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Cody James Campolong

Abstract

The Chesapeake Bay watershed has seen an increase in population, nutrient loading, and stringent
effluent limits; therefore, cost-effective technologies must be explored and implemented to intensify
the treatment of regional wastewater.

This work describes the bioaugmentation and retention of anammox (AMX) granules in a continuous
adsorption/bio-oxidation (A/B) mainstream deammonification pilot-scale process treating domestic
wastewater. The AMX granules were collected from the underflow of a sidestream DEMON® process.
The bioaugmentation rate was based on several factors including full-scale sidestream DEMON® wasting
rate and sidestream vs mainstream AMX activity. The retention of bioaugmented AMX granules
required a novel settling column at the end of the deammonification step. The settling column was
designed to provide a surface overflow rate (SOR) that allowed dense AMX granules to settle into the
underflow and less dense floccular biomass to outselect into the overflow. B-Stage was operated to
out-select nitrite oxidizing bacteria (NOB) by maintaining an ammonia residual (>2 mg NH,-N/L), a
relatively high dissolved oxygen (DO) (>1.5 mg O,/L) concentration, an aggressive solids retention time
(SRT) for NOB washout, and intermittent aeration for transient anoxia. AMX activity was not detected in
the mainstream at any time. The settling column AMX retention quantification suggested but did not
confirm AMX were maintained in the mainstream. NOB were not suppressed during this study and no
nitrite accumulation was present in the mainstream process. It was theorized that AMX granules were
successfully settled into the settling column underflow and accumulated in the intermittently mixed
sidestream biological phosphorus reactor (SBPR) where they disintegrated.

This work also describes optimization of carbon addition to an anoxic partial denitrification anammox
(PdN/A) moving bed biofilm reactor (MBBR) testing glycerol, acetate, and methanol as carbon sources to
maximize total inorganic nitrogen (TIN) removal through the anammox pathway and to minimize
effluent TIN. A carbon feeding strategy was developed and was evaluated by the extent of partial
denitrification vs full denitrification (partial denitrification efficiency, PdN efficiency). All three carbon
sources were capable of high TIN removal, low effluent TIN, and moderate to high PdN efficiency.
Average TIN removal for glycerol was 10.0 + 3.6 mg TIN/L, for acetate it was 8.7 + 2.9 mg TIN/L, and for
methanol it was 11.5 £ 5.6 mg TIN/L. Average effluent TIN for glycerol was 6.0 + 4.0 mg TIN/L, for
acetate it was 5.0 £ 1.1 mg TIN/L, and for methanol it was 4.3 + 1.5 mg TIN/L. Average PdN efficiency for
glycerol was 91.0 + 9.0%, for acetate it was 88.0 + 7.7%, and for methanol it was 74.0 + 8.5%. When
PdN efficiency was factored into the cost of each carbon source, methanol was 5.83% cheaper than
glycerol per mass TIN removed and 59.0% cheaper than acetate per mass TIN-N removed.



Bioaugmentation and Retention of Anammox Granules to a Deammonification Bio-Oxidation Process
Pilot with an Anoxic Partial Denitrification/Anammox Polishing Moving Bed Biofilm Reactor

Cody James Campolong
General Audience Abstract

The Chesapeake Bay watershed has seen an increase in population, nutrient loading, and stringent
effluent limits; therefore, cost-effective technologies must be explored and implemented to intensify
the treatment of regional wastewater. This work involves removing nitrogen from wastewater in a pilot
sized modeled from a real wastewater treatment plant. The removal of nitrogen from wastewater can
become costly. This cost is due to aeration and chemical demands to remove the nitrogen. This masters
work uses a type of microorganism that can remove nitrogen without the need for aeration or chemicals
through anaerobic ammonia oxidation (AMX bacteria).

A specific environment has been created for AMX bacteria during this study to ensure they perform
nitrogen removal optimally. Often times, communities of bacteria can help remove nitrogen more
effectively when they work together. Therefore, communities of bacteria were encouraged to grow
during this study. We were able to see that nitrogen removal was indeed occurring at high rates and
producing high effluent water quality. We used several different metrics to prove this nitrogen removal
technology worked well. This research was important because it showed the capabilities of a highly
intensified process of successful nitrogen removal at a pilot-scale facility. It is the hope that these
findings can be improved upon and implemented at full-scale facilities. These full-scale facilities would
be able to achieve low levels of nitrogen in their effluent while saving millions of dollars on operational
costs.
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1. Introduction

Overall population and city density has increased and has elevated wastewater treatment plant (WWTP)
load, and this combined with stricter nutrient effluent limits has generated a need for process
intensification to treat both point sources (WWTP and storm water discharge) and non-point sources
(urban and agriculture runoff) to protect our most precious resource, water. Although a global issue,
regional municipalities have a responsibility to protect local waterways such as the Chesapeake Bay
Watershed.

The Chesapeake Bay Watershed spans Virginia, West Virginia, Maryland, Delaware, New York, and
Pennsylvania. Over the past few decades, the environmental condition of the bay has declined. The
principle concern is nutrient pollution. A lack of adequate mixing in the bay from tidal and ocean
current movement has allowed nutrients like nitrogen and phosphorus to accumulate and cause
eutrophication. This excess of nutrients causes algal blooms which inhibit sunlight penetration for
aquatic vegetation, and decaying algal biomass elevates dissolved oxygen demand and limits or
eliminates marine life.

Regulations have forced entities like Hampton Roads Sanitation District (HRSD) to take action to lower
the negative environmental impact on the bay. The EPA implemented a Chesapeake Bay Total Maximum
Daily Load (TMDL) which limits the nitrogen discharge to 185.9 million pounds, phosphorus to 12.5
million pounds, and sediment to 6.45 billion pounds per year (EPA, 2010). The TMDL forced the local
environmental industry to develop useful technologies to mitigate the threat to the bay. HRSD is the
wastewater municipality for Southeastern Virginia. HRSD is comprised of 9 major and 7 minor
treatment plants with a combined flow capacity of 250 million gallons per day (MGD) (Figure 1). The
processed wastewater discharges into the Atlantic Ocean along with the Rappahannock, York, and
James Rivers.
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Figure 1: A map of the HRSD service area and WWTP locations (https://www.hrsd.com/about-us).

Each river basin has an EPA mandated waste load allocation; therefore, each WWTP is assigned an
annual average waste load allocation for total nitrogen (TN) and total phosphorus (TP). HRSD
determined that upgrading the current 15 MGD York River (YR) WWTP was the most cost effective
solution to continue to meet more stringent nutrient levels (Figure 2).



Figure 2: An aerial photo the Hampton Roads Sanitation District’s York River Wastewater Treatment Plant with process
annotations.

As a result of the limitations on both cost and footprint, a concept called intensification must be applied
to treatment processes. Intensification is the combination of reducing cost and footprint via decreased
operation and maintenance cost (0&M) to achieve better results. Another way to look at intensification
is achieving better performance without sacrificing efficiency or achieving better efficiency without
sacrificing performance. In general, a smaller footprint technology has a higher cost because of
additional energy and chemical requirements, vice versa. For example, a lagoon occupies a larger
footprint than a moving bed biofilm reactor (MBBR), but a MBBR produces better effluent quality with a
higher cost due to added instrumentation, monitoring, sensors, and media.

There is a strong need to remove nitrogen and phosphorus from WWTP discharge because of
eutrophication and algal blooms. A conventional biological nutrient removal (BNR) process called
nitrification-denitrification is adequate at removing nitrogen but other BNR processes can intensify the
nitrogen removal process. Anaerobic ammonia oxidation or anammox (AMX) converts ammonia and
nitrite to nitrogen gas without using carbon or aeration. Utilizing AMX for BNR has the potential to
highly intensify nitrogen removal from wastewater.



Deammonification is a highly intensified BNR process that combines AMX and partial nitritation.
Establishing and maintaining an AMX community in a temperate climate mainstream WWTP BNR
process is extremely difficult. Also, the slow doubling time of AMX bacteria results in a very long startup
period before the treatment process can be fully operational. A solution to these obstacles is to
bioaugment AMX biomass from an established AMX process. The newly seeded AMX biomass would
require a retention mechanism to ensure it has a high enough solids retention time (SRT) to proliferate.
AMX can be bioaugmented to the B-Stage process from the sidestream DEMON® process at YR. This
DEMONZ® process cultivates and accumulates AMX granules that can be collected for bioaugmentation.
There are two main objectives for this research component:

1. Calculate and use an appropriate AMX granule bioaugmentation rate from the sidestream
DEMONZ® process at YR to the CE Pilot B-Stage mainstream deammonification process.
2. Achieve high AMX granule retention percentage in the mainstream via a selection mechanism.

