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Abstract

Partial nitritation/anammox (PN/A) is a novel pathway for nitrogen removal in wastewater
treatment that offers advantages of low oxygen and organic carbon demands as well as high
potential for energy recovery. However, the partial nitritation process remains a key hurdle for
the widespread implementation of the PN-A process in mainstream treatment due to the
difficulty in washing out nitrite-oxidizing bacteria (NOB) fromactive sludge. Exposing biomass
to high concentrations of free ammonia (FA) has been reported as an effective strategy to
achieve partial nitritation. This study examined the effectiveness of treating 20% of return
activated sludge with synthetic centrate containing FA at 200 mg N/L for 24 hours to promote
partial nitritation in mainstream wastewater treatment. Experimental and control bioreactors
were operated under two different conditions, with or without FA treatment, respectively, after
reaching similar nitrification performance. Biokinetic parameters of ammonium-oxidizing
bacteria (AOB) and NOB were estimated by performing respirometric batch tests with activated
sludge biomass from the two bioreactors under different operational conditions, and calibrating a
process model based on oxygen mass balance. The bioreactor performance showed that the FA
treatment strategy promoted the PN process, with a maximum nitrite accumulation ratio (NAR)
0f41.9 £ 2.1% after treating return sludge with high FA solution for 37 days. However, this
nitrite accumulation was not stable, and the NAR decreased to 10.9 + 6.0% after 33 days,
indicating that NOB were able to acclimate to the temporary exposure to a high FA
concentration. The biomass yield coefficient (Y) of AOB increased during FA treatment, while
the maximum specific growth rate (umax) of AOB and NOB decreased under this condition.

Microbial community analysis on activated sludge under FA treatment, and further investigations



on the optimization of the FA treatment strategy combined with other NOB out-selection
strategies are required to better facilitate the application of PN-A to full-scale mainstream

wastewater treatment.



Lay Summary

Partial nitritation-anammox is an innovative nitrogen removal pathway that saves energy in
wastewater treatment plants. However, the application of this process to full-scale wastewater
plants treating municipal wastewater is challenged by the difficulty of controlling the microbial
community structure. This study attempts to promote partial nitritation in mainstream treatment
systems by treating return activated sludge with a solution containing a high concentration of
free ammonia (FA). This is first study to combine highly paralleled respirometry with process
modelling to estimate biokinetics of bacteria involved in nitrogen removal processes, and to

assess the impacts of this FA treatment on their metabolic activities.
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1 Introduction

1.1 Nitrogen pollutants in wastewate r

1.1.1 Types of nitrogen pollutants present in wastewater

Water is the basis of life. Our society uses clean water to support our domestic life, as well as
industrial and agricultural activities. Meanwhile, we produce used water containing a variety of
contaminants at relatively high concentrations compared with their natural levels. Among these
contaminants of public concern are nitrogenous compounds, including organic nitrogen,
ammonia (NHz), ammonium ion (NH,"), nitrite (NO7"), and nitrate (NO3") (Water Environment
Federation 2005). The total concentration of organic and ammonia nitrogen in a typical
municipal wastewater is 25-45 mg N/L (Tchobanoglous et al. 2003). Municipal wastewater
treatment plants (WWTPs) were the third biggest source of anthropogenic nitrogen pollutants in
Canada, contributing to 13.4% of nitrogen loading to natural waters (Chambers et al. 2001). The
largest source of nitrogen in municipal wastewater originated from human waste, followed by
industrial discharge (Manuel 2014). There is very little nitrite and nitrate present in raw
wastewater, but can be present in relatively high levels in WWTP effluent due to the nitrification

process (see Section 1.2) (Tchobanoglous et al. 2003; Water Environment Federation 2005).

1.1.2 Rationale for removing nitrogen from wastewater

The reasons to remove nitrogenous matters from wastewater before its discharge into natural
waters are: (1) to prevent eutrophication in aquatic environments; (2) to eliminate toxicity of free
ammonia on aquatic life; and (3) to protect aquatic animals and human beings from nitrogen-

related diseases like methemoglobinemia.



Eutrophication is a significant concern when wastewater containing large amounts of nitrogen
and phosphorus is discharged into a receiving water (Water Environment Federation 2005).
Harmful algal blooms occur in natural water system due to excessive nutrient inputs, threatening
aquatic life and ecological balance by producing toxins, blocking light, and/or depleting
dissolved oxygen, and may also bring indirect health hazards to humans via food sources
(Donald et al. 2002; Schindler 2006). Therefore, as one of key limiting macronutrients in natural
waters, nitrogen in wastewater should be effectively removed to prevent eutrophication of water

bodies.

Another concern of untreated wastewater is the toxicity to aquatic animals caused by high
ammonia levels (Water Environment Federation 2005). Numerous studies have shown that,
compared with ammonium (NH4"), un-ionized ammonia (NHs), also termed as free ammonia
(FA), has a higher toxicity to aquatic organisms, especially fish (Augspurger et al. 2003;
Camargo and Alonso 2006). Based on substantial research on this topic, Environment Canada
has established a level 0f 0.019 mg/L NHs-N as a water quality guideline (Canadian Council of
Ministers of the Environment 2010). The relationship between ammonium and FA is governed
by temperature and pH, due to the nature of the acid-base equilibrium. Assuming that the total
ammonia (NHs + NH,") concentration in typical wastewater is 30 mg N/L, and the pH and water
temperature are 7.0 and 20 °C respectively, the resulting concentration of NH3; would be 0.14
mg/L, around 7.5 times higher than the guideline (Canadian Council of Ministers of the
Environment 2010). As a result, the total ammonia level in wastewater must be reduced to

maintain the health of many sensitive aquatic ecosystems.



Although raw sewage seldom contains nitrite and nitrate (Tchobanoglous et al. 2003; Water
Environment Federation 2005), its direct discharge may elevate nitrite and nitrate concentrations
in receiving waters via biological nitrification activity (see Section 1.2.1), and thus can escalate
toxicity to aquatic species and human health (Camargo and Alonso 2006; Canadian Council of
Ministers of the Environment 2012). Nitrite and nitrate can cause toxicity by reducing the
oxygen-carrying capacity of blood, damaging electrolyte balance and disease tolerance, and
potentially causing cancer (Scott and Crunkilton 2000; Jensen 2003; Camargo and Alonso 2006).
In order to protect aquatic life and human health, 3 mg N/L and 45 mg N/L of nitrate have been
set by Environment Canada as water quality guidelines for long-term exposure in freshwater and
seawater respectively (Canadian Council of Ministers of the Environment 2012). Hence, nitrogen
removal from wastewater before discharge is extremely important to protect aquatic life as well

as human health and safety.

1.2 Conventional biological nitrogen removal in wastewater treatment

1.2.1 Pathways of conventional nitrogen re moval

The most commonly-used biological approach for nitrogen removal in WWTPs involves three
processes: hydrolysis and ammonification, nitrification, and denitrification (Tchobanoglous et al.
2003). Hydrolysis and ammonification involve the breakdown of organic nitrogen into soluble
forms, accompanied by the release of ammonia nitrogen into wastewater (Water Environment
Federation 2005). Since hydrolysis and ammonification processes are not the rate- limiting steps
in nitrogen removal, most of the previous research on biological nitrogen removal has focused on

the subsequent steps of nitrification and denitrification (Katipoglu- Yazan et al. 2012).



Nitrification is a two-step biological oxidation process conducted by two groups of autotrophic
bacteria. The first step is oxidation of ammonium (NH,4") to nitrite (NO3) by ammonia-oxidizing
bacteria (AOB) (Eg. 1-1), followed by the oxidation of nitrite to nitrate (NO3) by nitrite-
oxidizing bacteria (NOB) (Eg. 1-2) (Tchobanoglous et al. 2003; Peng and Zhu 2006). Both of
these two steps use oxygen as the electron acceptor, and thus aerobic conditions are required for

nitrification to occur.

(Eq. 1-1) NH; + 1.50, - NO; + 2H* +H,0

(Eq. 1-2) NO; + 050, » NO;

Denitrification occurs following nitrification to complete nitrogen removal from wastewater.

This process involves reduction of nitrate and nitrite to nitric oxide (NO) and nitrous oxide
(N20), and finally nitrogen gas (N2) which is released into the atmosphere (Lu et al. 2014). Many
denitrifying bacteria are heterotrophic and are able to use oxygen, nitrite or nitrate as electron
acceptors and biodegradable organic matter as an electron donor. Due to the lower growth
efficiency of denitrifiers when respiring nitrite or nitrate in comparison to oxygen, these
organisms utilize these oxidized nitrogen sources as electron acceptors only when little or no
oxygen is available (Water Environment Federation 2005). This redox condition is referred to
anoxic (Tchobanoglous et al. 2003). The stoichiometric equation for denitrification using

methanol as electron donor is shown as Eq. 1-3 (Water Environment Federation 2005).

(Eq. 1-3) 6 NO; + 5CH,OH + H,CO, — 3N, + 8 H,0 + 6 HCO;



1.2.2 Disadvantages of conventional nitrogen re moval pathway

Although the conventional nitrogen removal pathway (nitrification/denitrification) has already
demonstrated high nitrogen removal efficiencies in many full-scale WWTPs worldwide, the
process has disadvantages that can increase treatment costs and decrease the sustainability of
wastewater treatment. Some of its main drawbacks include the high energy consumption caused
by the large oxygen demand for nitrification, as well as the need for exogenous organic carbon
for denitrification (McCarty 2018; Maktabifard et al. 2018). According to the stoichiometric ratio
of ammonium to oxygen shown in Eq. 1-1 and Eq. 1-2, around 4.6 kg of oxygen is needed to
oxidize 1 kg N of ammonium to nitrate using the nitrification process. In a traditional WWTP,
aeration is the largest energy-consuming component, and accounts for 55-70% of the total energy
demand (Gandiglio et al. 2017). Assuming that a typical medium-strength wastewater contains
190 mg/L of biochemical oxygen demand (BODs) and 40 mg N/L of nitrogenous compounds
(major components are organic nitrogen and ammonium), approximately half amount of
supplemental oxygen would be utilized for nitrification and would consume 25-35% of the total

energy demand (Water Environment Federation 2005).

Moreover, the demand for organic carbon by heterotrophic denitrification reduces the potential
for energy production from wastewater. A minimum C/N ratio of 8 is suggested to support
denitrification (Sun et al. 2010; McCarty 2018). Biodegradable organic matter in wastewater and
endogenous decay products are two major sources of organics for denitrification (Tchobanoglous
et al. 2003). When the total amount of organic carbon from these two sources is not sufficient,
external carbon source like methanol or acetate must be added to the denitrification tank, which

raises treatment costs. Meanwhile, the large organic carbon demand reduces its potential use for



energy recovery via biogas (methane) production fromanaerobic sludge digestion
(Tchobanoglous et al. 2003; McCarty 2018). Therefore, alternative nitrogen removal pathways
with low energy requirements are desired for WWTPs to become both energy- and cost-efficient.
Among various new technologies, partial nitritation-anammox is considered as an innovative and
promising solution to replace conventional nitrogen removal design and convert WWTPs from
energy-consuming facilities to energy-neutral or even energy-positive (Peng and Zhu 2006; Cao

etal 2017; McCarty 2018; Maktabifard et al. 2018).

1.3 The Partial Nitritation/Anammox (PN/A) pathway for nitrogen removal

1.3.1 The Anammox pathway

ANaerobic AMMonium OXidation (Anammox) was first detected by van de Graaf ina lab-scale
fluidized bed reactor utilizing ammonium for nitrogen gas production in 1995 (van de Graaf et al.
1995; Kuenen 2008). According to Eq. 1-4, ammonium can be oxidized to gaseous N, by
autotrophic anammox bacteria using nitrite (NO;") as the electron acceptor and CO; as the carbon

source under anoxic conditions (Strous et al. 1998).

NH; + 1.32 NO; + 0.066 HCO; + 0.13 H* —
(Eq. 1-4)
1.02 N, + 0.26 NO3 + 0.066 CH,0, <N, ;s +2.03H,0
In this somewhat recently discovered process, aeration and organic carbon are not required. Thus,
for the same nitrogen removal efficiency, anammox offers the advantages of less energy

consumptionand higher potential energy recovery than conventional nitrification/denitrification

processes (He et al. 2015). Meanwhile, the low growth yields of anammox bacteria results in less



sludge production, and thus saves operational costs associated with sludge handling and
treatment (Strous et al. 1998; Hu et al. 2013). The application of anammox in wastewater

treatment plants can therefore enhance energy efficiency significantly. As a result, a new process
— partial nitritation/anammox (PN/A) — for nitrogen removal has been proposed to build more

sustainable WWTPs (Verstraete and Philips 1998; Peng and Zhu 2006 ; Kuenen 2008; McCarty

2018).

