated sludge (IFAS), and
membrane bioreactors (MBRs). A common aspect of these approaches is that the total biomass
concentration in the biological reactor is increased. Another approach is to bioaugment nitrifier-
enriched biomass from sidestream treatment to the mainstream treatment to increase the
nitrification capacity and ratio of nitrifying to non-nitrifying biomass in mainstream treatment.
Experiences with nitrification bioaugmentation using flocculent activated sludge from sidestream

treatment are discussed in the subsequent section.

2.2 NITRIFICATION BIOAUGMENTATION USING FLOCCULENT ACTIVATED SLUDGE

FROM SIDESTREAM TREATMENT

WRRFs with mesophilic anaerobic digestion and sludge dewatering generate a reject stream
from the dewatering process characterized by high NH3-N concentration that can be in the range
of 700 to 1500 mg/L. When centrifugation is used for dewatering, the reject liquid stream is
referred to as centrate. When untreated, the centrate return stream added to the influent to the

mainstream secondary treatment can be 15 to 30% of the total nitrogen load.



Centrate treatment processes can reduce the recycle NH3-N load and add nitrifying bacteria to
the main secondary treatment process. Different approaches have been developed to use the
nitrifying biomass generated in centrate treatment to increase the nitrification capacity in
mainstream treatment through nitrifier bioaugmentation. Successful nitrifier bioaugmentation
using flocculent activated sludge has been demonstrated for both separate sidestream centrate
treatment and integrated centrate treatment processes. Aspects and examples of these processes

for nitrification bioaugmentation are discussed below.

In separate sidestream centrate treatment processes, centrate is fed to a reactor that is external to
the mainstream treatment process and operated as a separate activated sludge system at a
different SRT than that of the mainstream treatment process. The schematic of a basic separate
sidestream centrate process for nitrification bioaugmentation is shown in Figure 2.1. The
sidestream centrate process may be for nitrification only, in which case supplemental alkalinity is
required to achieve high ammonia removal efficiency, or for nitrification-denitrification, in
which case supplemental carbon is required for denitrification and associated alkalinity recovery.
Waste activated sludge (WAS) containing nitrifying biomass from centrate treatment is

bioaugmented to mainstream treatment.
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Figure 2.1. Schematic of separate sidestream centrate treatment process for nitrification
bioaugmentation.

Nitrifier bioaugmentation using flocculent activated sludge from separate sidestream centrate
treatment was initially described by Kos (1998) and later marketed commercially as the InNitri®
process. Bioaugmentation by the InNitri® process has been shown to increase mainstream
nitrification in a laboratory study (Head and Oleszkiewicz, 2004), but has yet to be shown in
larger-scale systems. Aspects of the original InNitri® reactor concept that distinguish it from
other separate sidestream centrate treatment processes include operation at high temperature near
35°C, similar to that of mesophilic anaerobic digester centrate, and absence of a return activated

sludge (RAS) slipstream from mainstream to sidestream treatment.
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Bioaugmentation from separate sidestream treatment processes operated at slightly lower
temperature achieved by diverting a small slipstream of mainstream RAS to the sidestream
treatment reactor has been shown in larger-scale systems. In a full-scale demonstration study, a
mainstream activated sludge train bioaugmented with nitrifying sludge from a sequencing batch
sidestream treatment process performing nitritation-denitritation, termed BABE for
bioaugmentation batch-enhanced, had approximately 60% higher specific nitrification activity
and 50% lower effluent NH3-N concentration than the control train without bioaugmentation or
centrate return (Salem et al., 2004). During a 6-week operating period in May and June 2002,
influent and effluent NH3-N concentrations in the BABE-bioaugmented train averaged 57 and
5.2 mg/L, respectively. Average mainstream process temperature and aerobic SRT were 17.9°C
and 6.9 d, respectively. Effluent NH3-N concentration averaged 9.9 mg/L in the control train
during this period under similar operating conditions. A different study investigated the
bioaugmentation benefit from a flow-through sidestream treatment process performing
nitritation-denitritation, termed AT3 for aeration tank number 3, in pilot-scale sidestream and
mainstream reactors (Stinson et al., 2007). Parallel mainstream reactors were operated in step-
feed nitrogen removal mode with and without bioaugmentation from AT3 centrate treatment.
The AT3-bioaugmented mainstream pilot had 30% higher specific nitrification activity than the
control mainstream pilot without bioaugmentation. During a one-month operating period
beginning on Feb. 15, 2006, effluent NH3-N concentration averaged about 5.1 mg/L in the AT3-
bioaugmented mainstream pilot with process temperature and total SRT near 15°C and 6 d,
respectively. Effluent NH3-N concentration in the parallel mainstream pilot without centrate
treatment and bioaugmentation averaged about 15 mg/L during the same period under similar

operating conditions.
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In the case of integrated centrate treatment processes for nitrification bioaugmentation, the
centrate treatment reactor is part of the same activated sludge system as mainstream treatment.
Therefore, the same microbial consortium is treating the centrate and primary effluent streams.
The fundamental approach in these processes is to increase aerobic SRT through the inclusion of
a “regeneration” or “reaeration” basin that receives centrate and the majority or entirety of the
RAS flow as shown in Figure 2.2, resulting in a high MLSS concentration in the regeneration
basin (up to 10 g/L) and significant increase in aerobic SRT to allow for the growth of nitrifying
organisms. This approach has been used at full scale in the United States and Czech Republic
(Krhutkova et al., 2006; Parker and Wanner, 2007). Operating data presented in Figure 2.3 for
the Appleton, Wisconsin WRRF using this nitrification bioaugmentation process in a completely
aerobic mainstream activated sludge process show that an average monthly effluent NH3-N
concentration of approximately 5 mg/L was achieved at an SRT of 5 days and winter process

temperature of 12°C.
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Figure 2.2. Schematic of integrated centrate treatment process for nitrification
bioaugmentation.
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Figure 2.3. Average monthly process temperature, solids retention time, and effluent
ammonia concentration in 2003 for Appleton, Wisconsin WRRF.
(Adapted from Parker and Wanner, 2007)
The pilot and full-scale performance data cited above show that nitrification bioaugmentation
processes using flocculent activated sludge cannot achieve low effluent NH3-N concentrations
(less than 1.0 mg/L) at winter process temperatures less than 15°C despite moderate SRTs
between 5 and 7 days. Effluent NH3-N concentrations would be even higher for bioaugmentation
into systems with low SRTs in the range of 3 to 4 days. The challenge of achieving low effluent
NH3-N concentrations at low SRTs is illustrated in Figure 2.4, which compares effluent NH3-N
concentrations for complete-mix activated sludge (CMAS) systems at 12°C with and without
bioaugmentation from a sidestream centrate treatment system. Assumptions made in developing
Figure 2.4 include the use of conventional nitrifier kinetic and stoichiometric parameters

(Tchobanoglous et al., 2014), a typical sidestream nitrogen load at 20% of the total plant nitrogen
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load, and no reduction in bioaugmented nitrifier activity in mainstream treatment. At an aerobic
SRT of 4 days, the effluent NH3-N concentration in the bioaugmented system is 3.0 mg/L, while
the non-bioaugmented system would not nitrify. To achieve an effluent NH3-N concentration of
1.0 mg/L, the bioaugmented system would still require an aerobic SRT of 7 days. The relative
reduction in aerobic SRT because of bioaugmentation is also illustrated in Figure 2.4. To achieve
an effluent NH3-N concentration of 1.0 mg/L, the SRT is reduced from 9 to 7 days with
sidestream bioaugmentation, corresponding a reduction of only 20%, which is consistent for
effluent NH3-N concentrations greater than 1.0 mg/L and proportionate to the sidestream

nitrogen load treated, which was 20% of the total plant nitrogen load.
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Figure 2.4. Comparison of effluent ammonia concentrations for complete mix activated
sludge reactors with and without bioaugmentation from sidestream treatment.
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In the successful pilot and full-scale bioaugmentation processes cited above, a common process
element was mainstream RAS integration with the sidestream treatment process. Several studies
have investigated the effect of bioaugmentation and RAS integration on the nitrifying organisms
present in mainstream and sidestream treatment. Podmirseg et al. (2010) showed differences in
mainstream and sidestream communities of ammonia oxidizing bacteria (AOB) without RAS
integration, while AOB communities tended to converge with an increasing amount of RAS
integration. Other studies have shown that bioaugmentation caused a shift in the dominant
mainstream nitrifier genera (Pei et al., 2015; Yu et al., 2012). Because RAS integration also
lowers the sidestream treatment reactor temperature, it is not known if the effect on the changes

in the nitrifier community were due to temperature or the RAS integration or both.

Based on observations of different sidestream and mainstream nitrifying communities,
researchers have investigated the possibility of distinct AOB populations that are “mainstream
specialists” and “sidestream specialists”. A model-based study incorporated two AOB
populations with different kinetic parameters (Wett et al., 2011). In three different model
formulations, two AOB populations were defined by: (1) different growth and decay temperature
sensitivities (i.e., “high-temperature” versus “low-temperature” AOB; (2) different values for
MUmax and Knusn (i.e., “r-strategists” versus “K-strategists™); and (3) different Knnsn and decay
rates. Although the model-predicted results corresponded to treatment performance measured in
case studies, AOB kinetic parameters were not explicitly measured, and the validity of the
fundamental mechanisms assumed is uncertain. This issue is complex because a diversity of
AOB having different kinetic characteristics can coexist within a given treatment plant (Park and

Noguera, 2007; Siripong and Rittmann, 2007).
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2.3 AEROBIC GRANULAR ACTIVATED SLUDGE

Aerobic granular activated sludge is an emerging biological wastewater treatment technology
offering nutrient removal potential. In conjunction with this research, a comprehensive report on
aerobic granular sludge was prepared and accepted for publication by the Water Environment
and Reuse Foundation after peer review (Figdore et al., 2017). The report addressed aerobic
granular sludge research and application including granule physical characteristics, granular
sludge formation and selective pressures, microbial diversity, treatment performance in bench-
scale and full-scale systems, modeling, resource recovery, and research needs. The entire report
is provided as Appendix A, and its executive summary is excerpted in Chapter 3. Aspects of

aerobic granular sludge most pertinent to this research are highlighted in this section.

Aerobic granular activated sludge can be described as an attached growth or biofilm process
where carrier media is not required and rapidly-settling microbial granules containing a
consortium of microorganisms are formed via application of key selective pressures. Aerobic
granules are typically 0.5 to 3 mm in diameter. The higher settling velocity of granular activated
sludge compared to flocculent activated sludge is attributed to its larger particle size and more
compact spherical morphology resulting in a settling regime that more closely resembles discrete
settling rather than hindered settling. This is made apparent by low sludge volume index (SVI)
values between 30 and 50 mL/g where the ratio of the settled sludge volume after 5 minutes and
30 minutes (SVIs/SVIz0) approaches 1.0 (de Kreuk et al., 2005). In comparison, well-settling
flocculent activated sludge would be expected to have an SVI39 near 100 mL/g and SVIs/SVI3o
ratio from 1.6 to 2.0. A range of granule sizes and densities has been shown for laboratory and

full-scale granular sludge systems, with stratification of granules of different size and density in
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a settled sludge bed occurring based on settling velocity (Winkler et al., 2011). Due to these
characteristics, granular activated sludge systems can have mixed liquor suspended solids
(MLSS) concentrations similar those of MBRs and much higher than conventional flocculent

activated sludge systems, resulting in more compact biological process designs.

Several key selective pressures and fundamental principles for aerobic granular sludge selection
and growth have been identified. The liquid-solids separation is designed to allow retention of
the larger and faster-settling granules over smaller and slower-settling flocs. This has typically
been accomplished by applying a short settling time commonly less than 5 minutes in sequencing
batch reactors (SBRs) but has also been accomplished using particle size selection by sieving or
screening (Liu et al., 2014a), upflow liquid-solids separation (Tsuneda et al., 2003), and cyclonic
separation in the case of anammox granules (Shi et al., 2016). When significant readily
biodegradable COD (rbCOD) is present in the influent wastewater stream, the COD feeding
regime should expose granular biomass to high tbCOD concentration. A feeding regime of this
nature promotes substrate penetration into the granule core and helps to avoid diffusion-limited
growth conditions, which are not favorable for granular sludge growth (van Loosdrecht et al.,
2005). Under diffusion-limited growth conditions granular sludge is not stable and filamentous
or finger-like outgrowths occur (Picioreanu et al., 1998). This detrimental growth condition can
result in reactor failure by washout of the poor-settling filamentous granules (McSwain et al.,
2004; Mosquera-Corral et al., 2005). Growth must also not be limited by diffusion by electron
acceptor substrates such as Oz, NO2, or NOs. Sufficient shear must be provided in proportion to
microbial growth rate, with faster-growing organisms requiring higher shear to form a smooth

and compact granule biofilm morphology (van Loosdrecht et al., 2005).
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Aerobic granules reported in the literature can be broadly classified into four types based on
differences in growth conditions and biological processes occurring in their respective granule
microbial consortia. Despite growth in an aerobic environment, granules performing
deammonification and containing ammonia oxidizing bacteria (AOB) and anaerobic ammonium
oxidizing bacteria (anammox) are not commonly referred to as aerobic granules. Noting the
unique classification of AOB-anammox granules, aerobic granule types and their respective
acronyms used in this document are given as follows:
1. Granules that perform enhanced biological phosphorus removal (EBPR) and nitrification-
denitrification. For conditions favoring selection of phosphorus accumulating organisms
(PAOs), glycogen accumulating organisms (GAOs) may also grow. These are referred to

as NDN-PAO granules.

2. Granules that perform nitrification and denitrification but without anaerobic contacting
for PAO/GAO growth. Heterotrophic organisms using carbon substrates in this case are
termed ordinary heterotrophic organisms (OHOs). These are referred to as NDN-OHO
granules.

3. Granules grown with aerobic feeding and where denitrification is limited. Nitrogen
removal is dominated by assimilation for growth on carbon substrates. These are referred
to as OHO granules.

4. Granules that are fed mainly ammonia or nitrite and perform ammonia and/or nitrite
oxidation with no significant nitrogen removal. These are referred to as NIT granules.

These aerobic granule types are described in greater detail below along with feeding conditions

and characteristic performance.
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For NDN-PAO granular sludge systems denitrification or denitritation is done mainly by PAOs
and/or GAOs. Influent rtbCOD is assimilated and stored by PAOs and or GAOs under anaerobic
contacting with the influent wastewater, and nitrogen removal occurs primarily by simultaneous
nitrification-denitrification in a subsequent aerobic period at a dissolved oxygen concentration
that is typically 2 mg/L or less. PAOs are typically present at greater abundance than GAOs, and
a high degree of EBPR is achieved. The use of biodegradable chemical oxygen demand (bCOD)
for both EBPR and denitrification by denitrifying PAOs (DPAOs) has been shown in NDN-PAO
granules (Bassin et al., 2012a) and can result in an optimal use of influent bCOD for biological
nutrient removal. NDN-PAO granules have been grown in laboratory-scale reactors (de Kreuk
and Van Loosdrecht, 2004; Kishida et al., 2006) as well as in the full-scale Nereda® SBR

process (Giesen et al., 2013; Pronk et al., 2015a).

NDN-OHO granules perform nitrification-denitrification or nitritation-denitritation with carbon
conversions mediated by OHOs. EBPR does not occur in processes with NDN-OHO granules
because of an absence of anaerobic contacting with wastewater feed. Instead, influent is fed
under anoxic conditions, and a high degree of nitrogen removal occurs by alternating
nitrification-denitrification in sequential aerobic and anoxic periods. To date, NDN-OHO
granules have only been grown in laboratory-scale reactors (Chen et al., 2013; Wang et al,,

2012).

For OHO granules carbon consumption is by OHOs, and EBPR does not occur. Influent is

typically introduced in a slug feed of less than 5 minutes into an aerated reactor or quiescent
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reactor followed immediately by aeration. Ammonia oxidation may occur, and nitrogen removal
occurs primarily by assimilation. Although OHO granules have been primarily grown at the lab
scale (Moy et al., 2002; Tay et al., 2002a), the successful growth of OHO granules in a pilot

scale reactor treating municipal primary effluent has been reported (Ni et al., 2009).

NIT granules perform ammonia and/or nitrite oxidation with minimal total nitrogen removal.
Influent is fed under aerobic conditions. NIT granules have been grown with autotrophic
synthetic media without organic carbon or with carbon-poor streams such as anaerobic digester
dewatering centrate. The relative abundance of nitrifying organisms is higher in these granules
compared to the other types of granule described above. NIT granules have only been grown in
laboratory-scale reactors in systems performing ammonia oxidation to nitrate (Shi et al., 2010;
Tay et al., 2002b; Tsuneda et al., 2003; Vazquez-Padin et al., 2010), ammonia oxidation to nitrite
(Lopez-Palau et al., 2011; Vazquez-Padin et al., 2010; Wan et al., 2013), and nitrite oxidation to

nitrate (Ni et al., 2011; Vazquez-Padin et al., 2009).

When the influent wastewater contains a significant amount of particulate biodegradable COD
(pbCOD) as is the case for domestic wastewaters, an anaerobic feeding regime and NDN-PAO
granular sludge is preferred. Particulate matter in the influent wastewater is sorbed to the granule
surface (de Kreuk et al., 2010), where it may be hydrolyzed to tbCOD and fermented to acetate
and propionate. These volatile fatty acids (VFAs) are then consumed by PAOs. The rbCOD
generated from hydrolysis can diffuse to support PAO growth in the granule core as the COD
assimilation capacity of PAOs located closer to the granule exterior with first access to substrate

is exhausted. Conversely, if anaerobic hydrolysis is incomplete or pbCOD-containing wastewater
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is fed aerobically, ppCOD will be present at the granule surface during aerobic conditions,
leading to slow release of readily biodegradable COD (rbCOD) by aerobic hydrolysis. In this
case, the presence of non-degraded pbCOD sorbed to the granule surface and slow production of
bCOD from hydrolysis leads to diffusion-limited growth conditions and filamentous outgrowths

from the granule that are detrimental to granule morphology, settling velocity and stability.

To date, full-scale application of aerobic granular sludge has been limited to the Nereda® SBR
process which selects for NDN-PAO granule growth (Pronk et al., 2015a). This process has been
used to treat domestic wastewaters and industrial wastewaters from food processing operations.
The first full-scale Nereda® reactors were commissioned circa 2010, and as of July 2016 there

were approximately 20 Nereda® installations in operation or under construction worldwide.

2.4  SIDESTREAM CENTRATE TREATMENT USING AEROBIC GRANULAR SLUDGE

Aerobic granular sludge growth on centrate from anaerobic digestion dewatering has not been
reported in the literature. A related study by Lopez-Palau et al. (2011) reported NIT granule
growth in a laboratory-scale SBR on wastewater described as anaerobic digester supernatant.
The supernatant was characterized by an average bicarbonate to ammonium molar ratio of 1.1
and average NH3-N, TSS, and sCOD concentrations of 810, 690, and 340 mg/L, respectively.
Approximately 50% NH3-N removal was achieved without alkalinity addition at an NH3-N
loading rate of 2.4 g/L./d, MLVSS concentration of 9200 mg/L, process temperature of 30°C, and
DO concentration near 8§ mg/L. Ammonia oxidation was to NO2-N only. Because the wastewater
was digester supernatant and not from anaerobic digestion sludge with dewatering, it was not

representative of that from dewatering with polymer addition.
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High polymer dose is frequently used in anaerobic digestion sludge dewatering, and the residual
polymer in the dewatering centrate is of concern regarding its effect on aerobic granular sludge
formation. Two related studies reported contrasting results concerning the impact of polymer
coagulants in aerobic granular sludge systems. An 8-d period of polyaluminum chloride dosing
at a concentration of 400 mg/L successfully reformed and restabilized crushed granules (Liu et
al., 2014b). This granule reformation procedure was performed on a pulse-fed aerobic SBR after
90 days of operation when granules began to disintegrate. Granule disintegration was attributed
to inner core decay and lysis associated with large 3.2 mm granule size and lack of substrate
penetration to the granule core. In a different study at much lower polymer dosing, the
continuous inclusion of 2.5 mg/L polyaluminum chloride and 1.5 mg/L Chemifloc®
polyelectrolyte flocculating agent were shown to have adverse impacts on the granular sludge
quality (Val del Rio et al., 2012). Granules grown in the control pulse-fed aerobic SBR without
coagulant addition had lower SVI (40 mL/g vs. 80 mL/g), smaller diameter (2.3 mm vs. 5.0 mm),
and possessed a more ideal smooth granule surface and morphology. A higher MLVSS
concentration was maintained in the control reactor (7.9 g/L vs. 4.5 g/L) due to a lower effluent
suspended solids concentration. The granules grown with coagulant addition had a lower
maximum specific oxygen utilization rate normalized to VSS, which was contributed to the
adsorption of the coagulants on the granule surface and greater DO diffusion limitation caused
by the larger size. Despite the lower specific oxygen utilization rate in the reactor with coagulant

addition, the reactor systems had similar COD and N removal efficiencies.

The results of Val del Rio et al. (2012) imply that residual polymer in anaerobic digestion

dewatering centrate may adversely impact aerobic granular sludge physicochemical properties.
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However, the widespread use of AOB-anammox granular sludge in full-scale sidestream
treatment deammonification processes (Lackner et al., 2014) suggests that granules, in general,

can be formed for a variety of dewatering reject streams with upstream polymer addition.

2.5 RESEARCH CONCEPT

The overarching research concept and core thesis postulated is that bioaugmentation of nitrifying

aerobic granular sludge from sidestream centrate treatment enables nitrification and nitrogen

removal in non-nitrifying low-SRT mainstream flocculent activated sludge systems.

The motivating factor for use of granular sludge for nitrification bioaugmentation is the potential

to selectively retain the nitrifying granules over flocs in the mainstream treatment, thereby
accumulating a high concentration of the nitrifying microorganisms. This approach is expected
to have significant advantages over using flocculent activated sludge from sidestream treatment
because of the differences in the retention of the bioaugmented nitrifiers in the mainstream
treatment reactors. The SRT of the flocculent nitrifying biomass is limited to that of the
mainstream flocculent sludge SRT, whereas the SRT of the granular nitrifying biomass can be
much greater due to the ability to separate it from the flocculent sludge and keep it in the
mainstream system. In the case of flocculent sludge bioaugmentation, the SRT needed for
complete nitrification may only be about 20% less than the value needed without

bioaugmentation. However, with nitrifying granules, the granular sludge SRT can be decoupled

from the low SRT of the flocs by selective granule retention due to its larger size and faster

settling velocity using sieves, hydrocyclones, or possibly gravity separation. In this manner, the
critical nitrifying biomass concentration in the mainstream treatment system can be greatly
increased. It is hypothesized that the proposed sidestream granular sludge bioaugmentation
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process will increase the nitrification capacity of existing low-SRT mainstream flocculent sludge
systems, such that it may be possible to increase the nitrogen removal capability of full-scale

treatment systems without additional mainstream tank construction.

The types of aerobic nitrifying granule types for mainstream nitrification bioaugmentation
considered in this research include NIT, NDN-OHO, NDN-PAO granules. The sidestream AOB-
anammox granular sludge that has been demonstrated in full-scale centrate treatment is not
preferred for this application, which is to dramatically increase the nitrification ability of existing
mainstream treatment systems. A disadvantage of using AOB-anammox granules in this case is
that the AOB-anammox deammonification sidestream process can only provide about half as
much nitrifying biomass because ammonia is used in the process to reduce nitrite produced by

AOB.

A schematic of the granular sludge bioaugmentation concept is shown in Figure 2.5 with
selective granule retention occurring on the WAS stream. Although other locations for granule
retention are possible, the WAS stream presents a flow rate to the granule-floc separation process
that is much lower than that of that of the forward flow or RAS streams. Key aspects of the

process concept are discussed below.
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Figure 2.5. Nitrifying granular sludge bioaugmentation process schematic.

Nitrifying granular sludge generation would be in the sidestream centrate treatment reactor will
require supplemental alkalinity or carbon depending on the centrate treatment process type. A
nitrification-only treatment processes using NIT granules would require supplemental alkalinity
to offset alkalinity consumed in nitrification, whereas a nitrification-denitrification process using
NDN-OHO or NDN-PAO granules would require supplemental carbon for denitrification and its

associated alkalinity production.
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Granular sludge SBRs can possess a high fill ratio and therefore accommodate dilution water
addition as shown in Figure 2.5. It is anticipated that a sidestream granular sludge SBR with fill
ratio of 0.50 will be able to accommodate approximately a 5:1 dilution of influent centrate.
Inclusion of a dilution water stream such as secondary effluent is favorable for bioaugmentation
because it reduces the temperature difference between the mainstream and sidestream processes,
which provides a sidestream temperature that reduces potential issues with temperature shock to
the bioaugmented nitrifying biomass in the mainstream treatment. A lower process temperature

also increases the nitrifying biomass yield in the sidestream centrate treatment.

Nitrifying granular sludge would be bioaugmented to the mainstream treatment by pumping
waste granular sludge from the sidestream treatment. Sidestream treatment effluent would also
be discharged to the mainstream secondary treatment process. Sidestream effluent solids are
anticipated to contain some nitrifying biomass but be more floc-like than granule-like in
morphology, size, and settling characteristics. Therefore, generation of sidestream nitrifying

biomass as waste granular sludge in lieu effluent solids is important to the process concept.

Nitrifying granules bioaugmented to the mainstream treatment will be selectively retained such
that the mainstream granular sludge SRT is much longer than the mainstream flocculent sludge
SRT. For example, the mainstream granular sludge SRT might be 20 days while the mainstream
flocculent sludge SRT may only be 3 days. In Figure 2.5, selective granule retention and
separation from flocs occurs by sieving the waste sludge stream and returning granules to
mainstream treatment while flocs continue to waste solids handling as normally practiced. Other

granule separation approaches involving cyclonic or gravimetric separation are also possible.
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The ultimate objective of the proposed granular sludge bioaugmentation process is not only
limited to nitrification but to also achieve nitrogen removal. Two potential approaches for
achieving mainstream nitrogen removal with granular sludge bioaugmentation are shown in
Figures 2.6 and 2.7. In Figure 2.6, an anoxic-aerobic Modified Ludzack-Ettinger (MLE) process
is used for nitrogen removal only. In this case, the granular sludge is expected to be the primary
contributor to nitrification, while the flocculent sludge accomplishes the denitrification. NIT or
NDN-OHO granules may be preferred for bioaugmentation in these anoxic-aerobic processes
where EBPR is not a treatment objective and an anaerobic contact zone is not present. In Figure
2.7, an anaerobic-aerobic process is used for nitrogen removal and EBPR. In this case, granular
sludge could contribute to nitrification, denitrification and EBPR with NDN-PAO granules being
preferred for bioaugmentation. Influent biodegradable COD can potentially sustain
bioaugmented granule PAOs with simultaneous nitrification-denitrification and EBPR occurring

in the aerobic zone at low DO concentrations.
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Figure 2.6. Bioaugmentation of sidestream NIT or NDN-OHO granules for nitrogen removal
in an anoxic-aerobic Modified Ludzack-Ettinger process.
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Figure 2.7. Bioaugmentation of sidestream NDN-PAO granules for nitrogen removal in an
anaerobic-aerobic process.
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A spreadsheet model was developed to assess the conceptual viability and important factors
influencing the sidestream granular sludge nitrification bioaugmentation concept. Because
ammonia oxidation is the rate-limiting step for biological nitrogen removal, the model focused
on the ability of sidestream granular sludge bioaugmentation to achieve a given mainstream
effluent NH3-N concentration goal. For simplicity, the model did not use diffusion-mass
transport kinetics as commonly used for biofilm processes, but did consider AOB rate reductions
for temperature and bulk liquid dissolved oxygen and NH3-N concentrations in a CSTR process.
Conventional kinetic and stoichiometric parameters for AOB were assumed (Tchobanoglous et
al. 2014). The following variables were considered: 1) relative nitrogen loads in sidestream and
mainstream treatment, 2) NH3-N removal efficiency in sidestream treatment, 3) the fraction of
bioaugmented sidestream nitrifying biomass as granules versus flocs, 4) mainstream granule
separation and recycle efficiency, 5) the rate of potential granule breakup in mainstream
treatment, 6) temperature and SRT in sidestream and mainstream treatment, and 7) mainstream
effluent NH3-N concentration goal. Because the model did not include a specific term for
mainstream loss of granule nitrifying activity, the assumption for granule breakup in mainstream
treatment can be considered a lumped term for loss of actual granule biomass to flocs and loss of
granule nitrifier activity due to heterotrophic growth on granules resulting in a decrease of
granule nitrification activity. The model allowed for mainstream nitrifier growth in both granular
and flocculent biomass. Nitrifier growth was assumed to be proportionate to the ratio of granule-
associated and floc-associated nitrifying biomass. The mainstream treatment system was
assumed to have no nitrifying biomass at the start of bioaugmentation. Nitrifier decay rates were

uniformly applied to granule and floc-associated nitrifying biomass. In the case of mainstream
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granule breakup, the related nitrifying mass was transferred to the floc-associated nitrifying
mass. The NH3-N oxidation capacity (mg N/L-d) of mainstream granular and flocculent biomass
fractions was determined and compared to the NH3-N oxidation required to meet a specified

effluent NH3-N concentration.

Several model scenarios are summarized and discussed below to show how these factors might
influence mainstream ammonia removal performance from sidestream granule bioaugmentation.
Key parameters assumed in four model Scenarios (A to D) are summarized in Table 2.1. All
Scenarios assumed the following: 1) a sidestream nitrogen load of 25% of the mainstream
nitrogen load, 2) 85% NH3-N removal in sidestream treatment, 3) process temperatures of 18°C
and 10°C in sidestream and mainstream treatment, respectively, and 4) SRTs of 15 and 3 days in
sidestream and mainstream treatment, respectively. Different assumptions were made for the
fraction of bioaugmented sidestream nitrifying biomass as granules versus flocs, mainstream
granule capture efficiency, granule breakup in mainstream treatment, and mainstream effluent

NH3-N concentration goal.

Model outputs for Scenarios A to D are shown in Figure 2.8. The primary model output is a plot
of the ratio of total mainstream NH3-N oxidation capacity to NH3-N oxidation required to meet
the specified effluent NH3-N limit. If this ratio (NOx capacity / NOx required) is greater than 1,
the user-specified effluent NH3-N concentration goal can be met, while the converse would hold

for a ratio less than 1. Assumptions and results for Scenarios A to D are discussed below.
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Table 2.1. Summary of key parameters in granular sludge bioaugmentation model scenarios.

Parameter Scenario

A B C D
COMMON
Sidestream N load (% of mainstream) 25
Sidestream NH3-N removal (%) 85
Sidestream temperature (°C) 18
Sidestream SRT (d) 15
Mainstream temperature (°C) 10
Mainstream SRT (d) 3.0
VARIABLE
Bioaugmented nitrifying mass as granules (%) 80 20 80 50
Bioaugmented nitrifying mass as flocs (%) 20 80 20 50
Mainstream granule capture efficiency (%) 95 95 100 95
Mainstream granule breakup (% per day) 5 5 15 10
Mainstream effluent NH3-N goal (mg/L) 1.5 1.5 1.5 3.0
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Figure 2.8. Results of granular sludge bioaugmentation model Scenarios A to D.
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Scenario A assumed a high percentage of bioaugmented sidestream nitrifying biomass as
granules (80%), good granule capture efficiency (95%), and low level of mainstream granule
breakup (5% per day). The mainstream effluent NH3-N concentration target was 1.5 mg/L. The
model suggests that this concentration would be met after approximately 45 days of
bioaugmentation, as indicated by time at which the NOx capacity / NOx required ratio reaches 1.
The higher NOx capacity / NOx required ratio with continued bioaugmentation, suggests lower

NH3-N effluent concentration could possibly be achieved for this Scenario.

Scenario B assumed a low percentage of bioaugmented sidestream nitrifying biomass as granules
(20%), and the same granule capture efficiency, degree of mainstream granule breakup, and
mainstream effluent NH3-N concentration target as Scenario A. The model suggests that effluent
NH;-N of 1.5 mg/L would be achieved after approximately 95 days of bioaugmentation. This
outcome is expected given the lower nitrifying granule yield for bioaugmentation in Scenario B
and suggests that relatively low sidestream nitrifying granule yield may still allow low
mainstream NH3-N concentrations to be achieved if granule integrity and retention in

mainstream treatment is favorable.

Scenario C assumed the same high sidestream granule yield (80%) and low effluent NH3-N
concentration (1.5 mg/L) as Scenario A. However, a higher rate of granule breakup (15% per
day) was assumed. The model suggests that the target mainstream NH3-N cannot be achieved
despite 100% granule capture efficiency, but that a higher effluent NH3-N concentration of 5.0

mg/L could be met (output not shown). This scenario illustrates that the ability of granules to
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maintain integrity in mainstream treatment is essential to meet low effluent NH3-N

concentrations at cold temperatures and short SRTs.

Scenario D assumed an equal percentage of sidestream nitrifying biomass yield as granules and
flocs, 95% granule capture efficiency, and moderate level of mainstream granule breakup (10%
per day). The model suggests that a mainstream effluent NH3-N concentration of 3.0 mg/L can
be achieved, which would still represent a considerable improvement in ammonia removal
performance compared to flocculent sludge bioaugmentation processes at similar mainstream

temperature and SRT.

Based on the preceding scenarios and others evaluated with the model but not presented here,
several inferences can be made pertaining to key factors impacting the process viability and
effluent NH3-N concentrations that can be achieved with granular sludge bioaugmentation.
Assuming high mainstream granule separation efficiency, high sidestream NH3-N removal
efficiency, and typical relative sidestream and mainstream nitrogen loads, model results were
most sensitive to mainstream granule breakup, sidestream nitrifying biomass produced as
granules, mainstream conditions for SRT and temperature, and effluent NH3-N concentration
goals. Model outputs suggested that a moderate degree of mainstream NH3-N removal with
effluent NH3-N concentrations between 2 and 5 mg/L could be achieved even under relatively
unfavorable conditions for sidestream nitrifying granule production and longevity in mainstream
treatment. However, under less favorable mainstream conditions of short granular sludge SRT
and cold temperature, the loss of granule biomass and nitrification activity in the mainstream

treatment must be minimal to meet low effluent NH3-N concentration goals. Higher sidestream
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nitrifying granule production shortens the duration to achieve mainstream effluent NH3-N
targets. Therefore, these key factors impacting the bioaugmentation process were considered in

the research.

2.6  PRIOR WORK ON NITRIFICATION BIOAUGMENTATION USING AEROBIC

GRANULAR SLUDGE

Although nitrification bioaugmentation using sidestream granular sludge appears promising,
previous work investigating this general concept has been limited in quantity and scope in only
two studies, both of which used ammonia-oxidizing NIT granules grown on an autotrophic
synthetic wastewater feed in a continuously-fed aerobic upflow sparged reactor with solid-liquid
separator and external settling tank as depicted in Figure 2.9 and originally described by Tsuneda

et al. (2003). Findings and deficiencies of these studies are summarized below.
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Figure 2.9. Schematic of continuously-fed aerobic upflow sparged reactor with solid-liquid
separator and external settling tank.