The mainstream deammonification strategy employed in this study used intermittently aerated
ammonia vs NOx (AvN) control which was dictated by an AvN ratio setpoint. This means that the ratio
of NOx/NH, was controlled and not the effluent magnitude of NOx or NH,. To meet stringent effluent
limits a polishing unit would be needed. Using AMX for the polishing unit would be a low cost option,
but nitrate would be present from the mainstream deammonification effluent and the small amount
produced by AMX metabolism. Therefore, adding a restrictive amount of carbon to the AMX polishing
unit would allow denitrifying bacteria to convert nitrate to nitrite (denitratation) and AMX would have
the ability to use the nitrite for further TIN removal through the AMX pathway. The partial
denitrification and AMX (PdN/A) polishing MBBR would also be a safeguard against disturbances in the
deammonification process because it has the ability to remove ammonia, nitrite, and nitrate in a single
reactor prior to discharge. The key is to optimize the carbon added for maximum TIN removal across
the polishing process to obtain extremely low TIN concentrations. Traditionally, methanol was the
carbon source used for full denitrification polishing processes, but other carbon sources such as glycerol
and acetate may perform denitratation more effectively. There are two main objectives for this
research component:

1. Optimize carbon addition to an anoxic PAN/A MBBR polishing unit to maximize TIN removal and
minimize TIN effluent levels.

2. Compare glycerol, acetate, and methanol as carbon sources for the PAN/A MBBR polishing
process.

Research was conducted at the Chesapeake-Elizabeth WWTP pilot (CE Pilot) in Virginia Beach, Virginia
operated as an adsorption/bio-oxidation (A/B) process at 20°C. The A-Stage was a high-rate activated
sludge (HRAS) process that focused on carbon capture for carbon diversion. The B-stage implemented
mainstream deammonification with AMX bioaugmentation and retention combined with biological
phosphorus removal (Bio-P). Previous research at the CE Pilot achieved partial nitritation through AvN
intermittent aeration control and subsequent nitrite oxidizing bacteria (NOB) outselection under the
operational conditions of this study. A fully anoxic polishing PAN/A MBBR removed the remaining
nitrate through partial denitrification and residual ammonia along with nitrite through AMX. The main



goal of the CE Pilot research was to model HRSD’s YR WWTP at pilot-scale with the intention to upgrade
and retrofit YR based on the results of the CE Pilot.

2. Literature Review

Nitrification and Denitrification

Since ammonia is toxic to aquatic life (increase of pH and oxygen demand) and is the predominant form
of nitrogen in WWTP influent, a widely known and utilized biological nutrient removal (BNR) process to
remove nitrogen from wastewater called nitrification and denitrification was developed (Bitton, 2011)
(Figure 3). If nitrate is not removed from wastewater, suffocation due to methemoglobinemia or “blue
baby syndrome” can occur from residual NO3;™ consumption by infants who are not able to bind oxygen
to hemoglobin because of the elevated levels of nitrite in their gastrointestinal tract. Also, if high
concentrations of nitrogen and phosphorus are discharged into waterways, eutrophication will ensue.
Eutrophication causes algal blooms which inhibit sunlight penetration for aquatic vegetation, and
decaying algal biomass elevates dissolved oxygen demand and limits or eliminates marine life.
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Figure 3: Conventional nitrification and denitrification pathways for nitrogen removal with requirements annotated.

Nitrification occurs aerobically by two main types of autotrophic bacteria. Ammonia oxidizing bacteria
(AOB) oxidize ammonia to nitrite during nitritation, and nitrite oxidizing bacteria (NOB) oxidize nitrite to
nitrate during nitratation. Denitrification occurs anoxically by heterotrophic bacteria in five steps
(oxidation state): NO3™ (+5) to NO, (+3) to NO (+2) to N,O (+1) to N, (0). Some autotrophic
microorganisms are capable of denitrification, but heterotrophs called Pseudomonas are the dominant
species in wastewater denitrification treatment. The microorganisms involved in denitrification are



mostly facultative heterotrophs called denitrifying bacteria, and true denitrifying bacteria reduce nitrate
to nitrite during denitratation, then reduce nitrite to nitrogen gas during denitritation while partial
denitrifying bacteria only perform a portion of the denitrification steps (Drysdale et al, 2001; Gardner,
2008) (Figure 4). Since the nature of denitrifying bacteria is facultative, then it is possible that a single
species of denitrifying bacteria is capable of performing partial or full denitrification. But, there are
certain species that tend to be more prevalent when more partial denitrification is occurring. Thauera
seem to dominate in partial denitrification systems and could be specifically suited for partial
denitrification (Liu et al, 2013). More specifically, incomplete denitrifiers and incomplete nitrite
reducers make up the majority of the denitratation microbial community (Drysdale et al, 2001).
Incomplete denitrifiers lack nitrite reductase enzymes (Robertson and Kuenen, 1992). Nitrite
accumulation in denitrification systems is a result of the predominant presence of incomplete
denitrifiers (Rheinheimer, 1985; Robertson and Kuenen, 1992). Incomplete nitrite reducers may have a
nitrite reductase enzyme that is experiencing inhibition due to large quantities of nitrate, but a more
likely scenario is that nitrates are favored over nitrites because of higher electron accepting capacity
(Drysdale et al, 2001).
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Figure 4: Specific nomenclature for the pathways of nitrification and denitrification.

The stoichiometry involved with the various steps in nitrification and denitrification is well documented
and includes biomass growth considerations (Eq. 1 — Eq. 6) (Grady, 2011). Since full nitrification requires
7.14 g CaCO5/g NH,", alkalinity addition is needed to maintain an optimal pH range of 7.5-8.0 (Grady,
2011; Burton et al, 2013). Compared to ordinary heterotrophic organisms (OHO), these slow growing
nitrifiers require a solids retention time (SRT) typically in the range of 4 to 20 days depending on influent
temperature and composition (Grady 2011). Denitrifiers require carbon for their metabolism, and
although influent carbon is available, external carbon sources such as glycerol, acetate, and methanol
may be needed to supplement the denitrification step.



Nitritation by AOB:
NH, +1.50, > NO, +2H" + H,0 (Eqg. 1)

Nitratation by NOB:

NO, +0.50, > NO5” (Eq. 2)
Nitrification:
NH, +20,-> 2N0O5; +2H" + H,0 (Eq. 3)

Nitrification Considering Biomass Growth:

NH, +6.708HCO5 +3.3000, > 3.373N0; + 1.041H,0 + 6.463H,C0;+ 0.129CsH,0,N (Eq. 4)
Denitrification pathway:

NO;s - NO, > NO - N,0 - N, (Eg. 5)
Denitrification with Domestic Wastewater:

C10H1505N + 10NOs” - 5N, +10C0, + 3H,0 + NH3 + 100H" (Eq. 6)

The growth and subsequent competition among microbial communities can be modeled with Monod
kinetic equations that have many parameters like maximum specific growth rate and various substrate
concentrations (Eq. 7). The parameters are temperature dependent and several values are reported in
literature and used in BNR design (Burton et al, 2013; Sedlak, 1991; Randall, 1998; Wett et al, 2003; Sin
et al, 2008; Kaelin et al, 2009; Manser et al, 2006; Salem et al, 2006). Furthermore in nitrification,
several factors such as temperature, pH, and availability of substrates influence the maximum growth
rate of various microorganisms (3.8 d™ for heterotrophs, 0.9 d”* for AOB and 0.7d" for NOB) (Kayombo
et al, 2003; Knowles et al, 1965). It is important to control the parameters that maximize the growth
rate of the desired microorganisms in a given microbial community. For example, non-limiting carbon
must be added to a full denitrification system to ensure maximum growth rate for denitrifiers and to
reduce all nitrate and nitrite to nitrogen gas. Similarly parameters can be minimized to help lower the
growth rate of unwanted microorganisms.

The basic form of the Monod equation is:

Monod Equation: H = Umax (KLH)
) (Eq. 7)

where: p = the specific growth rate (hr)



Mmax = the maximum specific growth rate (hr')
S = the limiting substrate concentration (mg/L)

K, = the half saturation coefficient and the value of S when p/p. = 0.5

Another important factor for conventional nitrification-denitrification processes is the influent
fractionation of carbon. For instance, the denitrification rate is highly dependent on both the quantity
and type of readily biodegradable chemical oxygen demand (rbCOD) but is not as dependent on
temperature because of the rapidly adaptive nature of denitrifiers (Halling-Sgrensen et al, 1993; Sutton
et al, 1975).

Adsorption/Bio-oxidation Process

A one-stage treatment system creates competition among nitrifiers and heterotrophs for substrate, and
tends to exhibit relatively high SRT, O, demand, and volume usage. Alternatively, a two-stage treatment
system allows for COD oxidation in the first stage and NH," oxidation in the second stage resulting in less
competition for substrates among microbial communities in either stage (Imhoff, 1955; Versprille et al,
1984). An adsorption/bio-oxidation (A/B) process allows for two-stage treatment of influent
wastewater and involves two independent microbial communities to remove carbon and nitrogen. The
A-Stage focuses on soluble carbon removal via aerobic heterotrophic assimilation and particulate carbon
removal through absorption into the biomass extra polymeric substance (EPS) matrix. The physically
and biologically accumulated carbon is ultimately removed from A-Stage through the waste activated
sludge (WAS).