1.3.2 Partial nitritation/anammox (PN/A) process

Partial nitritation must be realized as an accompanying step for nitrogen removal via the
anammox process to provide a mixture of ammonium and nitrite at ratio of 1:1.32 (as shown in
Eq. 1-4). In partial nitritation, about half of the influent ammonium is oxidized to nitrite by AOB,
generating equal concentrations of ammonium and nitrite that are subsequently consumed by
anammox bacteria for nitrogen gas production (Figure 1-1 b) (Peng and Zhu 2006; Kuenen 2008).
Compared with the conventional nitrogen removal pathway, PN/A has following advantages in

terms of energy saving (Ma et al. 2016; Cao et al. 2017; Maktabifard et al. 2018):

1) 60% reduction of oxygen demand due to partial oxidation of ammonium to nitrite;

2) Almost 100% elimination of organic carbon dependency because both of AOB and
anammox bacteria are autotrophic microorganisms;

3) 80% reduction of excess sludge;

4) Approximately 60% increase of methane potential from wastewater due to the

possibility of re-directing organic carbon to methanogenic process.
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Figure 1-1 Comparison of oxygen and carbon demand between (a) conventional

nitrification/denitrification and (b) innovative partial nitritation/anammox (Robiglio 2018)

1.3.3 Application of partial nitritation/anammox (PN/A) in wastewate r treatment

Several cost-efficient biological nitrogen removal systems have been developed based on the
PN/A process concept. The SHARON®/Anammox® (Single reactor system for High activity

Ammonium Removal Over Nitrite/ Anammox) process is a two-stage system separating partial



nitritation and anammox processes in two different reactors, and is able to achieve nitrogen
removal efficiencies as high as 80% (van Dongen et al. 2001). Although the two-stage system is
easy to optimize because AOB and anammox bacteria have different requirements for growth,
the costs for infrastructure and operation are elevated in comparison to single-stage systems (Cao
etal 2017). As a result, many single-stage systems have been developed and are more widely
used in full-scale installations, including the CANON (Completely Autotrophic Nitrogen
removal Over Nitrite) process, OLAN D (Oxygen-Limited Autotrophic Nitrification-
Denitrification) process, SNAP (Single-stage Nitrogen removal using Anammox and Partial
nitritation) process, DEMON® (DEamMONification) process, and ANITAMox™ process

(Langone 2013; Lackner et al. 2014; Gonzalez-Martinez et al. 2018).

The CANON process consists of a single reactor where AO B coexist with anammox bacteria so
that partial nitritation and anammox reactions take place simultaneously (Dijkman and Strous
1999; Jetten et al. 2002). To enhance bacterial activity, the OLAND process controls the
dissolved oxygenat a low level (<0.5 mg/L) to remove oxygen-inhibition of anammox and
prevent growth of NOB from competing with anammox bacteria for nitrite (Kuai and Verstraete
1998; Seviour and Nielsen 2010). Instead of using suspended biomass, the SNAP process
utilized a biofilm reactor which creates anoxic environment inside of the attached biomass for
the growth of anammox bacteria (Furukawa et al. 2006). In the DEMON® system, anammox
bacteria grow in granular sludge, while AOB and other bacteria are kept in flocs (Innerebner et al.
2007; Gonzalez-Martinez et al. 2015). ANITAMox™ system is a one-stage moving-bed biofilm
reactor (MBBR), where AOB and anammox bacteria are retained in biofilm fixed on suspended

carriers (Veuillet et al. 2014; Chanet al. 2014).



With the rapid development of PN/A systems, over 100 full-scale installations using this
innovative technology were built around the world by 2014 (Lackner et al. 2014). The survey by
Lackner et al. (2014) on these implementations demonstrated that the PN/A process has been
successfully carried out for nitrogen removal from wastewater with high-strength ammonium
(500-1500 mg/L) and low C/N ratio (<2), like sidestream wastewater (e.g. anaerobic digester
centrate), industrial wastewater, and landfill leachate. The energy demand of 6 examined full-
scale wastewater plants was in the range of 0.8-2 kWh/kg-N, saving more than 50% energy
consumed in comparison to conventional nitrification/denitrification processes (Wett et al. 2010;
Lackner etal. 2014). In municipal WWTPs, howeVer, sidestream wastewater from sludge
dewatering only typically contributes 15-30% of the overall nitrogen load because of its small
flow rate, and the remaining 70-85% of the nitrogen load originates from influent wastewater to
the mainstream treatment process, which has low ammonium level (25-45 mg N/L) but a large
flow rate (Constantine 2006). Hence, the implementation of PN/A process for mainstream
nitrogen removal is currently lacking, but if achieved, could make significant contributions to the

establishment of energy-neutral or energy-positive WWTPs.

1.3.4 Challenges of PN/A in mainstream wastewater treatment

In spite of successful applications of the PN/A process in full-scale operations, especially for
sidestream treatment, this technology has not been scaled up for the treatment of low-ammonium
wastewater with a high C/N ratio, like mainstream municipal wastewater. The major reason for
this technology limitation is the difficulty in maintaining the activity of AOB and anammox
bacteria while simultaneously inhibiting NOB that compete with anammox bacteria for nitrite.

High C/N ratios favor heterotrophic bacteria, resulting in a decline in population and activities of
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AOB and anammox bacteria, and thus promote low nitrogen removal rates (Ma et al. 2016; Cao
etal 2017). Inaddition, anammox bacteria are sensitive to low temperature, as their activity can
decrease up to ten times when the temperature is reduced from 30°C to 10°C (Hu et al. 2013;

Lottiet al. 2015).

The suppression of NOB activity is another important factor that affects the performance of the
PN/A process in mainstream treatment. Different from the high temperatures (> 30°C)
commonly observed in sidestream treatment systems, mainstream treatment is conducted at
lower ambient temperatures, with seasonal variation from 30°C to below 0°C in temperate
regions. The low temperature range and wide seasonal variation challenges the implementation
of the PN/A process. AOB were reported to have higher growth rates at high temperature
(>25°C), but NOB grew faster at temperatures below 15°C, leading to large amounts of nitrate

accumulation in PN/A reactors (Hellinga et al. 1999; Peng and Zhu 2006; Cao et al. 2017).

Inaddition, the high ammonium concentrations of sidestream wastewater (500-1500 mg/L)
generate high levels of free ammonia (NHs, FA) that are over the inhibitory threshold values of
NOB, which enables the washout of NOB from PN/A systems (Peng and Zhu 2006; Lackner et
al. 2014). The ammonium concentration in mainstream wastewater, however, is much lower than
in sidestream wastewater, and thus produces low FA level making it difficult to selectively

suppress NOB in mainstream PN/A process (Tchobanoglous et al. 2003; Cao et al. 2017).

Another major concern of PN/A application is the emission of nitrous oxide (N,O), a greenhouse
gas that has global warming potential of 298 (Stocker et al. 2014). Municipal wastewater
treatment plants have been estimated to contribute approximately 1.6% of the total worldwide
N>O emission, and biological nitrogen removal process is considered to be a major source (Ahn
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etal 2010; Massara et al. 2017). Although PN/A process has potential advantages for energy
savings, it does not show promise to mitigate N,O emissions in comparison with conventional
nitrification-denitrification process. Many studies have shown that partial nitritation is the
primary N,O hotspot in PN/A process, since high N,O production is related to high ammonium
removal rates and high nitrite concentrations through hydroxylamine (NH,OH) oxidation and the
nitrifier denitrification pathway (Kampschreur et al. 2007; Castro-Barros et al. 2015; Massara et

al. 2017; Blum et al. 2018).

1.3.5 Strategies to achieve partial nitritation in mainstream wastewate r treatment

Achieving and maintaining stable partial nitritation for wastewaters having low ammonium
nitrogen strength and high C/N ratios is crucial for successful implementation of the PN/A
process for mainstream wastewater treatment. Although the adoption of carbon pretreatment
processes can reduce the influent C/N ratio to below 3 and suppress the growth of heterotrophic
bacteria in the downstream PN/A reactor, the most effective methods of out-selecting NOB from
autotrophic nitrifying communities under mainstream conditions have not yet been identified
(Cao etal. 2017). Furthermore, the discovery of complete ammonium oxidizers (comammox)
that are capable of oxidizing ammonium directly to nitrate, makes the inhibition of nitrate
production via nitrification potentially even more difficult than expected (Xia et al. 2018). In
order to achieve stable partial nitritation in mainstream wastewater treatment, previous research
has mainly focused on exploiting the different growth and metabolism patterns of AOB and
NOB under specific circumstances to develop control strategies for selective retention of AOB
over NOB. These strategies include short solids retention time (SRT), dissolved oxygen (DO)

control, and inhibitors like free ammonia (FA) and free nitrous acid (FNA).
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1.3.5.1 Short solids retention time (SRT)

Implementing a short process solids retention time (SRT) is a practical method to selectively
suppress NOB in a nitrifying community. At temperatures higher than 15°C, AOB have a
minimum sludge age that is lower than that of NOB, and the difference increase when
temperature increased up to 30°C (Hellinga et al. 1998). As a result, the process SRT can be
controlled within a range that is shorter than the minimum sludge age of NOB but longer than
that of AOB to prevent nitrite oxidation (Xu et al. 2015). The City of St. Petersburg (Florida)
Southwest Water Reclamation Facility successfully removed nitrogen from wastewater by
minimizing NOB activity at an SRT of 3.9 days and temperature of 29°C (Jimenez et al. 2014).
However, the effectiveness of short SRT strategy can be reduced at temperatures below 15°C.
Even though the growth rate of both AOB and NOB decrease with lower temperature, NOB can
grow faster than AOB at low temperatures, making it difficult to determine a reliable minimum
SRT for NOB inhibition (Hellinga et al. 1998). In this case, dissolved oxygen control becomes

an alternative approach for achieving partial nitritation.

1.3.5.2 Dissolved oxygen (DO) control

Dissolved oxygen (DO) control strategies include low DO, intermittent aeration, and real-time
DO control (Ma et al. 2016; Cao et al. 2017). Taking advantage of higher oxygen affinities of
AOB over that of NOB, maintaining a low DO is regarded as an effective strategy to promote
partial nitritation (Xu et al. 2015; Ma et al. 2016). Multiple studies have shown that nitrite
oxidation can be efficiently suppressed at a DO below 1 mg/L (Tokutomi 2004; Ma et al. 2011;
Gilbert et al. 2014). Nevertheless, recent research has shown that oxygen-limiting conditions can
favor the growth of K-strategist NOB species like Nitrospira that have higher oxygen affinities
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and lower specific growth rates (Liu and Wang 2013; Cao et al. 2017). However, low DO has
been reported to be a potential factor that can increase N,O emissions. N,O emission in a pilot-
scale continuous granular nitritation reactor could decrease from 6% to 2.2% of oxidized
nitrogen when DO increased from 1 to 4.5 mg/L (Pijuanetal. 2014). Maintaining DO at a
minimum of 1-1.5 mg/L may help to limit N,O emission via nitrifier denitrification (Wang et al.

2014a; Frison et al. 2015).

Intermittent aeration is another promising DO control method for NOB out-selection. Prior
research has suggested that NOB can have a longer lag time in their metabolic activity than AOB
when redox conditions are switched from anoxic to aerobic. This is thought to be caused by the
absence of substrates (nitrite and oxygen) at the start of the aerobic period, as well as NOB
metabolic inactivation during the transition (Kornaros et al. 2010; Gilbert et al. 2014; Ma et al.
2016). Therefore, a controlled aerobic period shorter than the lag time of NOB but longer than
lag time of AOB could help to suppress NOB activity (Ma et al. 2016). Real-time DO control has
been developed to wash out NOB by linking aeration time to nitrogen species concentrations,

like the ratio of NH;*-N to NO,-N (Regmi et al. 2014; Cao et al. 2017). However this strategy
has high requirement on the reliability of monitoring equipment, which may hinder the

widespread application of this strategy in PN/A processes (Cao et al. 2017).

1.3.5.3 Free ammonia (FA) and free nitrous acid (FNA) inhibition

Exposure of biomass to free ammonia (FA, NHs) and free nitrous acid (FNA, HNO3) have been
reported to be alternative methods to achieve partial nitritation, since NOB are more sensitive to
inhibitory effects of these two chemicals than AOB (Anthonisen et al. 1976; Chung et al. 2006;
Wang et al. 2014b). FNA was found to have a stronger biocidal effect on NOB than AOB at a
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range 0 0.24-1.35 mg HNO»-N/L (Wang et al. 2014b). In terms of FA inhibition, it has been
proposed that FA is able to cause cell inactivation or lysis by causing proton imbalance inside
cells, directly inhibiting enzymes (like extracellular polymeric substances (EPS)), or disrupting
microbial community structures (Liuetal. 2019). However, the exact mechanisms of toxicity
remain unclear, and need to be further investigated (Liu et al. 2019). Table 1-1 summarizes
suppressive effects of FA on AOB and NOB activities from literature. NOB activity can be
inhibited significantly at FA below 9 mg N/L, while AOB activity starts to decrease at FA levels
0f 10-300 mg N/L. Due to the different FA tolerance of AOB and NOB, it is relatively
straightforward to inhibit NOB and obtain partial nitritation in wastewater with high FA
concentrations, like sidestream anaerobic digester centrate wastewater that contains 30-560 mg

N/L of FA (Wangetal. 2017).