In the first study (Tsuneda et al., 2006), granules were mixed with flocculent sludge for treatment
of a wastewater containing a complex synthetic organic carbon composition in a continuously-
fed reactor that was not described in detail but likely similar to the baffled completely-mixed
reactor described in a subsequent study by the same research group (Kishida et al., 2011) and
depicted in Figure 2.10. The inoculated granular and flocculent sludge concentrations were 1200
and 1500 mg/L, respectively. The complex synthetic organic carbon-containing wastewater was
characterized by DOC, TN, and NH3-N concentrations of 180, 100, and 60 mg/L, respectively.
Reactor pH was controlled at 7.0 to 7.1 using sodium bicarbonate. A 100-200 um thick

heterotrophic biofilm developed on the nitrifying granules, and an increase in the gas sparging
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rate aeration rate was necessary to provide sufficient oxygen penetration to maintain nitrifying
activity (Tsuneda et al., 2006). For the initial gas sparging condition of 0.5 Lpm at 20% oxygen
concentration, the product of ammonia oxidation shifted from nitrate to nitrite over the first 20
days of exposure with flocculent sludge and the organic wastewater. Full ammonia oxidation to
nitrate was recovered after doubling the aeration rate while maintaining the 20% oxygen
condition. The dissolved oxygen concentrations at these gas sparging conditions were not
reported. During this operation there were no negative changes in granule morphology and

integrity.

In a similar second study by the same research group (Kishida et al., 2011), nitrifying granules
and flocculent sludge were added to a continuously-fed continuously-aerated baffled completely-
mixed reactor (Figure 2.10) at initial reactor MLSS concentrations of 1200 and 1500 mg/L,
respectively. Parallel baffled completely-mixed reactors were operated at various COD/N ratios
of 0, 2.6, and 13.2 using acetate while NH3-N was fixed at 50 mg/L. pH in the reactors was
controlled between 7.0 and 7.2 using sodium bicarbonate. The initial aeration rate of 1.0 Lpm
was increased on day 12 to maintain DO concentration greater than 2 mg/L. An NH3-N removal
efficiency of approximately 85%, 80% and 65% were achieved in the reactors with COD/N
ratios of 0, 2.6, and 13.2, respectively. The decrease in NH3-N removal efficiency with
increasing influent COD/N ratio was attributed to heterotrophic growth on the seeded granules. It

was noted that heterotrophic growth on the granule reduced granule settling velocity.
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Figure 2.10. Schematic of continuously-fed baffled complete-mix reactor with solid-liquid
separator.

The studies described above using NIT granules to provide nitrification in flocculent activated
sludge systems were deficient in several aspects including the following: 1) Changes in granular
and flocculent solids concentration over time were not reported, and the relative extent of
granule-floc separation and granule retention was not characterized. 2) The SRT of the flocculent
sludge fraction was not specified, and the contribution of the flocculent sludge fraction to
ammonia removal was not clear. The potential wash-out of flocculent seed sludge could have
occurred due to upflow solid-liquid separator zone design, which was not described in detail.
Potential floc wash-out would be expected to skew heterotrophic growth towards granules rather
than growth as flocs. Conversely, it is possible that flocs were retained and that nitrifying activity
in the flocculent sludge fraction increased over the course of the experiments, contributing to
ammonia removal along with the granular sludge fraction. 3) Temperature of the bioaugmented
reactors was not specified. Therefore, nitrification kinetics and minimum SRT for nitrifier
growth could not be estimated. 4) The specific nitrification activity of the bioagumented granules

was not indicated. Therefore, the nitrification capacity associated with the applied dose of
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nitrifying granules cannot be compared to the ammonia load applied to the bioaugmented
reactors. 5) Granules were bioaugmented into completely aerobic systems. Though this
experimental approach is not a fatal flaw, bioaugmentation into systems with nitrogen removal
would be more representative of common discharge requirements for WRRFs treating domestic

wastewater.

2.7 RESEARCH NEEDS

This research investigated fundamental process and microbiological concepts that are critical for
assessing the potential and applicability of using nitrifying aerobic granular sludge from
sidestream centrate treatment to increase the nitrification and nitrogen removal capacity of short-
SRT flocculent activated sludge systems. The fundamental process application issues important
to this research were the following:

e What is the biomass yield of nitrifying granules in the growth of different types of
granular sludge treating anaerobic digestion centrate?

e How do the physical characteristics of the different types of nitrifying granules compare?
Of greatest interest are granule size, density, and integrity coefficient. These parameters
are important to the mainstream granule-floc separation process design and assessment of
the ability to sustain granules under pumping and mixing in the mainstream treatment
system.

e Do characteristics of anaerobic digester centrate, such as the suspended and colloidal
solids, residual polymer, and/or other centrate substances affect the ability to grow
nitrifying granules?

e What centrate treatment performance can be achieved with different types of nitrifying

granules? Key metrics include the sidestream reactor nitrogen loading rates, ammonia
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and nitrogen removal efficiency, and the external COD dose required for the growth of
NDN-OHO and NDN-PAO granules.

e Does granular sludge mass and specific ammonia oxidation activity change after
bioaugmentation and long-term exposure in the mainstream system, which has different
feed characteristics and operating conditions than the centrate-fed sidestream granule
growth reactor?

e  What minimum effluent NH3-N is attained using sidestream granular sludge
bioaugmentation to systems with a flocculent sludge SRT below the theoretical minimum

nitrification SRT?

Fundamental scientific questions for this research included the following:

e What are granule biomass-specific NH3-N utilization rates at high and low NH3-N
concentrations representative of sidestream and mainstream treatment conditions?

e What is the effect of sidestream growth condition on the nitrifying granular sludge
microbial population composition?

e Will the granule microbial population composition change after bioaugmentation and
long-term exposure to mainstream treatment conditions?

e What is the fate of bioaugmented granule nitrifiers in mainstream treatment? Will
granule-associated nitrifiers remain on granules or transfer to flocculent activated sludge
after bioaugmentation and growth in mainstream treatment?

e Will heterotrophic bacteria out-compete the nitrifiers for space on the granule outer
aerobic layer in the mainstream treatment reactor to reduce the nitrification capacity of

granular biomass?
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Chapter 3. AEROBIC GRANULAR SLUDGE FOR BIOLOGICAL
NUTRIENT REMOVAL

A product of this research is a comprehensive report on the use of aerobic granular sludge for
biological nutrient removal (BNR) which had been published by the Water Environment and
Reuse Foundation (WE&RF) after peer review (Figdore et al., 2017). The following topics were
addressed in detail: 1) physicochemical characteristics of aerobic granular sludge, 2) selective
pressures for aerobic granular sludge growth, 3) the effect of different operating conditions on
granular sludge growth, 4) microbial diversity in aerobic granular sludge, 5) nutrient removal in
bench-scale systems, 6) removal of micropollutants and industrial chemicals in bench-scale
systems, 7) full-scale aerobic granular sludge process applications and nutrient removal
performance, 8) modeling of aerobic granular sludge processes, 9) resource recovery
opportunities and 10) research needs. This Chapter consists of an edited version of the report’s
Executive Summary, which synthesizes the key information pertaining to these aspects of
biological nutrient removal and resource recovery with aerobic granular sludge. The WE&RF
report is provided in its entirety in the Supplemental Information as Appendix A. The original
Executive Summary contains references to report sections where greater detail and citations are
provided. Thus, citations are not included in the excerpt below but can be found in the original

report, which is included in this document as Appendix A.
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3.1 PHYSICOCHEMICAL CHARACTERISTICS OF AEROBIC GRANULES

Aerobic granular activated sludge can be described as an attached growth or biofilm process
where carrier media is not required and rapidly-settling microbial granules are formed via
application of key selective pressures. Aerobic granules are typically 0.5 to 3 mm in diameter.
The higher settling velocity of granular activated sludge compared to flocculent activated sludge
is attributed to its larger particle size and more compact spherical morphology resulting in a
settling regime that more closely resembles discrete settling rather than hindered settling. This is
made apparent by low SVI values between 30 and 50 mL/g where the ratio of the settled sludge
volume at 5 minutes and 30 minutes (SVIs/SVI3o) is approaching 1.0. In comparison, well-
settling flocculent activated sludge would be expected to have an SVI3p near 100 mL/g and
SVIs/SVI3 ratio from 1.6 to 2.0. A range of granule sizes and densities has been shown for full-
scale granular sludge systems, with stratification of granules of different size and density in a

settled sludge bed based on settling velocity.

A channelized protein-polysaccharide composite matrix distinguishes granular sludge from
flocculent sludge, and polysaccharides appear to be the main structural element of this matrix
that allows aerobic granules to share characteristics of hydrogels including viscoelasticity and
capacity for swelling and deswelling by absorption and desorption of water. In aerobic granular
sludge BNR systems treating domestic and synthetic wastewaters, the key structural extracellular
polymeric substance (EPS) resembles alginate and contains charged moieties. However, other
systems may contain a different structural EPS backbone. Consistent with the alginate theory of
bioflocculation, the presence of divalent cations, particularly Ca®*, can facilitate granulation.

EPS extracts has some feature similar to commercial alginate and consequently the term
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“alginate-like exopolysaccharides” has been adopted to most accurately refer to this component
of aerobic granular sludge. Harvesting this alginate-like biomaterial for industrial applications is

a resource recovery option unique to aerobic granular sludge.

3.2  SELECTIVE PRESSURES FOR AEROBIC GRANULAR ACTIVATED SLUDGE

Several key selective pressures and fundamental principles for aerobic granular sludge selection
and growth have been identified. The liquid-solids separation is designed to allow retention of
mainly the larger and faster-settling granules over smaller and slower-settling flocs. When
significant biodegradable COD is present in the influent wastewater stream, the COD feeding
regime should expose granular biomass to high COD concentration. A feeding regime of this
nature promotes substrate penetration into the granule core and helps to avoid diffusion-limited
growth conditions, which are not favorable for granular sludge growth. Under diffusion-limited
growth conditions granular sludge is not stable and filamentous or finger-like outgrowths occur.
This detrimental growth condition can result in reactor failure by washout of the poor-settling
filamentous granules. Growth must also not be limited by diffusion of other co-substrates such as
02 or NOx-N. Sufficient shear must be provided in proportion to microbial growth rate, with
faster-growing organisms requiring higher shear to form a smooth and compact granule biofilm

morphology.

3.3  OPERATING CONDITIONS IN GRANULAR SLUDGE REACTORS WITH N AND P

REMOVAL

Aerobic granules can be grown under a wide variety of operating conditions. At the bench scale,
a variety of granule types including N and P removing granules, nitrifying-denitrifying granules,

and aerobic ammonia and/or nitrite-oxidizing granules have been grown under different
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combinations and degrees of these selective pressures depending on operating conditions. Thus
far, granules performing nitrogen removal and enhanced biological phosphorus removal (EBPR)
have been used in the full-scale application of aerobic granular sludge at practical operating
conditions. An essential element of this operation, which was first investigated at the bench-
scale, is an anaerobic period where influent wastewater is fed through the settled sludge bed in
an upflow regime. This feeding mode facilitates granulation by exposing the biomass to higher
substrate concentrations, minimizing diffusion-limited growth conditions, and selecting for
slower-growing phosphorus-accumulating organisms (PAOs) and glycogen-accumulating
organisms (GAOs) in lieu of ordinary heterotrophic organisms (OHOs) which reduces the shear
necessary to form smooth and compact granular biofilm structures. Particulate matter in the
influent is sorbed to the granule surface, and it is important that a high degree of anaerobic
hydrolysis occurs for particulate biodegradable COD (pbCOD) in the influent allowing for COD
assimilation by PAOs and/or GAOs. Incomplete anaerobic hydrolysis of ppCOD will result in
the presence of pbCOD at the granule surface during the subsequent aerobic period, leading to
aerobic hydrolysis and slow release of readily biodegradable COD (rbCOD). During aerobic
conditions, the presence of residual rtbCOD in the bulk liquid or non-degraded pbCOD sorbed to
the granule surface promotes filamentous outgrowths from the granule that are detrimental to

granule morphology, settling velocity and stability and cause higher effluent TSS concentrations.

Although PAOs and GAOs both have denitrification capability, selection mainly for denitrifying
PAO granules is preferred for more efficient use of influent carbon for nutrient removal, because
influent bCOD removed by PAOs can be used for both nitrogen and phosphorus removal,

whereas GAOs do not provide EBPR. A strategy for selecting PAOs over GAOs in granular
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sludge has been developed based on differences in settling velocity between GAO- and PAO-
enriched granules. GAO-enriched granules have a slower settling velocity than PAO-enriched
granules of equivalent size due to the lower GAO bacterial density. Consequently, GAO-
enriched granules tend to be located at the top of the settled sludge bed while PAO-enriched
granules tend to be located at that bottom of the settled sludge bed. Wasting the slower-settling
top portion of the sludge bed has been demonstrated to improve EBPR performance by

selectively removing GAO-enriched granules and retaining PAO-enriched granules.

3.4  MICROBIAL DIVERSITY AND SPATIAL DISTRIBUTION IN AEROBIC GRANULAR

ACTIVATED SLUDGE FOR N AND P REMOVAL

Operation conditions in aerobic granular sludge systems with anaerobic feeding followed by
aeration for simultaneous nitrification-denitrification and EBPR results in the selection and
spatial distribution of key microbial groups. PAOs and GAOs are the dominant members of the
granule microbial community and together have accounted for as much as 85% of the granule
microbial population. Both Accumulibacter and Tetrasphaera PAOs have been detected in these
granules, with the former being more abundant than the latter, while Competibacter has been the
only GAO detected. The participation of both PAOs and GAOs in the reduction of NO3-N to N
has been observed. Results of independent studies indicate GAOs are primarily responsible for
reduction of NO3-N to NO>-N while PAOs are primarily responsible for reduction of NO>-N to
No. With respect to ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB),
granules treating domestic wastewaters have been shown to contain both Nitrosomonas and
Nitrosospira as well as Nitrobacter and Nitrospira. The concomitant presence of these genera
has been attributed to the availability of suitable niches within the granular biofilm and dynamic

process cycle. The ratio of NOB to AOB in granular sludge has been found to be higher than
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otherwise expected based on conventional stoichiometry of lithotrophic oxidation of nitrite.
Phenomena that may contribute to this observation include the mixotrophic growth of
Nitrobacter and the existence of a nitrite oxidation-nitrate reduction loop between NOB and
heterotrophic denitrifiers that reduce NO3-N to only NO2-N. OHOs are also present and may
contribute to nitrogen removal in PAO/GAO-dominated anaerobic-aerobic granular sludge.
These key microbial groups are distributed spatially in the granule in following manner. PAOs
and GAOs are located in both the oxygen-penetrated outer layer and inner anoxic region, where
their previously stored internal carbon obtained during anaerobic feeding is oxidized with
oxygen or NOx-N as the electron acceptors according to the redox conditions in the granule.
Because their metabolisms require aerobic conditions, AOB and NOB must inherently be located
on the oxygen-penetrated outer layer of the granule. OHOs are present in the oxygen-penetrated
outer granule layer where they can grow on endogenous decay products and residual influent
bCOD that may remain following anaerobic feeding. Similarly, OHOs in the inner anoxic can
use endogenous decay products for NOx-N reduction. Depending on bulk liquid DO, NOx-N
concentration and the rate of mass transport and biological reactions inside the granule, an

innermost anaerobic region may permanently or transiently exist.

3.5 FULL-SCALE AEROBIC GRANULAR SLUDGE PROCESS APPLICATIONS

Fundamental research on aerobic granular sludge growth has led to the development of the
innovative full-scale Nereda® sequencing batch reactor process for biological nitrogen and
phosphorus removal. In this process, influent wastewater is fed slowly through an anaerobic
settled sludge bed in an upflow regime, and simultaneous treated effluent overflows at the top of
the reactor. After the feeding period, an aeration period is used for simultaneous nitrification-
denitrification and EBPR. After NH3-N is reduced to target levels, DO concentration may be
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lowered from approximately 2.0 mg/L to 0.5 mg/L. Anoxic recycle periods may also be
introduced to increase N removal. Though the majority of P removal is achieved biologically
under normal flows and loads, metal salts may be added to supplement EBPR during wet
weather to reduce the required cycle time to meet effluent limits. MLSS in Nereda® reactors is
dominated by granular sludge, but the slow upflow feeding regime allows some flocs to remain
present in the system. Particles less than 212 um may represent approximately 10 to 15% of the
MLSS mass. These particles do not appear detrimental to the process and may contribute to TSS
removal by sludge blanket filtration during the period of simultaneous and effluent overflow.
Cultivation of mature granular sludge from flocculent seed sludge may take approximately one
year, but this duration can be affected by temperature and wastewater characteristics and can be

reduced if a significant amount of granular seed sludge is available.

Nereda® facilities have demonstrated high N and P removal efficiencies and the ability to meet
different levels of effluent nutrient removal requirements as applicable to the operating facility.
Effluent discharge limits at the Garmerwolde and Vroomshoop facilities are similar to what
would be considered BNR-level requirements in the United States. Effluent concentrations for
sustained operational periods at these facilities were as follows: 6.9 and 7.2 mg/L TN, 1.1 and
2.2 mg/L NH3-N, approximately 0.9 mg/L TP at both facilities, 0.4 and 0.6 mg/L PO4-P, and 20
and 10 mg/L TSS, respectively. These effluent concentrations were achieved without effluent
filtration and with wet-weather addition of metal salts for chemical phosphorus removal. Effluent
NH;3-N limits at these facilities allowed for a modest NH3-N residual to remain present. The Epe
facility is operated to meet more stringent effluent limits. During a three-month performance

verification period at process temperature of 14 to 16°C, average effluent this facility was <4.0
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mg/L TN, 0.1 mg/L NH3-N, 0.3 mg/L TP, 0.1 mg/L PO4-P, and <5.0 mg/L TSS. These effluent
concentrations were achieved with effluent filtration and wet weather metal salts addition.
Influent wastewater characteristics were favorable for nutrient removal at these facilities, with
influent BOD/N ratios between 4.0 and 4.5 and BOD/P ratios between 30 and 36. A pilot facility
treating municipal primary effluent where BOD concentration was less than 100 mg/L
demonstrated excellent cold-weather nitrification and EBPR performance. During a two-week
period where temperature was 3.0 to 4.5°C, NH3-N concentration was less than 0.6 mg/L. The
effluent PO4-P concentration was less than 0.4 mg/L and often near 0.1 mg/L without
supplemental VFA or metal salts addition. However, concentrations of the influent and effluent
N species were not reported, therefore a complete picture of nutrient removal performance is not

available for this system treating a low-strength primary effluent.

Compared to conventional flocculent activated sludge processes, attractive aspects of the
Nereda® granular activated sludge process include reductions in space and energy requirements.
A lower space requirement is achieved due the elimination of secondary clarifiers, preferential
utilization of deep SBR tanks, high MLSS concentrations (8-12 g/L) and short settling times that
can be employed with granular sludge and an upflow feeding regime. Energy savings in the
Nereda® process can be expected due to the elimination of mechanical equipment such as
mixers, internal recycle pumps, and return sludge pumps and efficiencies in oxygen transfer
gained through the preferential use of deep tanks. It is also likely that aeration energy savings are
achieved via periods of low DO concentration that may be introduced in the reactor cycle after
the target NH3-N concentration has been achieved. Advantages of the Nereda® process must be

weighed against limitations or special considerations related to 1) the ease of retrofitting existing
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facilities, 2) process start-up and granule development, 3) appropriate waste sludge management

to ensure wasting of PAOs and adequate P removal, and 4) instrumentation needs.

3.6 PROCESS MODELS FOR AEROBIC GRANULAR SLUDGE

Mechanistic models for aerobic granular sludge processes have been developed and applied for
different laboratory-scale aerobic granular sludge systems. Well-established one-dimensional
biofilm models including mass-transport and biological reaction processes using stoichiometric
and kinetic parameters, similar to those included as examples in the International Water
Association Activated Sludge Model (ASM) series, have been appropriate to simulate reactor
nutrient removal performance. Simulation of combined EBPR and nitrogen removal has been
limited, and no models have been developed and applied for calibration and validation to the
performance of full-scale facilities treating municipal wastewater using either a uniform granule

size or including flocs and distribution of granule sizes in the model formulation.

3.7 RESOURCE RECOVERY WITH AEROBIC GRANULAR SLUDGE

Resource recovery opportunities with aerobic granular sludge include those that are shared with
flocculent activated sludge as well as a unique opportunity to harvest alginate-like biomaterial
from waste granular sludge. A self-evident resource recovery opportunity is water reuse. Other
resource recovery opportunities utilize the granular activated sludge solids stream. Methane
production from anaerobic digestion of waste sludge is another resource recovery option. Waste
granular activated sludge from the full-scale Nereda® Epe facility exhibited 42% VS destruction
in lab-scale mesophilic digestion at 20-d SRT, which is within the range that would be expected
for anaerobic digestion of waste activated sludge. Lab-scale thermal pressure hydrolysis

pretreatment at 160°C for 2 hours and 6-8 bar pressure improved the VS destruction from 42 to

49



48%. Nutrient recovery via land application of biosolids or biochar is an additional resource
recovery option, along with the potential to produce crystalline phosphorus fertilizers. Alginate-
like biomaterial has potential to be a newly-realized marketable resource recovery product for
WRRFs not otherwise found with conventional flocculent sludge. Initial investigations of the
recovery of alginate-like biomaterial from Nereda® excess sludge have been promising, but also
showed that extracts contained as much as 40% protein. Specific suitable commercial and
industrial outlets for this material have yet to be defined. One possible use is as a thin-film water-

resistant barrier in surface coating applications for paper, paper products, and gypsum board.

3.8 RESEARCH NEEDS

This review revealed numerous aspects of wastewater treatment and intensification of existing
infrastructure using aerobic granular activated sludge that have not been addressed. The
following topics should be addressed in future research:

e The effect of influent wastewater characteristics on granular sludge growth, particularly
the strength and relative fractions of readily biodegradable and particulate biodegradable
COD.

e The ability to achieve effluent TN and TP concentrations < 3.0 and 0.1 mg/L,
respectively, and operational strategies necessary to achieve these low nutrient
concentrations with different wastewater characteristics.

e The effect of variable loads on granular sludge SBR performance, design, and process
control.

e Expansion of existing aerobic granular sludge process models to simulate treatment of

domestic wastewaters and pH and other physical-chemical phenomena observed in lab

systems such as granule-mediated phosphorus precipitation and ammonium ion
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exchange. If research shows hybrid systems containing flocs and granules to be viable,
competition of bacteria in flocs and granules should be included in hybrid system models.
Characterization of oxygen transfer and alpha factors in aerobic granular sludge systems.
The impact of granular activated sludge on downstream processes including filtration and
disinfection.

The fate of micropollutants in aerobic granular sludge systems.

New process applications for aerobic granular sludge including granule growth in
continuous flow systems, granular sludge bioaugmentation to increase nutrient removal
capacity in existing flocculent activated sludge systems, and the use of granules in
separate wet weather treatment biosorption processes to improve water quality.
Thickening and dewatering properties of granular sludge before and after digestion.
Resource recovery, including the impact of granular sludge on hydrolysis and methane
yield in anaerobic digestion, phosphorus recovery from granular WAS, and processing
and commercialization of alginate-like EPS extracts from waste granular activated

sludge.

OUTLOOK

The outlook for aerobic granular sludge is positive and its potential for use in WRRFs with

nutrient removal requirements, seeking to maximize the treatment capacity of existing

infrastructure or small footprint, and/or implement resource recovery is promising. With greater

awareness of aerobic granulation mechanisms and broadened understanding of performance

capabilities, research needs, and potential applications, the increased use of aerobic granular

sludge-based wastewater treatment and resource recovery is anticipated.
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Chapter 4. COMPARISON OF DIFFERENT AEROBIC GRANULAR
SLUDGE TYPES FOR ACTIVATED SLUDGE NITRIFICATION
BIOAUGMENTATION POTENTIAL

Chapter 4 is the manuscript that has been accepted in October 2017 after peer review for

publication in the Bioresource Technology Journal.

4.1 ABSTRACT

Three types of nitrifying granules were grown on media simulating anaerobic digestion
dewatering reject water and compared for their potential to increase nitrification capacity when
added to mainstream flocculent activated sludge treatment. An advantage of nitrification
bioaugmentation with sidestream granules instead of flocculent biomass is that the granules can
be selectively maintained at longer retention times than flocs and thus provide higher
nitrification capacity from bioaugmentation. The three granule types and feeding conditions
were: nitrifying granules with aerobic feeding, nitrifying-denitrifying granules with anoxic
feeding, and nitrifying-denitrifying/phosphate-accumulating (NDN-PAO) granules with
anaerobic feeding. NDN-PAO granular sludge showed the highest potential for nitrification
bioaugmentation due to its better treatment performance, granule physical characteristics, and
much greater production of granular mass and nitrification capacity. Dechloromonas-associated
organisms were dominant in these granules; Candidatus Accumulibacter-related organisms were
also present. Nitrosomonas was the dominant ammonia-oxidizing bacteria, while Candidatus

Nitrotoga was an abundant nitrite-oxidizer in all granule types.



4.2  INTRODUCTION

Increasing the nitrification capacity of activated sludge processes to meet lower effluent
ammonia-nitrogen (NH3-N) concentrations, handle higher loadings, and or increase nitrogen
removal can require major changes to existing water resource recovery facilities (WRRFs).
Limited space and economic considerations may favor alternatives that retrofit existing
infrastructure without adding aeration tank volume. One approach to intensify nitrification
capacity without increasing the aeration volume is by bioaugmentation of nitrifying organisms
grown in a sidestream treatment system (Kos, 1998). For WRRFs with anaerobic digestion, the
ammonia loading from untreated centrate return to the mainstream secondary system is typically
20 to 30 percent of the total ammonia loading. Flocculent nitrifying activated sludge grown on
ammonia-rich anaerobic digestion dewatering streams (1000-1800 mg/L NH3-N), commonly
referred to as centrate, have been added to mainstream activated sludge systems to increase
nitrification rates in laboratory reactors (Head and Oleszkiewicz, 2004) and in over 25 full-scale
systems with different sidestream treatment and bioaugmentation configurations (Bowden et al.,
2015). However, the improvement in nitrification by floc bioaugmentation is limited by the
relative ammonia loading and amount of nitrifier biomass growth in the sidestream because the
solids retention time (SRT) of the bioaugmented biomass is the same as the mainstream activated
sludge. The impact of bioaugmentation with sidestream nitrifier biomass would be further
enhanced if the SRT of the added sidestream biomass could be increased without increasing
aeration tank volume. Therefore, it would be beneficial to bioaugment with a biofilm structure

and to increase the solids inventory by uncoupling their SRT from the flocculent biomass.
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Aerobic granular sludge is a type of biofilm that is grown without carrier material hence offering
an excellent solution for nitrifier bioaugmentation without additional waste activated sludge
handling issues associated with plastic carriers. The larger size and higher settling velocity of
granules would allow for their selective retention using screens (Liu et al., 2014a), cyclones (Shi
et al.,, 2016), or possibly gravity separation. Returning the separated bioaugmented nitrifying
granules to the mainstream system can result in building a higher bioaugmented nitrifying
biomass and thus a greater increase in nitrification intensification than that with sidestream
flocculent nitrifying sludge. Therefore, the proposed new biotechnology leverages treatment of

centrate reject water to much greater benefit.

One potential issue with biomass grown in and adapted to sidestream conditions is the higher
temperature, which can lead to a temperature shock of the nitrifier population once they enter the
cold mainline. Prior work suggests that a lower sidestream growth temperature, closer to that in
the mainstream, may select for nitrifying organisms that are more effective in the bioaugmented
mainstream process (Wett et al., 2011). Lowering the sidestream reactor temperature from the
initial centrate temperature of 30-35°C has been accomplished in flocculent activated sludge
sidestream processes by adding a portion or all the return activated sludge (RAS) flow (Leu and
Stenstrom, 2010) to the sidestream nitrification reactor. An alternative temperature dilution
source would be needed for sidestream growth of granular activated sludge to limit the nitrifying

biomass growth to granules instead of flocs.

Different growth conditions may be used to grow distinct types of sidestream nitrifying aerobic

granules depending on if and how supplemental organic carbon is utilized (Figdore et al., 2017).
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The granule types and their growth conditions and descriptors are: 1) strictly aerobic with only
nitrification (NIT granules), 2) anoxic-aerobic with nitrification and denitrification (NDN-OHO
granules), and 3) anaerobic-aerobic with nitrification, denitrification and enhanced biological
phosphorus removal (NDN-PAO granules). NIT granules were investigated in earlier research
(Tay et al., 2002b) and require supplemental alkalinity as centrate typically only has about half
the alkalinity needed to offset acidification for complete NH3-N oxidation. These granules
contain ammonia-oxidizing bacteria (AOB) and possibly nitrite-oxidizing bacteria (NOB),
depending on the reactor operating conditions. Growth of NDN-OHO granules has also been
studied by other researchers (Chen et al., 2013; Wang et al., 2012), and the operational scheme
involves adding NH3-N with an external carbon source under anoxic conditions. External organic
carbon is consumed by ordinary heterotrophic organisms (OHOs) to denitrify the oxidized
nitrogen from a prior aerobic step. Denitrification provides the alkalinity needed for full
nitrification. While NIT and NDN-OHO granules are studied to a lesser extent, NDN-PAO
granules are more widely studied (Bassin et al., 2012b; de Kreuk et al., 2007; Kishida et al.,
2006) and have also been applied in full-scale reactors (Figdore et al., 2017). NDN-PAO
granules are fed an external carbon source under anaerobic conditions, which is assimilated into
storage products by phosphorus-accumulating organisms (PAOs) for use in a subsequent aeration
step with simultaneous nitrification-denitrification and enhanced biological phosphorus removal
(EBPR). The PAOs use the stored carbon to reduce nitrate/nitrite produced by nitrifying
organisms on the aerobic outer layer of the granules with alkalinity production from

denitrification (Bassin et al., 2012b).
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Although growth of NIT, NDN-OHO, and NDN-PAO granules has been demonstrated under a
variety of operating conditions, key information important to the design and long-term
performance for sustained granular sludge bioaugmentation has not been reported. These include
the sidestream growth reactor granular sludge yield, specific nitrification activity, and physical
characteristics of the granules. Excess solids produced in a sidestream reactor treating centrate is
the sum of intentionally-wasted granular sludge for addition to the mainstream treatment system
and effluent flocculent sludge also containing nitrifying bacteria. A high sidestream granular
sludge yield with good nitrification activity is desired to maximize the effectiveness of the
granular sludge bioaugmentation process. However, the process that produces the greatest
granule nitrification capacity is not known, and information for a direct determination or

estimation of nitrifying granular sludge yield and their specific nitrifying activity is insufficient.

Granular sludge physical characteristics including size, density, and integrity affect the
efficiency of granular/floc separation and ability to sustain granules long term in mainstream
treatment. Further investigation is needed to determine how the granule growth conditions affect
its physical characteristics. Granule integrity has been quantified through an integrity coefficient,
which is equal to the fraction of granule mass remaining after exposure to mechanical
perturbation. Integrity coefficients above 0.95 have been measured for NDN-PAO granules
(Nor-Anuar et al., 2012) and OHO granules grown under aerobic slug feeding conditions without
ammonia and nitrogen removal performance reported (Xiao et al., 2008). The integrity of NIT
granules has not been measured, and the integrity coefficient of different granule types has not

been compared using a uniform integrity testing protocol.
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4.3  MATERIAL AND METHODS
43.1 Granular sludge reactors

Three sequencing batch reactors (SBRs) were operated at 18 to 20°C with a synthetic feed
containing an NH3-N concentration similar to digester dewatering centrate, and with growth
conditions selecting for NIT, NDN-OHO, and NDN-PAO granular sludge. The SBRs had a
height to diameter ratio of 4.9 at the full working volume of 2.0 L, and the decant/feed volume
was 50% of the total volume for each cycle. SBR cycle operating conditions are summarized in
Table 4.1 showing the necessary feeding and react conditions for selecting the distinct types of
nitrifying granules. The three SBR systems were operated with 4 cycles per day at 6 hours per
cycle and similar volumetric NH3-N loadings, ranging from 0.20 to 0.25 g NH3-N/L-d. Notable
aspects of the reactor feeds and operation are discussed below. Additional details are in the

Supplemental Information.
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Table 4.1. Summary of operating conditions for granular sludge SBR systems

Parameter Units NIT NDN-OHO NDN-PAO

Feed stream condition - Aerobic Anoxic Anaerobic

Dilution stream

Sequence in cycle - Before feed Before feed With feed
stream stream stream
Time min 6 6 See *
Feed/reaction times
Aerobic feed min See ® - -
Anaerobic feed min - - 32
Anaerobic react min - - 37
Deoxygenation min - (5) -
Anoxic feed/react min - (20)° -
Aeration min 345° (60) 260
Repeat () for anoxic - 4 times -
Post aeration min - 5 -
Settling min 4 4 1
Effluent discharge min 2 2 2
Idle min 3 3 22
Post anoxic/N; mix min - - 35
Total cycle time min 360 360 360
NH;3-N loading g/L-d 0.24 0.20 0.25
pH - 7.1-7.5 7.1-7.5 7.6-8.3
Operating duration days 90 130 165

@ Feed and dilution streams added concurrently.
® Feed stream added semi-continuously at 10-minute intervals during aeration period.
() Feed stream added semi-continuously at 4-minute intervals during anoxic period.



The SBRs were fed two streams: 1) feed stream containing NH3-N or NH3-N and COD, and 2)
dilution stream simulating that for temperature control and containing PO4-P and other
inorganics. In the NIT and NDN-OHO reactors, 0.8 L of the dilution stream was added under
quiescent conditions at the beginning of the cycle and 0.2 L of the feed stream was added during
the reaction period. In the NDN-PAO reactor, 0.5 L of each stream was added during the

anaerobic feed period.

The feed stream NH3-N concentrations, added as NH4sHCOj3, for the NIT, NDN-OHO, and NDN-
PAO reactors were 600 mg/L, 500 mg/L, and 250 mg/L, respectively, and the net influent NH3-N
concentrations, when accounting for the dilution steams, were 120 mg/L, 100 mg/L, and 125
mg/L, respectively. The net influent COD concentrations were 20, 200, and 650 mg/L,
respectively. The small amount of COD in the NIT reactor influent was included to represent a
minimal residual acetate and other biodegradable COD (bCOD) present in centrate. Acetate was
the COD source for NIT and NDN-OHO reactors, and the COD for the NDN-PAO reactor was
70% acetate and 30% propionate. Influent COD concentration in the NDN-OHO reactor was
lower than planned for complete denitrification because of the development of organisms that
resulted in poor granule growth as discussed later, and thus supplemental alkalinity was added to
compensate for nitrification requirements. Additional alkalinity as NaHCO3 was added to the
NIT and NDN-OHO reactors and the total alkalinity addition in terms of g as CaCO3/g NH3-N
for the NIT, NDN-OHO, and NDN-PAO reactors were 7.2, 5.0, and 3.6, respectively. The NIT
reactor dilution stream included 1800 mg/L of MgCl to achieve a monovalent-to-divalent cation
equivalent ratio of 0.3 in the blended feed stream to represent the use of Mg(OH), for

supplemental alkalinity in a full-scale process.
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Gasses were sparged through an aeration stone at the reactor bottom. Dissolved oxygen (DO)
concentration was not automatically controlled in NIT and NDN-OHO reactors, but was
consistently near 4 mg/L from co-sparging of air and N>. CO2 was co-sparged with N in the
NDN-OHO reactor during deoxygenation and anoxic periods to limit CO2 stripping and pH
increase. DO concentration in the NDN-PAO reactor was controlled at 1.5 mg/L. by on-off
aeration using a DO controller (Eutech alphaDO2000W) and probe (Atlas Scientific). Magnetic

stirring provided supplemental mixing in the NDN-PAO reactor during all reaction periods.