The target conditions for an A-Stage process are HRT < 30 minutes, SRT = 3-12 hours, DO < 0.5 mg/L, and
a very high food to microorganism ratio (F/M) to grow highly adaptive bacteria with short doubling-
times (Boehnke et al, 1998). When A-Stage is operated at very low HRTSs, it could be considered a high
rate activated sludge (HRAS) process. As an HRAS, A-Stage can produce large quantities of WAS to be
diverted to an energy reclamation process such as an anaerobic digester (Schulze-Rettmer et al, 1998).
High carbon removal in A-stage would allow for a much smaller B-Stage footprint to treat the nitrogen
constituents. For retrofitting, the most notable advantage of a two-stage process would be the increase
in B-Stage tank capacity due to the increased carbon diversion in A-stage to an energy recovery process.
The adaptive and fast-growing microorganisms in A-Stage may be the key to high carbon removal and
process stability. The A-Stage biomass is thought to be comprised of bacteria that effectively remove
COD in a relatively small volume, and since the biomass is highly adaptive, shock loads of toxic
compounds generate less of a disturbance to the downstream BNR process (Boehnke et al, 1998). The
high removal of COD can be attributed to rbCOD taken up and assimilated into biomass while the
colloidal and particulate COD is removed by EPS enmeshment (Miller et al, 2012). Since the majority of
COD is removed in A-Stage, denitrification potential is limited in B-Stage, but also allows the B-stage BNR
process to take on more specialized processes like deammonification to achieve low effluent TN (Brandt



et al, 2012). Although the overall COD removal in A-Stage is important, carbon diversion for energy
recovery should be the main focus as opposed to heterotrophic metabolism that converts influent
carbon to CO, that dissipates into the atmosphere.

Deammonification

The state of the practice for TN removal is biological nitrification-denitrification, but more cost effective
technologies like deammonification are being investigated. The drivers for mainstream
deammonification are the reduction of external carbon addition, decreased aeration demand for
nitrogen removal, decreased need for carbon which allows for more carbon to be diverted for energy
recovery, and an overall increase in tank capacity. A preceding carbon capture process is required to
realize these benefits, as deammonification alone does not lead to process intensification (Cao et al,
2017; Jetten et al, 1997; Mulder, 2003; Siegrist et al, 2008).

Deammonification consists of partial nitritation and anaerobic ammonia oxidation (AMX) (Figure 5).
Ammonia oxidizing bacteria (AOB) oxidize a portion of the available ammonia to nitrite, and AMX
converts the residual ammonia and nitrite to nitrogen gas according to the following two equations
(Strous et al, 1998). The optimal amount of NH," to oxidize to NO, during partial nitritation is 55-60% of
the influent ammonia (Yamamoto et al, 2008; Zheng et al, 2011). The AMX pathway was theorized in
1977, proven in 1995, and stoichiometrically documented in 1998 (Broda, 1977; Mulder et al. 1995;
Strous et al, 1998). The stoichiometric equation for AMX metabolism is still widely recognized as the
standard for AMX bacteria (Eq. 8).

Partial Nitritation:
2.34NH," +1.870,+2.66HCO; > NH," +1.32NO, + 2.55C0, + 0.02CsH,0,N + 3.94H,0
Anammox Metabolism:

NH, +1.32N0, +0.066HCO; + 0.13H" - 1.02N, + 0.26NO5s™ + 2.03H,0 + 0.066CH,0, 5N 15
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Figure 5: Deammonification = Partial Nitritation + Anammox

AMX bacteria are Planctomycetes, autotrophic, obligate anaerobes, and visibly red when active. To
confirm AMX metabolism, the stoichiometric ratios of 1.32 mg/L NO,—N removed to 1 mg/L NH,—N
removed (catabolism) and 0.26 mg/L NOs;—N produced to 1 mg/L NH,—N removed (anabolism) are
referenced (Arp et al, 2011). AMX bacteria have a very slow growth and decay rate but grow optimally
at a pH of 7.8 and temperature of 37°C (Dosta et al, 2008). AMX also have an irregular metabolic
pathway to produce their own substrate (NH,") through dissimilatory nitrate reduction, and this consists
of oxidizing organic acids (acetate and propionate) and reducing nitrite or nitrate (Guven et al, 2005;
Kartal et al, 2007).

For clarification, in a WWTP, the main wastewater treatment flow is known as the mainstream process
and any flow that is diverted from the mainstream flow to be treated separately is known as a
sidestream process. In sidestream processes, deammonification has become a successful technology
with over 200 installations worldwide (Lackner et al, 2014). Most sidestream deammonification systems
focus on treating the supernatant of anaerobic digesters, and the supernatant contains high
temperature, high ammonia, and low carbon (Lackner et al, 2014). These sidestream conditions allow
for highly successful NOB outselection and accumulation of AMX activity. Maintaining a high reservoir
of AOB and AMX activity in sidestream deammonification is crucial to long term system performance.
The most notable sidestream deammonification technologies include: ANITA™Mox, ANAMMOX®,
SHARON®-ANAMMOX®, and DEMON?®.

DEMON® is a pH-based aeration control SBR plus hydrocyclone granular sludge process that
bioaugments AOB and AMX for mainstream deammonification. DEMON® aeration time is based on a
low pH setpoint, and anoxic/feed time is based on a timer or high pH setpoint value, resulting in easy
outselection of NOB (Burton et al, 2013). Hydrocyclones separate granular AMX SRT due to biomass
density differential. The lighter flocculent biomass separates into the overflow of the cyclone, and the
denser AMX granules partition into the underflow (Nifong, 2013; Wett et al, 2010). Another sidestream
process called ANITA™Mox is a one stage deammonification MBBR. ANITA™Mox has been shown to
produce low N,O emissions (<1% N reduced), consume low energy (1.5 kW/NH4-N removed), achieve
high ammonia removal (1.2 kg N/m3.d), while remaining stable and robust with variations in process
and loading conditions (Christensson et al, 2013).

To date, deammonification has been successful in sidestream applications, but mainstream
deammonification has remained quite challenging. Mainstream deammonification is difficult because
nitrite oxidizing bacteria (NOB) are harder to suppress than in sidestream. Lower N concentrations (<
100 mg N/L) and lower temperatures (< 30 °C) typical of mainstream wastewater do not favor NOB
outselection (Regmi et al, 2016), but as long as the slow growth of AMX can be accommodated through
biofilm growth or selective retention, wastewater temperatures < 20°C appear to be achievable for AMX
(Dosta et al., 2008; Vazquez-Padin et al, 2011; Cema et al, 2007; Hendrickx et al, 2012; Isaka et al, 2008).
The two main challenges for mainstream deammonification are maintaining AMX activity in the
mainstream and inhibiting NOB activity. For successful long term deammonification, it is crucial to
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retain a mainstream biomass with a very high population of AOB to convert a portion of the influent
NH,"to NO5, and a high reservoir of active AMX bacteria to perform anaerobic ammonia oxidation.

Partial Denitrification/Anammox

In mainstream deammonification, residual total nitrogen (TN) is typically present and a low-cost
polishing step would be needed to ensure low TN effluent limits (Regmi et al, 2014; Regmi et al, 2016; Le
et al, 2016). Some pilot studies were successful at shortcut nitrogen removal but unable to reach low
effluent total inorganic nitrogen (TIN) (£ 5 mg TIN-N/L) (Han et al, 2016; Laureni et al, 2016; Lotti et al,
2014; Regmi et al, 2014). To comply with lower effluent discharge limits a nitrogen polishing step may
be required following the nitrogen removal process. Commonly, nitrate is the dominant effluent
nitrogen species and is polished with a carbon source (electron donor) for full denitrification of nitrate
to nitrogen gas. To achieve partial nitritation, for deammonification, it has been shown that a residual
ammonia concentration is necessary (Regmi et al, 2014). Also, upsets with AMX activity in the
deammonification nitrogen removal process may result in nitrite bleeding into the effluent. Nitrite
discharge can be toxic to receiving waterways and can cause a much higher chlorine demand for
disinfection. AMX polishing could be considered because AMX can remove ammonia and nitrite without
an external carbon source. To remove residual nitrate, a limited amount of carbon could be added to
induce partial denitrification (PdN) from nitrate to nitrite, and if a stoichiometrically relevant ammonia
concentration is maintained for AMX. The main advantage of utilizing PAN combined with AMX (PdN/A)
over a full denitrification process is that only a fraction of the COD is required to reduce nitrate to
nitrite. Another benefit is that PAN/A can remove ammonia anoxically, reducing the amount of
ammonia that needs to be oxidized in the preceding BNR process. Many types of attached growth
reactor configurations such as fluidized bed biofilm reactors, biologically active filters, and rotating
biological contactors, and MBBRs could facilitate a PAN/A polishing process, but the critical aspect is
maintaining a high population of AMX bacteria in a biofilm process to accommodate the slow growth
rate. Partial denitrification (denitratation) combined with anammox (PdN/A) is a beneficial
complimentary process to mainstream deammonification (Figure 6).
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Figure 6: A schematic illustrating the PAN/A process pathways as well as the nitrate recycle factor.

With minimal COD addition, denitrifiers reduce the available NO; to NO,, and then the newly reduced
NO, can be used along with residual NH," by AMX bacteria to produce nitrogen gas and a small portion
of NO; . The NO; byproduct of AMX can be used by denitrifiers for further PAN/A.