Based on this concept, Wang et al. (2017) proposed a new approach to achieve partial nitritation
in mainstream treatment by treating a portion of return sludge with FNA or FA at the
concentration adequate to completely suppress NOB activity while only partially inhibiting AOB
activity. FA treatment has a major advantage of easy access to adequate FA directly from
sidestream centrate wastewater produced from anaerobic digestion, (Wang et al. 2017), whereas
an additional reactor would be required to generate FNA for use in treating the sludge. FA
concentrations in centrate can be controlled via the total ammonium concentration (NHz + NHz"),
temperature and pH. The novel FA treatment approach was also shown to be economically and
environmentally favorable compared with the conventional nitrogen removal pathway (Wang et
al. 2017). Wang et al. (2017) has shown the feasibility of the new FA approach to achieve over

90% of nitrite accumulation at low DO of 1.5 mg/L. However there are still many remaining
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questions that need to be investigated before full-scale application of the new FA treatment
approach in WWTPs. For instance, it is not known how the nitrifying bacterial activity and
community structure respond to FA-treatment approach. Additionally, it remains unknown how
to optimize operational conditions like FA concentration and treatment frequency to obtain the

desired ratio of ammonium and nitrite for the anammox reaction.

1.4 Research objectives

This research aimed to examine the effectiveness of FA treatment of return activated sludge
towards promoting stable partial nitritation in mainstream wastewater treatment without DO
control, and to estimate changes in nitrifier biokinetics following an FA treatment approach. Two
individual lab-scale sequencing batch reactors (SBRs) were operated as experimental and control
reactors. The operational conditions of these two SBRs were the same in Phase | (non-FA phase)
without FA treatment, so as to achieve the same nitrification performance prior to the following
Phase Il (FA phase) in which FA treatment was applied. In the FA phase, the experimental
reactor had return sludge treated by synthetic centrate with high level of FA, while return sludge
from the control reactor was treated by an identical solution but without FA. Meanwhile,
biokinetics of AOB and NOB from the two SBRs was assessed by conducting respirometric
batch tests with activated sludge biomass throughout the different phases, and by calibrating a

process model for the different microbial populations.
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Table 1-1 Inhibitory effects of FA on AOB and NOB in literature

moera | resnola g ) | R References

AOB

AOB > 210 Return sludge was treated by FA; AOB activity decreased by 9.4% Wang et al. (2017)
Nitrosomonas 10-150 Activated sludge Anthonisen et al. (1976)
Nitrosomonas 25 SBR system; AOB activity was decreased by 40% Balmelle et al. (1992)
AOB 70 A SHARON reactor; FA inhibition on ammonium oxidation was started Hellinga et al. (1999)
AOB 300 A SHARON reactor; FA inhibition on ammonium oxidation was started van Hulle et al. (2007)
Nitrosomonas >16 An SBR reactor Vadivelu et al. (2006)
AOB 0.44-0.84 Submerged biofilters; ammonium oxidation was inhibited by about 60% Villaverde et al. (2000)
AOB 58-62 Ammonium oxidation rate was reduced by 86.3% Wang and Yang (2004)
AOB 24.7 AOB activities was inhibited Liet al. (2012)

AOB 10 AOB activity started to decrease Chung et al. (2006)
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Nitrifying

FA inhibition

bacteria threshold (mg N/L) Remarks References

NOB

Nitrobacter 0.1-1.0 Activated sludge Anthonisen et al. (1976)
NOB 1-5 Atwo-stage anaerobic-aerobic treatment Abeling and Seyfried (1992)
<00 |t " M s
NOB 0.44-0.84 Submerged biofilters; NAR > 80% Villaverde et al. (2000)
NOB 3.7 Acontinuous flow aerobic-anoxic reactor; NAR = 77.4% Bae et al. (2001)

NOB 23 Acontinuous-flow hybrid reactors; NAR = 90% Chung et al. (2007)
NOB 0.7 NOB activity decreased by more than 50% Kim et al. (2008)

NOB 4.12-8.24 NOB activity was inhibited and partial nitritation was achieved Lietal. (2012)

NOB 5 NOB activity was inhibited significantly Chung et al. (2006)

18




2 Materials and Methods

2.1 Bioreactor operation and monitoring

2.1.1 Bioreactor operation

Two identical lab-scale sequencing batch reactors (SBRs, experimental reactor (ER) and
controlled reactor (CR)) with working volumes of 4.28 L were seeded with blended granular
sludge from a pilot-scale SBR at the University of Washington. Flocculated activated sludge was
formed after seeding for a week. A typical SBR cycle lasted for 3 hours, including 2-min aerobic
feeding, 148-min aerobic reaction, 20- min settling, 5-min decanting, and 5-min idle periods. The
SBR cycle timing was controlled with ChronTrol XT timers (ChronTrol Coporation, California),

and mixing was provided with overhead mixers. Temperature was maintained at 20 +1°C using

an environmental chamber. The target solid retention time (SRT) was kept at 10 days for both
reactors throughout the study, by wasting a determined amount of biomass depending on daily
measurements of mixed liquor and effluent total suspended solids (TSS) and volatile suspended

solids (VSS) (see Section 2.1.2).

The bioreactors were fed with a synthetic wastewater containing ammonium chloride (NH4ClI) as

the nitrogen source and sodium acetate (CH;COONa) and propionic acid (CH3CH,COOH) as
organic carbon sources, leading to 24.5+2 mg NH,-N/L and 100+ 37 mg/L of chemical oxygen
demand (COD) respectively. Additionally, the synthetic wastewater contained macro elements

(162.4 mg/L of MgClp, 128.65 mg/L of CaCl, « 2H,0, 79.1 mg/L of KCI), trace elements (1.03

19



mg/L of FeSO,4 * 7H,0, 0.32 mg/L of ZnSO4 * 7H,0, 0.055 mg/L of CuSO,4 « 5H,0, 0.0562
mg/L of CoCl, « 6H,0, 0.032 mg/L of Na,MoO, * 2H,0, 0.05 mg/L of H3BO3, 0.05 mg/L of K,
0.022 mg/L of NiCl « 6H,0, 0.14 mg/L of AL(SO,4); * 18H,0, 0.283 mg/L of MnCl,  4H,0,

6.87 mg/L of EDTA), phosphate (51.3 mg/L of NaHPO4 * 7H,0, 16.7 mg/L of KH,PO4),

alkalinity (298.3 mg/L of NaHCO3), and yeast (20 mg/L).

Two phases were performed throughout this study: Non-FA Phase and FA Phase. The first phase
was Non-FA Phase, in which the two bioreactors were operated under the same aerobic
conditions without FA treatment of sludge to obtain similar nitrification performance (Figure 2-1
a). During the Non-FA Phase, the SBRs were fed with 1.07 L of synthetic wastewater using
peristaltic pumps (LabF1/YYZ1515, Shenchen, China) for each SBR cycle, resulting ina
hydraulic retention time (HRT) of 12 hours. pH was not controlled but measured within the
range of6.7-7.5. DO was provided by an air pump and increased from 3 to 8 mg/L in a typical
SBR cycle. TSS and VSS of mixed liquor inboth ER and CR decreased over the first 20 days in

the FA Phase due to the addition of sludge treatment, but solid concentrations recovered to the

initial level after day 60 (Figure A-1, Appendix A). TSS and VSS were onaverage of 637 +43
and 593+39 mg/L in ER, and 703 +66 and 652+60 mg/L in CR. The VSS/TSS ratio in the two

reactors averaged 0.93. The Non-FA Phase lasted 274 operational days.

The FA Phase was conducted after stable complete nitrification was maintained in the two
reactors, and lasted 90 operational days. The operational condition of the FA Phase was similar

to those in the Non-FA Phase except for the following differences. Inthe FA Phase, 800mL of
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mixed liquor was removed from each reactor at the end of the reaction period ofa cycle every 24
hours and thickened to 50 mL by settling and centrifugation (Thermo IEC Multi RF Centrifuge,
Thermo IEC, USA). Supernatant produced in this process was collected for daily effluent
nutrient measurements, while the thickened sludge was incubated ina 200-mL beaker containing
100 mL of media with the same compositions of macro and trace elements, phosphate and
alkalinity as the synthetic feed, but with no COD. For the thickened sludge from ER, 0.406 g of
ammonium chloride (NH4Cl) was added into the 100-mL medium solution to simulate centrate
containing FA at a high concentration, and the pH was adjusted to 9 with sodium hydroxide
(NaOH). Using the following equation (Eg. 2-1 and 2-2) (K, and K, are ionization constant of
ammonia equilibrium and water respectively), the concentration of FA in the incubation medium
was 300 mg N/L at pH of 9 and temperature of 20°C, and became 200 mg N/L after mixing with
50-mL thickened sludge (Wanget al. 2017). As a control condition, thickened sludge from CR
was incubated in the same medium at a pH of 9 but without ammonium addition. After 24 hours
of anaerobic incubation, the 150 mL of treated sludge was recycled back to the respective
reactors at the start of a SBR cycle (e.g. during the 5-min aerobic feeding period) (Wang et al.

2017). To keep the same nitrogen load as ER, 0.406 g of NH,Cl was added into CR

simultaneously with the retreated return sludge. During the FA Phase, ER had 533+ 75 mg/L of
TSS and 498 =66 mg/L of VSS, while CR had 637 =60 mg/L of TSS and 601 +55 mg/L of

VSS (Figure A-1, Appendix A). TSS/VSS ratio in the two reactors was 0.94 in the FA Phase.

Figure 2-1 b shows operation of the two SBRs in FA Phase.
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Figure 2-1 Schematic diagrams of SBRs during (a) Non-FA Phase and (b) FA Phase
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2.1.2 Monitoring

TSS and VSS of mixed liquor and effluents were measured daily. Waste (Qw) was calculated by
Eq. 2-3 based on estimated TSS in mixed liquor and effluent to maintain 10-day SRT
(Tchobanoglous et al. 2003). Nitrogen species (ammonium, nitrite, and nitrate), orthophosphate,
and soluble COD (sCOD) in effluent samples were monitored three to four times per week.
During the FA Phase, effluent samples were taken just before the addition of return sludge. pH
and DO were measured at least three times per week. All relevant analytical methods are

described in Section 2.4.

X vV X
e Q) X 1000

(Eq. 2-3) Qw = (X —X, SRT X-X,

Where Qw is waste sludge flow rate (mL/d); X is TSS in mixed liquor (mg/L); Xe is TSS in

effluent (mg/L); V is reactor volume (L); Q is influent flow rate (L/d).
2.2 In-situ cycle monitoring experime nts
2.2.1  3-hour SBR cycle monitoring

In order to evaluate ammonium removal performance, experiments were conducted over 3-hour
SBR cycle after reactors reached steady state in Non-FA and FA Phases. This 3-hour SBR cycle
monitoring was conducted only once in each phase. A spike of ammonium solution was added
into the two SBRs during the 2-min feeding period to obtain an initialammonium level at around

10 mg N/L. Mixed liquor samples were taken every 15 to 20 min during the 3-hour SBR cycle,
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and were pretreated (see Section 2.4) and stored at 4°C for further measurement of nitrogen
species and COD. DO was measured to be above 3 mg/L in the two reactors during all cycle tests,
and pH varied within 6.5-7.5 and 7.4-7.9 in non-FA and FA Phase, respectively (Figure B-1,

Appendix B).
2.2.2  24-hour SBR effluent monitoring

During the FA Phase, treated sludge was returned back to the SBRs every 24 hours, and effluent
nitrogen results showed that the concentrations of nitrogen species changed throughout the day.
Therefore, 24-hour monitoring experiments were performed approximately every 10 days to
monitor ammonium removal performance over 8 of the 3-hour SBR cycles within 24 hours.
Mixed liquor samples were sampled just after the addition of treated sludge during the feeding
period, and effluent samples were obtained during the settling period of the 1%, 2" 3™ 4™ and
8" cycles after recycling treated sludge into reactors. Samples were pretreated and stored at 4°C
for further nitrogen species measurements. The nitrite accumulation ratio (NAR) of each cycle

was calculated based on Eq. 2-4 (Sy,, and Sy, are nitrite and nitrate concentrations in effluent,

respectively).