The 4-min settling time in the NIT and NDN-OHO reactors would remove particles with settling
velocity less than 3.0 m/hr, and the 1 min settling time in the NDN-PAO reactor would remove
particles with settling velocity less than 12 m/hr. Longer settling times were used in the NIT and

NDN-OHO reactors to avoid higher effluent TSS concentrations and solids washout.

4.3.2 Granules maximum specific ammonium oxidation rates

Granular sludge retained on a 212-um sieve was used in batch activity tests with high NH3-N
concentration to determine the maximum ammonia oxidation rate. The temperature ranged from
20 to 24°C, the MLSS concentrations from 1000 to 1800 mg/L, DO concentration from 7 to 8
mg/L, and pH from 7.4 to 7.8 in the batch tests. NH4HCO3; and NaHCO; were added to the test
reactor to provide an initial NH3-N concentration of approximately 25 mg/L and 7 g alkalinity as
CaCOs/g NH3-N. Measured activities were normalized to 20°C using a temperature-activity (0)

coefficient of 1.072 for AOB (Tchobanoglous et al., 2014).
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4.3.3  Analytical methods

NH;-N and NO3-N were measured by ion-sensing electrode probes (Hach IntelliCAL Models
ISENH4181 and ISENO3181, respectively). NO2-N and PO4-P were measured
spectrophotometrically using standard test cuvettes (Hach Methods 10019 and 8048,
respectively). Alkalinity, pH, suspended solids, and soluble COD (sCOD, 0.45 um-filtered) were
determined by Standard Methods (APHA, 2012). Dissolved oxygen (DO) concentration was

measured with an optical probe (YSI ProODO).

4.3.4 Granular sludge physical characteristics

Granular sludge physical characteristics determined were size, sludge volume index, wet density,
and integrity coefficient. Granule morphology was evaluated by stereomicroscopy and image
analysis of a minimum sample of 200 granules. Individual granule sizes were taken to be the
diameter of a circle possessing the same area as the granule plan view area. The MLSS sludge
volume index was routinely measured after 5 and 25 minutes of settling (SVIsmin and SVIzsmin).
Granule wet density and integrity coefficient were measured in triplicate. Density was
determined by pycnometry according to Winkler et al. (2012). Integrity coefficient was
determined using a modified method after Xiao et al. (2008). Mixed liquor samples were sieved
at 212 um, rinsed with deionized water, transferred to a full 50 mL centrifuge tube, and vortexed
at maximum speed for three minutes using a 3600-W benchtop vortexer. The vortexed sample
was sieved again to fractionate granules from solids released from vortexing. The integrity
coefficient is equal to the mass of remaining granules divided by the sum of remaining granules

and solids evolved.
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4.3.5 High-throughput sequencing of 16S rRNA amplicons

DNA was isolated from reactor MLSS samples using the UltraClean Microbial DNA Isolation
Kit (MO-BIO, Inc.) with 10 min of thermal pretreatment at 65°C and bead beating at 4 m/s for
20 s. DNA concentration was measured using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Inc.). Triplicate samples were normalized to equal concentrations using

nuclease-free water and stored at -80°C.

DNA samples were submitted to a service facility (www.mrdnalab.com) for sequencing of 16S
rRNA gene amplicons. 16S rRNA gene primers 341F and 805R were used in a single-step PCR
due to their low primer bias (Hugerth et al., 2014). PCR was performed using HotStarTaq Plus
Master Mix Kit (Qiagen, Inc.) under the following conditions: 3 min at 94°C, followed by 28
cycles of 94°C for 30 s, 53°C for 40 s, and 72°C for 60 s, followed by the final elongation step at
72°C for 5 min. Amplicons were mixed in equimolar concentrations and purified using AMPure
XP beads (Agencourt Bioscience Corp.). Sequencing was performed on a MiSeq system
(Illumina, Inc.) per the manufacturer’s protocol. Raw paired-end Illumina data were joined and

reverse complimented to read in the 5°-3’ orientation.

4.3.6  Bioinformatics

The UPARSE method (Edgar, 2013) was used for amplicon sequence processing and operational
taxonomic unit (OTU) clustering with USEARCH version 7.0.1090 (Edgar, 2010). Sequences
were truncated at 400 bases, and those less than 220 bases or with greater than 0.5 expected
errors were filtered. Sequences were clustered at 97%, and UCHIME was used to identify and
filter chimeric sequences based on the RDP Classifier (v9) “gold” training database. Taxonomy

for representative sequences was assigned using USEARCH based on the SILVA119 reference
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database. Taxa were summarized by percent abundance normalized to the total number of reads
using QIIME version 1.9.1. Representative sequences that did not receive a specific genus-level
taxonomy assignment based on the above methods were searched against their family-level
taxonomy assignment using BLASTn and associated NCBI database on August 21, 2015. Hits
resulting in a single genus-level identification at >95% coverage, >95% identity, and <1071>° E-
value were taken as the genus-level taxonomy assignment. Those not meeting these criteria were

assigned taxonomy at the family-level only.

4.4  RESULTS AND DISCUSSION

The results on the granular sludge growth reactors treatment performance on simulated reject
water, and the physical characteristics, nitrification capacity production, and microbial structure

for the three types of granules is presented in the following.

4.4.1 Treatment performance

A summary of NIT, NDN-OHO, and NDN-PAO reactor performance, mixed liquor suspended
solids (MLSS) concentrations, SRTs, and the solids production is shown in Table 4.2 for the
final 30 days of operation with relatively constant loadings and treatment performance. The
minimum SRT target for the granular sludge systems was 20 days. The SRT target was met in
the NIT and NDN-PAO systems but not in the NDN-OHO system due to the production of
granules with a composition and morphology that led to poor settling characteristics and high
effluent solids loss. A higher SRT was allowed in the NDN-PAO reactor to achieve MLSS
concentrations near that reported for mature granular sludge suspensions in full-scale reactors of

greater than 8 g/L (Pronk et al., 2015a). Differences between granular reactor types in NH3-N
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removal, inorganic nitrogen removal, solids production as effluent TSS, and solids production as

manually wasted MLSS were statistically significant at an alpha of 0.05.

Table 4.2. Summary of average NIT, NDN-OHO, and NDN-PAO reactor performance, MLSS
concentration, SRT, and solids production during the final 30 days of operation. (+ is one

standard deviation)

Parameters Units NIT NDN-OHO NDN-PAO
Granule diameter mm 0.5 £0.1 1.4 £0.6 1.1 £0.5
MLSS mg/L 753 +58 1125 +111 9289 £655
MVLSS mg/L 672 +47 1052 +101 6628 +493
SRT*? d 20.3£2.8 9.4 +1.2 28.245.2
Influent NH3-N mg/L 120 +0 100 +0 125 +0
Effluent
NH3-N mg/L 4.543.0 19.5+7.9 2.4 +0.8
NO2-N mg/L 43428 8.6 +4.5 0.3+0.3
NOs-N mg/L 106.8 £5.3 41.8 452 32421
PO4-P mg/L 18.8 £0.4 18.2 £0.3 3.14£2.8
TSS mg/L 18 +4 58 7 90 £21
VSS mg/L 16 +4 54 +6 62 £14
pH - 7.3 £0.2 7.3+0.3 8.110.2
COD fed/TIN® removed g COD/g TIN 4.6° 6.7 0.7 5.5+0.1
Nutrient Removal Efficiency
NH3-N removal % 96 +2 81+7.9 98 +1
Inorganic N removal % 412 30+£2.8 95 +2
PO4-P removal % 612 9+1 90 +9
Solids production
In effluent TSS mg/d 73 £11 229 £17 341 £29
Reactor manual wasting ~ mg/d 342 20 £8 955 £111
Portion from reactor % 45422 7.9 £3.3 74 £3

Reactor performance, MLSS concentration, SRT, and solids production based on 20 daily samples.

@ Based on total reactor solids mass divided by solids in effluent and manual waste per day.

® Total inorganic nitrogen removed = Feed NH;3-N (g/d) minus effluent g/d of NH3-N + NO»-N + NOs-N.
(©) Ratio is a consequence of small amount of COD added and very little inorganic N removal, not to

denitrification.
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NH3-N removal efficiency was 96% and 98% in NIT and NDN-PAO reactors, respectively, but
only 81% in the NDN-OHO reactor. NH3-N removal in the NDN-OHO system was likely
limited by the lower MLSS concentration and out-competition of nitrifiers by OHOs for space in
the outer aerobic granule layer. In addition to lower effluent NH3-N concentration, the NDN-
PAO reactor had much lower effluent NO2-N and NO3-N concentrations, which is an important

benefit with respect to the impact of this recycle stream to the mainstream treatment system.

Bioaugmentation of a mainstream reactor would be done by intentional manual wasting of
nitrifying granules from the sidestream treatment reactor. For a given SRT, the granular solids
manually wasted is equal to the total solids produced minus the flocculent and other lighter
solids in the effluent. The manual solids wasting from the NIT and NDN-OHO reactors was only
4.5% and 7.9% of the average daily solids produced (Table 4.2). In addition to the solids loss in
the effluent, the low autotrophic yield coefficient and minimal amount of heterotrophic growth
limited the amount of granular sludge production from the NIT reactor. In contrast, the average
daily manual solids wasting from the NDN-PAO reactor accounted for 74% of the solids
production. The NDN-PAO reactor had a higher granular biomass production as most of its
growth was as heterotrophic bacteria growth due to its higher biomass yield on the organic
carbon added in addition to about the same amount of autotrophic growth as the NIT reactor. The
granular sludge mass fraction in the mixed liquor suspended solids (MLSS) wasted from the

NIT, NDN-OHO, and NDN-PAO reactors were 89%, 85%, and 98%, respectively.

The total inorganic nitrogen (TIN) removal for the NDN-OHO and NDN-PAO reactors averaged

30% and 95%, respectively (Table 4.2) and the COD fed to TIN removal ratio was higher for the
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NDN-OHO reactor at 6.7 g COD/g TIN versus 5.5 g COD/g TIN for the NDN-PAO reactor. The
NDN-PAO reactor exhibited high EBPR activity. POs-P release in the anaerobic feed/contact
period was 0.55 £0.03 mol P/mol C, indicating a PAO-rich microbial community (Oehmen et al.,
2005). NDN-PAO cycle profiles (Supporting Information) showed concurrent POs-P uptake,
NH3-N oxidation and NOx-N (NO2-N + NO3-N) removal during the aerobic period to indicate
simultaneous nitrification-denitrification during the aerobic period. The 5.5 g COD fed/g TIN
removed ratio is the lowest reported in this type of granular sludge reactor (Bassin et al., 2012b;
Kishida et al., 2006), which suggest the possibility of short-cut nitrogen removal. In short-cut
nitrogen removal, the main nitrogen removal pathway is NH3-N oxidation to NO2-N by AOBs
and NO>-N reduction by denitrifying PAOs (dPAOs), which use their intercellular stored carbon
from the anaerobic feed period. The use of NO>-N by the dPAOs helps suppress the amount of

NO»-N oxidation to NOs-N, resulting in lower oxygen and carbon requirements.

Under short-cut nitrogen removal the NOB:AOB population ratio should be much lower than
that for a system with complete nitrification to NO2-N and to NOs3-N. The relative population
abundance of AOB and NOB found in the high-throughput sequencing results can be used to
obtain a qualitative comparison of AOB and NOB abundance in the NIT reactor with complete
nitrification to NO3-N to the NDN-PAO reactor. The NDN-PAO relative abundance ratio of
NOB:AOB was much lower than for the NIT reactor to suggest short-cut nitrogen removal; the

ratios are 0.10 and 3.2, respectively.

High TIN removal efficiency and the possibility of short-cut nitrogen removal in NDN-PAO

granular sludge could be beneficial to overall bioaugmentation process performance. Removal of
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the sidestream NH3-N load by nitrification and denitrification eliminates a significant NOx-N
return load, which is attractive for mainstream systems with nitrogen removal requirements and
insufficient influent COD to denitrify a sidestream return NOx-N load from nitrification only.
Nitrification bioaugmentation with primarily AOB instead of NOB (and AOB) could also
promote short-cut nitrogen removal in mainstream treatment, thus reducing oxygen demand and

denitrification carbon requirements for improved nitrogen removal and energy efficiency.

Lower TIN removal efficiency in the NDN-OHO reactor occurred because the amount of
influent COD was insufficient for complete denitrification with NO3-N as electron acceptor; the
influent COD/N ratio was 2.0 g/g. Influent COD was purposely limited due to unfavorable
granule growth characteristics and performance at higher influent COD concentration used in
earlier operation. As discussed further in Section 4.4.2, NDN-OHO granules had poor settling
characteristics with low density, high SVI, and profuse extracellular polymeric substances (EPS)
production. During earlier transient operation with influent COD concentration as high as 500
mg/L, the poorly-settling solids were washing out of the reactor, and NH3-N removal efficiency
was as low as 50%. Influent COD concentration was then reduced and ultimately held at 200
mg/L to decrease the solids washout. Results for the NDN-OHO granular sludge system showed
poor settling characteristics, fingered outgrowths, and low nitrogen removal capacity (Tables 4.2
and 4.3 and Supplemental Information), which is consistent with the reactor growth conditions.
Semi-continuous acetate feeding during anoxic steps selected for fast-growing OHOs on the
granule outer layer with fingered outgrowths that out-competed nitrifiers for space on the granule

outer aerobic layer (Pronk et al., 2015b).
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The NDN-OHO reactor had a different nitrification and denitrification pattern than that for the
NDN-PAO reactor, which contributed to its higher COD fed/g TIN removed ratio and lower TIN
removal efficiency. NO3-N reduction proceeded faster than NO»>-N reduction with a significant
portion of NO2-N remaining after the anoxic/feed step, which was then oxidized to NO3-N in the
subsequent aerobic period (Supplemental Information). A separate denitrification test was
conducted to further investigate the denitrification pattern of NDN-OHO sludge with COD
feeding similar to the anoxic/step feeding. Both NO2-N and NO3-N were available at the start of
the test, which was run until NOx-N removal was complete. In the first 80-min period of the test,
NOs-N was reduced while NO>-N accumulated, and then NO»-N was reduced to complete NOx-
N removal in the final 70-min period. Observed ratios of COD fed to NOx-N removed in the two
periods were compared to their theoretical values. The observed ratio of COD fed to NOx-N
removed was approximately 40% higher than the theoretical ratio in the first period, while the
observed ratio matched the theoretical ratio in the second period. The higher observed ratio in the
first period with NO>-N accumulation suggests COD was being utilized for processes other than
denitrification and cell synthesis, such as assimilation and production of EPS or intracellular
carbon storage compounds. The observed denitrification pattern and COD utilization was likely
due to the high abundance of Zoogloea and Thauera bacteria found in the microbial population
analysis (Section 4.4.4). These genera may partially denitrify NO3-N to NO2-N with high EPS

production as discussed later in the microbial population analysis.

NDN-OHO granular sludge with SVIs less than 25 mL/g and good nitrogen removal capacity has
been reported in other studies with different growth conditions (Chen et al., 2013; Wang et al.,

2012). Wang et al. (2012) used higher DO concentrations from 6.0 to 7.5 mg/L, which would
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tend to increase nitrification rates compared to the DO concentration of 4.0 mg/L in this study,
and Chen et al. (2013) used a high superficial aeration velocity of 2.5 cm/s, which suggests a
high DO concentration. These studies did not indicate whether feeding in anoxic step periods
was slug, semi-continuous, or continuous. If slug feeding was used, a higher substrate gradient
was created hence reducing diffusion limitations and favoring denitrification deeper in the
granules. However, in this study an abundance of translucent poorly-settling growth resembling
globular Zoogloea was observed during earlier operation with slug feeding and higher influent
COD concentration in the anoxic steps. Therefore, persistence of problematic growth in NDN-
OHO granules in this study appears to be linked to the microbial community with high
abundance of Zoogloea and Thaurea. Other studies with NDN-OHO granule growth had
favorable granule SVIs but no testing on Zoogloea and Thaurea was conducted (Chen et al.,
2013; Wang et al., 2012). Therefore, it remains unclear if their presence can always be expected

with NDN-OHO type granules.

4.4.2 Granule physical characteristics

Granule physical characteristics are of utmost importance in assessing bioaugmentation potential
of sidestream nitrifying granules grown in this study. Desirable physical characteristics are: 1)
larger granule size, which settle faster, 2) granules with lower SVI, which thicken better, 3)
granules with higher density, which settle faster, and 4) granules with a higher integrity
coefficient, which suggests a better resistance to granular loss under repeated exposure to

mixing, pumping and recycling in the bioaugmented mainstream treatment.

Granule physical characteristics are compared in Table 4.3. Differences in physical

characteristics in Table 4.3 between granule types were statistically significant at an alpha level
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of 0.05. As shown in Table 4.3, the NDN-PAO and NDN-OHO granules are much larger than
the NIT granules. The NDN-PAO granules had a higher density than the others, which is due to
the inorganic phosphate deposits in the PAOs and the compact morphology. The NDN-OHO
granules had a much lower density, which is likely due to its high extracellular polymeric
substances (EPS) content (Supplemental Information) showing an EPS content of 586 mg/g VSS
(standard deviation of +29 mg/g VSS for 3 samples). The EPS characteristics of these granules
was different than that for other OHO granules grown with slug feeding followed by aeration in
which the EPS was identified as having an alginate-like composition (Lin et al., 2008). The high
EPS production in the NDN-OHO granules may have been a result of the high abundance of
Zoogloea and Thaurea bacteria (Allen, 2002) observed in the population composition (Section
4.4.4). The NIT granule density was similar to that measured by water displacement for NIT

granules described by Tay et al. (2002b).

Table 4.3. Summary of granule physical characteristics and reactor SVI values.

Parameter Units Average +Std. Dev.

NIT NDN-OHO NDN-PAO
Diameter® mm 0.50 +0.1 1.4 £0.6 1.1+0.5
Density® g/cm’ 1.019 £0.001  1.004 £0.003  1.036 £0.001
SVIsmin© mL/g 59 +£10 106 £15 26 £2
SVIsmin/SVI30min --- 1.05 £0.02 1.02 £0.01 1.02 £0.01
Integrity coefficient” = 0.82 £0.01 0.78 £0.01 0.96 £0.01

@ Minimum sample size of 200 granules.
® Measured in triplicate.
(© Based on 20 daily samples during final 30 days of operation.

Granule morphology is also an important physical attribute because it impacts granule settling

characteristics and can be indicative of granule structural integrity. For example, granules with
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smooth and compact biofilm morphology would be expected to have faster settling rates and
higher structural integrity than granules with an irregular biofilm morphology and an abundance
of finger-like outgrowths from the granule surface. Morphology of the different granule types is
shown in the Supplemental Information. The NDN-PAO granules had ideal morphology with a
smooth surface and more compact biomass growth. The NIT granules had an abundance of
stalked ciliates on the surface, likely grazing on suspended nitrifiers or other organisms. NDN—
OHO granules had irregular finger-like outgrowth showing similarities to fingered outgrowth of
Zoogloea-like organisms (Allen, 2002), and the NDN—OHO population analysis (Section 4.4.4)

indicates a high abundance of Zoogloea organisms.

These differences in size, morphology, and granular content account for the differences in the
reactor SVI values shown in Table 4.3. The NDN-PAO granular reactor mixed liquor had the
lowest SVIs of 26 mL/g, which is characteristic of good granular sludge (Figdore et al., 2017).
The higher SVI for the NIT reactor may be due to the outer stalked ciliate growth, which would
interfere with sludge compaction, or the presence of flocculent growth in the reactor as suggested
by the low amount of granular sludge production (Table 4.2) and in the higher SVIs/SVIz¢ ratio
value of 1.05. The high SVI of the NDN-OHO reactor is a very unfavorable result, which shows
a low potential for pursuing this type of reactor operation and granular growth for nitrification

bioaugmentation.

The integrity coefficient test results were also more favorable for the NDN-PAO granules. After
the high vortexing energy for 3 minutes in the bench test method the mass reduction for the

NDN-PAO granules was only 4% compared to 18% and 22% for the NIT and NDN-OHO
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granules, respectively. The lower integrity coefficients of the NIT and NDN-OHO granules may
have been due to stripping off the lighter outer layers of these granules associated with growth of
stalked ciliates on the NIT granules and the finger-like high EPS content growth for the NDN-
OHO granules. Unlike NDN-OHO granules in this study, other OHO granules grown with slug
feeding followed by aeration had high integrity coefficients where a similar protocol was used

(Xiao et al., 2008).

443 Nitrification capacity production

The potential of sidestream granular sludge bioaugmentation also depends on how well the
ammonia fed to the sidestream granule growth reactor is used to grow nitrifying bacteria within
granules that can then be fed to the mainstream treatment. The effectiveness of the NIT and
NDN-PAO granular sludge systems for mainstream bioaugmentation was quantified based on
the granule nitrification capacity generated in each system. The NDN-OHO system is not
included here because of its lower ammonia removal efficiency and unfavorable granular growth
characteristics. Granule nitrification capacity production (g NH3-N/d) was calculated by
multiplying the average daily waste granular sludge mass (g VSS/d) by the granular sludge -
specific maximum NH3-N oxidation activity (g NH3-N/g VSS-d) determined in the batch tests
with DO and initial NH3-N concentrations of 8 mg/L and 25 mg/L, respectively. The reactor
granule solids used in the test were retained on a 212-um sieve. The granule nitrification capacity
generated in the systems was divided by the daily amount of NH3-N fed (g NH3-N/d) to obtain a
normalized unitless value referred to as the nitrification capacity factor (NCF). Systems with
higher NH3-N removal and high capture of nitrifying bacteria into granule production are more

favorable and would have a higher NCF value. The NCF values for the granular sludge reactors
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and AOB flocculent sludge grown at a similar process temperature, SRT, and NH3-N loading are
compared in Table 4.4. The flocculent sludge calculation is based on using standard AOB kinetic
and stoichiometric coefficient values (Tchobanoglous et al., 2014) and assuming the same
amount of feed NH3-N and NH3-N removal efficiency as the NDN-PAO reactor. In this
comparison, all the flocculent AOB produced would be added to the mainstream system and
would have the same SRT as the mainstream system, whereas the nitrifying granules added to

the mainstream system would have a longer SRT.

Table 4.4. Comparison of the nitrification capacity factor (NCF) for NIT and NDN-PAO
granular sludge growth (>212um) and theoretical estimate for AOB flocs at 20°C.

Parameter Units NIT NDN-PAO AOB
granules granules flocs®@

Average feed NH3-N mg NH3-N/d 480 500 500

Daily waste granules or floc mg VSS/d 3 644 21

production

Maximum specific NH3-N g NH3-N/ 0.75 0.14 6.0

oxidation rate g VSS-d

Maximum NH;3-N oxidation mg NH3-N/d 23 90.2 126

capacity

NCF® --- 0.004 0.180 0.252

Efficiency of waste granular % 2 71 -

sludge NCF versus flocs

@ Theoretical values for AOB growth on autotrophic media at 20°C and 15-d SRT assuming Y =
0.15 g VSS/g N, Umax = 0.9 d”!, and b= 0.17 d"! (Tchobanoglous et al., 2014). NH3-N removal for
cell synthesis assumed to be negligible.

® Nitrification capacity factor (NCF) is maximum NH3-N oxidation capacity of waste granules
or flocs divided by NH3-N fed to the system.

73



The maximum specific NH3-N oxidation rate was much lower for the NDN-PAO granules due to
the larger granule size dominated by heterotrophic bacteria growth and smaller fraction of
nitrifiers compared to the NIT granules. Despite having the lowest specific maximum NH3-N
oxidation rate, the NDN-PAO system had a much higher maximum NH3-N oxidation capacity
than the NIT system due to the higher daily granular sludge production. The NDN-PAO granular
system NCF value was 45 times greater than for the NIT granular system, which suggests much

better capture of nitrifiers grown on the feed NH3-N into the granular matrix.

Even if all the nitrifiers were captured into waste granules, NCF value for granular sludge cannot
equal the NCF of flocculent growth due to greater DO and NH3-N mass transfer diffusion
limitations on NH3-N oxidation rates for granules versus floc. The fact that the NCF value of the
NDN-PAO system granules was 71% of that for the AOB floc suggests very good capture of
nitrifiers growth within the granules. This growth is most likely on the outer granule layers based
on the operating conditions used. Based on the NDN-PAO and AOB floc NCF values, the
bioaugmentation impact using granules would be higher than using flocs at granule/flocculent

sludge SRT ratios greater than 1.4 in the mainstream reactor.

The lower nitrification bioaugmentation effectiveness of the granules from the NIT reactor
compared to the NDN-PAO reactor is due to the lower granular sludge production in the NIT
reactor as indicated by the differences in manual solids wasting from the reactors as shown in
Table 4.2. Only 4.5% of the solids produced were manually wasted for the NIT reactor compared
to 74% for the NDN-PAO reactor. The lower granular solids production is likely due to the

limited amount of biodegradable COD in the feed to the NIT reactor of only 20 mg/L. compared
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to 650 mg/L for the NDN-PAO reactor. Studies on the characterization of aerobic granular
sludge have indicated the importance of feed biodegradable COD for granular growth. Seviour et
al. (2009) classified aerobic granular sludge as a gel-like biomass or hydrogel with extracellular
polysaccharides being the key contributor to the gelatinous character and granule strength. Other
studies have characterized aerobic granules as having two distinct zones: 1) a higher-density
outer region primarily composed of active biomass and EPS and 2) a lower-density inner region
containing dead biomass and primarily composed of noncellular proteins associated with cell

decay (McSwain et al., 2005; Wang et al., 2005).

Bioaugmentation with NIT and NDN-PAO granules appears feasible based on the above results.
However, NDN-PAO granules have proven to be preferred due to better granule formation,
yield, and nitrification capacity. Much more effective NIT granular formation was demonstrated
in a lab study by Lopez-Palau et al. (2011) when treating anaerobic digestion supernatant with
average NH3-N, TSS and VSS concentrations of 810, 690, and 480 mg/L, respectively. Based on
average influent and effluent sCOD concentrations, their study had a higher influent
biodegradable sCOD concentration of about 100 mg/L versus 20 mg/L in this study. The higher
COD would increase the granule sludge yield and result in different characteristics. Their reactor
MLSS concentration was 11,000 mg/L, and an average granule diameter of 4.3 mm was
reported. The average effluent TSS concentration was 25 mg/L, which shows much better solids
capture than for the NIT reactor in this study. These results suggest improved NIT granular
sludge growth is possible for sidestream treatment of centrate with sufficient biodegradable

COD.
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4.44  Effect of granule growth reactor operation on microbial community structure

Granule microbial community analysis by high-throughput sequencing was performed in
triplicate for each granule type, where average abundance, standard deviation, and taxonomy
assignments for OTUs present at greater than 2% average relative abundance were determined

(Supplemental Information). Key findings are discussed below.

Zoogloea and Thauera dominated in NDN-OHO granules and were present at 24% and 16%
abundance, respectively. The predominance of Zoogloea and Thauera in the NDN-OHO system
is consistent with reactor nitrification and denitrification performance and granule physical
characteristics. Both these genera are reported to grow on acetate, denitrify, exhibit clustered or
fingered growth morphology, and produce prolific amounts of EPS, adversely impacting sludge
settleability and dewatering characteristics (Lajoie et al., 2000; Thomsen et al., 2007). Strains of
both genera have shown NO>-N accumulation during denitrification (Liu et al., 2013; Shao et al.,

2009) as observed in the NDN-OHO reactor.

Nitrosomonas was the sole dominant AOB genera detected in all reactors and present at >99%
abundance relative to other AOB detected. The predominance of Nitrosomonas at high DO and
NH;-N concentrations is consistent with biokinetic characteristics of AOB (Limpiyakorn et al.,
2013). Nitrosospira was not present with Nitrosomonas as was found for a pilot-scale NDN-PAO

reactor treating domestic wastewater (Winkler et al., 2013).

NOB associating with Candidatus Nitrotoga (hereafter Nitrotoga) were detected in all reactors

and was a key organism for the NO2-N oxidation based on the relative abundance compared to
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other NOB. Nitrotoga was the sole dominant NOB in the NDN-OHO and NDN-PAO reactors
and present with Nitrospira in the NIT reactor. Nitrobacter-associated NOB were not detected in
the reactors. The Nitrotoga abundance in NDN-OHO granules was 9.9%. Nitrotoga abundance
in NDN-PAO granules was 0.4% and approximately 100 times greater than that of Nitrospira.
The presence of both Nitrotoga and Nitrospira in NIT granules at 12% and 26% abundance,
respectively, was likely a consequence of seeding with a mixture of crushed NDN-OHO and
anammox granules. Alawi et al. (2007) discovered Nitrotoga in Arctic soils, and this is the first
study where these NOB have been detected in aerobic granular sludge. The presence of NO2-N
in all reactors at concentrations greater than 0.3 mg/L was favorable for growth of Nitrotoga,
which was reported to have a substrate affinity coefficient higher than that of Nitrospira and
within the range reported for Nitrobacter (Nowka et al., 2015). The full metabolic capability of

Nitrotoga has yet to be determined (Lucker et al., 2015).

Organisms associated with the genus Dechloromonas, which contains putative PAOs, were
dominant in NDN-PAO granules at 28% abundance while organisms associated with the more
traditional PAO Candidatus Accumulibacter (hereafter Accumulibacter) were present at only
6.7% abundance. Though Dechloromonas-related organisms may express the PAO phenotype
(Kong et al., 2007) as well as the GAO phenotype (Ahn et al., 2007), anaerobic P release in this
study suggests that Dechloromonas-related organisms were functioning as PAOs. Other studies
have shown that growth of Dechloromonas is favored in flocculent activated sludge EBPR
systems where an anoxic period follows anaerobic feeding. High-throughput sequencing by Lv et
al. (2014) found that Dechloromonas dominated in an anaerobic-anoxic EBPR SBR while

Accumulibacter dominated in a parallel anaerobic-aerobic EBPR SBR. Kim et al. (2013) used
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oligonucleotide FISH probes for Accumulibacter and Dechloromonas and found that
Dechloromonas abundance increased from 1.2% to 19.2% and Accumulibacter abundance
decreased from 55.1% to 29.2% when an EBPR SBR was changed from anaerobic-aerobic to
anaerobic-anoxic-aerobic operation. These findings suggest that Dechloromonas may have a
competitive advantage over Accumulibacter in anaerobic-anoxic-type flocculent sludge EBPR

systems or granular sludge systems where NOx-N removal is mediated by denitrifying PAOs.

Accumulibacter has been implicated as the dominant PAO in other laboratory NDN-PAO
granular sludge systems including anaerobic-aerobic (Bassin et al., 2012b; Lemaire et al., 2008;
Yilmaz et al., 2008) and anaerobic-anoxic-aerobic operation (Wang et al., 2013) with acetate
and/or propionate as the primary COD source(s). A common method in these studies was the use
of the PAO mix of FISH oligonucleotide probes to quantify the abundance of Accumulibacter-
related PAOs and the relative ratio of PAOs to GAOs. Though some of these studies also used
probes for Actinobacteria PAOs, none used probes for Dechloromonas. Because PAO mix
probes may hybridize with Dechloromonas-related organisms (Kong et al., 2007) and probes
specifically targeting Dechloromonas were not used in these studies, it is possible that
Dechloromonas-related PAOs were present and participating in P and N conversions in these
granular sludge systems but not detected due to the selection and specificity of FISH probes
employed. Molecular methods in future studies should account for the potential presence of

Dechloromonas-related PAOs in NDN-PAO granule systems.

4.5 CONCLUSIONS

NIT, NDN-OHO, and NDN-PAO aerobic granules were compared for their mainstream

nitrification bioaugmentation potential. NIT and NDN-PAO granules appear feasible for
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bioaugmentation. NDN-PAO granules were preferred for all criteria: ammonia and nitrogen
removal performance, granule physical characteristics, and nitrification capacity production.
Dechloromonas instead of Accumulibacter was the key contributor to denitrification and
phosphorus removal. Zoogloea and Thauera in the NDN-OHO reactor adversely impacted
granule physical characteristics and treatment performance. Low organic carbon concentration in
the NIT reactor feed limited granule yield, nitrification capacity production, and
bioaugmentation potential. Nitrotoga NOB played a significant role in nitrite oxidation in all

granule types.

4.6 SUPPLEMENTAL INFORMATION AVAILABLE

The supplemental information for Chapter 4 is included in this document as Appendix B.
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Chapter 5. BIOAUGMENTATION WITH NITRIFYING GRANULES
IN LOW-SRT FLOCCULENT ACTIVATED SLUDGE AT LOW
TEMPERATURE

Chapter 5 is the manuscript that was accepted in October 2017 for publication after peer review

in the Water Environment Research Journal.

5.1 ABSTRACT

Nitrifying granules were grown in a sidestream reactor fed municipal anaerobic digestion
centrate and added in an initial slug dose and subsequent smaller daily doses to a non-nitrifying
mainstream activated sludge system at 12°C and 2.5-day aerobic solids retention time (SRT) to
increase its nitrification capacity. Effluent NH3-N concentrations less than 1 mg/L were achieved
with bioaugmentation, and nitrification was immediately lost when granules were removed after
30 days of bioaugmentation. Molecular microbial analyses indicated that nitrifying organisms
remained attached to granules in the mainstream system with little loss to the flocculent sludge.
Maximum specific nitrification activity of the bioaugmented granules decreased in mainstream
treatment but the nitrification capacity remained due to new granule growth in the mainstream.
This study demonstrated that bioaugmentation with sidestream nitrifying granules can intensify
nitrification capacity in low-SRT, low-temperature flocculent activated sludge systems to

achieve low effluent NH3-N concentrations and nitrogen removal.
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5.2  INTRODUCTION

Increasing the nitrification capacity in existing water resource recovery facilities (WRRFs) with
activated sludge processes may be required to meet lower effluent ammonia-nitrogen (NH3-N)
concentration limits, to handle higher influent flows, and/or for conversion to nitrogen removal.
Nitrification capacity has been increased without adding aeration volume by bioaugmentation
with nitrifying flocculent activated sludge from sidestream treatment of anaerobic digestion
dewatering reject water (Krhutkova et al., 2006; Salem et al., 2004). The reject water, referred to
as centrate when centrifugation is used for dewatering, can have NH3-N concentration in the
range of 700 to 1800 mg/L and account for 15 to 30% of the mainstream secondary treatment

ammonia load when returned untreated (Tchobanoglous et al., 2014).