The main two challenges for PAN/A are retaining AMX activity and limiting full denitrification or
denitritation. Carbon addition optimization would limit the carbon available for denitritation. Limiting
COD added per NO;™ present (COD/NO3’) would cause an electron shortage for nitrite reductase which
can allow nitrite to accumulate (Almeida et al, 1995b). Several studies have confirmed that with
inadequate carbon dosing (COD/NOj’ < 1) significant nitrite accumulation was observed (Her and Huang,
1995; Oh and Silverstein, 1999).

Also, carbon addition optimization and type of carbon may help select for specialized denitrifiers that
prefer to only use NO3 for reduction instead of reducing either NO3; or NO,. Three common sources of
carbon for denitrification are methanol, glycerol, and acetate (Eq. 10-12). The specific population and
nitrite accumulation of denitrifiers is influenced by the type of carbon source utilized in the PAN/A
process (Akunna et al, 1993). Studies have shown the ability of glycerol and acetate to induce significant
NO, accumulation (Bill et al, 2009; Ledwell et al, 2011; van Rijn et al, 1996). In fact, methanol, acetic
acid, and glucose showed 17%, 21%, and 23% NO, accumulation when limited carbon was added (Her
and Huang, 1995). It is promising for PAN/A that methanol, acetate, and glycerol all showed the
capability to accumulate nitrite. Another possible explanation to the mechanism behind partial
denitrification is rapid complete onset of all denitrification genes vs progressive onset (Liu et al, 2013).
Progressive onset is when electrons flow to nitrate reductase first, and then to nitrite reductase after
most of the nitrate has been reduced (Liu et al, 2013). Therefore, the progressive onset of reductase
upregulation would inherently accumulate nitrite.

Denitrification with Methanol:

SCH,0H + 6NO5™ = 3N, + 5C0, + 7H,0 + 60H™ (Eq. 10)
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Denitrification with Glycerol:

5CsHg0s+ 14NO3™ - 7N, + 15C0, + 13H,0 + 140H" (Eq. 11)
Denitrification with Acetate:

5CH;COOH + 8NO;” - 4N, + 10C0, + 6H,0 + 80H™ (Eq. 12)

In the United States of America (USA), glycerol and acetate are more expensive than methanol for full-
scale full denitrification (Uprety, 2012). Methanol is the most widely used supplemental carbon source
for full-scale in the USA because of low cost and favorable kinetics (Bill et al, 2009). Methanol may be
well suited for full denitrification, but the success of PAN/A processes hinges on the efficiency of
denitratation (NO5 to NO,) and inhibition of denitritation (NO, to N,). Therefore, it is worth
considering carbon sources other than methanol for PAN/A such as glycerol and acetate.

Mainstream Deammonification Approaches

Suspended Growth Granular System

Granules are a type of biofilm and in many cases they are suspended in the wastewater treatment
process. Nitrifying granules have achieved high (>90%) ammonia removal efficiency (Li et al, 2014; Li et
al, 2015; Jin et al, 2008; Wan et al, 2014; Hou et al, 2017). If these granules were to contain an AMX
core, it would be advantageous to utilize granules for deammonification systems. Granule formation
maturation is possible in the reactors of a WWTP process. But, it is possible that settling velocity is not a
selection pressure for the formation of AMX granules because successful formation was seen in a MBR
study that did not apply settling velocity (Triago et al, 2006). Another study showed that AMX granules
existed with or without hydrocyclones in a DEMON® process which again indicated that settling velocity
may not be a selection pressure for AMX granule formation (Shi et al, 2016). On the contrary, it makes
logical sense that settling velocity as a selection pressure would be a precursor to granule formation.
Since flocs have a higher specific surface area than granules, they have a lower resistance to substrate
diffusion, resulting in a competitive advantage (Liu et al, 2015). This is not advantageous for the
attachment of AOB to AMX granules for mature granule formation. It is reasonable to suspect that it
would be helpful to wash out AOB flocs via a settling velocity selection pressure to promote mature
AOB/AMX granule formation. Another way to incorporate granules into a WWTP process is to
bioaugment them. Granules could be formed and matured in an external WWTP process such as a
DEMONZ® sidestream process, then bioaugmented to the main deammonification process. In either
case, since granules are not a type of attached growth, they require a retention mechanism to keep
them in the treatment process. Retention mechanisms include but are not limited to SBRs, clarifiers,
screens, and hydrocyclones.
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Attached Growth Biofilm System

Typical biofilms in a single stage deammonification system are comprised of AOB and OHO on the outer
layer, a miniscule to nonexistent NOB layer in the middle, and an AMX inner layer (Helmer-Madhok et al,
2002). These means that for optimal N removal, the biofilm would be structured so half of the ammonia
is oxidized to nitrite and the DO is depleted by the AOB. Then, the AMX can take up the ammonia and
nitrite without activity inhibition from DO. Biofilms may be ideal for AMX bacteria because biofilms
provide a substrate concentration gradient, a buffer from inhibitory substances, and a SRT dissociation.
For example, AMX biofilms in MBBRs are very common and well established for continuous flow systems
(Christensson et al, 2013; Rosenwinkel and Cornelius, 2005). Several other types of biofilm systems
include rotating biological contactors (RBCs), airlift reactors, sequencing batch biofilm reactors (SBBRs),
and fixed bed reactors. Some of the technologies that utilize these different configurations include
ANITA™Mox, completely autotrophic nitrogen removal over nitrite (CANON), and single-stage nitrogen
removal using anammox and partial nitritation (SNAP).

Hybrid System

For one stage mainstream deammonification, a hybrid system could be comprised of suspended
granules plus flocs or of attached growth plus flocs. The important distinction in a hybrid system is that
there are separate SRTs for the AMX biomass and the suspended flocs. The floccular biomass would
contain OHO, AOB, and minute amounts of NOB and would be responsible for partial nitritation and
degradation of COD (Juretschko et al, 2002). The suspended granules contain a thin AOB layer on the
surface with a dense AMX core and would perform partial nitritation, utilize the AMX pathway, and stay
retained with a SRT separation mechanism. The key element to the suspended granule plus flocs hybrid
system would be the granule retention efficiency of the SRT separation mechanism. If the granule
formation rate is less than the granules lost in the system, then granule bioaugmentation would have to
be supplemented to ensure sufficient and stable deammonification.

The attached growth biofilm contains an inner layer of AMX with an outer layer of AOB (Helmer-Madhok
et al, 2002). The attached growth biofilm would perform partial nitritation, use the AMX pathway, and
remain retained either on a fixed surface or on a moving media carrier. Unlike the suspended
granules/flocs option, the attached growth/flocs would not require an additional retention mechanism
or supplementation with bioaugmentation. The key element to the attached growth/flocs hybrid
system would be to ensure enough mixing for nutrient availability while minimalizing biofilm shear.

Compared to a biofilm growth system, a suspended growth system may allow certain microorganisms a
competitive advantage for available substrate because of its’ higher relative diffusivity rate (Stewart,
2003) If suspended growth systems have higher diffusivity rates, they may be more susceptible to
process disturbances due to changes in temperature, DO, or presence of inhibitory substances. Overall,
to combine resilience and effectiveness, a hybrid system of suspended granules/flocs or attached
growth/flocs would be a viable full-scale option.
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Two-Stage System

Similar to hybrid systems, a two stage deammonification system must maintain separate SRTs between
the AMX population and the rest of the system to help facilitate the presence and proliferation of AMX
biomass. Nitrite accumulation via partial nitritation or partial denitrification can be optimized in the first
stage, and the second stage can be devoted to the AMX pathway. Two-stage deammonification is a
newer nitrogen treatment concept. But, there are many different possible configurations for two stage
systems and a few notable ones include SHARON®-ANAMMOX®, two-stage OLAND, DEAMOX, and
denammox (van der Star et al, 2007). Separating deammonification into two separate stages may
require larger volumes and more instrumentation, but each individual process can be better controlled.
The process configurations for two stage deammonification systems can become complex, but they still
are capable of achieving up to 90% total nitrogen removal (Cema, 2009). Overall, two-stage
deammonification is an advanced approach to mainstream deammonification and may provide a very
high quality effluent at a competitive cost.

Mainstream NOB Suppression

Sidestream NOB suppression has been successfully implemented at hundreds of WWTPs, but
mainstream NOB out-selection has proven to be elusive and not well established (Lackner et al, 2014). A
mainstream full-scale facility (Changi Water Reclamation Plant) saw partial nitritation at an aggressive
aerobic SRT of 2.5 days, relatively high temperature between 28°C and 32°C, while performing
intermittent aeration through a step feed process (Cao et al, 2013). At moderate influent temperature
(25°C) a mainstream pilot-scale study attributed their NOB suppression to a combination of high DO,
intermittent aeration, heterotrophic denitrification competition, residual ammonia, and aggressive SRT
conditions (Regmi et al, 2014). The same mainstream pilot observed NOB suppression at 20°C with
intermittent AvN, high DO, residual ammonia, and aggressive aerobic SRT (Sadowski, 2015). It is clear
that mainstream NOB suppression is possible and factors that should be explored regarding NOB
outselection include: free ammonia concentration, residual ammonia concentration, temperature,
bioaugmentation, inorganic carbon limitation, intermittent aeration for transient anoxia and nitrite
reduction, high DO, influent COD fractionation, greenhouse gas emission, and comammox.