Eq. 2-4 NAR =
(Eq. 2-4) Sno, + Sno,
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2.3 Estimation biokinetics of nitrifying populations
2.3.1 Background and theory of modeling nitrification biokinetics

The Monod equation has been widely used to describe the relationship between the substrate
utilization rate (r, mg/(L-d)), the substrate concentration (S, mg NHs-N/L or mg NO»-N/L in
nitrification process), and biomass concentration (X, mg COD/L) as shown in Eq. 2-5 shown
(Tchobanoglous et al. 2003). There are three significant parameters included in the Monod
equation: maximum specific growth rate (umax, ), biomass yield coefficient (Y, mg COD/mg
NOD), and half-saturation coefficient (Ks, mg NHs-N/L or mg NO»-N/L in nitrification process).
Umax indicates the maximum growth rate of a microorganism when substrate is being consumed at
the maximum rate, while Y describes the ratio of the amount of biomass synthesized to the
amount of substrate consumed (Tchobanoglous et al. 2003). Ks is related to the affinity of the
microorganism to the substrate of interest. A low Ks value represents a high substrate affinity,
which means that the metabolic activity is greater at low substrate concentrations relative to that
with a higher Ks value. All three of these parameters reflect the interaction between bacteria and
substrate under specific circumstances, and are independent of substrate and biomass

concentrations.

An oxygen mass balance describing electrons transfer processes in biological substrate oxidation

is established as Eq. 2-7, in which electrons donated by oxidized substrate ( g) are utilized by
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oxygen (-OUR) and biomass synthesized ( j—f). Eq. 2-6 is the Monod equation for biomass

synthesis ( ‘;—f), neglecting biomass decay during the short duration of the batch test.

dS  w..XS
Eq. 2-5 - — _'max’ "
(Eq. 2-5) Tt YK+ 9)
dX  m. XS
Eq. 2-6 = maxt 7
(Eq. 2-6) dt (K + 9

dDO  dX dS_( 1) TR, &

Eq. 2-7 OUR == &2 2 _ (1 2) Hmax®>
(5. 2-7) dt  dt  dt Y/ (K + S)

A process model based on the oxygen mass balance (Eq. 2-7) was developed in the study to
estimate growth kinetic characteristics of nitrifiers (AOB and NOB). In this model, the biomass
yield (Y) was determined by respriometric batch tests using ammonium or nitrite (see Section
2.3.2). Respirometric batch tests are an effective method to quantify the relationship among
biomass yield, substrate consumption, and oxygen uptake (Liu and Wang 2012). The
respirometric method applied in this research was adapted from the approach described in Liu

and Wang 2012. The stoichiometry of ammonium oxidation and nitrite oxidation are described

as Eq. 2-8 and Eq. 2-9 respectively, and Eq. 2-10 for complete nitrification (Liu and Wang 2012).
The stoichiometric links between substrate (NH,;* or NOy"), oxygen (O2), and biomass (CsH;O2N)
are summarized in Table 2-1. fsyn and fs no are defined as the fraction of electrons used for AOB

and NOB synthesis respectively.

26



(Eq. 2-8)
_ 3
= 10 fsnuCsH,O0,N + NO, + 2H 4+ (1 10 fsnu)H,0
_ 1 + 1 - fS,NO 2 1 _
(Eq. 2-9)
1 _
+1— fsno H,0 = 10 fs no CsH;0,N + NO;
3f + f 3f +f 6f + 2f
NHI + s,NH s,NO NHI + (2 _ s,NH s,NO) 02 s,NH s,NO COZ
10 2 5
3f +f
+ s,NH s,NO HCO;
(Eq. 2-10) 10
3f +f 3f +f
= =ML f0 ¢ H,0,N+ NO7 + 2H* + (1 - —M_=8,0
10 10
Table 2-1 Stoichiometric coefficients of substrate, oxygen and biomass in nitrification
Biological reaction Substrate (NH,* or NO,) Oxygen (Oy) Biomass (CsH;O;N)
Am . d . 1 3 f 3 - 3fs,NH 3 f
monium oxidation +E s NH — IRl
L . . 1- s,NO 1
Nitrite oxidation 1 3 1o fsno
f, f,
Complete nitrification 4 3onn * fsno 2 o + fono 3fsnn *fsno
10 2 10

Based on the stoichiometric links in Table 2-1, fs yn and fsno can be determined when the

amount of substrate consumed and oxygen uptake are known. For nitrite oxidation, Eg. 2-11 can
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be used to calculate fs no Using a measured specific oxygen uptake (SOUno, mg O2/mg N) with
Eq. 2-12 expressing the determination of SOUno. OUno and Syo are total cumulative oxygen

uptake (mg O2/L) and corresponding concentration of nitrite consumed (mg N/L) for nitrite

oxidation.
1.14 — SOUy,
(Eq. 2-11) foxo = 75—
oU
(Eq. 2-12) SOUyo = — Als
NO

fsnn can be obtained by another respirometric batch test in which ammonium is the only
substrate and complete nitrification takes place. The calculation of fs ny IS expressed as Eq. 2-13,
and the specific oxygen uptake (SOUnc, mg O2/mg N) is defined in Eq. 2-14. OUnc and Syy are
total cumulative oxygen uptake (mg O»/L) and the corresponding concentration of ammonium

consumed (mg N/L) respectively during the respirometric batch test for complete nitrification.

Eqg. 2-13 fonn =
(Eq. 2-13) s NH 3.43 + 0.3S0Uy
OUyc
(Eq. 2-14) SOUyc = —
NH

The biomass yield coefficient (Y) is commonly defined as the amount of biomass produced per
amount of nitrogen oxidized (mg biomass/mg N-oxidized). Since nitrification is a redox
biological reaction, the substrate (ammonium or nitrite) and biomass concentration are expressed
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in terms of oxygen demand to calculate and track all state variables in batch tests in similar units
(Chandran and Smets 2000). Nitrogen species are defined in terms of nitrogenous oxygen
demand (NOD), and carbonaceous oxygen demand (COD) is used for the unit of biomass (X). As
aresult, 1 mgN of NHs" or NO,™ have 3.43 mg or 1.14 mg of NOD in ammonium and nitrite
oxidation, respectively, while 1 mg of biomass (CsH;O2N) has 1.42 mg of COD. The unit of Y
can be expressed as mg COD/ mg NOD, which makes Y for AOB and NOB (Yaos and Ynog)

equal to fs g and fs no respectively as shown in Eq. 2-15 and Eq. 2-16.

(Eq. 2-15) Yaos = fsnu

(Eq. 2-16) Ynos = fsno

2.3.2 Respirometric batch tests

Respirometric batch tests were performed by providing a certain amount of substrate (NH4 " or
NO;") to activated sludge biomass to promote complete nitrification or nitrite oxidation
respectively. Sufficient oxygen was supplied to ensure all the substrate would be consumed
during the test. The DO within the batch vials was then measured over time. Total oxygen uptake
and the oxygen uptake rate (OUR) were then calculated for determination of biomass yield, as

well as for biokinetic parameter estimation from the process model.

The respirometric batch tests were conducted once the two SBRs became stable, which occurred
by day -20 inthe Non-FA Phase and by day 70 after the start of FA Phase (Figure A-2, Appendix

A). For the batch tests, 100 mL of mixed liquor was taken at the end of the reaction period, and
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washed by the medium containing same compositions of macro and trace elements, phosphate
and alkalinity as the synthetic feed to remove ammonium, nitrite and organic carbon. The
washed sludge was then resuspended in 200 mL of feed medium without ammonium and organic
carbon. Samples collected from the resuspended mixed liquor revealed that no ammonium,
nitrite, nitrate, nor COD remained (data not shown). After that, the mixed liquor was aerated by
an air diffuser connected to an oxygen tank to increase the DO to over 22 mg/L. A 24-channel
reader for non-invasive detection of oxygen in multiple vials (SDR SensorDish® Reader, PreSens
Precision Sensing, Regensburg, Germany), was employed in the batch tests. The SDR
SensorDish® Reader is equipped with a 24-position deep well plate, each containing a 5-mL vials
with a colorimetric optode on the inside bottom surfaces, which makes it possible to perform
respirometric monitoring of shaken cultures and simultaneously test 8 different initial substrate
concentrations in triplicate (Figure 2-2 b). After the DO reached 22 mg/L, 4.75 mL of the aerated
mixed liquor and 0.25 mL ofammonium chloride (NH4Cl) or sodium nitrite (NaNO) stock
solutions were immediately added into each SDR vial. In order to estimate maximum specific
growth rate (umax) and half-saturation coefficient (Ks) at the same time, the respirometric batch
tests were carried out with initial substrate concentrations below or equal to 3 mg N/L. The
initial ammonium concentrations employed in the batch tests for complete nitrification were 0,
0.25,0.5, 1, 1.5,1.75, 2, and 2.5 mg N/L, while initial nitrite concentrations in the batch tests for
nitrite oxidation were 0, 0.25, 0.5, 1, 1.5, 2, 2.5, and 3 mg N/L. The 24 vials were sealed with
caps and placed onto the SDR SensorDish® Reader, which was configured to measure DO every
30 seconds. The SDR SensorDish® Reader was placed on a shaker (Lab- Line SHKE2000 MaxQ

2000, Barnstead) with a speed of 275 rpm. Biomass mixing was further promoted by including a
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small glass bead with a diameter of 4 mm in each vial. Temperature was controlled at 20°C. DO
levels were recorded by a laptop computer connected to the SDR SensorDish® Reader. The SDR
reader stopped recording after 5 hours, or when the DO was fully depleted. One respirometric
batch test was carried out with each substrate (ammonium or nitrite) for each SBR biomass.
Therefore, in order to estimate biokinectis of both AOB and NOB in the two SBRs biomasses,

four respirometric batch tests were required in total for each operational phase.

Power supply

SDR
SensorDish®
Reader
Shaker USB cable
(@
Screw cap
SensorVials
SensorDish®
SDR
SensorDish®

Reader

(b)

Figure 2-2 Respirometric batch tests setup using SDR SensorDish® Reader: (a) batch tests setup; (b)

SDR SensorDish® Reader setup
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Raw respirograms, which recorded DO with time, were saved in the laptop computer. Adjusted
respirograms (Figure C-1, Appendix C) were generated by recalculating DO values with
calibration curves made with each vial before the batch tests. DO values below 1 mg/L were
removed to avoid impacts of oxygen limitation on the biological reaction rate constants (Ma et
al., 2011). Oxygen uptake rate (OUR) curves (Figure C-2, Appendix C) were produced by
calculating the slope of DO within a moving window of 5 min. The decay rate of sludge was
assumed to be the same in vials with different initial substrate concentrations, and was accounted
for by subtracting the OUR respirograms of the blank vials (0 mg N/L of substrate). Cumulative
oxygen uptake for each time point (Figure C-3, Appendix C) was calculated by integrating OUR
from beginning of the batch tests. Maximum cumulative oxygen uptake (OUno and OUpc) and
specific oxygen uptake (SOUno and SOUyc) for different initial substrate concentrations were
obtained from the cumulative oxygen uptake curves (Figure C-4, Appendix C). Finally, the
biomass yield coefficient (Y) for AOB (Yaos) and NOB (Ynos) was determined by equations Eq.
2-11 to Eq. 2-16. All of the above calculations were carried out using in R version 3.4.3 (R. Core

Team 2014).

2.3.3 Process modeling development

To estimate maximum specific growth rate (umax) and half-saturation coefficient (Ks) for AOB
and NOB, a process model was implemented in AQUASIM (Reichert 1994). The process model
constructed in AQUASIM was based on the oxygen mass balance (Eg. 2-7) and Monod equation
for biomass synthesis (Eq. 2-6) described above. Since ammonium or nitrite was the only

substrate for growth and the bacterial decay rate was removed via subtraction of blanks, it was
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assumed that only complete nitrification or nitrite oxidation occurred during batch tests
containing ammonium or nitrite respectively. Hence, the oxygen consumption in excess of
endogenous respiration was assumed be via the activity of AOB and NOB, and the oxygen mass
balance can thus be expressed as Eq. 2-24. Concentrations of ammonium and nitrite (Syws and
Snoz2) at each time point were stimulated by relating the substrate consumption with growth rates
of AOB and NOB with the stoichiometric coefficients in Table 2-2 and Eq. 2-21 to 2-23. umax
and Ks were estimated by fitting Eq. 2-24 to measured OUR series (Figure C-2, Appendix C)
using the ‘Parameter Estimation’ function in AQUASIM. More details about the process

modeling refer to Appendix F.

dDO 1 \dX 1 \dX
(Eq. 2-21) OUR = S = (1 _ —)ﬂJr <1 - _) d%nos
dt Ypos/ dt Yyog/ dt

(Eq. 2-22) dXs08 _ Wmax,a08Xa0B SNH

dt (Ksnm + Snu)
(Eq. 2-23) dXnos _ Kmax,NoB XnoB Sno

dt (Ksno +Sno)
(Eq. 2-24) OUR = dg) - ( _ 1 ) Mmax,A08XA0B SNH n (1 _ 1 ) Mmax,NOBXNOB SNO

dt Yaos/ (Ksnu + Snu) Ynos/  (Ksno +Sno)
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Table 2-2 The stoichiometric coefficients between utilization or production rates of nitrogen species

(ammonium and nitrite) and the growth rate of AOB and NOB

Nitrogen species Growth rate of AOB Growth rate of NOB
Ammonium (NH,") -1/Y pog — 0.3 -0.1°
Nitrite (NOy") 1/(3 Yaos) -1/Ynos

a. 0.3 and 0.1 are nitrogen content of AOB and NOB biomass (mg NOD/mg COD) respectively (Chandran

and Smets 2000)

2.4 Biomass determination

Acquiring accurate values of biomass concentration (X) for AOB (Xaos) and NOB (Xnog) is
important for estimating biokinetic parameters, as the value of X can affect the result of umax as
shown in the Monod equation (Eg. 2-5). However, it is very difficult to measure Xaos and Xnos
directly ina mixed culture like activated sludge, which contains numerous bacterial species that
are either active or not (Ellis et al. 1996). Some previous studies have used the total volatile
suspended solids (VSS) or total biomass concentration to represent nitrifier biomass, which not
only introduces large errors into final result but makes it hard to compare nitrifiers’ performance
among studies (Chandran and Smets 2000; Dytczak et al. 2008; Lottiet al. 2015). Therefore, an

alternative method was used in this study to determine the biomass of nitrifiers.