Nitrifier bioaugmentation with flocculent sludge from sidestream treatment has been
demonstrated in over 25 WRRFs using various flow schemes (Bowden et al., 2015). The
improvement in mainstream nitrification performance by sidestream bioaugmentation is due to
the resulting increase in the mainstream nitrifying bacteria concentration. For systems with low
or non-nitrifying SRTs and/or operated at low temperature, the increase in nitrification capacity
may not be sufficient to meet the effluent NH3-N concentration goals. If instead the sidestream
bioaugmenting nitrifying biomass is contained in suspended biofilms, such as granular sludge,
the mainstream nitrification capacity can be further increased because the granular sludge can be
maintained at a longer SRT than for the flocculent sludge. This decoupling of SRTs is possible
due to the larger size and more compact morphology for the granules. Separation of granules

from flocs has been done using hydrocyclones (Shi et al., 2016) and screens (Liu et al., 2014a).
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Sidestream growth of nitrifying (NIT) granules on municipal WRRF centrate has not been
reported, but Lopez-Palau et al. (2011) have shown growth of 4.3-mm NIT granules on
anaerobic digester supernatant in a bench-scale sequencing batch reactor (SBR) at 30°C and
dissolved oxygen (DO) concentration near saturation. Supplemental alkalinity was not added and

thus only 50% nitrification occurred due to pH suppression.

Kishida et al. (2011) grew 1.5-mm NIT granules on synthetic feed and demonstrated granular
sludge nitrification bioaugmentation for a mainstream reactor continuously fed synthetic
wastewater. A slug addition of NIT granules lowered the effluent NH3-N concentration of non-
nitrifying activated sludge from 40 mg/L to an average of about 10 mg/L during the subsequent
140 days of operation. Their study showed that the bioaugmenting NIT granules could improve
nitrification and be sustained in a different reactor environment. However, the study lacked
information on nitrifying populations and process biokinetics, SRT, temperature, and mass
balances needed to assess possible design implications and extent of enhanced nitrification

performance from bioaugmentation.

The objectives of this research were to evaluate the growth of NIT granules in sidestream
treatment of municipal anaerobic digester dewatering centrate and the nitrification
bioaugmentation performance of these granules in a low-SRT anoxic-aerobic flocculent activated
sludge mainstream treatment system at low temperature. Specific aims of this evaluation
included: 1) changes in the NIT granule physical characteristics between the sidestream and

mainstream reactors, 2) nitrification kinetics and capacity of the sidestream NIT granules and
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mainstream granules and flocculent sludge, and 3) microbial composition of the sidestream NIT

granules and mainstream granules and flocculent sludge.

5.3 METHODOLOGY

5.3.1 Sidestream nitrifying granular sludge reactor

The NIT granular sludge sequencing batch reactor (SBR) had a height to diameter (H/D) ratio of
4.9 at the full working volume of 2.0 L and was operated at 18°C with 4-hr cycles. Each cycle
consisted of the following steps: 8 min dilution stream addition under quiescent conditions, 4
min centrate stream addition under aerated conditions, 211 min aeration, 4 min settling, 2 min to
pump settled supernatant to the 1.0 L level, and 11 min idle. The effluent decant/feed volume
was 50% of the reactor volume. The 1.0-L feed volume was added from the top of the reactor in
two feed streams. A 0.2-L stream contained centrate and supplemental alkalinity as NaHCO3 to
provide a total of 7.25 mg alkalinity as CaCO3/mg total nitrogen (TN). A 0.8 L tap water dilution
stream was added to represent addition of secondary effluent to centrate so that the sidestream
reactor temperature could be much closer to the mainstream reactor temperature. Wett et al.
(2011) have suggested that a lower temperature difference between sidestream and mainstream

reactors may improve bioaugmentation effectiveness.

Air was sparged at 2.5 L/min from an aeration stone at the bottom of the reactor, and a small
dose of silicone antifoamant was added for foam control. DO concentration was not controlled
and minimum, average and maximum DO concentrations were 2.8, 3.5 and 4.3 mg/L,
respectively, during long-term operation at the highest centrate TN loading used before and

during bioaugmentation.
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The reactor was seeded with 2500 mg/L of flocculent activated sludge from a full-scale anoxic-
aerobic process. Prior to centrate feeding, granules were initially grown on synthetic wastewater
simulating centrate and consisting of NH4sHCO3, Ko;HPO4, NaH2PO4-H>O, NaCH3COO, and tap
water such that NH3-N, POs-P, and COD concentrations of the simulated centrate stream were
500, 10, and 100 mg/L, respectively. Stable granule growth and treatment performance was
obtained after 135 days. After this initial synthetic wastewater treatment and granule formation
period, influent was changed to centrate. Initial centrate feed operation involved gradual changes
in TN loading. After 190 days of centrate feeding, the maximum target TN loading near 0.6 g/L-
d was reached and maintained for the balance of reactor operation. The maximum target loading
was based on having a nitrification volumetric oxygen demand near the limiting oxygen transfer
capability of fine bubble aeration systems in full-scale reactors. The centrate was from a local
municipal wastewater treatment plant with mesophilic anaerobic digestion of primary and waste
activated sludge from a high-purity oxygen activated sludge process, and was pretreated by
approximately 10 minutes settling and supernatant screening (53 um sieve). Pretreated centrate
was stored at 4°C and replaced every two to three weeks during the 340-day centrate treatment

period. Pretreated centrate characteristics are shown in Table 5.1.
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Table 5.1. Pretreated centrate characteristics (average of 20 batches).

Parameter Units Average (Std. Dev.) Minimum Maximum
NHs-N mg/L 1126 (156) 864 1463
TN mg/L 1315 (190) 952 1680
NH3-N /TN - 0.86 (0.04) 0.81 0.96
PO4-P mg/L 149 (57) 91 385
TSS mg/L 149 (48) 72 270
VSS mg/L 120 (33) 63 210
VSS/TSS - 0.83 (0.06) 0.73 0.93
COD mg/L 610 (126) 389 830
sCOD mg/L 575 (73) 350 730
Alkalinity mg/L as CaCOs3 4875 (783) 3250 6250
Alkalinity / NH3-N ~ mol as HCO3 / 1.21 (0.06) 1.05 1.31
mol N

53.2 Mainstream reactor

A 2.0-L mainstream treatment SBR with a H/D ratio of 1.8 was operated at 12°C, non-nitrifying
flocculent sludge aerobic SRT (2.5 d) and total flocculent sludge SRT of 5 days. 6-hr cycles
consisted of the following steps: 10 min deoxygenation, 10 min anoxic feeding, 130 min
anoxic/anaerobic reaction, 180 min aeration, 24 min settling, 5 min effluent discharge, and 1 min
idle. Mixing during deoxygenation, feeding, and reaction periods was achieved by continuous
sparging of N> at 700 Lpm and CO; at <5 Lpm. DO concentration during the aerobic period was
controlled between 3.5 and 4.0 mg/L by on-off aeration at 1000 Lpm using a DO controller
(Eutech alphaDO2000W) and galvanic probe (Atlas Scientific). All gasses were sparged from an

aeration stone at the bottom perimeter wall.
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1.0-L of complex synthetic wastewater was fed per cycle. Constituents contributing to COD
were based on Xin et al. (2008) and adjusted to provide influent total and readily-biodegradable
COD concentrations of 210 and 78 mg/L, respectively, including 39 mg/L of acetate COD.
Readily-biodegradable COD constituents in 1L of feed were: 50 mg sodium acetate, 19.8 mg
glucose, 9.0 mg lactose, 0.4 mg maltose, 1.0 mg sodium succinate, 3.1 mg trisodium citrate
dehydrate, 2.3 mg lactic acid, 0.8 mg ethanol, and 0.4 mg/L butanol. Slowly-biodegradable COD
constituents in 1L of feed were: 55.9 mg dextrin, 39.6 mg yeast extract, 15.7 mg peptone, 11.2
mg starch, 5.4 mg casein, 7.7 mg gelatin, and 0.4 mg methionine. NH4Cl was fed at an influent
concentration of 26.5 mg N/L, and the organic constituents added 5.5 mg/L of influent organic
N. Influent POs-P concentration was 32 mg/L from equal masses of KzHPO4 and NaH2PO4H>O
to provide moderate pH buffering capacity. MgSO4 and CaCl, provided influent Mg?* and Ca®*
concentrations of 10 and 18 mg/L, respectively. Trace elements were also provided according to

Xin et al. (2008).

Pre-Bioaugmentation Period

The reactor was seeded with 800 mg/L of flocculent sludge from a full-scale non-nitrifying high-
purity oxygen activated sludge process and operated for four days prior to bioaugmentation. The
objective of the pre-bioaugmentation period was to develop background flocculent sludge
lacking nitrification activity but possessing denitrification activity and good settleability. Thus,
NO;3-N was also included in the feed described in Section 5.3.2 at a concentration of 26.5 mg/L
using NaNOjs to provide anoxic selector conditions in absence of biological nitrification during
the pre-bioaugmentation period. NaNO3 was included in the feed during the pre-bioaugmentation

period only and removed from the feed for subsequent bioaugmentation testing.
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Bioaugmentation Period

The objective of the 30-d bioaugmentation period was to evaluate the ability of sidestream
nitrifying granules to sustain nitrification and enable nitrogen removal by denitrification in a
flocculent activated sludge process with an SRT below the theoretical minimum SRT for nitrifier
growth. NO3-N was removed from the feed for bioaugmentation testing and the rest of the

experiment. Thus, the feed was as described in Section 5.3.2.

After establishing the absence of nitrification in the pre-bioaugmentation period, an initial
seeding of 1.2 g of sidestream granules (600 mL at 2000 mg/L) was added with sufficient
capacity to nitrify the NH3-N available in the daily feed for the mainstream SBR. The mass
added was based on assuming the same NH3-N oxidation activity as that observed in centrate
treatment with excess NH3-N and similar DO concentration and correcting for the lower

mainstream temperature using a temperature-activity coefficient (®) of 1.072.

Following the initial seeding of sidestream granules, bioaugmentation continued daily in smaller
doses. Granules were bioaugmented in proportion to full-scale WRRF applications where the
untreated sidestream TN load is about 25% of the TN load to the secondary process. Though the
sidestream reactor TN load averaged 1.13 g/d during bioaugmentation, the mainstream TN load
was much lower at 0.13 g/d. Therefore, only 2.9% of the daily sidestream reactor waste granular
activated sludge was added to the mainstream reactor, thus reflecting a daily sidestream granule
addition rate proportionate to common full-scale WRRF sidestream and mainstream TN loading
conditions. The granule mass added during daily bioaugmentation was 0.1 g TSS (2 mL/d at

1850 mg/L for 30 days).
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Selective retention of granular particles >425 um was a distinguishing feature of operation
during bioaugmentation. The SRTs of granules and flocs in the mainstream reactor were
uncoupled by incorporating a sieving procedure in sludge wasting. The SRT of flocs, effectively
defined as particles smaller than 425 um, was controlled by wasting solids passing a 425-um
sieve. The flocculent sludge mixed liquor suspended solids (MLSS) concentration was measured
after sieving, and the MLSS volume directed to the sieving wasting procedure was determined
based on the flocculent MLSS concentration, reactor volume, and target flocculent sludge 2.5-
day aerobic SRT. Conversely, granules >425 um retained in the sieving procedure were returned

to the reactor.

Post-Bioaugmentation Period

At the end of the bioaugmentation period, granules were removed by sieving the entire reactor
contents. Operation continued with flocculent activated sludge only to evaluate the contribution
of the flocculent sludge fraction to nitrification and nitrogen removal in the bioaugmented

process.

5.3.3 Ammonium oxidation activity testing

Ammonium oxidation activity tests were conducted at room temperature (20-22°C) for
flocculent and granular sludge fractions. Test reactors were mixed by aeration and had MLSS
concentrations less than 1800 mg/L. NH4CI and NaHCOs3 stock solutions were added to the test
reactor to provide an initial NH3-N concentration of 30 mg/L and alkalinity of 300 mg/L as

CaCOs;. DO concentration was greater than 7 mg/L and pH was approximately 7.8 during
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activity tests. Measured activities were normalized to 20°C using a temperature-activity (0)

coefficient of 1.072 (Tchobanoglous et al., 2014).

5.3.4  Apparent ammonium half saturation concentration

Data to determine the apparent half saturation concentration for sidestream nitrifying granular
sludge were obtained under conditions similar to NH3-N oxidation activity testing with non-
limiting alkalinity and DO concentrations. The test was started an initial NH3-N concentration of
15 mg/L and proceeded until NH3-N oxidation was complete. Data were fitted to a fourth-degree
polynomial regression (R? > 0.9999). The apparent half saturation concentration was calculated
based on the NH3-N concentration where the first derivative of the regression was half of that at

the start of the test under non-limiting NH3-N concentration.

5.3.5  Analytical methods

Influent wastewater characteristics and reactor effluent values were measured in the following
manner. NH3-N and NO3-N were measured by ion-sensing electrode probes (Hach IntelliCAL
Models ISENH4181 and ISENO3181, respectively). TN was determined by persulfate digestion
and quantification of digestate NO3-N with an ion-sensing electrode probe. NO2-N and POs-P
were measured spectrophotometrically using standard test cuvettes (Hach Methods 10019 and
8048, respectively). Alkalinity, pH, TSS, VSS, SVI, COD, and sCOD (0.45 um-filtered) were
determined by Standard Methods (APHA, 2012). DO concentration was measured with an
optical probe (YSI ProODO). For reactor cycle profiles and ammonium oxidation activity and
apparent half saturation tests, inorganic nitrogen species of interest were measured in triplicate

on a Gallery™ Automated Photometric Analyzer (Thermo Fisher Scientific).
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5.3.6 Granule morphology, size, and density

Granule morphology was evaluated by stereomicroscopy and image analysis of a minimum
sample of 250 granules. Individual granule sizes were taken to be the diameter of a circle
possessing the same area as the granule plan view area. Granule wet density was determined by

pycnometry according to Winkler et al. (2012) for triplicate samples.

5.3.7  Isolation and quantification of genomic DNA

Samples of sidestream granules at the start of bioaugmentation, mainstream granules at the end
of bioaugmentation, and mainstream flocs at the midpoint and end of bioaugmentation were
obtained by sieving the respective mixed liquors at 425 um. The obtained granule/floc samples
were stored at -80°C prior to DNA isolation. For each granule/floc type, DNA was isolated in
triplicate using the UltraClean Microbial DNA Isolation Kit (MO-BIO, Inc.) according to the
manufacturer’s instructions with 10 min of thermal pretreatment at 65°C and bead beating at 4
m/s for 20 s to enhance DNA yield. DNA concentration was measured using a NanoDrop 1000

spectrophotometer (Thermo Fisher Scientific, Inc.).

5.3.8  High-throughput sequencing of 16S rRNA gene amplicons

DNA samples were normalized to equal concentrations using nuclease-free water and submitted
to a service facility (www.mrdnalab.com) for sequencing of 16S rRNA gene amplicons.16S
rRNA gene primers 341F and 805R were used in a single-step PCR due to their low bias
compared to other primer pairs (Hugerth et al., 2014). PCR was performed using HotStarTaq
Plus Master Mix Kit (Qiagen, Inc.) under the following conditions: 3 min at 94°C, followed by
28 cycles of 94°C for 30 s, 53°C for 40 s, and 72°C for 60 s, followed by the final elongation

step at 72°C for 5 min. Amplicons were mixed in equimolar concentrations and purified using
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AMPure XP beads (Agencourt Bioscience Corp.). Sequencing was performed on a MiSeq
system (Illumina, Inc.) according to the manufacturer’s protocol. Raw paired-end data were

joined and reverse complimented to read in the 5°-3” orientation.

5.3.9  Bioinformatics

The UPARSE method (Edgar, 2013) was used for amplicon sequence processing and operational
taxonomic unit (OTU) clustering with USEARCH version 7.0.1090 (Edgar, 2010). Sequences
were truncated at 400 bases, and those less than 220 bases or with greater than 0.5 expected
errors were filtered. Sequences were clustered at 97%, and UCHIME was used to identify and
filter chimeric sequences based on the RDP Classifier (v9) “gold” training database. Taxonomy
for representative sequences was assigned using USEARCH based on the Silva 119 reference
database (Quast et al., 2013). Taxa were summarized by percent abundance normalized to the
total number of reads using QIIME version 1.9.1 (Caporaso et al., 2010a). Representative
sequences that did not receive a named genus-level taxonomy assignment using the methods
above were queried in BLASTn version 2.7.0 (Zhang et al., 2000). Hits resulting in a single
genus-level identification at >95% coverage, >95% identity, and <10"'°° E-value were taken as a
genus-level taxonomy assignment. Otherwise, sequence identification was assigned at higher

taxonomic ranks.

5.3.10  Quantitative PCR (qPCR)

The concentration of ammonia-oxidizing bacteria (AOB) in sidestream granules, mainstream
granules at the end of bioaugmentation, and mainstream flocs at different points of
bioaugmentation was measured by qPCR using amoA-1F and amoA-2R primers targeting the

ammonia monooxygenase (amoA) gene (Rotthauwe et al., 1997). qPCR was performed in an
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Eppendorf Mastercycler® realplex using EvaGreen® intercalating dye and associated master
mix (Biotium, Inc.). The following program was used: a) 2 min denaturation at 95°C; b) 40
cycles of 30 sec denaturation at 95°C, 45 sec annealing at 57°C, and 60 sec extension at 72°C; ¢)
10 min extension at 72°C; d) holding temperature of 12°C. Double-stranded DNA fragments
(Integrated DNA Technologies, Inc.) consisting of the 491 bp region bound by the primers in
addition to the adjacent 20 bp (McTavish et al., 1993) were used as standards. Results were

normalized to the amount of template DNA.

54 RESULTS

54.1 Sidestream centrate treatment

Growth of sidestream NIT granules (Figure 5.1a) with average diameter of 0.9 mm (£0.2 mm
standard deviation) and average density of 1.026 g/cm?® (£0.007 g/cm? standard deviation) was
achieved with consistent excess granule production to support bioaugmentation. Treatment
performance of the sidestream reactor for operating days 260 to 309 prior to bioaugmentation
and days 310 to 340 during bioaugmentation is summarized in Table 5.2. Data for the period
prior to bioaugmentation cover four centrate feed batches and approximately three SRTs of
relatively stable performance, and data for the bioaugmentation period cover three centrate feed

batches and approximately two SRTs under a similar TN loading rate.
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Figure 5.1. Photomicrographs of (a) sidestream granules, (b) mainstream flocs at the end of
bioaugmentation, and (c, d) mainstream granules at the end of bioaugmentation. Magnification
and scale bars are (a-c) 6x and 1.0 mm and (d) 32x and 0.5 mm, respectively.
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Table 5.2. Average performance of sidestream nitrifying granular sludge reactor at similar
centrate nitrogen loadings before and during bioaugmentation. Parentheses indicate one standard

deviation.

Parameter Units Before During
bioaugmentation bioaugmentation
Day 260 to 309 Day 310 to 340

Influent®
NH3-N mg/L 161 (19) 167 (20)
TN mg/L 193 (21) 191 (22)
POs-P mg/L 19 (2) 22 (3)
TSS mg/L 32 (8) 23 (3)
VSS/TSS - 0.87 (0.05) 0.88 (0.01)
COD mg/L 108 (5) 90 (18)
NH3-N loading rate g/L-d 0.48 (0.06) 0.49 (0.02)
TN loading rate g/L-d 0.58 (0.07) 0.56 (0.02)
Centrate dilution factor - 6.0 (0.6) 6.0 (0.5)
Effluent
NH3-N mg/L 32 (11) 19 (7)
NO2-N mg/L 23 (10) 80 (27)
NOs-N mg/L 126 (18) 81 (34)
TSS mg/L 29 (7) 26 (6)
VSS/TSS - 0.87 (0.05) 0.88 (0.06)
pH - 7.7 (0.1) 7.4 (0.1)
Alkalinity mg/L as CaCOs3 325(92) 201 (59)
NH3-N removal % 80 (6) 89 (5)
SRT, MLSS, SVI, and waste solids
SRT total, 7d average d 18 (3) 15(2)
MLSS mg/L 2184 (240) 1851 (145)
MLVSS/MLSS - 0.93 (0.01) 0.93 (0.01)
5-min SVI mL/g 33(3) 36 (3)
Daily effluent TSS mg/d 171 (42) 159 (25)
Daily reactor MLSS wasted mg/d 100 (49) 102 (16)°

2 Includes diltion water addition.

b Excludes 1.3 g MLSS removed for initial slug bioaugmentation.
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During the period prior to bioaugmentation the average nitrogen loading rate was 0.58 g TN/L-d
with 77% converted to oxidized NO3-N plus NO2-N (NOx-N), and the average NH3-N loading
rate was 0.48 g/L-d with 80% NH3-N removal. The effluent total inorganic nitrogen (TIN)
concentration was higher than the influent NH3-N concentration (181 versus 161 mg/L), which
indicates that some of the organic nitrogen in the centrate was converted. NO3-N comprised 83%
of effluent NOx-N indicating substantial nitrite-oxidizing bacteria (NOB) activity. Cycle
inorganic nitrogen profiles showed constant NH3-N removal and NOs-N production rates during
the aerobic period. Ex-situ activity tests at higher DO concentration showed that the maximum
specific NH3-N oxidation activity of sidestream granules was 29.8 mg N/g VSS-hr, and their

apparent NH3-N half saturation concentration was 2.3 mg/L.

Data in Table 5.2 show that similar nitrogen loading and NH3-N removal was maintained in the
sidestream reactor during bioaugmentation, but that the completeness of NH3-N oxidation varied.
Sidestream effluent NO2-N concentration increased to 70% of the effluent NOx-N after about
30% of the sidestream reactor MLSS was removed for the initial slug bioaugmentation of the
mainstream reactor. The increase in the NO2-N concentration after the slug granule removal
suggests that the NO2-N oxidation capacity in the granules was lower than the NH3-N oxidation
capacity. The lower capacity is likely due to the incomplete oxidation of NH3-N to NO3-N in the
sidestream reactor prior to bioaugmentation as shown in Table 5.2 with 15% of the NH3-N
oxidized remaining as NO>-N. After that, the sidestream reactor effluent NO3-N concentration
increased to concentrations near the pre-bioaugmentation period, with effluent NO2-N decreasing
to only 40% of effluent NOx-N by day 340. The high standard deviations for average effluent

NO:-N and NO3-N concentrations reflect this variability in NO2-N oxidation.
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Granules larger than 425 um were 90% of the sidestream reactor MLSS mass. Effluent TSS did
not contain granules and averaged between 25 and 30 mg/L. After accounting for solids loss in
the sidestream reactor effluent, manual MLSS wasting was done to maintain the target SRT.
Manual granular sludge wasting averaged 37 and 39% of the total daily solids production prior to

and during bioaugmentation, respectively.

54.2 Mainstream treatment

Mainstream effluent inorganic nitrogen species concentrations during pre-bioaugmentation,
bioaugmentation, and post-bioaugmentation periods are shown in Figure 5.2. Prior to
bioaugmentation, removal of influent NH3-N and ammonified influent organic nitrogen was by
assimilation for cell synthesis. Bioaugmentation immediately increased mainstream nitrification,
and effluent NH3-N concentrations were less than 1 mg/L throughout the 30-day
bioaugmentation period. Effluent NO2-N concentrations were 0.1 to 0.4 mg/L indicating nearly
complete nitrification to NO3-N. The effluent NO3-N concentration during bioaugmentation was
13 to 15 mg/L, as a result of full nitrification and denitrification during the anoxic feeding and
reaction period. After the granules were removed from the reactor mixed liquor by sieving, the
effluent NH3-N concentration increased to 19.8 mg/L and then to 23.4 mg/L after 3 days during
the post-bioaugmentation period. As in the pre-bioaugmentation period, the NH3-N was removed

for cell synthesis by heterotrophic organisms.
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Figure 5.2. Mainstream reactor influent NH3-N and effluent NH3-N and NO3-N concentrations
during pre-bioaugmentation (a), bioaugmentation with granule addition (b), and post-

bioaugmentation after granule removal (c). Influent included 5.5 mg/L of organic nitrogen.
Effluent NO»-N concentration averaged 0.2 mg/L with a maximum of 0.4 mg/L over all periods.

A profile of inorganic nitrogen species concentrations during a mainstream SBR cycle on day 27
of bioaugmentation is shown in Figure 5.3. Based on the prior cycle effluent NO3-N
concentration, the 50% feed volume is estimated to have diluted the NO3-N concentration to
about 7.0 mg/L. Denitrification during the deoxygenation and feed period reduced the NO3-N
concentration to 3.0 mg/L, and NOs3-N removal was near-complete at only 50 min into the 150-
min anoxic period. No denitrification occurred during the aerobic period as indicated by the
amount of NH3-N removal and NOs-N production. The NH3-N oxidation rate decreased as the
NH;-N concentration approached 2 mg/L, which was consistent with the apparent half-saturation

concentration measured for sidestream granules.
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Figure 5.3. Changes in inorganic nitrogen species during the mainstream SBR cycle at 12°C on
day 27 of bioaugmentation. Error bars for triplicate measurements are shown but hidden by
markers for average values.

Despite anaerobic conditions due to the absence of NOx-N during the last approximately two-
thirds of the unaerated period, enhanced biological phosphorus removal (EBPR) was not
apparent. The effluent PO4-P concentration ranged from 30.0 to 30.7 mg/L for 1.5 to 2.2 mg/L
POs-P removal, which agrees with that expected for biomass synthesis from the COD and NH3-
N removed. Assuming net yields the of 0.35 g VSS/g COD and 0.10 g VSS/g N for heterotrophs
and nitrifiers, respectively, and a biomass phosphorus content of 0.025 g P /g VSS representative
of non-EPBR sludge, the estimated PO4-P removal for cell synthesis is 1.9 mg/L, which is in the

range of observed PO4-P removal.
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A mixture of flocs and granules were maintained in the mainstream reactor (Figures 5.1b and
5.1c). Flocculent sludge MLSS concentration averaged 740 mg/L during bioaugmentation
testing, and effluent TSS concentration averaged 10 mg/L. The granular sludge MLSS
concentration was 600 mg/L at the initial seeding and 1150 mg/L at the end of bioaugmentation.
Although the core granule morphology persisted under mainstream growth conditions, outgrowth
of stalked ciliates became common by the end of bioaugmentation (Figures 5.1c and 5.1d).
Excluding this outgrowth, the average granule diameter was 0.8 mm (+0.2 mm standard
deviation), similar to sidestream granules. The particle size distribution of mainstream granules
at the end of bioaugmentation was also similar to that of sidestream granules as shown in Figure

5.4.
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Figure 5.4. Cumulative particle size distribution for sidestream granules and mainstream
granules at the end of bioaugmentation. Particles greater than 200 um with granular morphology
were included in the analysis. Minimum sample size was 250 particles.
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Granule mass increased and maximum specific NH3-N oxidation activity decreased during the
bioaugmentation period. The granule mass added to the mainstream reactor was about 1.3 grams
(g) TSS, with 1.2 g TSS added in the initial seeding and 0.1 g TSS added during subsequent
daily bioaugmentation. At the end of the bioaugmentation period the total mainstream granular
mass was 2.3 g TSS, and the granule maximum specific NH3-N oxidation activity was 14.5 g

N/g VSS-hr, which was 49% of that for the sidestream granules.

543  Molecular analyses of granules and flocs

Microbial populations were evaluated by high-throughput sequencing and bioinformatics
analyses for the following granule/floc types: a) sidestream granules at the start of
bioaugmentation, b) mainstream granules at the end of bioaugmentation, and c¢) mainstream flocs
at the end of bioaugmentation. Average abundances of microbial taxa are shown in Figure 5.5 for
triplicate analyses of each granule/floc type. All nitrifiers that were detected are shown, and
heterotrophs with greater 2% abundance in any granule/floc type are shown separately. The total
abundance of all other heterotrophs with less than 2% abundance in any granule/floc type ranged

from 22.1 to 25.1%.
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Sidestream Mainstream | Mainstream Taxonomy Assignment
Granules Granules Flocs
Nitrifiers
17.5 £1.1 3.5+0.2 1.0 £0.1 Ca. Nitrotoga
9.8 +£0.6 3.1+0.1 0.4+0.0 Nitrosomonas
Heterotrophs

25.4£1.7 4.2 +£0.1 1.7+0.2 Haliscomenobacter

6.5+0.4 1.3+0.1 0.1 +0.0 Fluviicola

4.1+0.1 15.3 £0.7 4.5+0.6 Cytophaga

3.0+0.0 8.7+1.1 11.3+£1.2 Flavobacterium

2.8+04 2.3+0.2 1.6 £0.2 Comamonas

2.8 +0.1 3.9+0.5 0.7 0.1 Thauera

2.1+0.3 3.4+0.2 1.6 0.2 Ferruginibacter

1.8+0.3 10.1 +0.3 11.4+1.4 Dechloromonas

0.9 £0.1 2.4+0.2 3.2+0.7 Zoogloea

0.3+0.0 9.7+0.6 1.6 0.7 Gemmobacter

0.2+0.0 3.7+0.3 82+14 Persicitalea

0.1 +0.0 1.4 +0.1 20+£1.4 Rhodobacter

0.1 0.0 1.5+0.0 2.4 +0.5 Alphaproteobacteria bacterium
0.1+0.0 0.6 +0.0 4.4 +0.7 Ca. Saccaribacteria bacterium
0.1 +0.0 0.1 +0.0 8.2 £1.0 Mangroviflexus

0.1=+0.0 0.5=+0.0 8.7+1.4 Acinetobacter

0.0=+0.0 0.1+0.0 2.0+0.3 Prosthecobacter
22.4+0.7 23.9+1.2 25.1+0.7 Sum of all others < 2% not above

Figure 5.5. Average percent abundance heatmap of microbial taxa in sidestream granules at the
start of bioaugmentation and mainstream granules and flocs on the final day of bioaugmentation.
All nitrifying taxa detected and heterotrophic taxa with greater than 2% abundance in any
granule or floc sample are shown. Taxa are listed in order of decreasing abundance in sidestream
granules. Percent abundance is based on total amplicon reads with one standard deviation shown
for triplicate analyses.
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As shown in Figure 5.5, the sole AOB was Nitrosomonas, and the sole NOB was Candidatus
Nitrotoga (hereafter Nitrotoga). The relative abundance of these nitrifying organisms was highest
in sidestream granules and decreasingly lower in mainstream granules and flocs, respectively. A
similar trend was observed in qPCR quantification of AOB amoA gene copies per unit of DNA
extracted. Sidestream granules had the highest normalized amoA gene copy concentration of
8.4x10* £0.4x10* copies/ng DNA template. Slightly over one order of magnitude decrease was
successively observed for mainstream granules and flocs, which had amoA gene copy
concentrations of 4.5x10° £0.4x10° and 1.5x10% £0.3x10? copies/ng, respectively. Differences in
flocculent sludge amoA gene copy concentration at the midpoint and end of bioaugmentation
were not statistically significant at an alpha level of 0.05. BLAST queries of Nitrosomonas-
associated OTUs against N. europaea, N. oligotropha, and N. eutropha showed that the
Nitrosomonas-associated OTUs most closely aligned with N. europaea (Accession No.

NR 117649.1) at 98% query coverage with 96% identity.

Figure 5.5 shows that the most abundant heterotrophic genera in sidestream granules were
Haliscomenobacter, Fluviicola, Cytophaga, and Flavobacterium. Together, these accounted for
39.0% of DNA amplicons from the sidestream granules, with Haliscomenobacter accounting for
25.4% of DNA amplicons. The Haliscomenobacter-associated OTU sequence aligned with
Haliscomenobacter (Accession No. KJ023560.1) at 98% query coverage with 98% identity and
with Haliscomenobacter hydrossis (Accession No. NR 042316.1) at 97% query coverage with
89% identity. Haliscomenobacter, Fluviicola, Cytophaga, and Flavobacterium remained in

mainstream granules, but the abundance of Haliscomenobacter and Fluviicola decreased and the
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abundance of Cytophaga and Flavobacterium increased. The most abundant heterotrophic
genera in mainstream granules were Cytophaga, Dechloromonas, Gemmobacter, and
Flavobacterium, which had abundances between 8.7% and 15.3% and together accounted for
43.8% of DNA amplicons. Heterotrophs amongst those with high abundance in mainstream
granules, Flavobacterium and Dechloromonas, were also the two most abundant genera in
mainstream flocs. Other highly abundant genera in mainstream granules, Gemmobacter and
Cytophaga, were present in flocs but at lower abundance. Genera with greater than 8%
abundance in mainstream flocs in addition to Flavobacterium and Dechloromonas were

Persicitalea, Mangroviflexus, and Acinetobacter.

5.5 DISCUSSION

Important aspects of this study concern sidestream growth of NIT granules on centrate, the
effectiveness of nitrification bioaugmentation with these granules, and nitrifying and

heterotrophic microbial populations characteristics.

5.5.1 Sidestream nitrifying granules

This study showed that NIT granules can be grown on anaerobic digester dewatering centrate at
a high nitrogen loading rate with routine granule wasting, which is the first key to viability of the
bioaugmentation process. Selective pressures for granular sludge growth have been reviewed by
Figdore et al. (2017), and the key elements for NIT granule growth were the short settling time,
aeration shear, and ammonia-rich feed for autotrophic slow-growing bacteria. The short 4-min
settling time washed out slower-settling floc giving an advantage to the faster-settling granules.
The selective pressures resulted in granules with high nitrifier abundance. Some organic carbon

is necessary to grow granules as granular sludge is known to contain extracellular
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exopolysaccharides, which are the key structural element of the granule matrix (Figdore et al.,
2017). The carbon source for NIT granules had to be from the small amount of acetate in the
centrate feed and biological endogenous decay substrate release. The superficial air velocity at
about 0.8 cm/s is within a range considered to provide sufficient shear forces to form compact

granules (Figdore et al., 2017).

The thickening capacity of granules at short settling times (average SVIsmin of 33 mL/g) allowed
a high-volume exchange ratio, with the feed volume comprising 50% of the full reactor volume.
The high fill fraction allowed dilution of the centrate for temperature reduction by a factor of
about 6 with centrate comprising approximately 15% of the feed volume. This centrate dilution
is practical because using a higher centrate fraction in the feed would lead to a reactor volumetric
oxygen demand well above the oxygen transfer capability of full-scale aeration devices. The
average combined feed influent NH3-N concentration during the bioaugmentation period (Table
5.2) was 167 mg/L, which required an average oxygen demand of 102 mg/L-h based on the 3.5-
hour aeration time per cycle and 4.3 g O2/g NH3-N oxidized (Tchobanoglous et al., 2014). This
oxygen demand is close to the maximum volumetric oxygen transfer capability of fine bubble
aeration (Parker and Wanner 2007). Thus, the need for centrate feed dilution can result in the
sidestream reactor having a temperature closer to the mainstream temperature, which may
improve bioaugmentation effectiveness (Wett et al., 2011). Some nitrification bioaugmentation
processes using flocculent sludge have included mainstream return activated sludge (RAS) feed
to the centrate treatment system (Bowden et al., 2015), which would also lower the centrate

treatment reactor temperature.
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5.5.2  Nitrification bioaugmentation with granules

Bioaugmentation with sidestream NIT granules in this study achieved full nitrification and lower
effluent NH3-N concentrations than reported for bioaugmentation with sidestream nitrifying
flocculent sludge in full-scale WRRFs with much longer mainstream flocculent sludge aerobic
SRTs and similar temperature. For example, bioaugmentation with flocs in a WRRF with aerobic
and total solids retention times (SRTs) near 5 and 7 days lowered the average effluent NH3-N
concentration in consecutive 2-month periods from 15 to 7 mg/L after bioaugmentation
(Krhutkova et al., 2006). Corresponding temperature ranges in the periods were 13 to 16°C and
10 to 15°C. Another example is a WRRF with flocculent nitrifier bioaugmentation in a
completely aerobic mainstream activated sludge process, where an average monthly effluent
NH;-N concentration near 5 mg/L was achieved at 12°C with a 5-d SRT (Parker and Wanner,
2007). The longer SRT of nitrifiers in the mainstream system bioaugmented with NIT granules
in this study improved nitrification performance compared to the above systems with flocculent

sludge bioaugmentation, despite having a flocculent sludge aerobic SRT of only 2.5 days.