Free Ammonia

Many sidestream processes that aim to accumulate nitrite have high free ammonia concentration that
has been attributed to NOB suppression (Anthonisen et al, 1976; Bae et al, 2002). Virtually no free
ammonia concentration is present in the mainstream compared to the sidestream; therefore, free
ammonia cannot help inhibit NOB for mainstream NOB suppression.

Ammonia Residual
A mainstream NH," residual is vital to achieve NOB outselection (Knowles et al, 1965; Chandran et al,
2000, Regmi et al, 2014). Process NH," residual helps ensure ammonia is never limited and AOB are
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always at .. The ammonia concentration has been shown to decrease AOB rates at effluent
concentrations below 1.5 mg N/L due to substrate limitation (Stinson et al, 2013). Therefore, a
mainstream process that focuses on NOB outselection such as deammonification should be operated
with an effluent ammonia concentration greater than 1.5 mg/L to ensure high AOB rates. Maintaining
an ammonia residual could also lead to accumulation of nitrite by limiting the aeration length of time in
the mainstream via partial nitrification (Peng et al, 2004; Yang et al, 2007; Lemaire et al, 2008). If NOB
are not allowed enough aeration time to oxidize the produced ammonia, nitrite should be leftover.
Although the exact mechanism was inconclusive, it was theorized that ammonia oxidation limits oxygen
abundance to NOB when a residual ammonium was maintained (Ma et al, 2009).

Temperature condition

With respect to nitrogen removal, the temperatures in sidestream processes that utilize digester
supernatant have a higher temperature than mainstream. This makes it easier to out-select NOB based
on SRT kinetics in the sidestream. In temperate climates, mainstream typical temperatures are 20° C,
and NOB SRT becomes more similar to AOB SRT (van Dongen et al, 2001). This makes it more difficult to
rely solely on an aggressive SRT for NOB outselection. Seasonal temperature variations (12 to 30°C at
HRSD facilities) of mainstream influent do not favor AOB growth rate over NOB. NOB suppression has
been successful at moderate temperatures (Regmi et al, 2014; Sadowski, 2015). It is likely that other
operational parameters suppressed NOB rather than the SRT disparity due to temperature.

Inorganic Carbon Limitation

Inorganic carbon limitations occur and inhibit AOB and AMX activity in sidestream processes (Guisasola
et al, 2007; Ma et al, 2015). Even with a relatively higher inorganic carbon/NH," ratio, mainstream
influent conditions could still limit AOB and NOB activity. Since AOB are more susceptible to inorganic
carbon limitations, external inorganic carbon may be added to ensure maximum AOB rates.

Bioaugmentation

Bioaugmentation in WWTPs typically involved transferring nitrifiers from sidestream to mainstream to
enhance mainstream nitrification performance during colder influent temperature conditions (Tang and
Chen, 2015). In theory, bioaugmentation of biomass comprised of mainly AOB and AMX would be ideal
to accumulate nitrite in the mainstream. The inclusion of AOB would ensure the ammonia oxidation
rate remains high, and the AMX would compete with NOB for nitrite, resulting in NOB suppression over
time. With a selective retention mechanism, AMX could grow in mainstream conditions, but
bioaugmenting AMX could establish their presence more quickly. The Strass WWTP continuously
bioaugments their mainstream from a sidestream DEMON® process combined with mainstream
cyclones to retain AMX granules (Wett et al, 2013). This bioaugmentation strategy may be promising for
full-scale deammonification because the Strass WWTP has had long-term success at enriching
mainstream treatment process with sidestream AMX granules. It is important to note that drastic
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temperature change in microbial environments causes a shock that reversibly decreases the nitrification
rates of the biomass (Head et al, 2004; Hwang et al, 2007; Lee et al, 2011; Munz et al, 2012). Cold
temperature shock from sidestream to mainstream would also negatively affect AMX activity
temporarily.

Transient Anoxia

Intermittent aeration generates periods of transient anoxia. Transient anoxia creates AOB and NOB
enzymatic lag, substrate limitation during transition to aerobic, and substrate competition during
transition to anoxic (Kornaros et al, 2010; Malovanyy et al, 2015; Regmi et al, 2014). AOB will compete
against NOB for oxygen during aeration times, and AMX along with denitrifying bacteria can take up
NO, during anoxic times (Lemaire et al, 2008; De Clippeleir et al, 2013). The limited substrates for NOB
would restrict their activity and growth rate and allow more NO, removal through more efficient
pathways like AMX. The lack of nitrite during aeration times due to nitrite reduction during anoxic times
could limit NOB growth; therefore, it would be advantageous to minimize aeration time to only allow
oxidation of NH," to NO, but allow sufficient air off time for full reduction of the available NO,
(Chandran et al, 2000; Malovanyy et al, 2014; Al-Omari et al, 2013).

In addition to competitive factors, transient anoxia has been shown to inhibit NOB activity via enzymatic
lag because it takes more time for normal NOB activity to continue compared to AOB (Tappe et al, 1999;
Kornaros et al, 2010; Gilbert et al, 2014). Enzymatic lag would allow AOB rates to be higher than NOB
rates and lead to nitrite accumulation. To ensure transient anoxia is achieved, high oxygen uptake rates
(OUR) must be maintained by either having more microorganisms in the mainstream (higher MLSS) or
feeding the influent wastewater at the conclusion of the aerobic cycle (Regmi et al, 2014). A higher
MLSS would ensure the DO would go to zero quickly, and influent step feed at the end of an aerobic
cycle allows for adequate COD availability for efficient oxygen consumption during the anoxic period.

Target DO

Nitrite accumulation was seen in low DO operations (< 1 mg/L) containing largely Nitrobacter with
significant nitrite accumulation ratios (NAR= NO,/NOx), and is most likely due to the competition of
AOB and NOB for the limited amount of oxygen (Blackburne et al, 2008; Jayamohan et al, 1988; Sin et al,
2008). The low DO condition created competition for AOB and NOB and was most likely the cause of
nitrite accumulation. The relatively lower affinity of oxygen for NOB enabled AOB to out-compete NOB
in a variety of reactors operated at low DO concentrations (Bagchi et al, 2012; Bernet et al, 2001; Hanaki
et al, 1990; Joss et al, 2011; Wyffels et al, 2004). An issue with low DO is the possible growth of
filamentous bacteria which are known to cause bulking and settling problems (Palm et al, 1980). A
higher DO setpoint (1.5 mg/L) may alleviate the bulking and settling problems associated with low DO
(1.0 mg/L). Several more studies were able to obtain nitrite accumulation at higher DO concentrations
(1.5 mg/L) where Nitrospira was the dominant NOB species (Manser et al, 2005; Lemaire et al, 2008; Ge
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et al, 2014; Regmi et al, 2014). Overall, it is important to have a DO setpoint high enough to keep AOB
rates high and to prevent bulking issues but low enough to facilitate nitrite accumulation.

Influent COD Fractionation

Influent COD fractionation plays an important role for microbial competition. Readily biodegradable
COD (rbCOD) favors heterotrophic competition between nitrifiers and heterotrophic bacteria for
nutrients, oxygen, and area (Sharma et al, 1977). Heterotrophic bacteria have higher maximum growth
rates and yields than nitrifiers and can outcompete nitrifiers for shared substrates when organic carbon
is abundant (Okabe et al, 1995; Satoh et al, 2000). It is clear that roCOD must be maintained at a low
level to allow nitrifiers like AOB to thrive. Particulate COD (pCOD) may also have a critical role for NOB
suppression. rbCOD is used very quickly but pCOD must be hydrolyzed before it can be used. This
extended time for pCOD to be hydrolyzed may give denitrifiers a chance to utilize the carbon along with
any accumulated nitrite during anoxic periods of an intermittently aerated process (Kinyua et al, 2018).
This reduction of nitrite during an anoxic period would significantly low NOB rates during the aeration
period.

Greenhouse Gas Emissions

The conditions that allow mainstream deammonification to succeed, low DO, high NH," oxidation rate,
transient anoxia, and nitrite accumulation, are known to enhance nitrous oxide (N,0) production
(Kampschreur et al, 2009a; Kampschreur et al, 2009b; Wunderlin et al, 2012). Nitrous oxide is 300 times
more harmful than CO,, is the product of nitric oxide (NO) reduction in WWTPs, and is a precursor to the
formation of nitrogen dioxide which induces smog production (Carr et al, 1990). Therefore, emphasis on
greenhouse gas emissions like carbon dioxide (CO,), methane (CH,), and nitrous oxide from WWTPs
need to be understood and quantified. An increase in concentrations has been seen in processes with
low DO, high nitrite, high ammonia load, and low C/N influent ratios (Kampschreur et al, 2009a;
Kampschreuer et al, 2009b). In fact, when systems were operated at DO < 1 mg/L, the generated N,O
contributed 10% of the total nitrogen loading to a WWTP (Goreau et al, 1980). During steady state, little
to no nitrous oxide should be present because it is reduced 4 times faster than nitrite or nitrate (Wicht,
1996). But, transient conditions induced by process control strategies like intermittent aeration can
cause NO and N,O to accumulate (Holtan-Hartwig et al, 2000; Yu et al, 2010; Wett et al, 2013). Due to
the similarity in operational conditions, it is unclear whether the observed accumulation of nitrite when
NO and N,O emissions increased is the cause or effect of NOB outselection (Chandran et al, 2011; De
Clippeleir et al, 2012; De Clippeleir et al, 2013).