When the SBR performance reached steady state, Xaos and Xnog in the reactors were calculated

based on Eq. 2-17 (Tchobanoglous et al. 2003). The endogenous decay coefficient (b, d™) was
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assumed to be 0.15 d™* for both AOB and NOB during Non-FA and FA Phases (Manser et al.
2006). Sox (Mg NODI/L) is the amount of substrate oxidized during reaction periods and
calculated by Eq. 2-18 and Eq. 2-19 for AOB and NOB respectively. S, , S, , and S, are mean
concentrations of substrate (mg NOD/L) in feed, effluent and used for assimilation respectively
over 10 days (1 SRT). S, is determined by Eq. 2-20. NAR is nitrite accumulation ratio in

effluent defined as Eq. 2-4. More details on biomass calculation for nitrifiers refer to Appendix E.

SRT Y X S,,

(Eq. 2-17) X = RT T+ x SRD)

(Eq. 2-18) Sox-NH = Sin-NH, ~ Se-NH, — Sas—NH,

(Eq. 2-19) Sox-no = (Sin-No, = Se-no, = Sas-no, )% (1 —NAR)
(Eq. 2-20) Sas = Sin-n, — Se-no,

In this study, total bacterial biomass was also measured by epifluorescent microscopy based on
staining of intercellular DNA with specific fluorescent dyes, and determining biovolume via

imaging software analysis (Appendix D).

2.5 Analytical methods

MLSS, MLVSS, ammonium, nitrite, nitrate, and orthophosphate were analyzed according to
Standard Methods (APHA 2012). Volatile fatty acids, which comprised the added soluble COD

(sCOD), were determined by a gas chromatography (HP 6890 Series GC system, Hewlett
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Packard (Agilent)) equipped with a flame ionization detector. pH and DO were measured by a
Beckman 40 pH Meter (Beckman Coulter, Massachusetts, USA) and a HQ30D Portable DO
Meter (Hach, Colorado, USA), respectively. Table 2-3 summarizes analytical methods applied in

the research.

2.6 Statistical inference

The ANOVA test was applied for comparing biokinetic parameters between the two SBRs and
the two operational phases. Two parameters with P value smaller than 0.05 were considered to

be significantly different.
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Table 2-3 Summary of analytical methods

Analyte Method Sample Pretreatment Instrument
;igdard D M?E?; Filtered onto glass microfiber filters (1.5-um pore | Fisher Scientific Isotemp 737F Oven for dyring; Ohaus
TSS ' . size, Whatman, Pittsburgh, USA), and dried in | Adventurer AR2140 Analytical Balance (Ohaus,
Suspended Solids oven for 12 hours Parsippany, NJ, USA) for weightin
Dried at 103-105°C ppany, % gnting
Standard . Method . . . Thermolyne 30400 Furnace (Thermo Fisher Scientific)
2540 E. Fixed and | Ignite residue from TSS measurement in furnace . .
VSS for burning; Ohaus Adventurer AR2140 Analytical

Volatile Solids Ignited
at 550°C

for 30 min

Balance (Ohaus, Parsippany, NJ, USA) for weighting

Ammonia (NH;-N)

Thermo lec Multi Rf Centrifuge (Thermo IEC, USA);
Lachat QuikChem® 8000 Series (Lachat Instrument,
Wisconsin)

Nitrite (NO;-N)

Standard Method
4500-NH; H. Flow
Injection Analysis

Standard Method
4500-NO,” l.

Cadmium  Reduction
Flow Injection Method

Thermo lec Multi Rf Centrifuge (Thermo IEC, USA);
Lachat QuikChem® 8000 Series (Lachat Instrument,

Wisconsin)

Nitrate (NO3-N)

Standard Method
4500-NO;3 l.
Cadmium  Reduction
Flow Injection Method

Thermo lec Multi Rf Centrifuge (Thermo IEC, USA);
Lachat QuikChem® 8000 Series (Lachat Instrument,

Wisconsin)

Orthophosphate
(PO,*-P)

Standard Method
4500-P G.  Flow
Injection Analysis for
Orthophosphate

Centrifuged at 5000 rpm for 5 min, filtered
through glass filters (1.2-um pore size,
Fisherbrand™), and stored at 4 °C before
measurement

Centrifuged at 5000 rpm for 5 min, filtered
through glass filters (1.2-uym pore size,
Fisherbrand™), and stored at 4 °C before
measurement

Centrifuged at 5000 rpm for 5 min, filtered
through glass filters (1.2-uym pore size,
Fisherbrand™), and stored at 4 °C before
measurement

Centrifuged at 5000 rpm for 5 min, filtered
through glass filters (1.2-um pore size,
Fisherbrand™), and stored at 4 °C before
measurement

Thermo lec Multi Rf Centrifuge (Thermo IEC, USA);
Lachat QuikChem® 8000 Series (Lachat Instrument,
Wisconsin)
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Analyte Method Sample Pretreatment Instrument
Centrifuged at 5000 rpm for 5 min, filterd through

<COD N/A glass filters (1.2-um pore size, Fisherbrand™), | Thermo lec Multi Rf Centrifuge (Thermo IEC, USA);
acidified to pH 2 by H,SO,, and stored at 4 °C | HP 6890 Series GC system (Hewlett Packard (Agilent))
before measurement

H N/A Take less than 10 mL of mixed liqguor from SBRs | Beckman 40 pH Meter (Beckman Coulter,
P into beakers Massachusetts, USA)
DO N/A N/A HQ30D Portable DO Meter (Hach, Colorado, USA)
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3  Results

3.1 Performance of SBRs during the Non-FA Phase

Complete nitrification was achieved in the two SBRs before the start of the FA Phase. Less than
1.0 mg N/L of ammonium (NH4") and no nitrite (NO,") was present in the effluent of the two
SBRs during the last 50 days of the Non-FA Phase (Figure 3-1). Moreover, the effluent nitrogen
species were similar in the two SBRs by the end of the Non-FA Phase, indicating that their
identical operation selected for similar metabolic pathways. The effluent nitrate (NO3") level was
slightly lower than the influent ammonium level in both of two SBRs, which was likely due to
assimilation of ammonium for biomass production (Chandran and Smets 2000; Liu and Wang
2012). The 3-hour cycle monitoring for the Non-FA Phase was carried out when the reactors had
reached steady-state at day -35 inthe Non-FA Phase. During a single SBR cycle, ammonium
was fully depleted and less than 1.2 mg N/L of nitrite was present in the two SBRs at the end of
the reaction period, indicating the achievement of complete nitrification in ER and CR (Figure 3-

2).
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Figure 3-1 Influent ammonium and effluent nitrogen species in SBRs before and after the start of FA

phase: (a) ER; (b) CR

3.2 Performance of SBRs during the FA Phase

FA treatment of return sludge helped to promote nitrite accumulation in the ER. After treating a

fraction of the return sludge from ER with synthetic centrate containing 200 mg N/L as FA

continuously, nitrite started to accumulate after

16 days in the effluent of ER, and reached its
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peak of 11 mg N/L at day 34 of the FA Phase, and further maintained at around 10 mg N/L for
10 days (Figure 3-1a). During the same period of time, no nitrite was observed in the effluent
from CR. This change in effluent nitrite concentration within ER reflects that NOB activity
decreased, and became slower than AOB when return sludge was treated by the high-FA solution
(Cao etal. 2017). However, anaverage of 3 mg N/L of ammonium remained in effluent samples
from ER when the effluent nitrite level was at its highest (Figure 3-1a), revealing that AOB
activity was also inhibited by FA treatment, but was less sensitive than NOB activity. Meanwhile,
the accumulation of nitrite and ammonium resulted in a significant reduction of nitrate from 19
mg N/L to 10 mg N/L in the ER effluent. It is important to note that these effluent nutrient values
were obtained at the end of a single SBR cycle daily, and thus do not represent cumulative daily
averages of nutrient values over all SBR cycles. For that reason, effluent nutrient values were
also monitored throughout select days to determine how AOB and NOB activities changed

diurnally.

The 24-hour SBR effluent monitoring of ER (solid curves in Figure 3-3a) was conducted on day
37 of the FA Phase when effluent nitrite from ER reached its plateau, and demonstrated stable
effluent nitrite accumulation up to 8.3 0.3 mg N/L within 24 hours in Figure 3-3a. Based on the
effluent nitrogen levels monitored over the 24-hour period on day 37, the average NAR was 41.9
+ 2.1% in ER (Figure 3-4). In contrast, CR had its return sludge treated by a solution that did
not contain FA, and had maintained NAR values below 10% throughout the entire FA Phase

(Figure 3-4). The observed NAR in CR was significantly lower than that of ER over the FA

Phase (P < 0.05). Therefore, the ER performance described above demonstrates that 200 mg N/L
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of FA can help to accumulate nitrite and promote the partial nitritation pathway by inhibiting

NOB activity more than AOB.
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Figure 3-2 Ammonium (NH,*-N), nitrite (NO,-N), and nitrate (NO3-N) concentrations of the 3-hour

SBR cycle monitoring for Non-FA and FA Phase: (a) ER; (b) CR. The 3-hour SBR cycle monitoring was

conducted at day -30 before and day 84 after the start of FA treatment for non-FA phase and FA phase

respectively. Time of 0 min represents the start of feeding period of a SBR cycle.
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However, the nitrite accumulation caused by FA treatment of return sludge was not stable in ER.
After remaining at its peak value for 10 days, the effluent nitrite declined to less than 1 mg N/L
after day 64 of FA treatment (Figure 3-1a). At the same time, no ammonium was detected in ER
effluent. These changes reflects that NOB and AOB in ER were able to acclimate to the exposure
to high FA lewvels insludge treatment reactor (Villaverde et al. 2000; Wu et al. 2016), so that by
day 60 the nitrification performance in ER returned back to similar condition as the beginning of
the FA Phase. The acclimation of the ER biomass was further revealed by the 24-hour effluent
monitoring of ER on day 75 of the FA Phase, in which nitrite transiently accumulated within the

first four SBR cycles and was subsequently consumed by the 8" SBR cycle (Figure 3-3b),

leading to a low NAR of 10.9 * 6.0% (Figure 3-4).
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Figure 3-3 Ammonium (NH,*-N), nitrite (NO,-N), and nitrate (NO3-N) concentrations in ER and CR

during a 24-hour period. These 24-hour effluent monitoring were carried out at day (a) 37; (b) 75 of the

FA Phase.
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Figure 3-4 Nitrite accumulation ratio (NAR) in ER and CR after the start of FA phase. Error bars

represent standard deviations

3.3 Biokinetic parameter estimation

Biokinetic parameter estimation, including respirometric batch tests and biomass determination,
was carried out after day -35 of the Non-FA Phase and day 65 of the FA Phase for FA phase,
which were periods when SBR performance was stable (Figure 3-1). Except for the yield
coefficient of NOB (Ynog), the yield coefficient (Y) and biomass concentration (X) of AOB and
NOB during the Non-FA Phase had no significant differences between ER and CR (P>0.05,
Table G-1, Appendix G), indicating that the two SBRs had similar substrate utilization for cell
production at the initial steady-state period of replicated operation. When the SBR performance
became stable in the FA Phase, Y and X for AOB and NOB in the two SBRs were increased

relative to the Non-FA Phase (Figure 3-5).
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However, the increasing trends of Y and X after starting FA treatment were not of the same
magnitude in ER and CR. Yaos in ER increased by 397% during the FA Phase, which was much
greater than that of Ynos (15%) (Figure 3-5a). Yaos and Ynos in CR, on the contrary, increased at
similar ratios so that the value of Ynog was always 2-3 times higher than Yaos (Figure 3-5a). Xaos
in ER at steady state of the FA Phase was about 7 times higher than that of the Non-FA Phase.
However, statistical analysis shows that no significant increase (Table G-2, Appendix G) was
found in Xnog from ER when operation was switched from the Non-FA Phase to the FA Phase

(Figure 3-5c).