Results of bioaugmentation testing and molecular analyses provided insight into the fate of
granule nitrifiers in mainstream activated sludge treatment. Near-complete loss of nitrification
occurred in the mainstream reactor after granule removal, and molecular analyses showed much
lower AOB gene copy numbers and nitrifier relative abundances in mainstream flocs versus
mainstream granules. Based on these results, granules were the dominant contributor to
nitrification in mainstream treatment and sustained nitrification during the 30-d testing period.

Nitrifiers primarily remained on granules, with little loss to the flocculent sludge.
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The high level of nitrification in the granule-bioaugmented SBR allowed nitrogen removal by
denitrification of NOx-N during anoxic feeding, and the nitrogen removal efficiency was
determined by the SBR operation. Based on the high exchange volume used, 50% of the NOx-N
produced in the aerobic step was in the effluent. A post-anoxic period after aeration, possibly

with carbon addition, could result in a lower effluent NOx-N concentration.

Sustained exposure in mainstream treatment with flocculent sludge wasting and selective granule
retention resulted in changes in granule mass and maximum specific NH3-N oxidation activity.
Although the granule maximum specific NH3-N oxidation activity at the end of bioaugmentation
was 49% of that for fresh sidestream granules, the sidestream granule mass added to the
mainstream reactor was only 56% of the final granule mass due to new granule growth.
Therefore, the decrease in granule biomass-specific NH3-N oxidation activity in mainstream

treatment was roughly proportionate to the increase in granule biomass.

The decrease in specific nitrification activity is related to heterotrophic growth in the mainstream
treatment system as indicated by the increase in heterotroph relative abundance and decrease in
nitrifier relative abundance in mainstream granules (Figure 5.5). The much higher COD/N ratio
and carbon substrate concentration in the mainstream feed, intended to simulate wastewater
treatment, led to heterotrophic growth and increased heterotroph abundance in the mainstream
granules. A possible explanation is that heterotrophs grew on top of nitrifiers on the outer layer
of granules. The specific nitrification activity would thus be reduced because of the higher
fraction of heterotrophic bacteria in the granular mass and less oxygen diffusion hence

minimizing the aerobic volume fraction available to nitrifiers. However, mainstream nitrification
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capacity was maintained during bioaugmentation (Figure 5.2). Another possibility for the
decrease in specific nitrification activity is that the bioaugmented granules largely maintained
their biofilm composition with nitrifiers on the outer layer, and that newly-grown granules had a
different microbial community composition and spatial distribution with higher heterotrophic
abundance. In this case, the increase in total granule mass would reduce specific nitrification

activity but not nitrification capacity, as observed in this study.

The increase in mainstream granule mass during bioaugmentation indicates that granule growth
occurred and suggests that the sidestream granules added were sustained. Selective pressures for
growth of heterotrophic granules (Figdore et al., 2017) include 1) a short settling time to favor
capture of fast-settling biomass/granules, 2) high food/mass ratio (F/M) feeding conditions with
readily biodegradable substrate, and 3) sufficient shear to form the smooth and compact granular
biofilm with little outgrowth. Liu et al. (2014a) showed that particle-size based selection by
sieving MLSS and returning only the larger solids, as done in this study, selected for granules in
absence of settling pressure. The 10-min unaerated feeding period in this study provided an
instantaneous high F/M feeding condition. The mainstream gas sparging rate with N2 and air was
1700 cm®/min or about 70% of the sidestream aeration rate, and hence gas-driven shear in the
mainstream reactor may have been sufficient to form new granules. Therefore, mainstream

reactor operation included several elements favorable for new granule formation.

5.5.3 Nitrifying populations

The AOB in NIT granules were most closely associated with Nitrosomonas europaea , which
has higher ammonia and oxygen half saturation concentrations than other AOB (Limpiyakorn et

al., 2013). The dominance of Nitrosomonas was also consistent with identifications of AOB in
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granular sludge, where it has been the dominant AOB genera at elevated NH3-N and DO
concentrations (Lopez-Palau et al., 2011; Matsumoto et al., 2010). Unlike other granules grown
at lower volumetric nitrogen loading rate and DO concentration (Winkler et al., 2013), an equal

abundance of Nitrosospira and Nitrosomonas was not found in the sidestream NIT granules.

The presence of the relatively newly-discovered NOB of the genus Nitrotoga in NIT granules
instead of the more familiar Nitrobacter or Nitrospira was a novel finding. Nitrotoga were
discovered by Alawi et al. (2007) in Arctic soils and have been detected at significant abundance
compared to other NOB in full-scale WRRFs with flocculent activated sludge processes under
16°C (Lucker et al., 2015). The growth kinetics of NOB are related to their maximum specific
growth rate, half-saturation coefficients for NO2-N and O, and temperature-activity coefficients
(Tchobanoglous et al., 2014). Based on the average effluent NO2-N concentration of 23 mg/L
during the 49-day period prior to bioaugmentation (Table 5.2), NO2-N concentrations throughout
the NIT reactor cycle would not pose significant rate limitations to NOB (Nowka et al., 2015).
The maximum activity of Nitrotoga has been studied in enrichment culture at 17°C and
compared to pure cultures of Nitrospira and Nitrotoga at 28°C (Nowka et al., 2015), but oxygen
half-saturation and temperature-activity coefficients were not evaluated. Therefore, a more
conclusive determination on conditions resulting in Nitrotoga dominance in NIT granules cannot

be made.

5.5.4  Heterotrophic populations

Haliscomenobacter-related organisms were the most abundant heterotrophs in the sidestream
granules. H. hydrossis, an obligate aerobe, is the only isolated species in the Haliscomenobacter

genus, and is a bacterium that has been found in bulking activated sludge, due to its growth in
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straight filamentous chains of rod-shaped cells (Mulder and Deinema, 2006). However, the
Haliscomenobacter-associated representative OTU from NIT granules shared only 89% identity
with the sole sequenced H. hydrossis isolate and thus it cannot be concluded that H. hydrossis

was the Haliscomenobacter-associated organism.

The composition of granule heterotrophs changed in mainstream treatment, which can be
expected due to different growth environments. Sidestream granules were grown with aerobic
feeding of a low COD/N centrate stream, whereas the mainstream growth environment involved
anoxic feeding of a higher COD/N complex synthetic wastewater feed with readily-
biodegradable organic substrates including acetate, glucose, lactose and ethanol as well as
polymeric polysaccharide and proteinaceous substrates including dextrin, yeast extract, peptone,
starch, casein and gelatin. Near-complete removal of NOx-N prior to the midpoint of the
unaerated period also allowed for the possibility of anaerobic conditions for 100 minutes prior to
aeration. Anoxic/anaerobic conditions may have been detrimental to Haliscomenobacter-
associated organisms if they were obligate aerobes as in the case of H. hydrossis, leading to their
decline in abundance in mainstream granules. Cytophaga, Dechloromonas, Gemmobacter, and
Flavobacterium-associated organisms were at high abundance in mainstream granules, which is
agreement with their metabolic capabilities and mainstream growth conditions and feed
composition. Flavobacterium can denitrify and degrade glucose, casein, gelatin, and starch
(Bernardet and Bowman, 2006). Cytophaga are known to degrade cellulose (Nakagawa, 2011),
and Gemmobacter can degrade sugars, amino acids and ethanol and also denitrify (Hirsch and
Schlesner, 2011). Dechloromonas-related organisms can denitrify, utilize acetate in addition to

other substrates (Achenbach et al., 2001), and have been shown to express both GAO (Ahn et al.,
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2007) and PAO (Kong et al., 2007) phenotypes. It is more likely that Dechloromonas was

expressing a GAO phenotype than a PAO phenotype because EBPR was not apparent.

While the abundance of Dechloromonas and Flavobacterium-related organisms were similar in
mainstream granules and flocs, high abundance of Mangroviflexus, Acinetobacter, and
Persicitalea was unique to flocs. These organisms may have been present in the flocculent
sludge seed and not well-incorporated into granules, possibly due to factors related to their
ability to flocculate or adhere to surfaces. Mangroviflexus has a strictly fermentative metabolism
(Zhao et al., 2012) and, therefore, was likely mediating organic acid production during the
anaerobic time after NOx-N was removed in the unaerated feeding period. Organic acids, if
produced by Mangroviflexus, may have been taken up by Dechloromonas if expressing the GAO

phenotype.

5.6 CONCLUSIONS

e Sidestream nitrifying granules can be grown on anaerobic digester dewatering centrate
with a high nitrogen loading rate and granule wasting to support bioaugmentation.

e Addition of sidestream nitrifying granules grown on centrate sustained nitrification and
enabled nitrogen removal in a bioaugmented mainstream reactor with selective granule
retention and a flocculent sludge SRT below the theoretical minimum nitrification SRT.

e (Granules were responsible for nitrification in mainstream treatment. Loss of nitrifiers
from granules to flocs and waste activated sludge was minimal.

e Bioaugmentation with nitrifying granular sludge can intensify the nitrification treatment

capacity and nitrogen removal capability in flocculent activated sludge systems.
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Different growth conditions in mainstream treatment led to increased relative abundance
of heterotrophs in granules and changes in the granule heterotrophic microbial
community composition. Nitrification capacity and biougmentation effectiveness was not

adversely impacted by granule heterototrophic growth in mainstream treatment.
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Chapter 6. BIOAUGMENTATION OF SIDESTREAM NITRIFYING-
DENITRIFYING PHOSPHORUS-ACCUMULATING GRANULES
IN A LOW-SRT ACTIVATED SLUDGE SYSTEM AT LOW
TEMPERATURE

Chapter 6 is presented as a manuscript that was submitted in September 2017 to the Water

Research Journal for consideration for publication.

6.1 ABSTRACT

Sidestream granular activated sludge grown on anaerobic digester dewatering centrate was
bioaugmented and selectively retained to increase the nitrification capacity of an activated sludge
system at 12°C and flocculent sludge aerobic SRT of 2.5 days. Sidestream-grown granules
performed enhanced biological phosphorus removal (EBPR) and short-cut nitrogen removal via
nitrite. After bioaugmentation EBPR continued in the mainstream, but ammonia oxidation was
eventually to nitrate. Low effluent NH3-N concentrations from 0.6 to 1.7 mg/L were achieved
with nitrification solely by granules, thus enabling denitrification and nitrogen removal.
Molecular microbial analyses of flocs and granules also suggested that nitrifying organisms
persisted on granules with minimal nitrifier loss to flocs. Mainstream granule mass at the end of
bioaugmentation testing was 1.7 times the amount of sidestream granules added, indicating
mainstream granular growth. Nitrite and nitrate availability during the unaerated feeding period
encouraged significant growth of ordinary heterotrophs in mainstream granules, but nevertheless

mainstream nitrification capacity was sustained.
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6.2 INTRODUCTION

Increased nitrification capacity in water resource recovery facilities (WRRFs) with activated
sludge processes may be needed to treat higher influent loads, meet lower effluent ammonia-
nitrogen (NH3-N) concentration limits, and/or for conversion to nitrogen removal.
Bioaugmentation with nitrifying biomass produced in sidestream treatment of anaerobic
digestion dewatering reject water increases the nitrifier concentration in flocculent activated
sludge and intensifies the nitrification capacity without increasing the reactor volume (Kos,
1998). The reject water, referred to as centrate when centrifugation is used for dewatering, is
normally returned to mainstream treatment and in the range of 700 to 1800 mg/L, which can be
15 to 30% of the total nitrogen load to the mainstream secondary treatment process
(Tchobanoglous et al., 2014). Thus, sidestream centrate treatment processes can be used to
reduce the return NH3-N load and also add nitrifying bacteria to the mainstream process for

nitrification bioaugmentation.

Nitrifier bioaugmentation with flocculent sludge from sidestream treatment has been widely
demonstrated in full-scale WRRFs using various process configurations (Bowden et al., 2015;
Parker and Wanner, 2007). At a full-scale facility with aerobic and total solids retention times
(SRTs) near 5 and 7 days, respectively, bioaugmentation improved average effluent NH3-N
concentration from 15 to 7 mg/L at temperatures of 10 to 16°C (Krhutkova et al., 2006). The
improvement in mainstream nitrification performance by sidestream bioaugmentation was due to
the increase in the mainstream nitrifying bacteria concentration, but the performance was still
limited by the overall SRT of the mainstream flocculent sludge. For systems with low or non-

nitrifying SRTs and/or low temperatures, the increase in nitrification capacity from sidestream
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bioaugmentation may not be sufficient to reduce effluent NH3-N concentrations to meet

discharge requirements.

A more optimal solution to increase the nitrification capacity from sidestream bioaugmentation
would be to uncouple the SRT of the bioaugmented population from the floc SRT, which could
be accomplished by growing sidestream nitrifiers in a biofilm that can be selectively retained in
the mainstream system. Granular activated sludge is a good candidate for such bioaugmentation
because granular biofilms are grown without a carrier material, allowing them to be more easily
pumped from sidestream to mainstream treatment and within the mainstream process. Aerobic
granules are a type of biofilm structure in which bacteria are grown in dense, fast settling
biomass typically 1 to 2 mm in diameter (Figdore et al., 2017). The SRT of granular sludge
bioaugmented can be decoupled from the lower SRT of the flocculent sludge by selective
retention due to their larger size and faster settling velocity. Granule-floc separation using
hydrocyclones (Shi et al., 2016) and screens (Liu et al., 2014a) has been demonstrated. Longer
retention and accumulation of granular biomass is expected to result in a higher volumetric
nitrification capacity without building additional tank volume to a mainstream activated sludge

system.

Growth of aerobic granules performing nitrification-denitrification (NDN) with phosphorus
accumulating organisms (PAOs) mediating enhanced biological phosphorus removal (EBPR)
and denitrification has been demonstrated in lab sequencing batch reactors (SBRs) treating
synthetic wastewater (Bassin et al., 2012a) and in full-scale SBRs at WRRFs treating domestic

wastewater (Pronk et al., 2015a). A typical operating sequence for these reactors is anaerobic
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feeding, aeration with simultaneous nitrification-denitrification (SND), and a short settling time
of less than 10 min. Neither the growth of NDN-PAO granules in sidestream treatment of
anaerobic digestion centrate from WRRFs nor the ability to use them for nitrification
bioaugmentation in a low-SRT flocculent activated sludge system has been reported. The ability
to sustain NDN-PAO granule nitrification activity in a flocculent activated sludge system and for
the granules to grow under potential adverse impacts of centrate solids and residual dewatering

polymer is of interest for developing this novel bioaugmentation scheme.

The objective of this study was to evaluate the bioaugmentation process with NDN-PAO
granules from sidestream centrate treatment to a low-temperature mainstream flocculent
activated sludge system with selective granule retention and a flocculent sludge SRT below the
theoretical minimum nitrification SRT. Important process information included in this evaluation
are changes in granule physical characteristics and nitrification capacity between the sidestream
and mainstream reactors and microbial community composition of the sidestream granules,
mainstream granules, and mainstream flocculent sludge. The mainstream system was an SBR
operated at 12°C with conditions to support EBPR and SND by the bioaugmented NDN-PAO

granules.

6.3 MATERIAL AND METHODS

6.3.1 Sidestream reactor

A 2.0-L sidestream NDN-PAO granular sludge sequencing batch reactor (SBR) with a height-to-
diameter (H/D) ratio of 4.9 was operated at 18°C with 50% decant/fill volume exchange per

cycle. The high volume exchange ratio was possible due to the low sludge volume index (SVI)
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and rapid thickening of granules. At the target volumetric NH3-N loading of about 0.50 g NHs-
N/L-d, the amount of centrate feed needed per cycle was only about 10% of the reactor volume.
Thus, the other portion of the fill volume was provided by dilution water to represent dilution of
mesophilic digestion centrate with secondary effluent in full-scale application to reduce the
sidestream reactor temperature. Wett et al. (2011) have suggested that a lower temperature
difference between sidestream and mainstream reactors may improve bioaugmentation efficacy.
Centrate and external COD streams were simultaneously added to the reactor in equal volumes
using deionized water. External COD sources were sodium acetate and sodium propionate with
acetate and propionate contributing 70% and 30%, respectively, to total external COD.

Additional details on influent composition are in the Supplemental Information.

6-hr cycles consisted of the following steps: 3 min anaerobic feeding, 42 min anaerobic reaction,
270 min aeration, 1.17 min settling, 2 min pumped effluent discharge, 11.83 min idle, and a 30
min post-anoxic period. The settling time resulted in removing particles with less than 10.1 m/hr
settling velocity in the discharged supernatant. The post-anoxic period, with the remaining 1.0-L
reactor liquid volume, was used to minimize the NOx-N concentration prior to the subsequent
feed period. Magnetic stirring at 200 rpm occurred during feeding, aeration, and the post-anoxic
period. Intermittent N, sparging at 600 cm*/min for 3 seconds at 20-second intervals was applied
during anaerobic and post-anoxic periods for additional mixing. A dissolved oxygen (DO)
controller (Eutech alphaDO2000W) and galvanic probe (Atlas Scientific) were used to control
DO between 1.8 and 2.2 mg/L by on-off aeration at 1500 cm*/min, corresponding to a superficial

gas velocity of 0.5 cm/s. All gasses were sparged from an aeration stone at the reactor bottom.
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After preliminary granule formation on synthetic wastewater simulating centrate treatment (see
Supplemental Information for media composition), the influent feed and nitrogen source was
changed to mesophilic anaerobic digestion centrate from three of Seattle, King County municipal
WRRFs processing waste primary and secondary sludge. Secondary treatment processes at these

facilities are described in the Supplemental Information.

Raw centrate was settled for 10 minutes, and the supernatant was screened with a 53-um sieve.
The purpose of pretreatment was: 1) to represent effluent from centrate equalization tanks at full-
scale WRRFs, and 2) to ensure that granule growth in centrate treatment was from microbial
self-aggregation and not biofilm growth on large particles in the raw centrate. Pretreated centrate
was stored at 4°C and replaced biweekly during the 140-d centrate treatment period. Pretreated

centrate characteristics are shown in Table 6.1.

The centrate reactor total nitrogen (TN) loading rate was gradually increased to a practical target
value between 0.50 and 0.60 g TN/L-d based on estimated oxygen mass transfer limitations with
fine bubble aeration in full-scale reactors. External COD concentration was manually adjusted in
feed stream batches based on reactor performance to provide at least 80% TN removal while

minimizing the external COD dose.
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Table 6.1. Pretreated centrate characteristics (average of 11 batches from 3 different plants)

Parameter Units Average £Std. Dev. Minimum  Maximum
NH;-N mg/L 1038 £127 864 1317
TN mg/L 1263 £258 952 1920
NH3-N/TN --- 0.83 +£0.06 0.69 0.91
PO4-P mg/L 177 £114 91 422
TSS mg/L 181 £80 93 355
VSS mg/L 152 £64 83 290
VSS/TSS --- 0.85£0.05 0.78 0.92
COD mg/L 648 £193 404 1140
sCOD mg/L 596 £225 350 1125
Alkalinity mg/L as CaCO; 4284 £599 3250 5500
Alkalinity/NH3-N mol as HCO3/ 1.15 £0.05 1.05 1.25
mol N

6.3.2 Mainstream reactor

The 2.0-L mainstream SBR with H/D ratio of 1.8 was operated at 12°C and a 2.5-d flocculent

sludge aerobic SRT to suppress nitrification. The total SRT was 4.0 d, including the preaeration

anoxic/anaerobic time. The SBR cycle time was 4 hr consisting of: 10 min deoxygenation with

N> gas sparging, 10 min anaerobic feeding, 40 min anaerobic reaction, 150 min aerobic reaction,

24 min settling, 5 min effluent discharge, and 1 min idle. 1.0 L of complex synthetic wastewater

(Table C1, Supplemental Information) was fed per cycle containing total COD, readily-

biodegradable COD (rbCOD), NH3-N, TN, and POs-P concentrations of 210, 78, 26.5, 32, and

32 mg/L, respectively. The influent COD and TN concentrations were set to represent municipal

wastewater. Though the feeding and mixed reactor period was intended to be anaerobic, an initial

anoxic period occurred due to residual NOx-N after decanting because of limited SND during the
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aeration period. Mixing during deoxygenation, feeding and reaction periods was achieved by
continuous sparging of Nz at 700 cm*/min and CO; at <5 cm*/min. DO concentration during the
aerobic period was controlled between 1.8 and 2.2 mg/L by on-off aeration at 1000 cm*/min
using equipment specified in Section 6.3.1. Gasses were sparged from an aeration stone at the

bottom perimeter wall.

Pre-Bioaugmentation Period

Prior to sidestream NDN-PAO granule bioaugmentation, the mainstream reactor was operated
for 3 days with only flocculent activated sludge to verify lack of nitrification. The initial
activated sludge was from an earlier experiment and were thus acclimated to the influent

synthetic wastewater under anoxic feeding.

Bioaugmentation Period

The bioaugmentation period consisted of two phases: a 15-d phase with an initial slug addition of
granules followed by a 25-d phase with continuous daily addition of granules beginning on day
15. Flocs were defined as particles smaller than 425 um, and their SRT was controlled by
wasting solids passing a 425-um sieve. The granular solids retained on the sieve were returned to

the reactor.

The initial slug seeding of sidestream granules was added with an estimated NH3-N oxidation
capacity sufficient to nitrify the daily amount of NH3-N fed to the mainstream reactor after
accounting for assimilatory NH3-N removal. The estimate assumed the same specific NH3-N

oxidation rate measured in the granular sludge reactor treating centrate with excess NH3-N and
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similar DO concentration and correcting for the lower mainstream temperature using a

temperature-activity coefficient of 1.072 (Tchobanoglous et al., 2014).

After the slug bioaugmentation phase, a small dose of granules was added daily during the
continuous bioaugmentation phase. Granule addition was based on the observed sidestream
granule yield for treating 25% of the mainstream nitrogen load as centrate nitrogen, which is a
typical sidestream nitrogen return load to full-scale WRRFs. The Supplemental Information

provides more details on granule addition in this phase.

Post-Bioaugmentation Period

At the end of the bioaugmentation period, granules were removed by sieving the entire reactor
contents. Operation continued with flocculent activated sludge to evaluate the contribution of the
flocculent sludge fraction to nitrification and nitrogen removal in the bioaugmented process.

MLSS was then wasted in a conventional manner for SRT control without sieving.

6.3.3 Ammonia oxidation kinetics

Granular sludge maximum specific NH3-N oxidation activity was measured at 20-22°C with
excess NH3-N and alkalinity and DO concentration greater than 7 mg/L. Activities were
normalized to 20°C as above. The apparent NH3-N half saturation concentration for sidestream
granules was measured in a similar test until NH3-N removal was complete. Data were fitted to a
fourth-degree polynomial regression with R? > 0.999. The apparent half saturation concentration
was calculated from the first derivative of the regression equation. Additional details for these

tests are in the Supplemental Information.
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6.3.4  Analytical methods

NH3-N and NOs;-N were measured by ion-sensing electrode probes (Hach IntelliCAL
ISENH4181 and ISENO3181). TN was determined by persulfate digestion and quantification of
digestate NO3-N as above. NO2-N and PO4-P were measured photometrically using standard test
cuvettes (Hach Methods 10019 and 8048). Alkalinity, pH, TSS, VSS, SVI, COD, and sCOD
(0.45 um-filtered) were determined by Standard Methods (APHA 2012). Outside of control
systems, DO concentration was measured with an optical probe (YSI ProODO). For reactor
cycle profiles and ammonium oxidation kinetic tests, inorganic nitrogen species and PO4-P were

measured in triplicate on a Gallery™ Automated Photometric Analyzer (Thermo Fisher).

Granule morphology was evaluated by stereomicroscopy and image analysis of a minimum
sample of 250 granules. Individual granule sizes were quantified as the equivalent circular

diameter of the measured plan view area.

6.3.5  Molecular microbial analyses

Isolation and quantification of genomic DNA

Sludge samples were stored at -80°C prior to DNA isolation. DNA was isolated in triplicate for
each sample type using the UltraClean Microbial DNA Isolation Kit (MO-BIO, Inc.) with 10 min
of thermal pretreatment at 65°C and bead beating at 4 m/s for 20 s. DNA concentration was

measured using a NanoDrop 1000 spectrophotometer (Thermo Fisher).

High-throughput sequencing of 16S rRNA gene amplicons
DNA samples were normalized to equal concentrations using nuclease-free water and submitted

to a service facility (www.mrdnalab.com) for sequencing of 16S rRNA gene amplicons using the
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MiSeq system (Illumina, Inc.). 16S rRNA gene primers 341F and 805R were used in a single-
step PCR due to their low bias compared to other primer pairs (Hugerth et al. 2014). Additional

details are provided in the Supplemental Information.

Bioinformatics

The UPARSE method (Edgar, 2013) was used for amplicon sequence processing and operational
taxonomic unit (OTU) clustering with USEARCH (Edgar, 2010) version 7.0.1090. Sequences
were truncated at 400 bases, and those less than 220 bases or with greater than 0.5 expected
errors were filtered. Sequences were clustered at 97%, and UCHIME was used to identify and
filter chimeric sequences based on the RDP Classifier (v9) “gold” training database. Taxonomy
for representative sequences was assigned using USEARCH based on the Silva 119 reference

database (Quast et al., 2013). Taxa were summarized by percent abundance of the total reads.

Representative sequences for OTUs at >2% abundance in any sample and that did not receive a
specific genus-level taxonomy assignment with the approach above were queried in GenBank
with BLAST (Zhang et al., 2000). Hits resulting in a single genus-level identification at >95%
coverage, >95% identity and <10'° E-value were taken as the genus-level taxonomy
assignment. Otherwise, higher taxonomic ranks were assigned. For one OTU, taxonomy was
assigned using RDP Classifier (Wang et al., 2007) at the family-level with 95% confidence

threshold and cross-verified in GenBank using the hit-generating sequence’s accession number.

Representative sequences were aligned to the Greengenes core reference alignment (DeSantis et

al., 2006) with PyNAST (Caporaso et al., 2010b) and rarefied based on the lowest number of
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sequences observed in a single sample. Beta diversity was determined by Bray-Curtis (Bray and
Curtis, 1957) and weighted UniFrac (Lozupone and Knight, 2005) distances between samples.
Beta diversity distance is a measure of dissimilarity between samples and ranges from 0 to 1,
with 0 corresponding to identical samples and 1 corresponding to samples with no common
species. Both metrics account for abundance of OTUs within samples. The weighted Unifrac

metric accounts for phylogenetic relatedness of OTUs, while Bray-Curtis does not.

Quantitative PCR (gPCR)

Gene copies of ammonia-oxidizing bacteria (AOB) and Candidatus Nitrotoga (hereafter,
Nitrotoga) nitrite-oxidizing bacteria (NOB) in sidestream granules and mainstream granules at
the end of bioaugmentation were measured by qPCR using amoA4-1F/amoA-2R (Rotthauwe et al.,
1997) and NTG200F/NTG840R (Alawi et al., 2007) primers, respectively. AOB in mainstream
flocs were also measured at different points of bioaugmentation. Results were normalized to

template DNA mass. Additional details and PCR conditions are in the Supplemental Information.

6.4 RESULTS

6.4.1 Sidestream centrate treatment

Growth of NDN-PAO granules was achieved in the centrate treatment reactor with consistent
production of excess granules to support bioaugmentation. The average net influent
concentrations from the centrate/dilution water feed are shown in Table 6.2 along with average
treatment performance for operating days 60 to 140. Daily performance data for this period are
shown in Figure C1 (Supplemental Information). The 40-d bioaugmentation period corresponded

to sidestream centrate treatment days 86 to 126.
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Table 6.2. Sidestream granular sludge reactor influent concentrations and treatment performance
at maximum centrate loading during days 60 to 140. Bioaugmentation occurred during days 86

to 126.
Parameter Units Average 1Std. Dev.
Influent
NH3-N mg/L 227 +14
TN mg/L 272 11
POs-P mg/L 55+16
TSS mg/L 35413
External COD mg/L 782 £29
NH3-N loading rate g/L-d 0.45 £0.03
TN loading rate g/L-d 0.54 £0.02
Centrate dilution factor - 4.8 £0.7
Effluent
NH3-N mg/L 11.2 £14.5
NO2-N mg/L 9.545.5
NOs3-N mg/L 1.8 £05
TN mg/L 31.3£16.0
POs-P mg/L 12.8 £17.6
TSS mg/L 173 £51
VSS/TSS - 0.66 £0.03
pH - 8.0 £0.1
Alkalinity mg/L as CaCOs 535+94
NH3-N removal % 95 +6
TN removal % 88 +6
SRT, MLSS, SVI, and waste solids
SRT total, 7d average d 16 £2
MLSS mg/L 11,000 £1,400
MLVSS/MLSS - 0.70 £0.05
5-min SVI mL/g 22 +4
Effluent TSS mg/d 701 £156
Waste MLSS mg/d 916 £244
MLSS mass >425 um % 94.8 £0.5
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Effluent TN removal averaged 88% at a loading rate of 0.54 g TN/L-d. Nitrogen removal
occurred primarily via nitritation-denitritation in the aerobic period as indicated by the high
effluent NO2-N concentration, average feed COD:TN removed ratio, and lack of granule nitrite
oxidation activity in batch tests (see Supplemental Information for methods). The average feed
COD:TN removed ratio was 3.3, including values as low as 3.0 during optimal performance
periods. In comparison, the COD/N requirement for denitrification of NO3-N is approximately
5.0 (Tchobanoglous et al., 2014) due to its higher oxidation state. Granule nitrite oxidation
activity was nearly zero in batch tests. Anaerobic PO4-P release averaged 0.58 mol P/mol C
indicating that granules were enriched with PAOs (Oehmen et al., 2005). Cycle profiles (Figures

C2 and C3, Supplemental Information) showed high degrees of SND and EBPR.

The average diameter of sidestream granules (Figure 6.1a) was 1.3 mm (£0.6 mm standard
deviation) according to the granular definition in this study of solids retained on a 425-um sieve.
Manual wasting of MLSS accounted for 57% of the average daily solids production. About 95%
of the reactor MLSS mass and 15% of effluent TSS could be retained on a 425-um sieve. The
maximum specific NH3-N oxidation activity of sidestream granules was 10.0 mg N/g VSS-hr,
and their apparent NH3-N half saturation concentration was 2.3 mg/L (Figure C4, Supplemental

Information).
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Figure 6.1. Photomicrographs of (a) sidestream granules, (b) mainstream flocs at the start of
bioaugmentation, in addition to (c) mainstream granules and (d) mainstream flocs at the end of
bioaugmentation (6x magnification and 1mm scale bars).

64.2 Mainstream treatment

Mainstream effluent inorganic nitrogen species concentrations were measured prior to
bioaugmentation, during bioaugmentation, and after granule removal (Figure 6.2). NH3-N
removal beyond assimilation for cell synthesis was minimal before bioaugmentation, and
nitrification was immediately intensified after the initial charge of granules. Effluent pH and
alkalinity during bioaugmentation were at non-inhibitory levels for nitrification and averaged 7.6
and 330 mg/L as CaCOs, respectively. Effluent NH3-N concentrations between 0.6 and 1.7 mg/L

were sustained during the continuous bioaugmentation period with lower values in the last 15
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days. The rate of NH3-N removal decreased at the end of the aeration period as NH3-N
concentration approached 2 mg/L, which was consistent with the apparent half-saturation
concentration of sidestream granules (Section 6.4.1). Effluent NH3-N rapidly increased to pre-

bioaugmentation concentrations when the reactor granules were removed (Figure 6.2).
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Figure 6.2. Mainstream reactor influent NH3-N and effluent NH3-N, NO2-N, NOs-N, and TIN
concentrations during pre-bioaugmentation (a), slug granule bioaugmentation (b), continuous
granule bioaugmentation (c¢) and post-bioaugmentation after granule removal (d). Influent
included 5.5 mg/L of organic nitrogen.

The dominant NH3-N oxidation product shifted from NO2-N to NO3-N over time. The effluent
NOx-N concentration increased from 8.7 to 14.2 mg/L during bioaugmentation, and most of the
removal occurred during the feed/react period. A cycle profile of inorganic nitrogen species on

the final day of bioaugmentation (Figure C5, Supplemental Information) showed rapid and
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nearly complete denitrification by the end of influent feeding. The slightly lower effluent TIN
concentration during the first 20 days of bioaugmentation (Figure 6.2) suggests that some SND

occurred until the NO2-N to NO3-N conversion efficiency increased.

The bioaugmented granules continued EBPR in mainstream treatment; the average PO4-P
concentrations (£ standard deviations) were 43.1 £2.6 mg/L at the end of the anaerobic react time
and decreased to 27.5 £1.1 mg/L in the aeration period. Accounting for estimated denitrification
COD demand, the observed PO4-P release was 0.19 mol P/mol C as detailed in the Supplemental
Information. This indicates that some EBPR activity was sustained but it was much lower than
that of sidestream granules. POs-P removal averaged 4.7 mg/L, but the extent of anaerobic P
release and P removal decreased over the bioaugmentation period (Figure C6, Supplemental
Information). Toward the end of the bioaugmentation period, the 14 mg/L of NO3-N remaining
from the previous cycle would require 70 mg/L of influent COD for denitrification at a COD/N

ratio of 5, which is about equal to the influent feed rbCOD.

A mixture of flocs and granules were maintained in the mainstream reactor (Figures 6.1b-d and
Figure C7, Supplemental Information), and the sieving protocol for selective wasting of
flocculent sludge during bioaugmentation provided good separation of flocs and granules (Figure
C8, Supplemental Information). Mainstream reactor settled sludge bed was stratified with
granules and flocs located at the bottom and top, respectively (Figure C9, Supplemental
Information). Flocculent sludge MLSS and effluent TSS concentrations during bioaugmentation
averaged 900 and 8 mg/L, respectively (Figure C10, Supplemental Information). The granular

sludge MLSS concentration increased from an initial concentration of 3400 mg/L to 5800 mg/L
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at the end of the bioaugmentation period. The average mainstream granule size decreased from
1.3 mm to 0.8 mm (£0.2 mm standard deviation) at the end of the bioaugmentation test. The
particle size distribution was also different from the sidestream reactor granules (Figure C11,
Supplemental Information). Granule-like particles of less than 425 um were observed at the end
of bioaugmentation (Figure 6.1d), which were not present at the start of bioaugmentation (Figure

6.1b).

The total granule mass added to the mainstream was 6.8 g TSS, with 5.9 g added in the initial
slug seeding and 0.9 g added during the continuous bioaugmentation phase. The mainstream
reactor granule mass at the end of bioaugmentation was 11.6 g TSS indicating granule growth in

the mainstream system.