Comammox

Another reason why NOB outselection for partial nitritation is difficult is because of a recently
discovered pathway that oxidizes ammonia directly to nitrate (Daims et al, 2016; van Kessel et al, 2015).
If ammonia can be oxidized directly to nitrate, then nitrite accumulation would not occur from partial
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nitritation for deammonification. But, it is possible that nitrate could be partially denitrified to nitrite for
the AMX pathway. This would be a PAN/A process that is still more efficient at nitrogen removal than
traditional nitrification-denitrification but not as efficient as deammonification. The complete ammonia
oxidation or comammox metabolism has been identified in several varying WWTP processes which adds
another piece of complexity to mainstream NOB outselection (Annavajhala et al, 2018). The
development of comammox bacteria in various processes is a concern for deammonification, but further
comammox research must be done to fully understand the long-term implications on deammonification.

Aeration Control Strategies

Aeration control optimization is important because it is the largest use of energy at WWTPs besides
influent pumping (Amand et al, 2013). In fact, up to 75% of the total WWTP power usage comes from
aeration energy (Rosso et al, 2008). Since oxygen demand (OD) is an important criterion for cost-
effective wastewater treatment, aeration should be optimized. Optimizing aeration through process
control systems could make ammonia oxidation more cost-effective for BNR.

At state of the practice BNR WWTPs, the simplest form of aeration control was holding a constant
airflow rate, but this did not account for influent variation and was extremely wasteful from an energy
standpoint. In fact, nitrifier growth rates are hardly affected by DO concentrations above 2 mg/L
(Stenstrom et al, 1980). Therefore, any aeration above 2 mg/L would be wasteful in a BNR process and
it would be advantageous to perform BNR with a control based on DO rather than an airflow rate. Even
though airflow control still occurs in modern systems, introduction of online DO sensors in the 1970s
allowed for DO setpoint control. DO setpoint control relies on valves that control the degree of airflow,
depending on the DO sensor value, to meet a desired DO setpoint. DO setpoint control can reduce
wasted energy, but influent load variation still presented an obstacle for aeration optimization.

DO setpoint control can be upgraded to ammonia-based aeration control (ABAC) with the inclusion of an
online ammonia sensor. If the ammonia sensor is reading higher than the ammonia setpoint, then the
PLC will coordinate with the process to aerate less, vice versa. ABAC reduces energy consumption by
converting less NH,, using a lower DO setpoint, and less carbon oxidation (Sadowski et al, 2015). It also
can be used to reduce ammonia effluent peaks as well as decrease alkalinity and chlorine demand
(Sadowski et al, 2015). ABAC reduces external carbon requirements due to improved usage of readily
biodegradable COD, and it may allow for some simultaneous nitrification-denitrification. ABAC is a state
of the art control strategy that optimizes aeration for conventional nitrification-denitrification systems,
but research into more cost-effective BNR technologies such as shortcut nitrogen removal may require
more advanced control schemes.

ABAC can be upgraded to AvN control with the addition of nitrite and nitrate sensors. AvN control
balances the oxidation of ammonia with the reduction of NOx based on a user setpoint (Regmi et al,
2014). The aerobic fraction is manipulated to meet the NH,":NOx setpoint by controlling either the
length of aerobic time in intermittent aeration mode, or the DO setpoint in continuous aeration mode
(Regmi et al, 2014). AvN can be controlled with continuous aeration or intermittent aeration.
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Continuously aerated AvN is simple, easy, may provide more simultaneous nitrification-denitrification,
and most WWTPs cannot quickly switch to intermittent aeration (Regmi, et al 2014). But, intermittent
aeration can out-select NOB and provide an anoxic period for denitrification or AMX utilization (Regmi et
al, 2014). Intermittently aerated AvN may be an ideal process control strategy for mainstream
deammonification. The outselection of NOB was verified in an AvN operated study by AOB/NOB activity
ratios well above 1.0 (Regmi et al, 2014). This indicated nitrite was produced faster than it could be
consumed. The same study saw NOB outselection corresponding to an elevated nitrite accumulation
ratio (NAR) = 0.43. This accumulated nitrite could only be from the suppression of NOB activity. The
WAS rate in AvN control can be increased to provide a more aggressive SRT for NOB washout, resulting
in a decrease in process MLSS. This causes the aerobic fraction to increase in an attempt to maintain the
nitrification rate necessary to meet the AvN setpoint. Besides the ability to outselect NOB, AvN control
may be the most efficient N removal strategy with available carbon. AvN control minimizes aeration
requirements for N removal, ensures acceptable alkalinity management, and enables the inclusion of
deammonification.
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3. Manuscript 1: AMX Bioaugmentation and Retention

Abstract

This work describes the bioaugmentation and retention of anammox (AMX) granules in a continuous
adsorption/bio-oxidation (A/B) mainstream deammonification pilot-scale process treating domestic
wastewater. The AMX granules were collected from the underflow of a sidestream DEMON® process.
The bioaugmentation rate was based on several factors including full-scale sidestream DEMON® wasting
rate and sidestream vs mainstream AMX activity. The retention of bioaugmented AMX granules
required a novel settling column at the end of the deammonification step. The settling column was
designed to provide a surface overflow rate (SOR) that allowed dense AMX granules to settle into the
underflow and less dense floccular biomass to outselect into the overflow. B-Stage was operated to
out-select nitrite oxidizing bacteria (NOB) by maintaining an ammonia residual (>2 mg NH4-N/L), a
relatively high dissolved oxygen (DO) (>1.5 mg O,/L) concentration, an aggressive solids retention time
(SRT) for NOB washout, and intermittent aeration for transient anoxia. AMX activity was not detected in
the mainstream at any time. The settling column AMX retention quantification suggested but did not
confirm AMX were maintained in the mainstream. NOB were not suppressed during this study and no
nitrite accumulation was present in the mainstream process. It was theorized that AMX granules were
successfully settled into the settling column underflow and accumulated in the intermittently mixed
sidestream biological phosphorus reactor (SBPR) where they disintegrated.

Introduction

Total nitrogen (N) effluent standards have become more stringent across the globe, and the wastewater
industry needs more inexpensive and efficient technologies to comply. The state of the practice for N
removal is biological nitrification-denitrification, but more cost effective technologies like
deammonification are being investigated. Deammonification consists of partial nitritation and
anaerobic ammonia oxidation (AMX). Ammonia oxidizing bacteria (AOB) convert a portion of the
available ammonia to nitrite, and AMX converts the residual ammonia and nitrite to nitrogen gas
according to the following two equations (Strous et al, 1999).

Partial Nitritation:

2.34NH," + 1.870, + 2.66HCO5” > NH, + 1.32NO, +2.55C0, + 0.02CsH,0,N + 3.94H,0
Anammox Metabolism:

NH, +1.32N0, +0.066HCO5; + 0.13H" - 1.02N, + 0.26N0O;™ + 2.03H,0 + 0.066CH,04 5N 15

Deammonification has been successful in sidestream applications, but mainstream deammonification
has generated interest for full-scale applications. Full-scale mainstream deammonification is difficult
because nitrite oxidizing bacteria (NOB) are harder to suppress than in sidestream. Lower N
concentrations (< 100 mg N/L) and lower temperatures (< 30 °C) typical of mainstream wastewater do
not favor NOB outselection (Regmi et al, 2016). AMX has been successful in lab-scale treating low
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COD/N wastewater at temperatures < 20°C (Dosta et al., 2008; Vazquez-Padin et al, 2011; Cema et al,
2007; Hendrickx et al, 2012; Isaka et al, 2008).

To comply with lower effluent discharge limits (< 5 mg TIN-N/L) a nitrogen polishing step may be
required following the nitrogen removal process. Commonly, nitrate is the nitrogen species in the
residual and is removed with a carbon source (electron donor) for full denitrification of nitrate to
nitrogen gas. To achieve partial nitritation, for deammonification, it has been shown that a residual
ammonia concentration is necessary (Regmi et al, 2014). Also, upsets with AMX activity in the
deammonification nitrogen removal process may result in nitrite bleeding into the effluent. Nitrite
discharge can be toxic to receiving waterways and removal causes a much higher chlorine demand for
disinfection. Following mainstream deammonification, AMX polishing could be considered because
AMX can remove ammonia and nitrite without an external carbon source. Also, AMX produces less
biomass that would need solids handling, but it does produce nitrate during metabolic activity. To
remove residual nitrate, a limited amount of carbon could be added to induce partial denitrification and
AMX could utilize the additional nitrite generated. Many types of reactor configurations such as
fluidized bed biofilm reactors, biologically active filters, and rotating biological contactors could facilitate
a partial denitrification and AMX (PdN/A) polishing process, but a moving bed biofilm reactor (MBBR)
may be the most promising because of simplicity and historically reliable operation.