The maximum growth rates (umax) 0f both AOB and NOB were inhibited by temporary FA
treatment at 200 mg N/L, but NOB was more sensitive to FA inhibition throughout operation.
The estimated umax 0f AOB and NOB from CR increased during the FA Phase, while that of ER
decreased (Figure 3-5c). Compared with a 27% reduction of umaxaos, the umax Of NOB in ER
decreased by 65%, which was 2.4 times higher than that of AOB, indicating a higher sensitivity
of NOB to FA inhibition. Both ER and CR had increased Ks aog at steady state of the FA Phase,

while Ks nos declined in ER and increased in CR.
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Figure 3-5 Estimated biokinetic parameters from respirometric batch tests: (a) bacterial yield coefficient
(Y); (b) nitrifiers biomass (X); (c) maximum specific growth rate (umy); (d) half-saturation coefficient (Ks).

Error bars represent standard deviations.
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4  Discussion

The observed loss of nitrite accumulation and the decrease in NAR in the ER during the latter part
of the FA Phase indicates that NOB were able to acclimate to operational conditions that involved
temporary exposure to a high FA concentration (200 mg N/L). This acclimation might be the result
of elevated resistance of NOB to the high FA concentration. Villaverde et al. (2000) observed that
the threshold inhibitory FA concentration of NOB increased from 0.44-0.84 to 1.50-2.87 mg N /L
within 4 months. Ruiz et al. (2003) also reported temporal nitrite accumulation and biomass
adaptationto FA as high as 124 mg N/L. It was also suggested that the level of acclimation might
be greater for a smaller NOB concentration in comparison to AOB, which is not beneficial for the
application of FA treatment into full-scale WWTPs to achieve stable partial nitritation (Villaverde

et al. 2000).

In addition, the treatment of return activated sludge with high FA could lead to a shift in microbial
community structure, in which nitrifying bacteria that grow faster under high FA environments are
favored, and thus the ammonium and nitrite oxidation rate would increase after a transient period of
nitrite accumulation. Nitrospira and Nitrobacter are two different NOB genera commonly observed
in WWTPs (Cao et al. 2017). Nitrospira are regarded as K strategists that have a low Ks and low
Umax, While Nitrobacter are typical r-strategists possessing a high Ks and high umax (Xu et al. 2015;
Cao etal. 2017). The activity of both of these two NOB groups can be suppressed by FA
(Blackburne et al. 2007; Cao et al. 2017). However, Nitrospira were reported to be more sensitive
to FA than Nitrobacter when FA increased from 0.08 to 150 mg N/L, which indicates that
Nitrobacter would be more likely to dominate under a high FA environment, and tend to have

higher Ks and umax (Blackburne et al. 2007). However, the observed changes of umax nos and Ks nos
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in the ER in this study trended in the opposite way, in that both umax nos and Ks nos declined
simultaneously after FA sludge treatment. Thus, Nitrobacter and Nitrospira might have similar
activities at an FA above 150 mg N/L (Blackburne et al. 2007), and the observed changes in NOB
biokinetics in this study may have occurred at the species or strain level. There are also two genera
of AOB, Nitrosomonas (r-strategists) and Nitrosospira (K-strategist), that are commonly found in
activated sludge (Dytczak et al. 2008; Cao et al. 2017). Compared with Nitrosomonas, Nitrosospira
were washed out more easily under a high FA environment at around 60 mg N/L in a partial
nitritation reactor (Yao et al. 2017). Consequently, the elevated Ks aos for ER in the FA phase might
be attributed to increasing number of Nitrosomonas in the microbial community. Another possible
reason for the short period of nitrite accumulation was proposed in Simm (2004) based on the
analysis of RNA ina lab-scale SBR, that an initial perturbation (like increasing pH, FA, etc) might
be able to induce nitrite accumulation, while the length of the shunt period may depend on the ratio
of NOB to AOB and the operational conditions after perturbation. Meanwhile, the discovery of
complete ammonia oxidation (comammox) may complicate the interpretation of biokinetic
parameters and different community physiologies, since FA inhibition of comammox bacteria has
not been studied (Xia et al. 2018). Nonetheless, it is difficult to determine the major reason of
transient nitrite accumulation achieved by the strategy of FA treatment on return sludge, based only
on results obtained in this study. In order to better understand the mechanisms of nitrifier
acclimation towards FA treatment, regular batch tests for biokinetic parameter estimation coupled
with microbial community analysis using molecular biological tools, like 16S rRNA sequencing
and/or metagenomics, are suggested to obtain more details about the nitrifying community structure

and its changes during operation.
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This study represents a first attempt to use highly paralleled respirometry, with 8 initial
concentrations in triplicate, to routinely characterize nitrifier biokinetics. The measured OUR data
points (Figure C-2, Appendix C) obtained from the respirometric batch tests were used as input to
the process model in AQUASIM software for the estimation of pmax and Ks, allowing for predicted

OUR to be calculated based on the estimated biokinetic parameter values. Linear regression of

observed versus predicted OUR shows that predicted OUR for complete nitrification was 93 +4%
of measured OUR, while predicted OUR for nitrite oxidation was 82+ 7% of corresponding

observed OUR (Figure 4-1). Deviations between observed and predicted OUR may have been
introduced from instrument noise during periods of small changes in DO, which was the case
during low initial substrate concentrations (e.g. 0.25 and 0.5 mg N/L). Such inaccurate DO
recordings could also explain the large deviation between predicted and observed OUR for nitrite
oxidation, as this process has a smaller oxygen demand per g N than complete nitrification. On the
other hand, a low DO environment can limit nitrifier activity, and thus could be a source oferror in
the biokinetic parameter estimation. Similar to Ks for nitrogenous substrates, the nitrifier affinity to
oxygen is defined as Ko (Tchobanoglous et al. 2003). The metabolic activity of AOB and NOB will
be decreased when the DO concentration is close to, or smaller than, the Ko value. The Ko for AOB
and NOB has been reported to be within 0.24-1.22 mg/L and 0.43-1 mg/L respectively (Pambrun et
al. 2006; Blackburne et al. 2007; Cao et al. 2017). Although when DO was lower than 1 mg/L OUR
values were disregarded from respirograms, oxygen limitation of nitrification might have occurred
when DO declined to below 3 mg/L, resulting in a decreased similarity between observed and
predicted OUR values. In spite of deviations produced during batch tests, SDR SensorDish® Reader
employed in the batch tests allowed for more rapid characterization of multiple initial nitrogen

concentrations in replicate in comparison with other respirometric setups consisting of large DO
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probes and BOD bottles, which typically are not conducted in replicate and thus lack information

for robust parameter estimation (Liu and Wang 2012).

o1



Predicted OUR (mg/(L-min))

Predicted OUR (mg/(L-min))

NH;,

0.00 4

-0.04

-0.08

-0.12 1

) ® 0.25mgN/L
-N concentration
® 0.5mgN/L

ER_Non-FA Phase

y=0.93x
R®=0.98

1 mg N/L

1.5 mg N/L

-0.24

0.00

-0.04

-0.08

-0.12 1

-0.16 4

-0.20 4

T T T T T
-0.20 -0.16 -0.12 -0.08 -0.04
Observed OUR (mg/(L-min))

ER_FA Phase

y=0.97x
R%*=0.99

T
0.00

-0.24
-0.24

-0.20 -0.16 -0.12 -0.08 -0.04
Observed OUR (mg/(L-min))

0.00

(@)

Predicted OUR (mg/(L-min))

Predicted OUR (mg/(L-min))

0.00 4

-0.04

-0.08 1

-0.12 1

-0.16 1

-0.20 4

® 1.75mgN/L ® 25mgN/L
® 2mgN/L

CR_Non-FA Phase

y=0.93x

-0.24
-0.24

0.00 4

-0.04

-0.08 1

-0.12 1

-0.16 4

-0.20 4

T T T T T T
-020 -0.16 -0.12 -0.08 -0.04 0.00
Observed OUR (mg/(L-min))

CR_FA Phase

-0.24
-0.24

-020 -0.16 -0.12 -0.08 -0.04 0.00
Observed OUR (mg/(L-min))

52



. . 0.25 mg N/L 1 mg N/L ® 2mgN/L ® 3mgN/L
NO; -N concentration o ? ¢ o

® 0.5mgN/L ® 1.5mgN/L ® 25mgN/L

0.027  ER Non-FA Phase 0.027 ° CcR_Non-FA Phase
= 0.00 - = 0.00 1
E y = 0.8X £ y=0.82x
< 2 - 2 _
< -0.02 1 R"= 0-95..- < -0.02 R°=0.94
(o)) (o))
E £
o e _ .
X -0.04 X -0.04
0 0
o pel
2 -0.06 A 2 -0.06
Qo O
hel hel
e 0
@ -0.08 - @ -0.08 -
'010 T T T T T 1 '010 T T T T T 1
010 -0.08 -0.06 -004 -0.02 000 0.2 010 -008 -006 -0.04 -002 000  0.0Z
Observed OUR (mg/(L-min)) Observed OUR (mg/(L-min))
0.02 7 ER_FA Phase 0.02 7 CR_FA Phase
= 0.001 Y= 0.9x = 0.001
E 2 £
< -0.02 A R"=0.95 < -0.02 1
(o)) (o))
£ E
X -0.04 € -0.04
0 o)
el hel
2 -0.06 A 2 -0.06
LQ 0
Eel ©
o o
@ -0.08 - @ -0.08
_010 T T T T T 1 —010 T T T T T 1
010 -0.08 -0.06 -004 -0.02 0.00 0.2 010 -008 -006 -0.04 -002 000 0.0z
Observed OUR (mg/(L-min)) Observed OUR (mg/(L-min))

(b)

Figure 4-1 Comparison of observed and predicted OUR obtained by the respiromteric batch tests and
AQUASI M process model respectively for different substrates applied in batch tests: (a) ammonium; (b)

nitrite. The slope of linear regression represents similarity between observed and predicted OUR.
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During the steady state of the FA Phase, the biomass yield coefficient (Y) of both AOB and NOB
increased, attributed to a decrease in the specific oxygen uptake (SOU) (Figure C-4, Appendix C).
In the nitrification process, electrons donated by oxidized nitrogen species (ammonium or nitrite)
are utilized for biomass generation or consumed via the respiration of oxygen (Chandran and
Smets 2000). Thus, lower SOU values suggest that fewer electrons are used for respiration, and
more electrons applied to cell production, resulting ina higher yield coefficient. The increase of
Y in the two SBRs during the FA Phase indicates that the addition of the sludge treatment reactor
might have impact on metabolic efficiency and/or energy partitioning. However the mechanism
behind such as impact is not clear, and further investigations using molecular expression profiles,
such as transcriptomics or proteomics, in the sludge reactor would be required. Despite the
increase in biomass yield coefficient, the increase in ER was a different magnitude as CR. The
significant increase in Yaog in ER during the FA Phase reveals that AOB maintained their
ammonium oxidation ability by increasing cell production when faced with the new condition of

sludge treatment with a high concentration of FA.

Before the observed increase in Y in the FA Phase, the biomass yield coefficient (Y) determined
in the Non-FA Phase are consistent with values reported in literature (Table 4-1). Assuming a
nitrifier biomass molecular composition of CsH;O2N, which requires 1.42 g of COD to fully
oxidize 1 g of cell, Yaos in the two SBRs are both converted to 0.098 mg cell/mg N, falling
within the range 0f0.05-0.29 mg cell/mg N reported in literature (Liu and Wang 2012). For
NOB, Y values in literature range from 0.06 to 0.18 mg COD/mg NOD, depending onthe NOB
species (Park et al. 2017). As K strategists, Nitrospira-NOB are reported to have a higher Y of
0.11-0.18 mg COD/mg NOD, compared with 0.06-0.09 mg COD/mg NOD for Nitrobacter-NOB

(Blackburne et al. 2007; Park et al. 2017). No matter what kind of operational condition was
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applied, Ynog inthis study were always larger than 0.11 mg COD/mg NOD in ER and CR,
suggesting that Nitrospira may be the dominant NOB in the activated sludge. Again, microbial
community analysis like metagenomics or 16S rRNA sequencing is necessary to identify

dominant bacterial species in the sludge (Xia et al. 2018).