6.43  Molecular analysis of microbial populations

A decreasing trend in normalized amoA gene copy concentration was observed for the
sidestream granules, mainstream granules and mainstream flocs. Normalized amoA gene copy
concentration in sidestream granules was of 2.3x10* £0.3x10* copies/ng template DNA. Values
were successively about one order of magnitude lower in mainstream granules (3.1x10* £0.3x10°
copies/ng) and flocs at the end of bioaugmentation. Flocculent sludge amoA copies increased
marginally during bioaugmentation from 2.5x10% +0.2x10? copies/ng to 4.1x10%> +0.2x10?

copies/ng.

Normalized Nitrotoga gene copy concentrations in sidestream and mainstream granules had an
opposite trend than those of AOB. Nitrotoga gene copy concentration in sidestream granules was

only 6.9x10% +£1.1x10? copies/ng and hence 1.5 orders of magnitude less than AOB. Nitrotoga
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increased to 6.9 x10° £0.5x10° copies/ng in mainstream granules at the end of bioaugmentation,

which was slightly greater than AOB.

Taxonomy assignments for OTUs present at greater than 2% relative abundance in any sample
are summarized in Figure 6.3 for all sludge types. Taxa are presented in order of descending
abundance in sidestream granules. The dominant nitrifying AOB and NOB were associated with
Nitrosomonas and Nitrotoga, respectively. In sidestream granules, average abundance of
Nitrotoga was 0.5% and much lower than that of Nitrosomonas (3.2%). The ratio of Nitrotoga to
Nitrosomonas abundance was low in sidestream granules (0.16) and higher in mainstream
granules (2.0) and flocs (6.5), which agrees with mainstream reactor performance where
nitrification was proceeded primarily to NO2-N in the sidestream reactor (Section 6.4.1) and to
NOs-N in the mainstream reactor by the end of bioaugmentation testing (Figure 6.2). qPCR
measurements and the sequencing-based relative abundances of AOB and NOB showed similar

trends between sidestream granules and mainstream granules at the end of bioaugmentation.

Figure 6.3 shows that distinct heterotrophic populations were associated with each sample.
Sidestream granules were dominated by Haliscomenobacter, Desulfobulbaceae, Ca.
Accumulibacter (hereafter, Accumulibacter), Cytophaga, and Ca. Competibacter (hereafter,
Competibacter) at similar abundances between 11% and 15%. Flavobacterium was the dominant
genera in bioaugmented mainstream sludge and comprised 20% and 32% of mainstream granules
and flocs, respectively. Flavobacterium was also present at 10% abundance in mainstream flocs
before bioaugmentation and 4% abundance in sidestream granules. The abundances of all

leading sidestream granule taxa were lower in mainstream granules and even lower in final
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mainstream flocs with the exception of Accumulibacter, which had similar abundance near 4% in
both mainstream granules and flocs. Other taxa including Dechloromonas, Sphaerotilus,
Halaingium, and Cryseobacterium were present at relatively similar abundances between about
2% and 5% in mainstream granules and flocs. The most significant changes in taxa abundance
for flocs before and after bioaugmentation were a decrease in Mangroviflexus from 13.2% to

0.1% and an increase in Flavobacterium from 10% to 32% as noted above.
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S(i;iestream Mainstream Initial Final Taxonomy Assignment
ranules Granules Floces Flocs
Nitrifiers
32403 0.8+0.1 0.2+0.0 02+0.0 Nitrosomonas
0.5+0.0 1.6 +0.1 0.8 +0.0 1.3+0.1 Ca. Nitrotoga
Heterotrophs
15.0+1.6 6.4-+03 0.4+0.0 1.2+0.1 Haliscomenobacter
144413 1.7+0.2 0.3+0.0 02+0.1 Desulfobulbaceae sp.
13.4+12 4.1+0.3 1.2 +0.1 3.6+0.1 Ca. Accumulibacter
123433 10.4 £1.0. 23402 29402 Cytophaga
10.8 0.9 2.6+0.3 0.1£0.0 0.4+0.0 Ca. Competibacter
3.9+0.1 2004222 9.5+0.1 3 2 Flavobacterium
2.7+0.1 3.1£0.5 0.1+0.0 0.4+0.0 Arenimonas
2.3+0.2 0.7 £0.1 0.5+0.0 0.2 0.0 Hydrotalea
2.140.1 1.9+0.2 0.1+0.0 1.0+0.1 Aquimonas
1.5+0.1 0.9+0.2 22401 1.8+0.2 Verrucomicrobium
0.9+0.1 5304 10.5+04 5.6 +0.2 Dechloromonas
0.9 0.1 5.8+0.2 0.3 +0.0 3.1+0.2 Sphaerotilus
0.9 £0.1 1.9 £0.1 0.9 +0.1 2.1+0.2 Saprospiraceae sp.
0.4 +0.0 1.9+0.0 8.6 0.5 10.1 £0.3 Persicitalea
03+0.1 1.7£0.1 3.6+02 2.1+0.1 Zoogloea
0.3+0.0 0.5+0.0 2.0+0.1 0.2+0.0 Pedobacter
0.1 £0.0 0.1£0.0 132=+1.1 0.1+0.0 Mangroviflexus
0.1 +0.0 0.4+0.0 4.6 +0.1 1.0 0.1 Acinetobacter
0.1 £0.0 0.5+0.0 2.2+0.1 0.6+0.0 Alphaproteobacteria sp.
0.1+0.0 0.2+0.0 2.6+03 7.8+0.5 Cloacibacterium
0.1£0.0 33401 0.5+0.0 3.8+0.1 Haliangium
0.1+0.0 0.9+0.1 53 0.1 3.0%0.2 Ca. Saccaribacteria sp.
0.0+0.0 2.6+0.0 8.8+03 1.8 +0.0 Cryseobacterium
13.1 0.6 20.6 0.9 19.0 0.5 13.6 £0.3 Sum of all others <2%

Figure 6.3. Average percent abundance heatmap of microbial taxa in sidestream granules at the
start of bioaugmentation, mainstream granules at the end of bioaugmentation, and mainstream
flocs at the start and end of bioaugmentation. All nitrifying taxa detected and heterotrophic taxa
with greater than 2% abundance in any granule or floc sample are shown. Taxa are listed in order
of decreasing abundance in sidestream granules. Percent abundance is based on total amplicon
reads with one standard deviation shown for triplicate analyses.
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Beta diversity within and between granule/floc types were compared for sidestream granules and
mainstream granules and flocs at the end of bioaugmentation. Average beta diversity distances
between granule/floc types are shown in Figure 6.4. Distances for comparisons between
granule/floc types were significantly higher than control comparisons within granule/floc types,
and weighted UniFrac distances were consistently less than Bray-Curtis distances for all
comparisons. Beta diversity distances between sidestream and mainstream granules were greater

than distances between mainstream granules and flocs.
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Figure 6.4. Weighted UniFrac and Bray-Curtis distances between sidestream granules (SS GR)
and mainstream granules (MS GR) and mainstream flocs (MS FL). Average beta diversity
distances between granule/floc types are shown with their standard deviation and based on nine
comparison pairs for triplicate samples of each granule/floc type. For control comparisons within
samples of the same granule/floc type, average weighted UniFrac and Bray-Curtis distances were
less than 0.04 and 0.16, respectively.
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6.5 DISCUSSION

6.5.1 Granule growth in mainstream treatment

The increase in mainstream granule mass during bioaugmentation indicates that granules added
were sustained and that granular growth occurred. Selection pressures claimed for growth of
NDN-PAO granules (van Loosdrecht et al., 2005) are 1) a short settling time to favor capture of
fast-settling biomass/granules, 2) a high food/mass (F/M) ratio of readily-biodegradable substrate
in an anaerobic contact period to drive diffusion into the granular biofilm and intracellular
substrate storage, and 3) sufficient shear to form smooth and compact granular biofilms with
little outgrowth. Similar selection pressures are used for growth of granules dominated by
ordinary heterotrophic organisms (OHOs), but with anoxic or aerobic feeding and higher
aeration intensity required to provide sufficient oxygen and shear to form granular biofilms with

the faster-growing OHOs.

Considering these granular sludge selective pressures, aspects of mainstream reactor operation
included elements favorable for new granule growth. In lieu of a short settling time, selection
granular particles was by sieving, which has been previously shown to be effective for granule
selection in absence of settling pressure (Liu et al., 2014a). The short 10-min unaerated feed
period in this study provided high F/M feeding conditions to encourage substrate uptake by
OHOs and storage by PAOs to some extent. Substrate uptake by OHOs would be favored during
feeding with residual NOx-N available from the preceding cycle, while uptake by PAOs or
possibly glycogen-accumulating organisms (GAOs) would occur for substrate remaining in the
anaerobic time after NOx-N was removed. The total gas sparging rate with N> and air on was

slightly higher than in the sidestream reactor (1700 versus 1500 cm?/min). Thus, mainstream gas
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sparging may have provided sufficient shear to promote granule biofilm formation and

discourage unwanted outgrowth.

The granules added were sustained in mainstream treatment and capable of being separated from
flocs, but the reduction in granule size by about 38% suggests some granule disruption, which
was likely due to lower rbCOD concentration in the mainstream feed, longer feed period,
competition from OHO in flocs for influent rtbCOD, and a decline in PAOs in granules due to the
lack of a strictly anaerobic feeding period. Collectively, these factors reduced substrate diffusion
to the granule inner core, resulting in starvation and fragmentation. Therefore, granule growth
could have occurred on smaller granular particles after fragmentation of larger granules.
Granulation from flocs is also a possibility due to the operating conditions discussed above.
Differences in the microbial composition between the sidestream and mainstream granules
(Figures 6.3 and 6.4) supports the contention of new granule growth with primarily OHOs as

affected by the operating conditions in the mainstream reactor.

6.5.2  Nitrification performance

Mainstream effluent NH3-N concentration during the final 20 days of bioaugmentation averaged
1.1 mg/L, which is significantly lower than that achieved in full-scale systems with flocculent
sludge bioaugmentation (Krhutkova et al., 2006; Parker and Wanner, 2007; Salem et al., 2004)
and longer SRTs. A cycle profile on the final day of bioaugmentation (Figure C5, Supplemental
Information) showed that nitrification occurred throughout the aerobic period, with nitrification
rate slowing as the granule apparent NH3-N half-saturation concentration was approached at the
end of the cycle. Methods to provide lower effluent NH3-N concentration include aeration at

higher DO concentration and using a longer aeration time. It is also possible that with continued
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operation and addition of sidestream granules, more nitrifying biomass could accumulate in

mainstream treatment allowing lower effluent NH3-N concentrations.

Although granular mass increased, granule size decreased in mainstream treatment. A smaller
granule allows a higher aerobic surface area for nitrifier growth and thus a greater nitrification
rate if the granules have the same fraction of nitrifiers for a given bulk liquid DO concentration.
For a given bulk liquid DO concentration the smaller granule will also result in a decreased
anoxic volume fraction to reduce the denitrification capacity of internal PAOs (Winkler et al.,
2015). Increased NH3-N oxidation capacity with mainstream granule growth was seen after the
initial slug bioaugmentation period, with effluent NH3-N concentrations decreasing from 3.3 to
2.4 mg/L without further granule addition. However, the mainstream nitrification capacity did
not appear to increase proportionately to the granule mass increase, otherwise effluent NH3-N

concentrations would have been lower.

Heterotrophs were the primary contributor to mainstream granule growth as indicated by
sequencing and qPCR results showing lower AOB abundance in mainstream granules than
sidestream granules. The higher mainstream feed COD/N and availability of NOx-N during
unaerated feeding likely allowed growth of heterotrophs on top of nitrifiers in the granule outer
aerobic layer, which would reduce the granule specific nitrification rate and total nitrification
capacity. However, the effluent NH3-N concentration decreased and completeness of nitrification
increased with time and daily addition of sidestream granules indicating increasing rather than
decreasing nitrification capacity. Therefore, outer heterotrophic growth on bioaugmented

granules was not high enough to critically impact nitrification bioaugmentation effectiveness.
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Another possibility is that sidestream granules or fragments thereof largely maintained their
biofilm composition with nitrifiers on the outer layer, and that newly-grown granules were
formed primarily from flocs and had a different microbial community composition and spatial

distribution with higher heterotrophic abundance, particularly in the outer aerobic layer.

NH;-N oxidation in sidestream granules was primarily limited to nitritation with little NO2-N
oxidation to NOs3-N, which facilitated short-cut nitrogen removal. Sidestream treatment
conditions favoring AOB and hence out-competition of NOB for space on the outer aerobic layer
of sidestream granules may have included 1) free ammonia inhibition of NOB due to elevated
pH and NH3-N concentrations from slug feeding of centrate, and 2) high NH3-N and alkalinity
concentrations to maintain maximum AOB growth rates (Tchobanoglous et al., 2014). The fact
that NO2-N was the predominant NOx-N species in mainstream effluent at the start of
bioaugmentation further showed that sidestream granules had little NOB activity. However,
nitrification in mainstream treatment shifted towards full nitrification and hence to the
accumulation of NO3-N over time. Reduced free ammonia inhibition and greater aerobic surface
area from new granule growth and smaller granules in mainstream treatment likely allowed

greater NOB activity and a transition to complete nitrification.

6.5.3 EBPR and denitrification performance

The sidestream reactor showed high levels of concurrent EBPR and SND, implicating
enrichment of denitrifying PAOs (dPAOs). However, mainstream reactor performance was
characterized by modest EBPR and little SND. Several factors may have contributed to reducing
COD utilization by dPAOs and thus EBPR and SND in mainstream treatment. NOx-N from the

preceding cycle disrupted anaerobic feeding conditions, which are needed to promote the growth
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of PAOs. The influent rtbCOD concentration was 78 mg/L. and approximately equal to the COD
requirement for denitrification of NO3-N remaining from prior cycles. Rapid denitrification
during feeding (Figure C5) suggests OHOs rather than PAOs were consuming influent tbCOD.
Additionally, nitrogen sparging for mixing during deoxygenation and feeding may have induced
surface oxygen transfer and microaerobic conditions during these periods. Another factor
concerns competition between granules and flocs for influent COD, where flocs have an
advantage over granules because of higher specific surface area and shorter substrate diffusion

distances.

Although SND changed over time due to a decrease in dPAO activity, it has to be emphasized
that nitrification capacity was sustained and granules largely remained intact during
bioaugmentation suggesting that granules with dPAOs can persist in mainstream treatment and
serve as a carrier for nitrifying organisms even if mainstream conditions do not sustain dPAO
activity. However, a greater degree of granule-mediated EBPR and SND would be preferred to
enhance nutrient removal performance. A post-anoxic period after effluent withdrawal, as used
for the centrate granule growth reactor, might have decreased anoxic heterotrophic growth after
feeding to allow better substrate uptake by dPAOs and possibly improved SND during the

aerobic period.

6.5.4  Microbial characterization of the different reactor mixed liquors

The results of sequencing-based bioinformatics analyses are valid to use for approximate
microbial distributions in a sample and comparisons between samples, but should be considered

semi-quantitative because they are subject to biases from primer selection, PCR efficiency, and
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differences in the number of 16S rRNA genes copies in bacteria (Hugerth et al., 2014; Lee et al.,

2009).

Two beta diversity metrics were used to assess the similarity of the microbial community
composition in sidestream granules and mainstream granules and flocs at the end of
bioaugmentation. The weighted UniFrac and Bray-Curtis distances (Figure 6.4) for comparisons
showed similar trends but different absolute values with UniFrac distances consistently lower
than Bray-Curtis distances, which is likely because the former accounts for phylogenetic distance
in the beta diversity calculation whereas the latter only considers binary absence/presence of
OTUs. Distances between granule/floc types were significantly higher than control comparisons
within granule/floc types, indicating that unique microbial communities existed in each
granule/floc type. The higher beta diversity distance for the comparison of sidestream and
mainstream granules than that of for mainstream granules and flocs indicates that the microbial
community composition of mainstream granules was more similar to that of the flocs than
sidestream granules. The dominance of Flavobacterium and similar abundances of several other
heterotrophic taxa in mainstream granules and flocs (Figure 6.3) were likely drivers for this

outcome. Additional aspects of microbial populations in the sludge samples are discussed below.

6.54.1 Nitrifying organisms

While AOB were detected in mainstream flocs by molecular microbial analyses, AOB gene
copies and relative abundance in flocs were much lower than in granules. Additionally, near-
complete loss of nitrification occurred after granule removal in the mainstream reactor. Together,

these results suggest that granules were the dominant contributor to nitrification in mainstream
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treatment and that loss of granule nitrifiers was minimal and did not present significant adverse

impacts to achieving nitrification in the bioaugmented process.

A notable aspect of the microbial composition of all sludge samples involved the NOB present,
which were identified as Nitrotoga instead of the more familiar Nitrospira or Nitrobacter.
Nitrotoga was recently identified (Alawi et al., 2007) and has been detected at significant
abundance compared to other NOB in full-scale WRRFs at process temperatures less than 16°C
(Lucker et al., 2015). Its substrate affinity coefficient was higher than Nitrospira and within the
range of Nitrobacter (Nowka et al., 2015). Therefore, transient NO>-N concentrations near 10
mg/L. were favorable for maintaining a small Nitrotoga population in the sidestream biomass,

which allowed for their mainstream growth with bioaugmentation.

6.54.2 Sidestream biomass

Accumulibacter PAOs and possibly Competibacter GAOs were anticipated to be the leading
genera in sidestream granules, but other heterotrophs were present at similar or higher
abundances than these PAOs and GAOs. Haliscomenobacter-associated organisms were most
abundant. H. hydrossis, the only species isolated in the genus, has been found to cause poor
settling and thickening characteristic in some flocculent activated sludge systems due to its linear
filamentous growth structure extending out of flocs (Mulder and Deinema, 2006). H. hydrossis-
like filaments produce extracellular saccharolytic enzymes, which may support a growth niche
on cellular decay products (Kragelund et al., 2008). Thus, Haliscomenobacter may have an
advantage for growth on complex substrates from slowly biodegradable centrate COD or

endogenous decay within granules. If the Haliscomenobacter-associated genus possessed
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filamentous morphology of H. hydrossis, it was neither apparent in microscopic observation nor

from granule settling characteristics.

Sulfate-reducing bacteria (SRB) associated with the family Desulfobulbaceae were second most
abundant in sidestream granules. The presence of 13 mg SO4-S/L from influent MgSO4 addition
could have provided an electron acceptor for Desulfobulbaceae, which were likely continuously
seeded by centrate solids where the upstream anaerobic digester provided ideal growth
conditions. Reduced sulfur compounds were likely present in the centrate. Sulfur cycle-
associated EBPR with NO3-N as electron acceptor has been demonstrated in an anaerobic-anoxic
reactor where known PAOs were not detected and SRB comprised 21% of the microbial
community based on 16S rRNA gene sequencing (Wu et al. 2014). EBPR activity in the reactor
in absence of known PAOs and in the presence of a significant SRB population raised the
possibility that SRB may possess the PAO phenotype. Therefore, Desulfobulbaceae-related
bacteria in sidestream granules may have been mediating denitrifying sulfur cycle-associated
EBPR. Absence of sulfur-oxidizing partners such as Thiobacillus in sidestream granules further

points to this possibility.

6.54.3 Mainstream biomass

The dominance of organisms associating with the genus Flavobacterium in mainstream flocs and
granules suggested that these bacteria were playing a major role in bioconversions in the
mainstream reactor. Physiological capabilities for strains of Flavobacterium corroborate its
suitability for mainstream growth. These capabilities include: a) nitrate reduction, b) degradation
of glucose, gelatin, casein and starch, c¢) ability to grow anaerobically by fermentation of

carbohydrates or yeast extract (Bernardet and Bowman, 2006). All of these substrates were
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present in the mainstream feed (Table C1, Supplemental Information). Additionally, genome
sequencing of F. johnsoniae (McBride et al., 2009) revealed genes encoding for glycogen
synthase (UniProtKB Accession No. AS5FG96), indicating that at least one species of
Flavobacterium possesses ability to convert influent COD to internal glycogen reserves similar
to the GAO metabolism. Dechloromonas, which was present between 5 and 6% abundance in
mainstream flocs and granules, possesses similar carbon storage capability and may express the
PAO (Kong et al., 2007) or GAO (Ahn et al., 2007) phenotypes. Growth of PAOs and GAOs has
been shown to enhance granule formation (van Loosdrecht et al., 2005), and mainstream granule
formation may have been promoted if the more abundant Flavobacterium organisms, in

particular, were functioning as GAOs.

6.6 CONCLUSIONS

e Sidestream nitrifying-denitrifying phosphorus-accumulating granules can be grown on
anaerobic digester dewatering centrate with a high nitrogen loading rate to promote short-
cut nitrogen removal and granule wasting to support bioaugmentation.

e Bioaugmentation with granular sludge (as opposed to flocs) has a much greater impact on
nitrification intensification and performance due to the ability to decouple the granular
sludge SRT from the lower flocculent sludge SRT.

e Bioaugmentation with granules can achieve low effluent NH3-N concentrations in a
system with low temperature and non-nitrifying flocculent sludge SRT.

e After bioaugmentation, granules remained primarily responsible for mainstream
nitrification, and little loss of ammonia-oxidizing bacteria from the bioaugmenting

granules in mainstream treatment occurred.
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e Residual NOx-N present during feeding in the mainstream system resulted in a decrease
in PAO activity from the sidestream seed sludge and limited the dPAO-driven

denitrification capacity.

6.7 SUPPLEMENTAL INFORMATION AVAILABLE

The supplemental information for Chapter 6 is included in this document as Appendix C.
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Chapter 7. CONCLUSIONS AND FUTURE OUTLOOK

Aerobic granular sludge presents a new horizon for activated sludge-based treatment of
wastewaters. To advance the state of knowledge within the industry and provide guidance for
future research, a comprehensive report covering the fundamentals of aerobic granular sludge
growth and its use or biological nutrient removal was prepared for publication by the United
States’ preeminent wastewater research organization. Key concepts, demonstrated treatment
applications and research needs were summarized in Chapter 3. One of the research needs
identified in the report was the subject of this study and involved a novel intensified treatment
process with nitrification bioaugmentation using sidestream aerobic granular sludge. In Chapter
4, three types of nitrifying granules were grown on simulated centrate and evaluated for
mainstream bioaugmentation potential based on granule nitrification capacity yield and physical
characteristics favorable for separation from flocs and selective retention in mainstream
treatment. NIT and NDN-PAO granules showed potential for bioaugmentation, and Chapters 5
and 6, respectively, focused on their use for sidestream centrate treatment and mainstream
bioaugmentation. Collectively, the results indicated that nitrification bioaugmentation with
sidestream granular sludge could sustain nitrification and thus enable nitrogen removal when
combined with biological denitrification in non-nitrifying flocculent activated sludge. Molecular
microbiology analyses provided greater insight into relationships between the granule microbial
community, granule physical characteristics, and the fate of granule biopopulations with
prolonged exposure to mainstream treatment growth conditions. The major findings of this study

along with their engineering significance are presented in more detail below.
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7.1 MAJOR FINDINGS AND ENGINEERING SIGNIFICANCE

This body of research investigated and demonstrated the viability of a novel wastewater
treatment process using different types of nitrifying granular sludge from sidestream centrate
treatment to bioaugment nitrification in flocculent activated sludge and enable nitrogen removal
and low effluent ammonia concentrations at challenging mainstream activated sludge treatment
conditions of low temperature and short flocculent sludge SRT. Effluent NH3-N concentrations
near 1 mg/L were achieved under non-nitrifying flocculent sludge conditions. High sidestream
NH3-N and TN removal efficiencies were achieved with NIT and NDN-PAO granules,
respectively, at similar sidestream TN loading rates near 0.6 kg N/m3-d. These highly-loaded
sidestream reactors would consume minimal site space and installed footprint. The estimated
footprint for sidestream treatment is only 5% of non-nitrifying flocculent sludge mainstream
aeration tanks and much less than the 3- to 4-fold increase that may be required if upgrading to
biological nitrogen removal with flocculent activated sludge and no increase in design MLSS
concentration. Although process development and demonstration at larger scales is required,
sidestream granular sludge bioaugmentation appears to be a promising option to upgrade non-
nitrifying activated sludge treatment plants to nitrogen removal or increase the treatment capacity
at existing nitrogen removal plants without the need to build additional tanks for the mainstream
treatment system. Therefore, sidestream granular sludge bioaugmentation would be an attractive
option for many existing WRRFs lacking nitrification and nitrogen removal or seeking to

increase existing nitrification and nitrogen removal capacity.

The granular sludge bioaugmentation process offers advantages over established technologies to

increase biological nitrogen removal capacity in existing treatment systems. Compared to MBRs,
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the bioaugmentation process eliminates the high operating cost for membrane replacement and
chemical cleaning as well as energy costs to compensate for headloss across the membranes and
membrane air scour. Compared to IFAS, the bioaugmentation process avoids biocarrier capital
costs and higher aeration costs associated with operation at higher DO concentrations in the
range of 4 to 6 mg/L necessary to achieve nitrification in the attached growth biofilm
(Tchobanoglous et al., 2014). Process DO concentrations in laboratory systems were 1.8 to 2.2

and 3.5 to 4.0 mg/L for bioaugmentation with NDN-PAO and NIT granules, respectively.

In both bioaugmentation tests, granule mass at the end of bioaugmentation was greater than that
added as sidestream granules, indicating that the granules added were sustained and that new
granule growth occurred in mainstream treatment. Additionally, granule microbial community
composition changed in mainstream treatment. The mainstream granule microbial community
composition at the end of bioaugmentation testing was unique compared to sidestream granules
and mainstream flocs but more similar to that of the flocculent sludge than the original
sidestream granules. Therefore, bioaugmentation with granular sludge and selective retention of
granules may not only be an approach to enhance nitrification and nitrogen removal without
increasing mainstream reactor tank volume, but also a means of seeding and promoting granular

sludge growth in mainstream treatment.

The ability of the granular sludge to not only persist but also grow in mainstream treatment and
retain suitable nitrification activity to provide low mainstream effluent NH3-N concentrations
raises the question whether bioaugmentation will need to be continued once the mainstream

system is sufficiently charged with granules. This research did not specifically address this
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question because granule bioaugmentation was not ceased in the mainstream system. However,
there is no perceived practical detriment to continuing bioaugmentation at a rate allowed by
granule wasting from sidestream treatment, since ongoing bioaugmentation would provide
greater process safety factor and possibly allow even lower effluent NH3-N concentrations to be

achieved.

The success of these laboratory studies using NIT and NDN-PAO granules suggests that both
granule types are potentially viable candidates for use in mainstream bioaugmentation.
Sidestream NIT granules treating centrate showed higher granule yield and load-normalized
nitrification capacity production compared to NIT granules grown on synthetic wastewater, thus
allowing for mainstream bioaugmentation. However, the sidestream NDN-PAO system had
higher production of granular sludge mass and nitrification capacity and, therefore, might be
favored for implementation at full-scale. The daily maximum NH3-N oxidation capacity for
waste granular sludge is the product of average daily sidestream granule yield and granule
maximum specific NH3-N oxidation activity and was 0.06 and 0.14 g NH3-N/d for waste NIT
and NDN-PAO granules, respectively. Thus, granule nitrification capacity production was
approximately 2.3 times greater in the NDN-PAO system with a NH3-N loading rate similar to

the NIT system.

The cost of providing supplemental alkalinity for NIT granules or external carbon for NDN-PAO
granules could be an additional driver in deciding which granule type to use. Preliminary
evaluations suggest that the cost of using 50% sodium hydroxide for supplemental alkalinity for

sidestream NIT granules is comparable to using undiluted acetic acid for supplemental carbon
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for NDN-PAO granule growth if nitrification is limited to NO2-N as observed in this study. The
cost of acetic acid for NDN-PAO granules would be approximately 60% higher if complete
nitrification occurs in NDN-PAO granules and NO3-N must be denitrified. Average chemical
costs from several municipal procurement bid tabulations across the United States were used in
the evaluation. Chemical costs can vary based on local supply chains, and site-specific costs need
to be evaluated on a plant-by-plant basis. However, the initial evaluation suggested that
supplemental chemical costs for NIT and NDN-PAO granules are roughly cost-competitive with
each other. The ability to beneficially use a zero-cost or low-cost high-COD fermentable waste
stream for NDN-PAO granule growth would be highly attractive. Industrial wastewaters from
food and beverage processing applications could be targeted for this use. Other considerations
related to mainstream phosphorus removal goals would also be important to the selection of

preferred sidestream granule type.

NDN-PAO granules showed a high degree of NOB repression in the sidestream treatment reactor
with NH3-N oxidation primarily to NO2-N only. However, NH3-N oxidation in the bioaugmented
mainstream treatment system gradually shifted to NO3-N over the course of bioaugmentation
testing. This finding suggests that a recirculation of granules between mainstream and sidestream
treatment conditions may be an approach to obtain long-term NOB repression in mainstream
treatment by continually exposing granules to sidestream treatment conditions favoring NOB
repression. Limiting NH3-N oxidation to NO2-N in mainstream treatment would lower the COD
required for nitrogen removal and either allow greater levels of mainstream nitrogen removal at a
fixed influent COD concentration or allow a greater portion of influent COD to be diverted to

anaerobic digestion to maximize methane production and energy recovery.
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The granular sludge bioaugmentation concept described in this work utilizes a sidestream
centrate treatment reactor for nitrifying granule generation. However, the solids handling
processes used at some plants may not produce a high-strength ammonia-laden stream such as
centrate. Examples include incineration, gasification, pyrolysis, and thermal drying. In these
plants where sidestream centrate treatment is not an option for nitrifying granule generation, a
potential alternative could be to generate nitrifying granular sludge on a slipstream of the main
plant flow. This works suggests that a typical centrate nitrogen load near 25% of the total
nitrogen load is suitable to provide granular sludge for mainstream nitrification bioaugmentation.
By extension, a possible approach for plants without centrate would be to treat about 25% of the
main flow in a parallel granular sludge process such as the Nereda® SBR process and

bioaugment granular sludge generated from slipstream treatment to main flow treatment.

7.2  FUTURE OUTLOOK

Based on the success of laboratory bioaugmentation studies, a key thrust of future work involves
scaling-up of the bioaugmentation process. In particular, the following issues should be
addressed: 1) sidestream centrate treatment performance under more variable loadings; 2) the
ability of granules to persist under full-scale pumping and mixing forces, with attention to
changes in granule mass, size, and nitrification oxidation activity; 3) evaluation of different
approaches to separate flocs and granules such as screening, hydrocyclones, or gravimetric
separation; and 4) treatment performance of a bioaugmented mainstream fed municipal primary
effluent or screened and de-gritted wastewater, particularly in a continuous-flow mainstream

system with variable influent wastewater composition.
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A consideration relevant to scaling-up the bioaugmentation process not specifically addressed in
this research concerns the settling behavior of granules in a granule-floc suspension such as that
in the bioaugmented mainstream system. Settling behavior of granules in this suspension may be
different than that in a suspension without a significant flocculent sludge fraction. Typical
flocculent activated sludge MLSS concentrations are in the range of 1000 to 4000 mg/L, and the
presence and concentration of flocculent sludge MLSS could impact the effective settling
velocity of granules in the overall granule-floc suspension. Specifically, the flocculent sludge
could retard the granule settling velocity otherwise observed in absence of flocs by acting as a
physical barrier that must be displaced by the faster-settling granules or by increasing drag forces
through temporary attachment to the settling granules. If granule settling velocity is reduced in
granule-floc suspensions, higher flocculent sludge MLSS concentrations would be expected to
retard granule settling velocity to a greater extent. This potential effect should also be evaluated
with different granule size categories. For example, smaller granules might be impacted to a
greater degree than larger granules. A better understanding of settling behavior in granule-floc
suspensions will inform and enable more effective design and performance predictions for

gravimetric separation of flocs and granules.

Aspects of bioaugmentation using sidestream NIT granules require further research to better
understand the process and optimize its performance. In the current work, sidestream NIT
granule growth and mainstream bioaugmentation reactors were operated at DO concentrations
between 3 and 4 mg/L. Lower process DO concentrations at or below 2 mg/L would be preferred
to increase oxygen transfer efficiency and lower aeration energy demand. Operation at lower DO

concentration is anticipated to especially impact sidestream treatment. On one hand, sidestream
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operation at lower DO concentration may promote NOB repression and out-competition of NOB
by AOB for space in the granule outer aerobic layer due to the AOB’s higher affinity for oxygen
(Tchobanoglous et al., 2014), which would reduce total oxygen demand and aeration energy by
reducing or eliminating NO>-N oxidation. On the other hand, lower process DO concentration is
anticipated to reduce the NH3-N oxidation rate and possibly reduce the allowable NH3-N loading
rate to the sidestream reactor or otherwise require a higher granule biofilm surface area (i.e.,
higher MLSS concentration and SRT) and lower the allowable sidestream granule wasting rate to
support bioaugmentation. Pairing sidestream NIT operation at lower DO concentration with a

sidestream process model would provide insight into tradeoffs of these competing interests.

Another approach to promote greater NOB repression in sidestream NIT granules in combination
with or in absence of lower DO concentration would be operating the sidestream reactor at the
same loading rate but with longer cycle times. In this manner, the NH3-N concentration at the
start of the cycle would be higher and promote NOB repression by free ammonia inhibition
(Tchobanoglous et al., 2014). A tradeoff of this operation is that the influent centrate would
occupy a greater portion of the total influent feed volume and dilution water addition would be
reduced, resulting in a higher sidestream process temperature. The anticipated impacts of this
operation on overall bioaugmentation efficiency are unclear because the effect of sidestream
temperature on bioaugmentation efficiency is not well-understood. However, even if the
sidestream NIT reactor cycle time was increased from 4 hours (as in Chapter 5) to 8 hours, the
dilution water:centrate ratio would be approximately 2:1, and a significant amount of dilution

and cooling would be provided.
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Efforts operate the sidestream NIT reactor with NOB repression and lower DO concentrations
should be considered with awareness of the unintended consequence of promoting anammox
growth and transition to deammonification granules instead of granules performing aerobic
ammonia oxidation only. This transition could adversely impact bioaugmentation due to the
much lower AOB yield in the deammonification process. Sidestream operation at lower
temperatures with dilution water addition and at lower SRTs with granule wasting for
bioaugmentation would ward against anammox growth potential but must be weighed against

potential impacts to allowable sidestream loading rates.