In this paper, we investigated AMX bioaugmentation and retention for mainstream deammonification
using sidestream DEMON® AMX granules and a novel AMX granule retention mechanism. We also
presented results of a pilot-scale mainstream deammonification process that sheds light on the
complexities of mainstream deammonification.

Materials and Methods

This study occurred in a continuous domestic wastewater A/B process located at the Hampton Roads
Sanitation District (HRSD) Chesapeake-Elizabeth pilot (CE Pilot) in Virginia Beach, VA (Figure 7). A-Stage
was a high rate activated sludge (HRAS) process designed to maximize carbon capture. B-Stage was a
biological nutrient removal (BNR) process designed to remove nitrogen and phosphorus. An anoxic
partial denitrification anammox (PdN/A) moving bed biofilm reactor (MBBR) after B-Stage enabled
additional nitrogen removal prior to final discharge. A fermenter and thickener process produced
fermentate from A-Stage waste activated sludge (WAS). A sidestream biological phosphorus reactor
(SBPR) was included to enhance biological phosphorus removal (Bio-P) and accepted a portion of the
secondary clarifier return activated sludge (RAS), the fermentate, and the settling column underflow.
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Screened and degritted Chesapeake-Elizabeth WWTP influent was fed to an additional grit and scum
removal tank in the pilot. After screening and degritting, the influent was sent to a 20°C temperature
controlled tank, then to the A-Stage HRAS process. A-Stage had low dissolved oxygen (DO)
concentrations (<0.5 mg O,/L) supplied by motor operated valves (MOVs) and membrane disc diffusers,
a hydraulic retention time (HRT) of 30-45 minutes, and a solids retention time (SRT) of 6-12 hours. The
A-Stage clarifier sent effluent to the B-Stage nitrogen removal step which was comprised of five
continuously stirred tank reactors (CSTRs) with a total volume of 664 L and a 4-5 hour HRT. Each CSTR
contained a variable speed mixer and was supplied oxygen via a MOV and a fine-bubble ethylene
propylene diene monomer (EPDM) membrane diffuser disc. The third CSTR was fed a stock solution of
sodium bicarbonate to maintain a 6.8 effluent pH. B-stage included DO (Hach LDO, CO, USA), pH
(Foxboro/Invensys, UK) ammonium (WTW VARION, Germany), nitrate and nitrite (s::can Spectro::lyser,
Austria), TSS (s::can Soli::lyser), and nitrous oxide (Unisense, Denmark) sensors. A bench scale nitric
oxide probe (Unisense, Denmark) was used for short term monitoring. A portable oxidation-reduction
potential (ORP) probe (Hach, USA) was used for several reactors.

B-Stage effluent flowed into a settling column (Column) that selected for anammox (AMX) granules via
surface overflow rate (SOR = 4-10 m/hr). The AMX granules in the Column underflow (UF) were
returned to either the first reactor in B-stage or to the SBPR. The SBPR volume was 174 L, and the HRT
was determined by the percentage of RAS flow that was pumped to the SBPR. A portion of A-Stage WAS
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flowed to a fermenter and thickener process, and fermentate was sent to the SBPR for volatile fatty acid
(VFA) addition. After the Column, secondary clarifier RAS went to the beginning of B-Stage and the
overflow fed a 340 L anoxic PAN/A polishing MBBR. Following the PAN/A MBBR, final effluent was
discharged.

Intermittent Ammonia vs NOx Control

B-Stage was operated under Ammonia vs NOx (AvN) Intermittent Aeration Control (Figure 8). A
programmable logic control (PLC) carried out the AvN intermittent aeration control strategy. A user
specified AvN (NOx/NH,) setpoint dictated ammonia oxidation to nitrite and nitrate. Intermittent AvN
used two independent proportional-integral-derivative (PID) loops: one to control aerobic fraction based
on AvN setpoint and one to control DO to a fixed setpoint. Ammonia, nitrite, nitrate, and DO sensors
fed back a NOx/NH, ratio and each CSTR DO concentration. The aerobic fraction increased if more
ammonia needed oxidation to satisfy the AvN ratio, vice versa. During aerated periods, the MOVs
opened until the user specified DO setpoint was met. During the air off times, the MOVs were
completely closed to allow DO to reach zero in the reactors.

Dissolved Oxygen Concentration

\ 4

Dissolved Oxygen PID

NOx:NH," Ratio ; ;
. Aerobic Fraction PID Aerobic Duration
Total Cycle Duration

\ 4

NH,"-N

Influent

Effluent

% Valve Opening

N %Air

Figure 8: B-Stage AvN control schematic that shows the relationship between AvN ratio setpoint and aerobic fraction.
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AMX Granules Origin and Storage

AMX granules were obtained from DEMON® sidestream process underflows at two different WWTPs.
The first source was York River Treatment Plant (YR), HRSD and the second was Blue Plains Treatment
Plant, DC Water. DEMON® underflow was chosen because it contained the highest concentration of
AMX biomass which decreased transportation and storage volume. The DEMON® underflow was
further concentrated via settling and decanting. The AMX granules were spiked with an electron
acceptor (NO;) to ensure the stock did not become septic. The AMX granules were stored in an onsite
refrigerator at 4 °C. Upon arrival at the CE Pilot, an AMX activity test was conducted to ensure the stock
of AMX granules was satisfactory. AMX granules were added to B-Stage weekly.

Column Design

The Column was designed to allow denser AMX granules to settle into the underflow (UF) and lighter
flocs into the overflow (OF) effluent. The various heights for the column were chosen to facilitate
gravity flow conditions (Figure 9). B-Stage effluent flowed by gravity into the two 1” inlets near the
Column bottom. This Column influent collided with the center wall of a 1’ long, 8.5” diameter cylindrical
PVC pipe (dissipater) to dissipate influent energy to minimize turbulent conditions. The dissipater was
suspended by a metal frame secured on top of the column rim, and would allow a quiescent settling
zone in the center. Column OF traveled by gravity out of the three 1” outlets near the Column top. The
OF entered a secondary clarifier for downstream treatment. An I/P pump was installed to return a
portion of the OF to the Column influent (Figure 10). This increased Column flow and raised the SOR.
The 12” PVC pipe Column diameter was based on B-Stage flow and preliminary instantaneous settling
velocity (ISV) tests performed on YR AMX granules. This ISV analysis revealed a 4 m/hr settling velocity
and was used as the SOR design parameter. A solid cylindrical block of 10” long, 12” diameter PVC had
an inner cone cut 9” deep. The cone was cut at a 60° angle from 12” top diameter to 2” bottom
diameter. The cone was designed to funnel condensed solids to the 2” diameter opening at the bottom.
A 1” long through hole was cut at the bottom of the cone to return Column UF to the beginning of B-
Stage. The 12” outer diameter cone piece was chemically welded to the inside of the 12” inner diameter
column piece. Then, the assembly was chemically welded into a van stone slip flange. The assembly
rested on top of a gasket and blind flange with a 2” through hole on center. The whole assembly was
bolted into a metal square frame support system.
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Figure 9: Column design schematic shows inflows, outflows, and relevant dimensions.

Figure 10: Column photograph shows influent flow combining with internal recycle flow.



General Sample Monitoring

Automated samplers provided 24 hour composite samples (ISCO, Lincoln, NE). This allowed average
daily influent and effluent characteristics to be measured. Total suspended solids (TSS) and volatile
suspended solids (VSS) (gravimetric analysis) were analyzed using 2540D and 2540E in standard
methods. NH,-N, NO5-N, NO,-N, orthophosphate (OP), total chemical oxygen demand (COD), and
soluble COD were measured with HACH TNTplus kits and a HACH DR2800 spectrophotometer (HACH
Loveland, CO). The HRSD central environmental laboratory (CEL) measured total Kjeldahl nitrogen (TKN)
(EPA 351.2), total phosphorus (TP) (EPA 365.1), and alkalinity (EPA 310.2) twice a week. A-Stage and B-
Stage mixed liquor suspended solids (MLSS) was tested daily for sludge volume index (SVI) via standard
methods 2710C. Daily DO was recorded using a HACH handheld luminescent DO sensor (HACH
Loveland, CO). Daily pH and temperature was recorded using a HACH handheld pH and temperature
meter (HACH Loveland, CO).

AOB/NOB Activity Rate Measurement

A sample of B-Stage MLSS was well mixed and aerated to maintain a DO concentration between 2.5 - 4.0
mg/L and a pH between 6.8 —7.2. NH," and NO, were added to the sample to obtain a final
concentration of 20 mg N/L of both NH," and NO, to avoid substrate limitation. The batch reactor was
operated for 2 hours and samples were collected at 15-minute intervals. All samples were analyzed for
NO;, NO,, and NH,". AOB rates (mg NOx-N/hr) were calculated as the slope of the NOx-N production vs
time and NOB rates (mg NO3-N/hr) were calculated as the slope of the NO5-N production vs time.