Quantification of specific biomass concentration (X) for nitrifiers is of importance to the
estimation of the maximum specific growth rate (umax), as umax 1S inversely proportional to X in
the Monod equation (Eq. 2-5) (Ahn et al. 2008). Xaos and Xnog in this study were calculated
through substrate mass balance during steady state. The increase in estimated Xaos and Xnos
concentrations in CR and Xaog in ER during the FA Phase was mainly due to the increase in
biomass yields and large nitrogen loading, which increased from 205 mg N/d to 300 mg N/d due
to the addition of synthetic centrate return during FA treatment. Inthe mass balance calculation,
the value of the decay rate (b) of nitrifiers was taken from literature, and was assumed to be a
constant of 0.15 d™* throughout the whole experiment. However, this parameter may change
under different operational conditions, and introduce error into X and umax estimation (Manser et

al. 2006). Ahn et al. (2008) reported b to be 0.15+0.06 d* and 1.7+1.9 d* for AOB and NOB,
respectively, from a partial nitritation bioreactor with nitrite accumulation higher than 66%. Liu
etal. (2017) applied an aerobic starvation strategy to achieve nitritation at temperature of 29°C
and determined b of AOB and NOB as 0.24+0.02 d* and 0.35+0.02 d™*, respectively. Reported
numbers of b for nitrifiers are different from system to system, and so far specific b values under
FA inhibition have not been reported yet. Therefore, additional tests to estimate the decay rate
may be required to obtain accurate biomass concentrations and avoid erroneous estimates 0N gmax
when using the substrate mass balance method (Ahnet al. 2008). Additionally, Xaos and Xnos

could be quantified through molecular tools like quantitative PCR (QPCR) and Fluorescence In

55



Situ Hybridization (FISH) combined with epifluorescent microscopy. Ahn et al. (2008) applied
gPCR to measure functional DNA concentrations and used average cell mass and genomic DNA
content value to calculate Xaos and Xnos. Manser et al. (2005) developed a method using FISH to
label AOB and NOB with specific fluorescent probes and measure the biovolume of nitrifier
aggregates with epifluorescence microscopy. However, an average cell density must be assumed
to convert gene/cell counts and/or biovolume into cell mass if g°PCR or FISH-epifluorescence
microscopy is applied, which is not well known for AOB and NOB (Andreottola et al. 2002;

Foladoriet al. 2010).

The values of umax and Ks for nitrifiers estimated in this study correspond to values reported in
literature (Table 4-1), and their observed changes in ER after the start of FA phase showed that
200 mg N/L of FA treatment on return sludge has different effects on biokinetics for AOB and
NOB. The decline of umaxaos and umax nos IN ER indicates an inhibitory effect of FA at 200 mg
N/L on growth and activity of both AOB and NOB, but AOB appeared to be more tolerant to the
suppression from FA than NOB, which has also been reported previously (Anthonisenetal. 1976;
Chung et al. 2006; Pambrun et al. 2006; van Hulle et al. 2007; Liet al. 2012). The value of
Ksaos for ER biomass was increased during the FA Phase, while Ks nog decreased, which differs
from the results of Pambrun et al. (2006), in which an increasing ammonia concentration led
simultaneously to a decreasing in umaxnos and an increasing in Ks nos. For CR, the reason for the
significant increase of umax for AOB and NOB during the FA Phase is not clear, which need to be

estimated in the future.
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Table 4-1 Biomass yield coefficient (Y), maximum specific growth rate (u#mx), and half-saturation coefficient (Ks) in this study and literature

Nitrifiers Y (g cell/g N oxidized) max (07 Ks (mg N/L) Remarks Literature

AOB

AOB 0.098 0.49-0.53 0.17-0.27 20°C, non-FA phase This study

AOB 0.49+0.047 0.39+0.0014 0.49+0.0054 20°C, FA phase, ER This study

AOB 0.30+0.064 1.3+0.018 1.2+0.029 20°C, FA phase, CR This study

AOB 0.18+0.03 NA NA 20°C, activated sludge, complete nitrification Liu and Wang (2012)
Nitrosomonas 0.05-0.29 0.03-1.08 0.063-2.0 Activated sludge Beccari et al. (1979)

AOB 0.22+0.24 1.08+1.03 NA Room temperature, partial nitritation Ahn et al. (2008)

AOB 0.16-0.18 0.44-0.67 NA 30°C, activated sludge, complete nitrification Sepehri and Sarrafzadeh (2019)
AOB 0.15 1.96 0.5 30°C, partial nitritation Pambrun et al. (2006)
Nitrosomonas NA 1.77+£0.98 23.25 28°C, aerobic sludge Cho et al. (2013)
Nitrosospira NA NA 0.56 30°C, mixed culture Schramm et al. (1999)
Nitrosospira NA 0.79-0.84 NA NA Siripong and Rittmann (2007)
NOB

NOB 0.10-0.13 0.66-0.96 0.20-0.56 20°C, non-FA phase This study

NOB 0.15+0.028 0.32+0.0021 0.37+0.0094 20°C, FA phase, ER This study
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Nitrifiers Y (g cell/g N oxidized) Bmax (d7) Ks (mg N/L) Remarks Literature

NOB

NOB 0.19+0.017 0.94+0.013 0.40£0.021 20°C, FA phase, CR This study

NOB 0.06 £0.02 NA NA 20°C, activated sludge, complete nitrification Liu and Wang (2012)
Nitrobacter 0.02-0.084 0.14-1.44 0.22-1.77 Activated sludge Beccari et al. (1979)
Nitrospira 0.099+0.014 0.69+0.10 0.52+0.14 22°C, enriched culture Park et al. (2017)
Nitrospira 0.12-0.2 NA 0.9-1.1 22°C, enriched culture Blackburne et al. (2007)
Nitrobacter NA NA 1.2-1.3 22°C, enriched culture Blackburne et al. (2007)
Nitrospira NA 0.5-1.2 0.4-1.2 28-37°C, pure culture Nowka et al. (2015)
Nitrobacter NA 1.9-4.0 1.7-13 28°C, pure culture Nowka et al. (2015)
NOB 0.028+0.014 2.6+2.05 NA Room temperature, partial nitritation Ahn et al. (2008)

NOB 0.062-0.072 0.63-0.71 NA 30°C, activated sludge, complete nitrification Sepehri and Sarrafzadeh (2019)
NOB 0.021 0.67 1.62 30°C, partial nitritation Pambrun et al. (2006)
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Overall, this study justifies the effectiveness of FA treatment on return activated sludge at 200
mg N/L to select for partial nitritation in mainstream wastewater treatment. This was
demonstrated with significantly higher NAR values with FA treatment of return sludge in
comparison to the control reactor without FA treatment. However, the eventual decrease in
nitrite accumulation reveals that the FA treatment strategy implemented in the study does not
promote stable partial nitritation treatment performance, likely due to microbial acclimation. It is
also important to note that an increase in NOB activity was observed throughout a daily period
following FA treatment, and thus continuous recirculation of FA-treated sludge is recommended
rather than the batch mode used in this study. Therefore, the FA treatment strategy should be
further optimized by varying the amount of treated sludge, treatment period, and FA
concentration before its application at full-scale. Besides, the 90-day operational period of FA
Phase is a short duration to evaluate the long-term impacts of FA treatment in microbial
community. Thereby a relatively longer operational period (e.g. 1 year or longer) may be
necessary for future study. On the other hand, combining the FA treatment with other strategies
like low DO control below 1.5 mg O»/L may help to achieve stable partial nitritation (Yao et al.
2017; Wang et al. 2017). Economic analysis, such as energy and construction cost, and global
warming impact (e.g. estimation of greenhouse gas emission) also need to be estimated when

applying the FA treatment strategy to a full-scale mainstream treatment system.
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5 Conclusions

The objective of this study was to examine the effectiveness of the FA treatment strategy to
promote partial nitritation in mainstream wastewater treatment and to estimate changes in the
nitrifier biokinetics during the inhibition strategy. A synthetic centrate containing FA at 200 mg
N/L was used to treat 20% of return activated sludge for 24 hours before recycling the sludge
back into the bioreactor, which was also fed with a low-strength ammonium wastewater typical
of municipal wastewater. The bioreactor performance and biokinetic parameter results showed

that:

e The FA treatment strategy could help to promote nitrite accumulation in the bioreactors,
reaching a maximum NAR of41.9 +2.1% after treating return sludge with high FA
solution continuously for 37 days;

e Nitrite accumulation achieved by FA treatment, however, was not stable and NAR
decreased to 10.9+6.0% after day 70 of the FA Phase;

e The application of FA treatment on return sludge resulted in larger values of Yaop and
decreasing umaxaos and maxnos, While umax nos had a decrease 2.4 times higher than

Hmax,AOB-

The adaptation of NOB to treatment with FA hinders its application to full-scale mainstream
systems. Therefore, further investigations are needed to optimize FA treatment in combination
with other NOB out-selection strategies to suppress bacterial acclimation. In addition, microbial
community analysis on activated sludge is also suggested to better understand the response of

nitrifiers populations to the operation of FA treatment.
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Appendices

Appendix A: Total suspended solids (TSS) and volatile suspended solids (VSS) of mixed

liquor, and nitrogen removal pe rformance in SBRs throughout the study
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Figure A-1 Total suspended solids (TSS), volatile suspended solids (VSS), and VSS/TSS ratio of mixed

liquor in SBRs: (a) ER; (b) CR
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Appendix B:

pH
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pH and DO in 3-hour SBR cycle monitoring
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Figure B-1 pH and DO in ER and CR during 3-hour SBR cycle monitoring: (a) pH; (b) DO. 3-hour SBR

cycle monitoring was conducted at day -30 before and day 84 after the start of FA treatment for Non-FA

Phase and FA Phase respectively. Time of 0 min represents the start of feeding period of a SBR cycle.
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Appendix C: Adjusted respirograms, oxygen uptake rate (OUR) curves, cumulative

oxygen uptake curves, and specific oxygen uptake (SOU) determination in respirometric

batch tests
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Figure C-1Adjusted respirograms for ER and CR using different nitrogenous substrates in

respirometric batch tests: (a) ammonium; (b) nitrite
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Appendix D: Total bacterial biomass determination

D.1  Materials and methods

Epifluorescence microscopy has been used as a reliable method to estimate total bacterial counts
(Manser et al. 2005; Sacca 2017; Brown et al. 2019). Bacterial cells, including viable and dead
cells, can be stained by fluorescent dyes like SYBR Green Il or SYTO 9, and identified under
epifluorescence microscope (Frossard et al. 2016; Brown et al. 2019). In this study, SYBR
Green-1II (Aex = 497 NnM, Aem = 520 nm, SYBR™ Green I RNA Gel Stain, 10,000X concentrate
in DMSO, Molecular Probes Inc., OR, USA) was used for sludge samples collected during Non-
FA Phase, while sludge samples collected during FA Phase were stained by SYTO 9 (Aex = 485
nm, Aem = 498 nm, SYTO™ 9 Green Fluorescent Nucleic Acid Stain, 5 mM, Life Technologies,
Carlsbad, CA, USA) due to malfunction of SYBR Green-I1. A correlation coefficient of 0.956
was used for comparison of total bacterial biomass stained by the two different dyes. (Lebaron et

al. 1998).

Sludge samples were collected from washed sludge in respirometric batch tests and from SBRs
during 3-hour SBR cycle monitoring. The sludge samples were fixed with 4% paraformaldyhe
(PFA) solution, and stored in Phosphate-Buffered-Saline (PBS)-ethanol solution (50%/50%, v/V)
at -20 °C for future use (Daims et al. 2004). Before staining with fluorescent dyes, sludge
samples were disintegrated by a PT 10-35 Blade-type Homogenizer (Brinkmann (Polytron)
Instruments) for 3 min in ice, and mixed with 5% v/v of dispersants Tween 20 (Brown et al.
2019). The mixed samples were diluted 100 times with autoclaved PBS solution (2.45 g

Na,HPO,4, 1g KH,PO4 and 8.5 g NaCl/L; pH = 7.2) and dispersed again in a sonication bath
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(Aquasonic model 50T, VWR Scientific Products) for 20 min. After that, 0.25 mL of treated
samples were added into 4.75 mL of autoclaved Tris buffer (10 mM, pH = 8.0) with additional
50 uL of 100X SYBR Green-I stock solution (1:100 v/v dilution of 10000X SYBR™ Green II in
DMSO) or 50 uL 0f250-uM SYTO 9 stock solution (1:20 v/v dilution of 5-mM SYTO™ 9
Green), and incubated for 15 min in dark at room temperature (Pateletal. 2007; Brown et al.
2019). 2mL of stained solutions were then filtered onto black filters (0.2-pum pore size, 25-mm
diameter, Cyclopore Track Etched, Whatman), and mounted onto microscope slides. Filters were
observed at 400X magpnification using an O lympus BX53 light fluorescent microscope
(Olympus, Japan), equipped with a YFP filter (excitation filter: 490-510 nm, barrier filter: 520-
550 nm). 40 random fields of view were captured for each filter by a DP80 Dual Chip Color and
Monochrome Camera (Olympus, Japan), and analyzed by YABBA which is able to process
microscope images, count bacterial cells in images, and calculate bacterial cell volume (Zeder et

al. 2011).

Total bacterial concentration (N (cells/L)) is determined using Eqg. D-1. Nyg (cells) is total
bacterial cell counts within 40 random fields of view. A4 and Ar are the areas of the 40 fields of
view and black filters respectively. D is dilution factor as 2121, and Vs is sample volume as 2
mL for all sludge samples. Carbon content per unit of cell volume (Mc) is assumed to be 310 pg
C/mm® (Andreottola et al. 2002; Foladori et al. 2010). Total bacterial biomass (Xot1, mg COD/L)
is calculated by Eq. D-2. V (um3/cell) is the mean volume ofa bacterial cell obtained by
YABBA.