Aspects of bioaugmentation using sidestream NDN-PAO granules also warrant additional
research and were alluded to in the preceding section on engineering implications. Recirculation
of granules between sidestream and mainstream treatment systems to promote sustained
mainstream NOB repression and lower COD requirements for denitrification in the mainstream
treatment system should be evaluated in future work. The use of concentrated high-COD
industrial wastewaters as alternative external carbon sources for sidestream NDN-PAO granule
growth and denitrification was also suggested. The treatment performance, COD/N
requirements, and sidestream granule characteristics with feeding of these elevated COD streams
should be investigated. The high-COD waste stream could be used in two manners: 1) with
preliminary volatile fatty acid production in a separate fermentation process and feeding of
fermentate to the sidestream reactor or 2) with direct addition of the high-COD waste stream to
the sidestream NDN-PAO reactor and fermentation and uptake of COD by PAOs during the
anaerobic feeding step. Readily-hydrolyzable high-COD waste streams such as many food

processing wastewaters could be particularly suitable for direct anaerobic feeding.
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Other approaches could be used to promote NOB repression in mainstream treatment in lieu of
granule circulation between sidestream and mainstream treatment. One approach would be to
operate the mainstream system at lower DO concentrations in continuously-aerated aerobic
zones to favor out-competition of NOB by AOB for space in the granule outer aerobic layer as
discussed earlier in this section. Based on this research, mainstream DO concentration at a
process temperature of 12°C would need to be less than 2.0 mg/L and likely in the range of 0.3 to
1.0 mg/L for possible NOB repression in mainstream granules at DO concentrations that can be
reliably controlled in full-scale systems. Aeration control strategies using oxygen reduction
potential and real-time effluent NH3-N concentration could also be used. Another approach
would be to apply high-frequency cyclic aerobic-anoxic/anaerobic conditions in mainstream
treatment. NOB activity has shown greater lag time compared to AOB activity in response to
aerobic conditions after anoxia (Kornaros et al., 2010), and cyclic aerobic-anoxic conditions
have been associated with NOB repression in both flocculent (Regmi et al., 2014) and granular
sludge (Lochmatter et al., 2014). Operation at lower DO concentrations and/or cyclic aeration
would be expected to improve denitrification potential, but also reduce NH3-N oxidation rates.
Based on this research where nitrification occurred throughout the mainstream aerobic period,
higher effluent NH3-N concentrations would be anticipated at lower DO concentrations in
absence of an increase in granule aerobic SRT. Therefore, these potential approaches to promote
NOB repression in mainstream treatment must be evaluated against reductions in NH3-N

removal and/or increases in bioreactor volume required to achieve effluent NH3-N limits.
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Although the mainstream system with NDN-PAO granule bioaugmentation was envisioned as an
anaerobic-aerobic process with a high degree of EBPR and SND, mainstream EBPR activity was
moderate, and SND was negligible when nitrification proceeded to NO3-N and limited when
nitrification proceeded to NO»>-N. These processes are interrelated because anaerobic feeding
conditions were disturbed by residual NOx-N from preceding cycles with limited SND. While
mainstream wastewater composition and DO concentration may have contributed to this
outcome, another key consideration is that flocs and granules had equal access to influent COD
in the mixed feeding period. In this case, flocs had easier access to COD due to much lower
diffusion limitations. Also, with much lower diffusional distances and biomass density, the
potential for internal anoxic zones during aeration is limited in flocs compared to granules, and
thus the SND potential of flocs is much lower than that of granules. Therefore, mainstream
EBPR and SND performance may be improved by providing granules preferential access over
flocs to influent COD, which could be accomplished in a mainstream process with granule-floc
separation by returning granules to an influent feed zone and flocs to a different zone
downstream of the influent feed zone. This approach is currently being studied by the University
of Washington Department of Civil and Environmental Engineering in a pilot-scale system with

sidestream granule addition.

Development of a comprehensive mechanistic model for the total bioaugmentation process that
includes and links sidestream and mainstream treatment systems would provide greater insight
into performance capabilities and sensitivity to critical parameters including SRT, DO

concentration, and granule capture efficiency. However, a comprehensive model with
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appropriate mechanistic accuracy presents a high degree of complexity and computational

intensity. Considerations in this regard are discussed below.

As covered in greater detail in Appendix A, granular sludge process models to date are based on
user-specified values for a fixed number of granules and a maximum granule radius. In these
models, all solids production occurs as solids detachment from granules when the outward radial
growth dimension exceeds the maximum user-specified value. Thus, established granular sludge
models do not have a waste granular sludge stream, per se, as would be needed for integration
into a comprehensive bioaugmentation process model. One way to model the bioaugmentation
process would be to segregate the sidestream and mainstream models. The sidestream model
could be used to simulate sidestream treatment performance and arrive at a quasi-steady-state
sidestream granule biopopulation spatial distribution. The user would need to adjust the number
of granules in the sidestream model based on the rate of granule wasting for bioaugmentation. A
separate mainstream process model could include a granule addition stream based on the
predicted sidestream granule biopopulation spatial distribution. A dynamic simulation is
necessary for the sidestream granular sludge process due to the changing phases of SBR
operation, and these dynamic simulations may require approximately one year of simulated
operation to reach steady-state conditions (de Kreuk et al., 2007), which can result in significant

computational times on the order of days for typical personal computers.

The separate mainstream process model would need to account for the presence of granules and
flocs. Hubaux et al. (2015) developed a model structure with granules and flocs to simulate a

sidestream deammonification process with anammox granules and retention of flocculent solids
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resulting from detachment from granules as described above. Though a similar structure could be
used to model the mainstream system, the bioaugmentation process introduces additional
complexity not accounted for in the model of Hubaux et al. One is that addition of fresh
sidestream granules must be included. Preferential exposure of granules over flocs to influent
wastewater, as discussed earlier, would be another new aspect to the model. Biofilm models such
as those used to date for granular sludge utilize static biocarrier elements that are fixed within
reactor zones. New modeling approaches would need to be developed to simulate the segregation
of flocs and granules and their conveyance to different mainstream reactor zones. A dynamic
process model would also be required to account for different biopopulation compositions and
associated treatment performance for fresh sidestream granules recently added to the mainstream
treatment system and older granules retained in mainstream treatment. A steady-state model
would ultimately arrive at a uniform mainstream granule microbial spatial distribution, which

may cause inaccurate simulation of mainstream treatment performance.

In light of the complexities and anticipated computational demands of bioaugmentation process
model structures envisioned and discussed above, empirical approaches may provide more
accessible and practical design criteria. For example, nitrification curves have been developed
for MBBRs as a function of BOD loading and DO concentration (Hem et al., 1994; McQuarrie
and Boltz, 2011). Similar curves could be developed for mainstream systems with long-term
granular sludge bioaugmentation. These design curves would comprehensively provide guidance
on the granule biofilm area, MLSS concentration, and aerobic contact time required to meet
NH;-N removal goals. With respect to nitrogen removal, one design approach would be to utilize

empirical curves for granular nitrification bioaugmentation coupled with conventional flocculent
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activated sludge denitrification design (Tchobanoglous et al., 2014) and the assumption of
negligible SND by mainstream granules. This would provide the highest level of conservatism
for denitrification design. Another approach would be to develop empirical design curves for
SND or overall nitrogen removal as a function of BOD loading and DO concentration,
particularly in anaerobic-aerobic granule-bioaugmented processes. This would only be relevant if
a greater degree of SND is observed in future studies of granular sludge, unlike this research

where SND was limited in laboratory mainstream reactors.
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The publication associated with Water Environment and Resuse Foundation Project No.
NUTRSR14h is presented in its published format as Appendix A. The 180-page document
contains 10 chapters. A table of contents can be found in the introductory section following the
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Abstract and Benefits

Abstract:

Aerobic granular sludge is generally described as approximately spherical self-formed biofilms of 0.50 to
2.0 mm diameter with settling velocities at least 10 times that of flocculent activated sludge. Granular
sludge systems can be operated with much higher mixed liquor suspended solids (MLSS) concentrations
than flocculent activated sludge systems and can provide biological nutrient removal (BNR) in simpler
process configurations. This document provides a comprehensive review of fundamental aspects of
selector mechanisms for granular versus flocculent sludge growth, types of aerobic granular sludge and
microbial compositions, and experience with aerobic granular sludge BNR processes performing
simultaneous nitrification, denitrification, and enhanced biological phosphorus removal (EBPR).

Bench-scale and full-scale experiences of various aerobic granular sludge process configurations,
operating conditions, and BNR performance are summarized. High nitrogen and phosphorus removal
efficiencies have been shown for full-scale aerobic granular sludge facilities treating municipal
wastewaters. Full-scale plant performance has demonstrated the ability to meet a summer effluent
permit limit at the Epe Sewage Treatment Plant located in the Netherlands for total nitrogen (TN) and
total phosphorus (TP) of less than 5.0 mg/L and 0.3 mg/L, respectively. The winter permit limits of less
than 12.0 mg/L and 0.5 mg/L for TN and TP, respectively, were also met. Other facilities showed a similar
range of performance for nutrient removal. These facilities had favorable influent wastewater
characteristics for biological nitrogen removal with BOD/total Kjeldahl nitrogen (TKN) ratios of 4.0 to 4.5
and BOD/TP ratios of 30 to 36. The effluent permit requirements for these plants were not as low as the
more common stringent effluent nutrient concentration limits set in the United States of 3.0 mg/L TN
and 0.1 mg/L TP. Even lower TN and TP effluent concentration limits have been set for some water
resources recovery facilities (WRRFs) in the United States. The ability to meet these lower TN and TP
concentrations is yet to be tested and demonstrated for aerobic granular activated sludge systems.

The current full-scale aerobic granular sludge BNR facilities in operation are upflow fed, sequencing
batch reactor (SBR) processes. Energy savings of approximately 25% are expected for these aerobic
granular sludge SBRs compared to continuous flow flocculent activated sludge systems designed for
similar effluent concentrations. Other granular sludge process configurations are being considered,
including methods to advance granular sludge growth in existing continuous-flow flocculent activated
sludge systems and bioaugmentation processes.

Granular sludge BNR systems offer similar resource recovery opportunities of energy, nutrients, water,
and biosolids as that of flocculent activated sludge BNR systems. In addition, granular sludge offers the
potential to recover alginate-like biomaterial for use in commercial and industrial applications.

This document also presents a number of research needs for this relatively recent activated sludge
process including impacts of wastewater characteristics, aeration design issues, other process
configurations and applications, micropollutant removal, solids handling, and resource recovery.
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Benefits:
e Summarizes physicochemical characteristics and microbial diversity of aerobic granules.

e Describes fundamental selective pressures for aerobic granular sludge growth and the influence of
common operation parameters on aerobic granular sludge growth.

e |dentifies different types of aerobic granules and provides an overview of prior laboratory research
with regard to nutrient removal performance.

e Describes the only full-scale aerobic granular sludge process for nutrient removal and performance.
e Describes the resource recovery potential for aerobic granular sludge systems.

e Summarizes process models that have been used for aerobic granular sludge systems.

Keywords: Aerobic granular sludge, biological nutrient removal, enhanced biological phosphorus
removal, nitrogen, phosphorus, nitrification and denitrification.
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Executive Summary

The purpose of this document is to provide the reader with a comprehensive review of aerobic granular
sludge for biological nutrient removal (BNR). The following topics were addressed in detail:

1) physicochemical characteristics of aerobic granular sludge; 2) selective pressures for aerobic granular
sludge growth; 3) the effect of different operating conditions on granular sludge growth; 4) microbial
diversity in aerobic granular sludge; 5) nutrient removal in bench-scale systems; 6) removal of
micropollutants and industrial chemicals in bench-scale systems; 7) full-scale aerobic granular sludge
process applications and nutrient removal performance; 8) modeling of aerobic granular sludge
processes; 9) resource recovery opportunities; and 10) research needs. This section summarizes the key
information pertaining to these aspects of BNR and resource recovery with aerobic granular sludge.

Physicochemical Characteristics of Aerobic Granules

Aerobic granular activated sludge can be described as an attached growth or biofilm process where
carrier media is not required and rapidly settling microbial granules are formed via the application of key
selective pressures. Aerobic granules are typically 0.5 to 3 mm in diameter. The higher settling velocity
of granular activated sludge compared to flocculent activated sludge is attributed to its larger particle
size and more compact spherical morphology resulting in a settling regime that more closely resembles
discrete settling rather than hindered settling (Section 2.3). This is made apparent by low sludge volume
index (SVI) values between 30 and 50 mL/g, where the ratio of the settled sludge volume at five minutes
to that at 30 minutes (SVIs/SVlso) is approaching 1.0. In comparison, well-settling flocculent activated
sludge would be expected to have an SVl near 100 mL/g and SVIs/SVIsg ratio from 1.6 to 2.0. A range of
granule sizes and densities has been shown for full-scale granular sludge systems, with stratification of
granules of different size and density in a settled sludge bed based on settling velocity.

A channelized protein-polysaccharide composite matrix distinguishes granular sludge from flocculent
sludge, and polysaccharides appear to be the main structural element of this matrix that allows aerobic
granules to share characteristics of hydrogels including viscoelasticity and capacity for swelling and
deswelling by absorption and desorption of water (Section 2.7). In aerobic granular sludge BNR systems
treating domestic and synthetic wastewaters, the key structural extracellular polymeric substance (EPS)
resembles alginate and contains charged moieties. However, other systems may contain a different
structural EPS backbone. Consistent with the alginate theory of bioflocculation, the presence of divalent
cations, particularly Ca?*, can facilitate granulation. EPS extracts have some features similar to
commercial alginate and consequently the term “alginate-like exopolysaccharides” has been adopted to
most accurately refer to this component of aerobic granular sludge. Harvesting this alginate-like
biomaterial for industrial applications is a resource recovery option unique to aerobic granular sludge.

Selective Pressures for Aerobic Granular Activated Sludge

Several key selective pressures and fundamental principles for aerobic granular sludge selection and
growth have been identified (Section 3.2). The liquid-solids separation is designed to allow retention of
mainly the larger and faster-settling granules over smaller and slower-settling flocs. When significant
biodegradable chemical oxygen demand (COD) is present in the influent wastewater stream, the COD
feeding regime should expose granular biomass to a high COD concentration. A feeding regime of this
nature promotes substrate penetration into the granule core and helps to avoid diffusion-limited growth
conditions, which are not favorable for granular sludge growth. Under diffusion-limited growth
conditions, granular sludge is not stable and filamentous or finger-like outgrowths occur. This
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detrimental growth condition can result in reactor failure by washout of the poor-settling filamentous
granules. Growth must also not be limited by diffusion of other co-substrates such as O, or NOx-N.
Sufficient shear must be provided in proportion to microbial growth rate, with faster-growing organisms
requiring higher shear to form a smooth and compact granule biofilm morphology.

Operating Conditions in Granular Sludge Reactors with N and P Removal

Aerobic granules can be grown under a wide variety of operating conditions (Section 3.4). At the bench
scale, a variety of granule types, including N and P removing granules, nitrifying-denitrifying granules,
and aerobic ammonia- and/or nitrite-oxidizing granules, have been grown under different combinations
and degrees of elective pressures depending on operating conditions. Thus far, granules performing
nitrogen removal and enhanced biological phosphorus removal (EBPR) have been used in the full-scale
application of aerobic granular sludge at practical operating conditions. An essential element of this
operation, which was first investigated at the bench-scale, is an anaerobic period where influent
wastewater is fed through the settled sludge bed in an upflow regime. This feeding mode facilitates
granulation by exposing the biomass to higher substrate concentrations, minimizing diffusion-limited
growth conditions, and selecting for slower-growing phosphorus-accumulating organisms (PAOs) and
glycogen-accumulating organisms (GAOs) in lieu of ordinary heterotrophic organisms (OHOs), which
reduces the shear necessary to form smooth and compact granular biofilm structures. Particulate
matter in the influent is sorbed to the granule surface (Section 3.4.1), and it is important that a high
degree of anaerobic hydrolysis occurs for particulate biodegradable COD (pbCOD) in the influent,
allowing for COD assimilation by PAOs and/or GAOs. Incomplete anaerobic hydrolysis of pbCOD will
result in the presence of pbCOD at the granule surface during the subsequent aerobic period, leading to
aerobic hydrolysis and the slow release of readily biodegradable COD (rbCOD). During aerobic
conditions, the presence of residual rbCOD in the bulk liquid or non-degraded pbCOD sorbed to the
granule surface promotes filamentous outgrowths from the granule that are detrimental to granule
morphology, settling velocity, and stability, and that cause higher effluent total suspended solids (TSS)
concentrations (Section 3.6).

Although PAOs and GAOs both have denitrification capability, selection mainly for denitrifying PAO
granules is preferred for more efficient use of influent carbon for nutrient removal, because influent
bCOD removed by PAOs can be used for both nitrogen and phosphorus removal, whereas GAOs do not
provide EBPR. A strategy for selecting PAOs over GAOs in granular sludge has been developed based on
differences in settling velocity between GAO- and PAO-enriched granules. GAO-enriched granules have a
slower settling velocity than PAO-enriched granules of equivalent size due to the lower GAO bacterial
density. Consequently, GAO-enriched granules tend to be located at the top of the settled sludge bed
while PAO-enriched granules tend to be located at that bottom of the settled sludge bed. Wasting the
slower-settling top portion of the sludge bed has been demonstrated to improve EBPR performance by
selectively removing GAO-enriched granules and retaining PAO-enriched granules (Section 3.4.8).

Microbial Diversity and Spatial Distribution in Aerobic Granular Activated Sludge for N and P Removal

Operation conditions in aerobic granular sludge systems with anaerobic feeding followed by aeration for
simultaneous nitrification-denitrification and EBPR results in the selection and spatial distribution of key
microbial groups. PAOs and GAOs are the dominant members of the granule microbial community and
together have accounted for as much as 85% of the granule microbial population (Section 4.1). Both
Accumulibacter and Tetrasphaera PAOs have been detected in these granules, with the former being
more abundant than the latter, while Competibacter has been the only GAO detected. The participation
of both PAOs and GAOs in the reduction of NOs-N to N, has been observed. Results of independent
studies indicate GAOs are primarily responsible for the reduction of NOs-N to NO2-N while PAOs are
primarily responsible for the reduction of NO»-N to N,. With respect to ammonia oxidizing bacteria
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(AOB) and nitrite oxidizing bacteria (NOB), granules treating domestic wastewaters have been shown to
contain both Nitrosomonas and Nitrosospira as well as Nitrobacter and Nitrospira (Section 4.2). The
concomitant presence of these genera has been attributed to the availability of suitable niches within
the granular biofilm and dynamic process cycle. The ratio of NOB to AOB in granular sludge has been
found to be higher than otherwise expected based on the conventional stoichiometry of the lithotrophic
oxidation of nitrite. Phenomena that may contribute to this observation include the mixotrophic growth
of Nitrobacter and the existence of a nitrite oxidation—nitrate reduction loop between NOB and
heterotrophic denitrifiers that reduce NOs-N to only NO>-N. OHOs are also present and may contribute
to nitrogen removal in PAO/GAO-dominated anaerobic-aerobic granular sludge (Section 4.3). These key
microbial groups are distributed spatially in the granule (Section 4.5). PAOs and GAOs are located in
both the oxygen-penetrated outer layer and inner anoxic region, where their previously stored internal
carbon, obtained during anaerobic feeding, is oxidized with oxygen or NO-N as the electron acceptors
according to the redox conditions in the granule. Because their metabolisms require aerobic conditions,
AOB and NOB must inherently be located on the oxygen-penetrated outer layer of the granule. OHOs
are present in the oxygen-penetrated outer granule layer where they can grow on endogenous decay
products and residual influent bCOD that may remain following anaerobic feeding. Similarly, OHOs in
the inner anoxic region can use endogenous decay products for NOx-N reduction. Depending on bulk
liquid dissolved oxygen (DO), NOx-N concentration, and the rate of mass transport and biological
reactions inside the granule, an innermost anaerobic region may permanently or transiently exist.

Full-Scale Aerobic Granular Sludge Process Applications

Fundamental research on aerobic granular sludge growth has led to the development of the innovative
full-scale Nereda® sequencing batch reactor process for biological nitrogen and phosphorus removal
(Chapter 7). In this process, influent wastewater is fed slowly through an anaerobic settled sludge bed in
an upflow regime, and simultaneously, treated effluent overflows at the top of the reactor. After the
feeding period, an aeration period is used for simultaneous nitrification-denitrification and EBPR. After
NHs-N is reduced to target levels, DO concentration may be lowered from approximately 2.0 mg/L to 0.5
mg/L. Anoxic recycle periods may also be introduced to increase N removal. Though the majority of P
removal is achieved biologically under normal flows and loads, metal salts may be added to supplement
EBPR during wet weather in order to reduce the required cycle time to meet effluent limits (Section 7.1).
Mixed liquor suspended solids (MLSS) in Nereda® reactors are dominated by granular sludge, but the
slow upflow feeding regime allows some flocs to remain present in the system. Particles less than 212
pm may represent approximately 10 to 15% of the MLSS mass (Section 7.2.2). These particles do not
appear detrimental to the process and may contribute to TSS removal by sludge blanket filtration during
the period of simultaneous and effluent overflow. Cultivation of mature granular sludge from flocculent
seed sludge may take approximately one year, but this duration can be affected by temperature and
wastewater characteristics and can be reduced if a significant amount of granular seed sludge is
available.

Nereda® facilities have demonstrated high N and P removal efficiencies and the ability to meet different
levels of effluent nutrient removal requirements as applicable to the operating facility (Section 7.2.4).
Effluent discharge limits at the Garmerwolde and Vroomshoop facilities (Netherlands) are similar to
what would be considered BNR-level requirements in the United States. Effluent concentrations for
sustained operational periods at these facilities were as follows: 6.9 and 7.2 mg/L total nitrogen (TN),
1.1 and 2.2 mg/L NHs-N, approximately 0.9 mg/L total phosphorus (TP) at both facilities, 0.4 and

0.6 mg/L PO4-P, and 20 and 10 mg/L TSS, respectively. These effluent concentrations were achieved
without effluent filtration and with wet-weather addition of metal salts for chemical phosphorus
removal. Effluent NHs-N limits at these facilities allowed for a modest NHs-N residual to remain present.
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The Epe Sewage Treatment Plant (Netherlands) is operated to meet more stringent effluent limits.
During a three-month performance verification period at a process temperature of 14 to 16°C, the
average effluent at this facility was <4.0 mg/L TN, 0.1 mg/L NHs-N, 0.3 mg/L TP, 0.1 mg/L PO4-P, and
<5.0 mg/L TSS. These effluent concentrations were achieved with effluent filtration and wet-weather
metal salts addition. Influent wastewater characteristics were favorable for nutrient removal at these
facilities, with influent five-day biochemical oxygen demand (BOD)/N ratios between 4.0 and 4.5 and
BOD/P ratios between 30 and 36. A pilot facility treating municipal primary effluent where the BOD
concentration was less than 100 mg/L demonstrated excellent cold-weather nitrification and EBPR
performance. During a two-week period in which temperature was 3.0 to 4.5°C, NHs;-N concentration
was less than 0.6 mg/L. The effluent PO4-P concentration was less than 0.4 mg/L and often near

0.1 mg/L without supplemental volatile fatty acid (VFA) or metal salts addition. However, concentrations
of the influent and effluent N species were not reported; therefore, a complete picture of nutrient
removal performance is not available for this system treating a low-strength primary effluent.

Compared to conventional flocculent activated sludge processes, attractive aspects of the Nereda®
granular activated sludge process include reductions in space and energy requirements (Section 7.4). A
lower space requirement is achieved due to the elimination of secondary clarifiers, preferential
utilization of deep sequencing batch reactor (SBR) tanks, high MLSS concentrations (8—12 g/L), and short
settling times that can be employed with granular sludge and an upflow feeding regime. Energy savings
in the Nereda® process can be expected due to the elimination of mechanical equipment such as mixers,
internal recycle pumps, and return sludge pumps and efficiencies in oxygen transfer gained through the
preferential use of deep tanks. It is also likely that aeration energy savings are achieved via periods of
low DO concentration that may be introduced in the reactor cycle after the target NH3-N concentration
has been achieved. Advantages of the Nereda® process must be weighed against limitations or special
considerations (Section 7.5) related to: 1) the ease of retrofitting existing facilities, 2) process start-up
and granule development, 3) appropriate waste sludge management to ensure the wasting of PAOs and
adequate P removal, and 4) instrumentation needs.

Process Models for Aerobic Granular Sludge

Mechanistic models for aerobic granular sludge processes have been developed and applied for
different laboratory-scale aerobic granular sludge systems (Chapter 8). Well-established one-
dimensional biofilm models, including mass-transport and biological reaction processes using
stoichiometric and kinetic parameters similar to those included as examples in the activated sludge
model (ASM) series, have been appropriate to simulate reactor nutrient removal performance.
Simulation of combined EBPR and nitrogen removal has been limited, and no models have been
developed and applied for calibration and validation to the performance of full-scale facilities treating
municipal wastewater using either a uniform granule size or including flocs and a distribution of granule
sizes in the model formulation.

Resource Recovery with Aerobic Granular Sludge

Resource recovery opportunities with aerobic granular sludge include those that are shared with
flocculent activated sludge as well as a unique opportunity to harvest alginate-like biomaterial from
waste granular sludge. A self-evident resource recovery opportunity is water reuse. Other resource
recovery opportunities utilize the granular activated sludge solids stream (Chapter 9). Methane
production from the anaerobic digestion of waste sludge is another resource recovery option. Waste
granular activated sludge from the full-scale Nereda® Epe facility exhibited 42% VS destruction in lab-
scale mesophilic digestion at a 20-day solids retention time (SRT), which is within the range that would
be expected for the anaerobic digestion of waste activated sludge (WAS). Lab-scale thermal pressure
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hydrolysis pretreatment at 160°C for 2 hours and 6—8 bar pressure improved the VS destruction from 42
to 48%. Nutrient recovery via land application of biosolids or biochar is an additional resource recovery
option, along with the potential for the production of crystalline phosphorus fertilizers. Alginate-like
biomaterial has the potential to be a newly realized marketable resource recovery product for WRRFs
not otherwise found with conventional flocculent sludge. Initial investigations of the recovery of
alginate-like biomaterial from Nereda® excess sludge have been promising, but also showed that
extracts contained as much as 40% protein. Specific suitable commercial and industrial outlets for this
material have yet to be defined. One possible use is as a thin-film water-resistant barrier in surface
coating applications for paper, paper products, and gypsum board.

Research Needs

This review revealed numerous aspects of wastewater treatment and the intensification of the existing
infrastructure using aerobic granular activated sludge that have not been addressed (Chapter 10). The
following topics are recommended for future research:

e The effect of influent wastewater characteristics on granular sludge growth, particularly the strength
and relative fractions of readily biodegradable and particulate biodegradable COD.

e The ability to achieve effluent TN and TP concentrations less than or equal to 3.0 and 0.1 mg/L,
respectively, and the operational strategies necessary to achieve these low nutrient concentrations
with different wastewater characteristics.

e The effect of variable loads on granular sludge SBR performance, design, and process control.

e The expansion of existing aerobic granular sludge process models to simulate the treatment of
domestic wastewaters and pH and other physical-chemical phenomena observed in lab systems
such as granule-mediated phosphorus precipitation and ammonium ion exchange. If research shows
hybrid systems containing flocs and granules to be viable, the competition of bacteria in flocs and
granules should be included in hybrid system models.

e The characterization of oxygen transfer and alpha factors in aerobic granular sludge systems.

e The impact of granular activated sludge on downstream processes including filtration and
disinfection.

o The fate of micropollutants in aerobic granular sludge systems.

e New process applications for aerobic granular sludge including granule growth in continuous flow
systems, granular sludge bioaugmentation to increase the nutrient removal capacity in existing
flocculent activated sludge systems, and the use of granules in separate wet-weather treatment
biosorption processes to improve water quality.

o The thickening and dewatering properties of granular sludge before and after digestion.

e Resource recovery, including the impact of granular sludge on hydrolysis and the methane yield in
anaerobic digestion, phosphorus recovery from granular WAS, and the processing and
commercialization of alginate-like EPS extracts from waste granular activated sludge.
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Outlook

The outlook for aerobic granular sludge is positive, and its potential for use in WRRFs with nutrient
removal requirements, seeking to maximize the treatment capacity of existing infrastructure or a small
footprint and/or to implement resource recovery, is promising. With greater awareness of aerobic
granulation mechanisms and broadened understanding of performance capabilities, research needs, and
potential applications, the increased use of aerobic granular sludge-based wastewater treatment and
resource recovery is anticipated.

ES-6 Water Environment & Reuse Foundation



CHAPTER 1

Introduction

Granular activated sludge presents a major change from the flocculent activated sludge that has been
used for over 100 years since its introduction by Ardern and Lockett (1914) on April 3, 1914, to the
Society for Chemical Industry in Manchester, England. Interest in this century in using granular activated
sludge for biological nutrient removal (BNR) has been growing since the first full-scale aerobic granular
activated sludge system was commissioned in 2011 in Epe, the Netherlands, for biological nitrogen and
phosphorus removal. In contrast to “flocs,” which are defined as loose and permeable aggregates
composed of bacteria colonies enmeshed in extracellular polymeric substances (EPS), granular activated
sludge contains bacteria and EPS in a more compact dense structure approaching a more spherical
morphology (Hubaux et al., 2015). Because of the differences in morphological and physicochemical
properties, granular sludge exhibits much faster discrete settling rates compared to the hindered
settling rates of flocculent activated sludge. As a result, granular sludge systems can operate at much
higher mixed liquor suspended solids (MLSS) concentrations and require more compact biological
process designs. In addition, the phosphorus uptake for enhanced biological phosphorus removal (EBPR)
and nitrification/denitrification for nitrogen removal can occur within granules in a single aerobic tank
without separate reactor zones and internal recycle streams.

The first application of granular sludge occurred in anaerobic treatment. In 1969, Young and McCarty
initially reported the presence of sludge granules in an upflow attached-growth anaerobic filter. During
the 1970s, Lettinga and colleagues exploited anaerobic sludge granulation to develop the upflow
anaerobic sludge blanket reactor (UASB; Lettinga et al., 1980). Subsequent modifications to the UASB
aimed to improve treatment for lower strength wastes and lower process temperatures. These
modifications included hydraulic distribution improvements, effluent recirculation, and an increase in
the reactor height-to-diameter ratio, thus creating the expanded granular sludge bed reactor (EGSB),
which operates at higher upflow velocities (>6 m/hr) and organic loading rates (10-30 kg/m3/d) than the
UASB. Unlike the UASB, flocculent sludge is washed out of the EGSB (Schmidt and Ahring, 1996;
Seghezzo et al., 1998). These anaerobic granular sludge processes have been successfully applied to
treat high strength industrial and agricultural wastes [>1000 mg chemical oxygen demand (COD)/L] and
municipal wastewater in warm climates. As of 2013, there are reportedly about 2000 UASB and 1500
EGSB installations worldwide (Tchobanoglous et al., 2014). A more comprehensive review of anaerobic
granular sludge can be found in other sources (Lim and Kim, 2014; Seghezzo et al., 1998).

During the latter half of the 1990s a new anaerobic granular sludge application was developed when it
was found that anammox bacteria could grow and be maintained in systems with anammox granular
sludge. In 1995 came the first reports of biological anaerobic ammonia oxidation with nitrite (Mulder et
al., 1995; van de Graaf et al., 1995) by what are now commonly referred to as anammox bacteria
involved the growth of anammox bacteria in fixed-film reactors. By 1998, the growth of anammox
granules in a sequencing batch reactor (SBR) was achieved (Strous et al., 1998). Between 2004 and 2010,
a number of anammox granular sludge processes were implemented at full scale for the treatment of
warm, ammonium-rich anaerobic digestion dewatering reject streams (Bowden et al., 2015; van der Star
et al., 2007; Wett, 2006). These processes have become common, and current research efforts are
focused on applying anammox processes for nitrogen removal in colder, low-strength wastewaters (Hu
et al., 2013a; Wett et al., 2013). A greater understanding of anammox organisms and their metabolism
and kinetics has occurred, along with an understanding of engineering for full-scale applications,
including findings that growth doubling time can be as low as 3.3 days instead of the 14 days originally
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thought to be the growth doubling time (Lotti et al., 2014) and that anammox is capable of dissimilatory
nitrate reduction by using propionate or acetate as the electron donor (Gliven et al., 2005; Kartal et al.,
2007a; Kartal et al., 2007b). Selective pressures for the development of anammox granular sludge
include (a) maintenance of granules over flocs by short settling times, size separation by screening, or
size and density separation by cyclones; (b) a low growth rate [long solids retention time (SRT)] for the
anammox bacteria; (c) sufficient concentration of calcium and/or magnesium; and (d) exposure to low
concentrations of dissolved oxygen (DO; Lotti et al., 2014; Oshiki et al., 2013; van der Star et al., 2008).
The reader is referred to additional sources for more comprehensive information on anammox granules
(Hu et al., 2013b; Jetten et al., 2009; Jin et al., 2012; Kuenen, 2008; Lackner et al., 2014; Van Hulle et al.,
2010) and to a WE&RF report summarizing anaerobic digestion sidestream anammox treatment
processes for nitrogen removal (Bowden et al., 2015).

Though the first report on granular sludge grown in an aerobic environment was by Mishima and
Nakamura in 1991, in which they observed 2-8 mm diameter granules in a pilot-scale UASB, the
cultivation of aerobic granular sludge in a lab-scale SBR by Morgenroth et al. in 1997 appears to be the
launching point for the development of aerobic granular activated sludge processes. Early stages of
research on aerobic granular sludge were done by groups at Delft University of Technology, the
Netherlands (Beun et al., 1999, 2000a, 2001, 2002a) and Nanyang Technological University, Singapore
(Jiang et al., 2002; Liu and Tay, 2002; Liu et al., 2002a; Moy et al., 2002; Tay et al., 2001a, 2001b, 2002a,
2002b). A key step in the development of the aerobic granular sludge SBR process for simultaneous BOD
and nitrogen removal, as well as enhanced biological phosphorus removal (EBPR), was the progression
from lab studies to a pilot plant demonstration led by de Kreuk, van Loosdrecht, and colleagues (de
Kreuk, 2006) at a water resource recovery facility (WRRF) in Ede, the Netherlands in 2005. This was
eventually followed by the development of the commercially available Nereda® process (Giesen et al.,
2013), with the first full-scale demonstration facility, in Gansbaai, South Africa, commissioned in 2009.
The first European installation was in 2011 at a WRRF in Epe, the Netherlands, which is not far from the
location of the initial pilot plant demonstration in Ede, the Netherlands. Two major advantages shown in
the current full-scale aerobic granular sludge system installations include 1) less energy and 2) less space
and tankage due to having a higher biomass concentration and greatly reduced settling time for liquid-
solids separation. These and other advantages of aerobic granular sludge specific to the Nereda®
process are discussed in Section 7.4.

Although the Nereda® aerobic granular sludge process involves combined biological nitrogen and
phosphorus removal with their associated specialized microorganisms present in the granule microbial
community, a variety of other aerobic granule types have been cultivated at the bench scale. These
include granules performing nitrification-denitrification in the absence of EBPR (Beun et al., 2001; Chen
et al., 2013), ammonia oxidation to nitrate (Tay et al., 2002c; Tsuneda et al., 2003), ammonia oxidation
to nitrite (Lopez-Palau et al., 2011; Vazquez-Padin et al., 2010b), and nitrite oxidation to nitrate (Ni et al.,
2011; Vazquez-Padin et al., 2009). Early aerobic granular sludge studies only reported COD removal
(Moy et al., 2002; Tay et al., 2002b), but it is likely that both nitrification and denitrification also
occurred in those studies due to the thickness of the activated sludge granules and the effects of a
decreasing DO concentration profile from the bulk liquid to the granular sludge interior.

The development and application of granular sludge technology is less mature compared to other
aerobic biological processes, and there are many features with regard to granule selection, physical
characteristics, and microbial composition that are unique to granular sludge systems. The purpose of
this document is to provide information on aerobic granular sludge with regard to the fundamentals of
growth conditions and its physical, chemical, and biological characteristics, types of applications
employed, current state-of-art process designs for BNR, the potential for resource recovery, and
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research needs. Chapter 2 discusses physicochemical characteristics of aerobic granular sludge.