_ Nyp X Ay

(Eq. D-1) N « 2 1000 (2L
q = S T s
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(Eq. D-2)

X

mg VSS

} =N XVxM:x1.88

tota

D.2  Total bacterial biomass results

x 10712
mg VSS

Table D-1 Total bacterial biomass results obtained by epifluorescent microscopy

Total bacterial biomass
Phase Reactor Activity
(mg COD/L)
Batch test using ammonium as substrate 105.42+10.73
ER Batch test using nitrite as substrate 89.45+9.11
Non-EA 3-hour SBR cycle monitoring 168.83+26.99
Phase Batch test using ammonium as substrate 71.69+7.30
CR Batch test using nitrite as substrate 89.62+5.89
3-hour SBR cycle monitoring 162.43+52.41
Batch test using ammonium as substrate 19.60+7.07
ER Batch test using nitrite as substrate 31.19+14.72
3-hour SBR cycle monitoring 42.10+£12.70
FA Phase
Batch test using ammonium as substrate 16.81+6.32
CR Batch test using nitrite as substrate 22.91+17.31
3-hour SBR cycle monitoring 50.34+13.72
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Appendix E: Biomass calculations for nitrifiers

Table E-1 Biomass calculations for nitrifiers using the method of substrate mass balance

Phase Reactors | Nitrifiers SRT (d) HRT (d) ;\(Io(s)g CcOD/mg IS\l(z;(D/L)(mg b (d%) NAR X (mg COD/L)
AOB 10.43£0.79 0.5020.16 0.0420.02 71.53+1.42 | 0.15 0 11.8245.63
NonEA - NOB 10.4320.79 0.50+0.16 0.1620.04 23.84£0.47 | 0.15 0 15.9+4.08
Phase AOB 10.00+0.89 0.5120.11 0.0420.03 65.68£1.56 | 0.15 0 10.36£8.72
o NOB 10.00+0.89 0.5120.11 0.12+0.04 21.89£0.52 | 0.15 0 10.61£3.31
AOB 10.95+3.59 0.500.17 0.2020.02 92.36+1.79 | 0.15 0 77.60225.74
ER
NOB 10.95+3.59 0.5020.17 0.19+0.03 26.48+0.60 | 0.15 0.11+0.06 | 21.47+7.48
FA Phase
AOB 9.5620.98 0.4920.11 0.12+0.03 97.18+9.28 | 0.15 0 47.9312.28
o NOB 9.5620.98 0.4920.11 0.2420.02 31.983.09 | 0.15 0.01£0.02 | 30.905.01
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Appendix F: Instructions of process modeling development in AQUASIM

1. Start the window interface version of AQUASIM or click the command File = New from

the main menu bar.

b. Definition of variables

State variables
2. Define two state variables:

C_NH for concentration of NH4 with unit of mg NOD/L;

C_NO for concentration of NO, with unit of mg NOD/L.
Program variables

3. Define a program variable t referring to time.

4. Define a program variable calcnum referring to calculation number.
Constant variables

5. Define two constant variables K_AOB, K_NOB for half saturation constants (Ks) of AOB
and NOB, with unit of mg NOD/L, values of 1.5 mg NOD/L, a minimum of 0, maximum of 10,
and standard deviations of 0.2 mg/L. Click “active for sensitivity analysis” and “active for

parameter estimation”.

6. Define two constant variables u_ AOB and u_NOB for maximum growth rates (imax) 0f AOB
and NOB, with unit of min, values of 0.000118 min!, a minimum of 0, maximum of 1, and
standard deviations of 0.00002. Click “active for sensitivity analysis” and “active for parameter

estimation”.
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7. Define two constant variables Y _AOB and Y _NOB for biomass yield coefficients (YY) of

AOB and NOB with unit of mg COD/mg NOD and corresponding values in Figure 3-5.
Formula variables

8. Define two formula variables X_AOB and X_NOB for biomass concentrations (X) of AOB

and NOB equal to values in Table E-1, Appendix E with unit of mg COD/L.

9. Define two formula variables i AOB and i_NOB for nitrogen content of AOB and NOB

biomass, equal to 0.3 and 0.1 mg NOD/mg COD respectively.
10. Define a formula variable r AOB for the growth rate of AOB, expressed as
u AOB*C NH*X AOB/ (K _AOB + C_NH), with unit of mg COD/(Le min).
11.Define a formula variable r NOB for the growth rate of NOB, expressed as
u NOB*C NO*X NOB/(K NOB + C_NO), with unit of mg COD/(Le min).
12. Define a formula variable r_O2 for the predicted OUR, expressed as (1-1/Y_AOB)*r_AOB
+(1- 1/Y_NOB)*r_NOB), with unit of mg O2/(Lemin).

Real-list variables
13. Define a real-list variable our_measl with argument of t and unit of (mg O2/L-min), a

minimum of -1e+009 and maximum of 1e+009. Input OUR data points of the first experimental

vial (A4) using ammonium as substrate stored in a tab-separated file.

14. Duplicate our_measl and rename as a new real-list variable our_meas2. Change the inputted

data to read OUR data points of the second experimental vial (A5) usingammonium as substrate.

15. Repeat step 14 for all 42 experimental vials using ammonium or nitrite as substrate.
(our_measl to our_meas21 are real-list variables for vials using ammonium as substrate, and
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our_meas22 to our_meas4?2 are real-list variables for vials using nitrite as substrate )

16. Define a real list variable, C_NH_ini, with argument of calcnum and unit of mg NOD/L.
Input a list of argument value pairs, so that the calcnum corresponds to the vial number (e.g.
calcnum 1 = via A4) and the value corresponds to the initial NH4 concentration in that vial as mg

NODI/L.

17. Define a real-list variable C_NO_ini with argument of calcnumand unit of mg NOD/L. Input
a list ofargument value pairs, so that the calcnum corresponds to the vial number (e.g. calcnum 1

= via A4) and the value corresponds to the initial NO2 concentration in that vial as mg NOD/L.
18. Save the file.

c. Definition of processes

19. Define a dynamic process growth NOB with rate =r_NOB:

the stoichiometric coefficient for C_NO is:-1/Y_NOB,;
the stoichiometric coefficient for C_NH is: -i NOB;

The stoichiometric coefficient for X_NOB is: +1.
20. Define a dynamic process growth AOB withrate =r_AOB:

the stoichiometric coefficient for C_NH is:-1/Y_AOB - i_AOB;
the stoichiometric coefficient for C_NO is: 1/(3*Y_AOB);

the stoichiometric coefficient for X_AOB is: +1.

21. Save the file.
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d. Definition of compartment

22. Define a mixed reactor compartment called batch, with a volume of 0.005 L. In this
compartment activate state variables C_NO and C_NH, and processes growth AOB and
growth_NOB. Finally, specify C_NO_ini and C_NH_ini to be the initial concentrations of C_NO

and C_NH, respectively.
23. Save the file.

e. Definition of plots

24. Click the command View — Results , and then New to create a new plot. Name it as
OUR1_NH4, for OUR in vials with initial ammonium concentration of 0.25 mg N/L. The title
should be the substrate type and initial concentration (i.e. NH4 — 0.25 mg N/L). The abscissa
label Time (min), and the ordinate label OUR (mg O2/L/min). Click Add and leave Type as value,
change the variable to our_measl. Set the calculation number as 1. Deactivate the Line, and
activate the Marker (black circle with size 3). Click OK. Click Add again to add variables
our_meas2 and our_meas3 as our_measl. Click Add again, and change variable to r_O2. Set

calculation number as 1. Change line color to red. Click OK.

25. Duplicate plot OUR1 NH4 and name it as OUR2_NH4 for OUR in vials with initial

ammonium concentration of 0.5 mg N/L. Repeat step 24 for our_meas4 to our_meas6 and r_O2.
26. Repeat step 25 for all 14 different initial substrate concentrations.
27. Save the file.

f. Definition of calculations

28.Click the command Calc — Simulation from the main menu bar and define a new
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calculation of with 350 steps of size 0.5 min. Change calculation number to 1. Name this
calculation as calcl. Select this calculation to be “active for simulation” as well as “active for

sensitivity analysis”.

29. Duplicate calcl, and rename it as calc2. Change the calculation number to 2. Repeat this step

for all 42 vials.

30. Click the command Calc — Parameter Estimation from the main menu bar and click the

button New in the Parameter Estimation box. Name this fit as fitl. Change calculation number to
1. Have the initial state be given, made consistent. Click Status “active for parameter estimation”.
Click the Add button, and select our_measl as Data and r_O2 as Variable. Select Batch as

Compartment.

31. Duplicate fitl and rename the new fit as fit2. Change the calculation number to 2 and change

Data to our_meas2 and Variable to r_O2.
32. Repeat step 31 for all 42 vials.
33. Save the file

g. Execution of the simulation and presentation of results

34. In the dialog box of Parameter Estimation, active parameters K_NOB and u_NOB and select
Method to be secant. Select fit 22 to fit 42 to be active in calculations box. Click button Start to
execute parameter estimation for NOB. Restart the parameter estimation to improve results until

the value of final Chi*2 does not change.

35. Deactive parameters K_NOB and u_NOB and active K_AOB and u_AOB. Select fit 1 to fit 21

to be active in calculations box. Click button Start to execute parameter estimation for AOB.
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Restart the parameter estimation to improve results until the value of final Chi*2 does not change.

36. Click the command Calc — Simulation from the main menu bar. Active calc 1 to calc 42 in

the dialog box of Simulation. Click button Start/Continue to calculate OUR based on estimated

parameters (umax and KS).

37. Click the command View — Results. Select OUR1_NH4 and click button Plot to Screen to
plot measured and calculated OUR in a figure. Click button List to File to save data points of

measured and calculated OUR in a txt. file for further process.
38. Repeat step 36 for all 14 plots.

39. Save the file.
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Appendix G: P values of ANOVA on biomass yield coefficient (Y), nitrifiers biomass (X), maximum specific growth rate (#max), and half-

saturation coefficient (Ks) between ER and CR in Non-FA and FA Phase

Table G-1 P values of ANOVA on biomass yield coefficient (Y) of nitrifiers: left- AOB; right-NOB

Non-FA Phase FA Phase
YAOB
ER CR ER CR
Non-EA ER |1 9.89E-01 | 1.14E-26 | 4.40E-13
Phase CR | - 1 3.88E-21 | 7.97E-10
ER | - - 1 7.39E-13
FA Phase
CR | - - - 1

Table G-2 P values of ANOVA on biomass (X) of nitrifiers: left- AOB; right-NOB

Non-FA Phase FA Phase
XAOB
ER CR ER CR
Non-FA ER |1 7.60E-01 | 1.74E-04 7.65E-05
Phase CR | - 1 1.69E-04 9.92E-05
ER | - - 1 1.07E-02
FA Phase
CR | - - - 1

Non-FA Phase FA Phase
YNOB
ER CR ER CR
Non-FA ER 1 4.75E-03 4.45E-02 | 4.38E-09
Phase CR |- 1 6.21E-06 | 1.97E-13
ER - - 1 1.05E-06
FA Phase
CR - - - 1
Non-FA Phase FA Phase
XNOB
ER CR ER CR
Non-FA ER 1 5.44E-02 1.58E-01 | 1.58E-04
Phase CR - 1 1.15E-02 | 6.80E-06
ER - - 1 1.02E-02
FA Phase
CR - - - 1
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Table G-3 P values of ANOVA on maximum specific growth rate (umayx) of nitrifiers: left- AOB; right-NOB

Non-FA Phase FA Phase
HMmax, AOB
ER CR ER CR
Non-FA ER |1 2.45E-37 | 9.31863E-64 | 5.74E-56
Phase CR | - 1 1.7773E-56 | 9.57E-57
ER | - - 1 1.54E-60
FA Phase
CR | - - - 1

Table G-4 P values of ANOVA on half-saturation coefficient (Ks) of nitrifiers: left- AOB; right-NOB

Non-FA Phase FA Phase
KS,AOB
ER CR ER CR
Non-EA ER |1 1.55E-40 | 1.10E-53 1.11E-50
Phase CR | - 1 9.46E-60 2.48E-52
ER | - - 1 9.55E-48
sfsdf
CR | - - - 1

Non-FA Phase FA Phase
Hrmax, NOB
ER CR ER CR
Non-EA ER |1 4.19E-44 | 8.91E-66 | 5.96E-05
Phase CR |- 1 3.22E-60 | 2.87E-40
ER - - 1 1.68E-61
FA Phase
CR - - - 1
Non-FA Phase FA Phase
KS, NOB
ER CR ER CR
Non-FA ER |1 1.31E-38 | 2.56E-33 | 1.19E-24
Phase CR |- 1 1.87E-36 | 2.08E-29
ER - - 1 6.78E-09
FA Phase
CR - - - 1
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