Chapter 3 discusses fundamental conditions leading to the selection of aerobic granular sludge and the
effect of environmental factors on granule characteristics. Chapter 4 describes the microbial populations
observed in aerobic granular sludge. Chapters 5 and 6 review results of bench-scale studies with aerobic
granular sludge. Chapter 7 presents an overview of full-scale applications of aerobic granular sludge in a
SBR process. Aerobic granular sludge process models are discussed in Chapter 8. Resource recovery
opportunities and research needs are discussed in Chapters 9 and 10, respectively. The key findings of
this report are summarized in Chapter 11.
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CHAPTER 2

Physicochemical Characteristics of
Aerobic Granular Sludge

In this section, distinguishing physicochemical characteristics of aerobic granular sludge are reviewed.
These characteristics include size, morphology, structure, settling velocity, density, strength,
composition, and the role of EPS, hydrophobicity, starvation and reactivation capability, and sorption
capacity. Key methods that have been used to characterize granules are summarized.

2.1 Size and Morphology of Aerobic Granular Sludge

Aerobic granules are roughly spherical with a typical shape factor and aspect ratio of 0.7-0.8 (Beun et al.,
2000a, 2002a). These dimensiononless parameters are used to describe the plain view shape of
particles, independent of their size. For both parameters, lines have a value of 0 and perfect circles have
a value of 1. A range of granule diameters, typically less than 5 mm, can be found in aerobic granular
activated sludge systems (Liu, 2007). No consensus was reached on the minimum size for an aerobic
granule at the 1°* International Water Association (IWA) Aerobic Granular Sludge Workshop (de Kreuk et
al., 2005a), but approximately 0.2 mm has been commonly used as a minimum in sieving procedures to
determine reactor granular size distribution by weight (de Kreuk, 2006; Li et al., 2009). Laser particle size
analysis has been occasionally used to determine granular sludge size distribution (Liu et al., 2005a), but
image analysis of a representative sample of granular sludge has been most commonly used to
determine granule size and morphology (Beun et al., 2000a) and can be accomplished with basic
microscopes and open-source image processing software packages.

A variety of granule colors and morphologies have been observed. Typical colors for aerobic granules are
white to yellow-brown, while anammox granules are red-tinted (de Graaff et al., 2011) and anaerobic
granular sludge is black (Gonzalez-Gil et al., 2001). The surface of aerobic granules may be smooth,
noded with microcolony structures, or may contain filamentous outgrowths. For example, light-colored,
smooth spherical granules have been cultivated in acetate-fed reactors, whereas in glucose-fed reactors
the spherical granules had white filamentous growth on the surface, or there were irregular granules
with filamentous outgrowths (Moy et al., 2002; Tay et al., 2002b). As shown in Figure 2-1, granules
cultivated on domestic wastewater or other complex wastes including biodegradable particulate COD
tend to be yellow-brown and more likely to have attached protozoan or filamentous outgrowths (de
Kreuk et al., 2010; Schwarzenbeck et al., 2004). Ideal granular sludge possesses a smooth and compact
biofilm morphology, which contributes to its settling characteristics as discussed in Section 2.3.
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Figure 2-1. Examples of granule morphology for growth on complex wastewaters.

Scale bar =1 mm

(a) Growth on particulate soy protein as the sole COD source.
Courtesy of Mario Pronk, Delft University of Technology Department of Biotechnology. Copyright Mario Pronk.

(b) Growth on raw wastewater at Garmerwolde Nereda® full-scale plant.
Image of granules obtained after sieving and rinsing.
Courtesy of Mario Pronk, Delft University of Technology Department of Biotechnology. Copyright Mario Pronk.

(c) Growth on primary effluent at Ede Nereda® pilot plant.
Reprinted with permission from de Bruin et al. (2006). Copyright Royal HaskoningDHV.

2.2 Structure of Aerobic Granular Sludge

Aerobic granular sludge structure can be broadly described as a channelized EPS matrix where
polysaccharides appear to be the key structural element (Section 2.7) and microorganisms are
distributed according to redox condition and substrate availability (Chapter 4). Channelization in aerobic
granular sludge (Figure 2-2) has been measured by using fluorescent microspheres (Tay et al., 2002a,
2003) and visualized microscopically (Gonzalez-Gil and Holliger, 2014). Similar channelization in
attached-growth aerobic biofilms has been documented (Massol-Deya et al., 1995).

Aerobic granules are generally characterized by two distinct zones: 1) a higher-density outer region
primarily composed of active biomass and EPS and 2) a lower-density inner region containing dead
biomass and primarily composed of noncellular proteins associated with cell decay (McSwain et al.,
2005; Toh et al., 2003; Wang et al., 2005a). However, precipitates may also be present in the inner
region to varying degrees and increase the local density of the granule core as well as the net granule
density as discussed in Section 2.4. For granules with an average diameter of 0.6-3.0 mm, the outer layer
has been reported to be 0.2-0.8 mm thick depending on granule size and growth conditions (McSwain et
al., 2005; Tay et al., 2002a, 2003).

The granular activated sludge pore structure is indicative of a dense biofilm structure. In two different
studies of aerobic granular sludge grown in an aerobic pulse feeding regime (Xiao et al., 2008; Zheng and
Yu, 2007), granules exhibited a range of net porosity values from 68%, which is much lower than the
values of >90% observed for flocculent activated sludge (Li et al., 2003; Li and Ganczarczyk, 1990), to net
porosity values of approximately 93%, similar to flocculent activated sludge. There is limited information
suggesting that porosity may vary within the granule. For granules grown with an aerobic slug feeding
regime, the outer layer was found to be more porous than the inner core, as determined by
fluorescence of microspheres (Tay et al., 2003) and size exclusion chromatography (Zheng and Yu, 2007).
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An opposite porosity change with depth was seen in a different study with different growth conditions
and a different analytical method (Gonzalez-Gil and Holliger, 2014). The granules were grown in a low-
rate anaerobic feeding regime, and based on microscopic image analysis the outer layer was less porous
than the inner core (Figure 2-2). Channels from the granule exterior led to large void spaces in the
granule interior region. A higher porosity or degree of channelization would be expected to improve
mass transfer in aerobic granules, but this parameter and its impact on treatment performance has not
been studied in detail.

(b)
100 um

Figure 2-2. Channelization in aerobic granular sludge.

Brightfield microimages from sectioned granules stained with haematoxylin and eosin showing
high levels of channelization, dense microcolonies (dark purple), and a matrix of EPS (lighter pink).
(a) Section of the entire granule taken from the center of the granule. (b) Higher magnification of inset square.
Reprinted with permission from Gonzalez-Gil and Holliger (2014). Copyright 2014 American Society for Microbiology.

2.3 Settling Behavior, Settling Velocity, and Density of Aerobic
Granular Sludge

Granular and flocculent sludges exhibit distinctly different settling behaviors. Conventional flocculent
activated sludge is characterized by hindered settling, in which the settling velocity may be 0.5-5 m/hr
(Vanderhasselt and Vanrolleghem, 2000). Conversely, granular sludge is characterized by behavior more
representative of discrete settling such that granules settle rapidly as separate particles and the extent
of hindered settling is limited. Settling velocities for aerobic granules grown in lab-scale reactors under a
variety of operating conditions have been reported to range from 30 to 100 m/hr for granules with
diameters in the range of 1.1 to 2.4 (Liu, 2007; Tay et al., 2002b; Winkler et al., 2012a). Some
researchers have considered 10 m/hr to be a minimum settling velocity that distinguishes granules from
flocs (Tay et al., 2002b), and a settling regime in laboratory reactors is often applied such that particles
with settling velocities less than 10 m/hr are washed out of the system (Beun et al., 2002a; de Kreuk et
al., 2004). However, it is possible for smaller granules to have settling velocities in the range of

5to 10 m/h.
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The thickening ability and rapid settling characteristics of granular sludge have been captured in the
traditional sludge volume index (SVI) test. The SVI of granular sludge is typically near 30 mL/g (de Kreuk
and Van Loosdrecht, 2004; Liu et al., 2005b; Tay et al., 2004a). The ratio of settled sludge volume at five
minutes and 30 minutes (SVIs/SVlso) is approximately 1.0 for a system with only granules, but higher
values in the range of 1.3 are likely more common for full-scale systems dominated by granules, because
flocculent sludge will also be present (van Haandel and van der Lubbe, 2012).

Two methods have been demonstrated to characterize the settling velocity of granular activated sludge
and account for the fact that a granular activated sludge system can have a range of granular size and
shapes with different respective settling velocities. The first method, by Winkler et al. (2012a), used a
simple column settling test for laboratory systems dominated by granular sludge and containing a
negligible flocculent sludge fraction. Key aspects of the protocol used are summarized here. A relatively
small amount of granules (about 5 g wet mass) was released in a water column to assure observation of
discrete settling behavior. The granular sludge sample was gently released at the top of a 5.6 cm-
diameter column with a 1.5 m-water depth (approximately 3.7 L volume). The required time to settle a
predefined distance was recorded using a chronograph, and the weighted average settling velocity of
granules in the original sample was determined using data from five tests.

A second column settling test method by Mancell-Egala et al. (2014) has been used for a mixed liquor
with both flocculent and granular sludge, and determines the distribution of the fraction of mixed liquor
mass with different settling velocities. The settling velocity was defined in these tests as the distance
from the full liquid depth of the column to the supernatant sampling port divided by the sampling time.
The test method used a 4 L graduated cylinder with two supernatant sampling ports oriented 180
degrees from each other and opened at the same time for rapid, more-uniform supernatant withdrawal.
The 4 L cylinder’s water level was 508 mm, and the supernatant sampling ports were 50 mm (about

400 mL) from the top. The first step in the testing was to run a series of settling tests at decreasing
mixed liquor concentrations by dilution to identify the MLSS concentration where discrete settling
occurred. The discrete settling MLSS concentration was determined by one of two methods. The first
was the MLSS concentration that resulted in the absence of a clear solids/liquid interface after about a
30 second settling time. In the second method, the supernatant total suspended solids (TSS)
concentration was measured for the different initial MLSS concentrations at a supernatant sampling
time that corresponded to a settling velocity of about 1.5 m/hr. The MLSS discrete settling
concentration was assumed to occur when the percent TSS remaining in the supernatant versus the
decreasing test MLSS concentration did not appreciably increase. For test results with the second
method by Mancell-Egala et al. (2014) and Welling et al. (2015), discrete settling was deemed to occur at
a test MLSS concentration of about 450 and 280 mg/L and percent TSS in the supernatant of about 90
and 95%, respectively.

After the discrete settling MLSS concentration was determined, the test was repeated at different
settling/supernatant sampling times. At a given test settling velocity the supernatant solids represent
particles with settling velocities less than the test settling velocity. The mass fraction is the mass of those
remaining solids to the mass of the solids in the column upper supernatant volume at the start of the
test. The test data was used to categorize the mass fraction of the mixed liquor according to particles
with one of three settling velocity ranges: 1) <1.5 m/hr, (2) 1.5 to 10 m/hr, and 3) >10 m/hr. For
example, for a settling velocity of 1.5 m/hr the mass fraction of solids in the supernatant represents the
fraction of solids that are more characteristic of flocculent sludge. By definition, a settling time of

10 m/hr may be used to indicate a higher level of granular sludge development in the mixed liquor. The
mass fraction of solids with settling velocities of >10 m/hr is the solids mass in the supernatant volume
at the start of the test minus the solids mass in the test supernatant after the settling time, divided by
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the initial solids mass. This mass fraction provides an indication of the distribution of mixed liquor solids
between flocculent and smaller granules, and larger granules in a hybrid flocculent/granular activated
sludge. For example, if 90% of the initial MLSS concentration remains in the supernatant at a settling
velocity of 10 m/hr, the mixed liquor consists 10% of larger, more developed granules.

A more fundamental understanding of the mixed liquor characteristics associated with the settling
velocities in the above test methods could be gained by relating the settling characteristics to particle
size distribution, density, and morphology. The ability to determine particle size distribution for
flocculent activated sludge has been demonstrated by Torfs et al. (2014).

Granular sludge density has been determined by researchers because of its importance in affecting
settling velocity. Both granular and flocculent activated sludge density have typically been measured as
wet density, where granules or flocs are immersed in an aqueous solution for which the increase in
volume and mass includes water absorbed and in the saturated pore space of the granules or flocs.

The water pycnometer method, which has been widely used for measuring the wet density of soils
(ASTM, 2014), has been found to be useful for determining the wet density of a granular sludge sample
(Winkler et al., 2012a). This method uses a laboratory apparatus called a pycnometer that can be filled
to a known volume. Typical pycnometer liquid volumes are in the range of 10 to 100 mL. The following
briefly describes the procedure.

The mass of the empty pycnometer (m,) is determined, and the granular sludge sample is added to the
empty pycnometer after rinsing and sieving to remove residual flocs. Under this condition, the granules
possess entrained water, but bulk liquid is absent. The mass of the pycnometer and granular sludge
sample (m, .+ ms) is measured and the mass of the wet granular sludge sample, ms, is determined by
subtracting the empty pycnometer mass, mo.

ms = (my+ms) - mo (Equation 2-1)

The pycnometer is then filled with water and the total mass (mr) is measured. The water mass added
(m’h20) to fill the pycnometer is determined as follows.

M’kz0 = Mt - (Mo +my) (Equation 2-2)

The volume of water added (V’420) is determined from the water mass added and the density of the
water at the test temperature.

V’h20 = M’n20/PHzo (Equation 2-3)

The volume occupied by the granular sludge sample displaces water that would otherwise fill the
pycnometer. The volume occupied by the granular sludge sample (Vs) is the difference between the
known full pycnometer water volume (V) without a sample and the volume of water added (V’420) to the
granular sludge sample to fill the pycnometer according to

Vs=V-Vho (Equation 2-4)
From the above test results the granular sludge sample density is determined.
ps=ms/ Vs (Equation 2-5)

Granular sludge’s wet density has also been determined by density gradient centrifugation that uses a
specialized solution of known viscosity termed a Percoll solution. A Percoll solution is a low viscosity
medium containing polyvinylpyrrolidone-coated silica particles of 15 to 30 nm diameter. Centrifugation
at conditions of 16,000 rpm for two minutes (e.g., Winkler et al., 2013a) allows a density gradient to
form due to the silica particles in the solution. In this procedure, a granular or flocculent sludge particle
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migrates to a point of equilibrium density with the surrounding Percoll solution density gradient. This
migration distance is recorded. Commercially available microspheres of known density are used to
create a calibration curve of migration distance versus density from which sample density is determined.

Granular sludge density measurements have been obtained by pycnometry for samples at different
depths for granules grown with acetate as the sole organic carbon source in a lab-scale batch-fed
reactor operating at 20°C with EBPR and simultaneous nitrification/denitrification (Winkler et al.,
2012a). The granules at the top of the settled sludge bed had a wet density of 1.020 g/cm?, ash content
of 15%, average effective diameter of 1.5 mm, and average settling velocity of about 45 m/hr. Granules
from the bottom of the sludge bed had a higher wet density of 1.037 g/cm?, ash content of 34%, average
effective diameter of 2.3 mm, and average settling velocity of about 100 m/hr. This work also

introduced the practice of selective wasting of slower-settling biomass at the top of the settled sludge
bed to select for larger, faster-settling granules in the system. This is further discussed in Section 3.4.8.

Others used the density gradient centrifugation method to measure the density of granular sludge from
a lab-scale aerobic pulse-fed reactor without EBPR (Etterer and Wilderer, 2001). The density of
individual granules was determined on a set of 20 granules taken at four sampling events. The average
density ranged from 1.038 to 1.050 g/cm?3 for four sampling events.

It appears from the limited results stated above that granular sludge density can vary within a given
system and as a function of the granular sludge system operating conditions. The range of densities is
also within that reported for flocculent activated sludge. Dammel and Schroeder (1991) found flocculent
sludge densities in the range of 1.02 to 1.06 g/mL using the density gradient centrifugation method.

The settling velocity of granular sludge is affected by the granule size, shape, and density. Stokes’s Law
(Eq. 2-6) for ideal discrete settling of spherical particles can be used to illustrate the relative effects of
particle size and density, shown in Figure 2-3. According to Stokes’s Law, the particle diameter has a
greater impact on settling velocity because it is raised to the second power. In consideration of the
above wet densities, if the specific gravity of a 0.40 mm particle is increased from 1.02 to 1.06 g/mL, the
settling velocity increases from about 0.63 m/hr to 1.88 m/hr or by a factor of about 3. However, if the
particles size is increased by a factor of 3 from 0.40 mm to 1.20 mm, the settling velocity increases from
0.63 m/hr to 5.64 m/hr or a factor of 9. The use of Stokes’s Law to convey this concept is not meant to
suggest that ideal Stokian settling occurs for granular activated sludge suspensions. However, the more
regular, smooth, and spherical morphology of granules likely contributes to the higher settling velocity
and lower relative degree of hindered settling compared to flocculent activated sludge suspensions.

, Epp)d’
ST 18

(Equation 2-6)
where

V; = terminal settling velocity of the spherical particle

g = gravitational acceleration

ps = density of particle

p = density of fluid

W = dynamic viscosity of fluid
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Figure 2-3. Effect of density and size for discrete settling of spherical particles in water at 20°C according to Stokes’s Law.

2.4 Precipitate Formation in Aerobic Granular Sludge

The potential for chemical precipitation in biological wastewater treatment processes has long been
recognized for flocculent activated sludge and most often associated with EBPR processes (Maurer et al.,
1999). Similar precipitate formation potential exists for aerobic granular activated sludge, particularly in
systems with EBPR. Precipitated phosphorus minerals are typically hydroxydicalciumphosphate
[CazHPO4(OH);] and hydroxyapatite [Cas(PO4)3s0H] but may also include fluoroapatite [Cas(PO4)sF;
Maurer et al., 1999; Winkler et al., 2013a]. Precipitation becomes increasingly favorable as pH and PO,-P
and Ca concentrations increase (Winkler et al., 2013a). Elevated PO4-P concentrations during anaerobic
phosphorus release associated with the activity of phosphorus accumulating organisms (PAOs) can
mediate phosphorus precipitation by significantly increasing the bulk liquid PO4-P concentration.
Additionally, acetic acid uptake by PAO during anaerobic feeding increases the bulk liquid pH, though
concurrent Mg**, K*, and PO4* release by PAO tends to buffer this effect (Winkler et al., 2013a).
Precipitation can also be facilitated by denitrification occurring inside the granule, which results in a
higher internal pH than that measured in the bulk liquid (Juang et al., 2010; Winkler et al., 2013a).

The presence of internal precipitates in aerobic granules grown in a bench-scale reactor with anaerobic
feeding and a subsequent aeration period with simultaneous nitrification-denitrification and EBPR was
shown using computed tomography (CT) scanning (Winkler et al., 2013a). The same study showed that
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the presence of small amounts of internal precipitates could increase granular sludge settling velocity as
a consequence of increased granular sludge density, as previously illustrated in Section 2.3.

Winkler et al. (2012a) reported that the density and ash content of 2.3 + 0.5 mm PAO-enriched granules
from the bottom of the settled sludge bed of a lab-scale reactor with simultaneous nitrogen removal
and EBPR were 1.037 g/cm? and 34%, respectively, under operational conditions (Bassin et al., 2012a;
Winkler et al., 2011) that included the feeding of synthetic waste with 400 mg/L acetate COD, 20 mg/L
PO4-P, and 18 mg Ca**/L, and a bulk liquid pH range of 6.8 to 7.2.

In another study, Mafias et al. (2011) reported that biologically mediated phosphorus precipitation
accounted for the removal of approximately 45% of the 30 mg/L influent PO4-P concentration to a
granular sludge system. The ability of phosphorus precipitation in this study was also encouraged by a
high bulk liquid pH of up to 9.0 and a high influent acetate COD concentration of 1000 mg/L, which
would encourage a higher PO4-P concentration in the anaerobic contact step due to a greater amount of
phosphorus release by PAOs than that of more typical influent domestic wastewater readily
biodegradable (rbCOD) concentrations.

These studies suggest the potential for PAO-mediated precipitation in granular sludge systems with
EBPR. For domestic wastewater treatment, the importance of precipitates in granular sludge is yet to be
determined but should be less than that in the above studies due to the lower influent phosphorus and
rbCOD concentrations than those used in the laboratory studies.

2.5 Physical Strength of Aerobic Granules

The ability to sustain granules in full-scale biological treatment systems requires that they have
adequate physical strength to endure the shear and abrasive forces that may be caused by aeration or
pumping environments, and thus methods to assess granule physical strength have been developed. An
attempt to measure the effect of granular sludge resistance to mechanical agitation was first applied for
anaerobic granules (Ghangrekar et al., 1996) and termed the integrity coefficient (also termed stability
coefficient). The integrity coefficient is determined by measuring the ratio of the mass of granules
retained on a given sieve size before and after a defined mechanical perturbation. Integrity coefficients
above 95% based on the mass retained have been reported for granules developed under various
growth conditions and subjected to perturbations ranging from more gentle platform shaking (Moy et
al., 2002; Pan et al., 2004; Tay et al., 2002b) to intense vortexing (Xiao et al., 2008) and mechanical
stirring (Nor-Anuar et al., 2012). Nor-Anuar et al. (2012) proposed classifying granules as “very stable,”
“stable,” or “not stable” for integrity coefficient ranges of >95, 80 to 95, and <80%, respectively, with
granular mass defined as that which was retained on a 0.2 mm sieve after the exposure of a 300 mL
sample to mechanical stirring at 200 rpm using a 7.5 cm diameter impeller in a 13.3 cm wide cylindrical
vessel.

Another approach based also on mechanical stirring effects determined a granule abrasion coefficient.
The abrasion coefficient was obtained by fitting a first-order kinetic model to the amount of fines,
defined as granules of <0.2 mm, produced over time when subjecting a granular sludge suspension to a
constant rate of mechanical stirring for a defined duration (Pereboom, 1997; Ren et al., 2008).

The integrity and abrasion coefficients are qualitative parameters whose values depend on the intensity
of the mechanical perturbation and the initial solids concentration, both of which influence the
frequency of the particle-particle collisions contributing to granular biomass loss (Ren et al., 2009).
However, high integrity coefficient and low abrasion coefficient values provide an insight into the ability
of granules to survive in a full-scale operation and are useful for comparing one system to another or for
monitoring changes in a granular sludge operation over time.
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Although not representative of the forces in granules in an operation system, granule characteristics
have also been measured by compression strength. Using the resistance to a downward-acting piston as
an indicator of failure, granule compression strength has been quantified as the applied pressure
preceding a stepwise change in measured resistance (van Hullebusch et al., 2007). A higher calcium
content may increase granule compression strength and resistance to abrasion (Ren et al., 2008). Others
have measured granule strength by rheological response to oscillatory vibration (Seviour et al., 2009a).

Physical testing methods to characterize granules have been applied in bench-scale research studies, but
their usefulness for monitoring full-scale or pilot-scale facilities has not yet been proven. It has not been
necessary for the Nereda® process, in view of the long-term sustainability of the granules and the
absence of sludge pumping and mechanical mixing of the granules. However, for other conceivable
aerobic granular sludge processes that may involve sludge pumping and mechanical mixing, granular
sludge strength measurements could provide useful information and potentially be linked to trends in
process performance. Although it may not be practical to replicate full-scale hydrodynamic conditions in
a bench test, employing a standardized integrity testing protocol could facilitate correlations on process
performance and granular sludge characteristics between bench-scale and full-scale systems.

2.6 Hydrophobicity of Aerobic Granules

From a thermodynamic perspective, hydrophobicity represents an attractive force such that increased
hydrophobicity lowers the repulsive force between cells and therefore lowers the free energy change of
cell-to-cell aggregation (Liu et al., 2004a). A greater hydrophobicity thus suggests better granule
formation and better floc formation for flocculent activated sludge. The increase in surface
hydrophobicity associated with microbial adhesion in biofilms and granules is well demonstrated (Liu et
al., 2004b).

Methods used to quantify hydrophobicity have included adherence to hexadecane (Rosenberg et al.,
1980), contact angle measurement (Duncan-Hewitt et al., 1989), and phenathrene adsorption (Kim et
al., 2000). Expressed as the percentage of cells adhering to hexadecane after a partitioning period,
hydrophobicity for stable aerobic granules may be 2 to 3 times that of flocculent sludge, typically 70 to
80% for granules compared to 30 to 40% for flocculent inocula (Pan et al., 2004; Tay et al., 2004a; Zhang
et al., 2007). Using the contact angle as a measure of hydrophobicity, the general trend of increased
hydrophobicity for aerobic granular sludge has been observed, but the values measured have been
more variable (Zheng et al., 2005, 2006).

2.7 Characteristics and Role of Extracellular Polymeric Substances in
Aerobic Granules

The complex gel-like matrices of biomacromolecules, including polysaccharides, proteins, nucleic acids,
lipids, and humic substances located on or immediately outside the bacteria cells in flocculent and
granular sludge, are referred to as extracellular polymeric substances (EPS), which play a key role in
microbial adhesion and aggregation. EPS also offers protection from environmental stresses such as
toxicity, starvation, and dehydration and aids in the transport of larger molecular weight compounds
into the cell by sorption and catalysis of hydrolysis (Sutherland, 2001; Vu et al., 2009).

EPS extraction has been accomplished via various combinations of 1) physical processes including
thermal treatment, centrifugation, sonication, and filtration and 2) chemical steps including caustic,
EDTA, formamide, or cation exchange treatment (Adav et al., 2008a). Certain approaches involving
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thermal and caustic treatments may result in cell lysis and increase the measured EPS content (McSwain
et al., 2005).

The amount of EPS polysaccharide and protein and its location within granular sludge was a major thrust
in early aerobic granular sludge research. The concentrations of EPS polysaccharides and proteins have
been found to increase with granulation (during the transition from flocculent to granular sludge) and
decrease with granule disintegration. In one study, the polysaccharide content was greater than the
protein content (Tay et al., 2001a), but in other studies proteins have been found to be present at higher
concentrations (Adav et al., 2007a; McSwain et al., 2005; Zhang et al., 2007). Utilizing fluorescently
labeled probes, proteins have been generally found in the granule core, whereas cells and
polysaccharides have been found in the granule shell. The location of a-polysaccharides has generally
been limited to the granule shell, whereas B-polysaccharides may be distributed throughout the granule
shell and core (Adav and Lee, 2008; Chen et al., 2007; McSwain et al., 2005).

Selective hydrolysis of proteins, lipids, and polysaccharides in aerobic granules has been used as an
approach to elucidate the importance of various macromolecules to granule integrity. For phenol-fed
granules, hydrolysis of B-polysaccharides resulted in granule disintegration, whereas hydrolysis of
proteins, lipids, and a-polysaccharides had minimal effect on granule integrity (Adav et al., 2008b). For
granules cultivated on abattoir wastewater, a-amylase and protease resulted in an exponential decrease
of mechanical strength, whereas B-amylase, DNase, RNase, and lipase were not significantly different
than the negative control (Seviour et al., 2009a). Aside from the reported differences in wastewater
composition, these studies utilized different enzyme concentrations and mechanical forces (rotary
shaking versus oscillatory vibration, respectively) to disrupt granule integrity.

The demonstrated viscoelasticity and capacity for swelling and deswelling by the absorption and
desorption of water have led to the classification of aerobic granular sludge as a gel-like biomass or
hydrogel (Seviour et al., 2009a), with extracellular polysaccharides being the key contributor to the
gelatinous character and granule strength (Seviour et al., 2009b). Polysaccharide extracts from granular
sludge treating abattoir wastewater exhibited gel-like properties, whereas those from flocculent sludge
treating the waste stream did not. The gel-like character of these granules was maintained when
subjected to an ex-situ pH of 2-9 and a temperature of 8-47°C (Seviour et al., 2009a, 2009b).

Two different types of exopolysaccharides have been identified in efforts to characterize the structural
gel-forming polysaccharide moieties in aerobic granular sludge: alginate-like exopolysaccharides (ALE)
(Lin et al., 2008, 2010, 2013) and an extraction product termed “Granulan” (Seviour et al., 2010a, 2010b,
2011). Their characteristics, the analytical methods used, and the growth conditions of the granules
studied are summarized in Table 2-1.

The term alginate-like exopolysaccharides (ALE) has been used in the research literature and is adopted
here to reflect that ALE possesses characteristics and behavior similar to commercial sodium alginate in
many but not all categories (Lin et al., 2010). Bacterial alginates are a well-known family of extracellular
polysaccharides that are produced by a variety of bacteria (Seviour et al., 2012a) and that are capable of
forming gels with metal cations and consisting of linear polymers of the B-(1-4)-linked uronic acid
residues B-D-mannuronate (M) and its C-5 epimer, a-L-guluronate (G; Lin et al., 2008; ASTM 2012).

The M and G residues are distributed along the alginate polymer chain in three types of “blocks”:

1) homopolymeric blocks of repeating G residues (G-blocks), 2) homopolymeric blocks of repeating M
residues (M-blocks), and 3) blocks of alternating M and G units (MG-blocks). The molecular structure of
these polymeric units of alginate is shown in Figure 2-4 using sodium alginate as an example.

2-10 Water Environment & Reuse Foundation



Table 2-1. Characteristics, Analytical Methods, and Growth Conditions for
Gel-Forming Polysaccharide Moieties Identified in Aerobic Granular Sludge

Alginate-like
Parameter Exopolysaccharides (ALE) Granulan
Polysaccharide characteristics:
Polymer structure Linear Branched
pKa 4.5 9
Uronic acid residues Yes Yes
Analytical methods:
EPS extraction Alkaline (Na,CO3) Alkaline (NaOH)
EPS precipitation Ethanol Methanol + chloroform
Protein removal step included No (1 Yes — fractional precipitation
prior to EPS structural
identification methods below
EPS structural identification Alginate identification per Food Nuclear magnetic resonance (NMR) with high-
methods Additives Organization protocol performance anion-exchange chromatography
and pulsed amperometric detection (HPAEC-
Gelation with Ca%* PAD)
UV spectroscopy

Matrix-assisted laser
desorption/ionization time-of-
flight mass spectroscopy

Granule growth conditions:

Detected in Nereda® nitrogen and | Detected in enriched Competibacter glycogen
phosphorus removing granules accumulating organisms (GAOs) in granules
grown on domestic wastewaters grown on acetate

Detected in granules grown on Not detected in PAO-enriched (Accumulibacter)
acetate with rapid-fill and aerobic | granules grown on acetate and propionate
feast period
Not detected in denitrifying granules grown on
methanol and nitrate

(1) UV spectroscopy confirmed protein contamination was negligible.

Sources: Lin et al., 2008, 2010, 2013; Seviour et al., 2010a, 2010b, 2011, 2012a.
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Figure 2-4. Sodium alginate structure and constitutive polymeric blocks.

Reprinted with permission from the Royal Society of Chemistry. Copyright Royal Society of Chemistry.
Retrieved from http://www.rsc.org/learn-chemistry/resources/chemistry-in-your-cupboard/gaviscon/3.

ALE has resembled sodium alginate in that (a) it formed a gelatinous precipitate in calcium chloride
solution, (b) it did not form a precipitate in saturated ammonium sulfate solution, and (c) the UV-visible
spectra and atomic mass spectra of soluble ALE were similar to those of soluble sodium alginate.
However, ALE has not resembled sodium alginate in its reactions with acid ferric sulfate, where a brown
color was observed for ALE in lieu of the cherry red color that would be expected for sodium alginate.
The term “alginate” has been used in reference to ALE in aerobic granular sludge, though it is a less
accurate description of the biomaterial.

In contrast to ALE, Granulan has a branched structure (Seviour et al., 2010b) and higher pKa (Seviour et
al., 2009b). However, Granulan is similar to ALE in that it contains uronic acid residues (Seviour et al.,
2010b). Molecular dynamics modeling (Seviour et al., 2012b) suggests that the gel-forming capacity of
Granulan is associated with hydrogen-bonded antiparallel helices of the macromolecule that can be
mediated and strengthened by Ca?* bridging, analogous to ALE. Microbial production of Granulan
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appears to be associated with the enrichment of the GAO Candidatus “Competibacter phosphatis”
(Seviour et al., 2011).

Because analytical methods for ALE and Granulan have not been applied to the same granular sludge
samples, it is not known if they both may be present in a granule matrix. In addition, the possibility of
other types of polysaccharides in granules is not known as the analytical methods used in ALE and
Granulan identification select for anionic polar polysaccharides that are soluble under alkaline
conditions. Seviour et al. (2012a) noted that the composition of aerobic granular sludge has not been
studied for all types of growth conditions, microbial populations, and feed substrates, and that the gel-
forming EPS associated with other granular sludge may not be limited to only ALE and Granulan.

ALE can be present in flocculent activated sludge, but it appears to be enriched in granular activated
sludge with different characteristics that provide enhanced structural properties. Lin et al. (2008)
reported that ALE concentration increased during granulation (from 139 mg/g activated sludge to 310
mg/g granular sludge, respectively) and became enriched in G-blocks over M-blocks (from 0.94 to 1.18
G/M ratio). Because G-blocks may complex with metal cations, notably Ca?* ions, to form insoluble
regions, the higher G/M ratio facilitated granulation. Later, Lin et al. (2013) found that ALE from a pilot-
scale Nereda® granular sludge reactor treating municipal wastewater contained a higher G-block
content and stronger mechanical properties than ALE from a full-scale flocculent activated sludge
system treating the same wastewater. Significant quantities of ALE have been found in aerobic granular
sludge systems treating domestic wastewater in which the feed is first in contact with the granules
under anaerobic conditions (Giesen et al., 2015; Lin et al., 2010, 2013), which favors PAO and GAO
growth, but also in a system with aerobic pulse feeding of acetate (Lin et al., 2008). Thus, growth of
PAOs and/or GAOs does not appear to be requisite for higher ALE content.

2.8 Effect of Storage on Integrity and Activity of Aerobic Granules

Aerobic granules have demonstrated an ability to recover their integrity and activity after extended
storage periods without feeding. The extent of granule activity loss and deterioration in integrity and
morphology during storage is influenced by conditions such as the storage duration, medium,
temperature, and redox state (Liu et al., 2004c).

Aerobic granular sludge starvation and reactivation experiments are summarized in Table 2-2 and
presented in order of increasing storage duration, which ranged from 28 to 360 days. Storage
temperatures ranged from 4°C to ambient temperatures as high as 26°C. Most studies used granules
dominated by ordinary heterotrophic organisms (OHOs) grown under an aerobic feeding regime with
limited N and P removal occurring under process conditions applied in the reactors. Two studies (Pijuan
et al., 2009; Zhu and Wilderer, 2003) used granules dominated by PAOs grown under an anaerobic
feeding regime with simultaneous COD, N removal, and EBPR occurring under process conditions
applied in the reactor. All studies involved wetted unaerated storage conditions except for Pijuan et al.
(2009), in which both unaerated and intermittently aerated storage conditions were investigated in
parallel experiments. Storage liquids used in the studies included granular growth reactor effluent,
granular growth nutrient solution, and tap water.

The experiments showed that aerobic granules could maintain their morphology and structural integrity
during storage without growth substrate for more than 30 days. Though some deterioration of
morphology and structural integrity was observed during storage, original granule characteristics were
recovered after resuming normal feeding and operation. Modest 10-20% reductions in the integrity
coefficient were measured at the conclusion of storage and starvation prior to restarting normal feeding
and growth conditions (Tay et al., 2002b; Yuan et al., 2012; Zhang et al., 2005). In some starvation
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experiments there were no changes in morphology (Tay et al., 2002b; Zhu and Wilderer, 2003)