Denitrification Rate Measurement

Batch testing was performed with 4 L of B-Stage MLSS continuously mixed with a magnetic stir bar and
plate (Corning, Corning, NY). A floating Styrofoam cover was used to prevent oxygen transfer. The pH
was maintained between 6.8 and 7.2 with diluted hydrochloric acid or sodium bicarbonate addition.
When DO was stable at 0 mg O,/L, 20-30 mg N/L of dissolved potassium nitrate and 1-3 mg N/L of
dissolved sodium nitrite were spiked to the reactor. Samples were collected every 15 minutes and were
immediately filtered with 1.5 um glass fiber filters and analyzed for sCOD, NH4-N, NOs-N, and NO,-N.
The test was concluded after 1.5 hours and denitrification rates were based on the slope of the NOx-N
concentration over time.

Anammox Activity Rate Measurement

A sample of B-Stage MLSS was well mixed with a magnetic stir bar and plate (Corning, Corning, NY). A
Styrofoam cover helped limit oxygen transfer from ambient air to the batch reactor. If needed, sparging
with nitrogen gas was used to ensure the DO remained at 0 mg/L throughout the 2-hr activity test.

NH," and NO, were added to the sample to obtain a final concentration of 20 mg N/L of both NH,-N and
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NO,-N to avoid substrate limitation. All of the collected samples were analyzed for NOs-N, NO,-N, and
NH,-N. AMX rates were calculated from the NH4;-N and NO,-N consumption versus time, and NOs-N
production versus time.

Heme Quantification Measurement

A reliable method for quantifying metabolically active anammox was recently developed (Marie et al,
2015). This new method measures heme content of a known sample volume of MLSS. The correlation
between anammox activity and their heme-proteins have been confirmed by statistical analysis (Marie
et al, 2015). The new method of heme quantification was adapted from the basic protocol for heme
synthesis pathway evaluation (Sinclair et al, 1999). In general, hot alkaline extraction was performed on
the MLSS sample, and was analyzed at different wavelengths in a spectrophotometer to obtain a
measurement of the reduced hemochrome. At the CE Pilot, a version of this method was used. This
method allowed quick and reliable AMX activity monitoring.

A 10 mL sample was extracted and placed into a 15 mL centrifuge vial. The sample was centrifuged for 3
minutes, at 10,000 RPM, and at 0 C°. The supernatant was decanted so all solids remained in the
centrifuge vial. 10 mL of 1 M sodium hydroxide solution and 0.2 g of sodium dithionite was placed into
the sample centrifuge vial. The sample centrifuge vial was vortexed vigorously to suspend the biomass
and inserted into a heating block controlled to 70 C° for 10 min. The sample centrifuge vial was inverted
occasionally during this incubation period. The sample centrifuge vial cooled at room temperature for
15 min, then centrifuged for 3 minutes, at 10,000 RPM, and at 0 C°. The supernatant was filtered with
0.45 um glass fiber filters, and then poured into a clear glass vial. A spectrophotometer was zeroed with
DI water and the sample absorbance unit (AU) was analyzed for nmsss, nmssq and nms;o wavelengths.
The heme AU content was calculated from the wavelength measurements recorded (Eq 1.) The heme
AU content was normalized to sample TSS and/or VSS.

Eq 1.

NMsg70 — NMg35
(570 — 535) = (550 — 535)

Heme (AU) = nmgso — nMszs —

Initial Settling Velocity (ISV) and Sludge Volume Index (SVI) Measurements

A two liter sample of Column OF, Column influent (B-Stage MLSS), and Column UF were collected into
separate containers. Each sample was diluted (with secondary clarifier effluent) or concentrated to
obtain 2300 = 300 mg/L using a TSS probe. Each sample was poured into a 2 L glass graduated cylinder
and well mixed. Samples for TSS and VSS measurements were obtained and recorded. The distance the
sludge settled was recorded at specified time intervals. During the ISV tests, SSV measurements were
recorded at 5 and 30 minutes. SVI5 was indicative of sludge settling velocity, and SVI30 was a measure
of sludge compaction.
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Column TSS Gradient Measurements

The Column top was stirred to dissipate floating solids and flow rates were recorded. A TSS probe was

manually lowered into the Column in 0.5 ft increments and TSS was recorded at each increment. The

TSS was plotted vs column depth to produce a gradient profile.

Results and Discussion

NOB Suppression
Nitrite concentration in B-Stage did not significantly accumulate (Figure 11). NOB/AOB rate ratios did

not fall below one. The nitrite accumulation ratio (NAR) did not significantly increase (Figure 12). Since

NOB activity rate was = AOB activity rate, nitrite did not have an opportunity to accumulate and NAR

could not increase.
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Figure 11: NOB/AOB Rate ratio vs NO, in B-Stage.
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Figure 12: NOB/AOB Rate ratio vs NAR in B-Stage.

B-Stage was intermittently aerated with a 1.5 mg O,/L setpoint, a NH4-N > 1.5 mg/L effluent, and a SRT
close to AOB washout to produce nitrite accumulation. The B-Stage operational conditions used in this
study were previously proven to induce NOB outselection in other studies (Regmi et al, 2014; Cao et al,
2017). Previous work at the CE Pilot at 20°C produced NOB outselection and nitrite accumulation
(Sadowski, 2015). One reason for failed NOB suppression could be the observed increase in biofilm
slime growth in the reactors. The biofilm may have harbored NOB from outselection conditions. NOB
could have been sheared or detached from the biofilm. Then, they would become suspended in the
mainstream MLSS and in the batch NOB/AOB rate measurement tests. Another factor could have been
the large MLSS inventory exposed to anaerobic and anoxic conditions in the sidestream process. In the
sidestream, it is possible that NOB could survive the lower DO conditions and AOB could not. The exact
reason for this study’s failure to produce nitrite accumulation is unclear, but further research into this
mystery is ongoing at the CE Pilot.

Column AMX Retention

The ISV analysis produced settling velocities that were used to distinguish between Column UF, B-Stage
MLSS, and Column OF (Figure 13). If the Column selected for denser biomass in the UF, the following
relationship would appear: UF ISV > B-Stage MLSS ISV > OF ISV. If Column SOR was increased, ISV
magnitudes should increase over time.
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Figure 13: ISV measurements over time for UF, B-Stage MLSS, and OF with respect to a change in SOR.

There does not appear to be a clear trend of UF ISV > B-Stage MLSS ISV > OF ISV throughout the study.
The relative difference between the velocities seems insignificant until 5/20. After 5/20, the relative
difference in velocity between samples increased. After 5/20, UF ISV was consistently greater than OF
ISV and B-Stage MLSS ISV. This shows a change in the column operation around 5/20 could have
triggered better outselection. The ISV magnitude loosely trended with SOR fluctuations. This indicates
that SOR can influence the magnitude of the settling velocity. Since settling velocity can help select
denser biomass, SOR may be a key factor in dense AMX granule retention.

Heme quantification in relatively high amounts can illuminate the presence of AMX. If the column
selected for AMX granules in the UF, the following relationship should occur: UF heme > B-Stage heme >
OF heme. Two other heme measurements were collected to establish a baseline for comparison. These
two other measurements came from samples that do not contain AMX. A-Stage MLSS showed the
lowest heme content (Figure 14). MLSS from James River (JR) treatment plant nitrogen removal process
was slightly higher than A-Stage MLSS but remained lower than UF, B-Stage MLSS, and OF samples.
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Figure 14: Heme AU/g VSS over time for UF, B-Stage MLSS, OF, and A-Stage MLSS. Note: JR MLSS shows the change in heme
content over time from one sample.

The higher magnitude of UF, B-Stage MLSS, and OF heme than the baseline heme content would suggest
an elevated amount of AMX was present in the B-Stage process. There does not appear to be a
consistent UF heme > B-Stage MLSS heme > OF heme pattern until the later part of the study. This
would indicate that the AMX biomass did not settle into the UF until the last month of the study. B-
Stage MLSS and OF heme was higher than the baseline samples. This could indicate AMX were retained
in the B-Stage process but some AMX were out-selected in the Column OF.

A sludge volume index was determined after five minutes (SVI5) for the UF, B-Stage MLSS, and UF
samples (Figure 15). Since SVI5 is a measure of ISV, the UF SVI5 should be > B-Stage MLSS SVI5 > OF
SVI5.
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Figure 15: SVI5 over time for UF, B-Stage MLSS, and OF.

Throughout this study, there was not a consistent trend of UF SVI5 > B-Stage MLSS SVI5 > OF SVI5. This
could mean the Column did not effectively settle out denser, faster settling biomass in the UF. The
magnitude of the SVI5 data was dependent on the performance of B-Stage.

The SVI30 to SVI5 ratio is an indicator of granular to floccular sludge composition. The closer SVI30/SVI5
is to one, the more granular a sludge sample. If the Column selected for AMX granules in the UF, the UF
SVI30/SVI5 should be > B-Stage MLSS SVI30/SVI5 > OF SVI30/SVI5 (Figure 16).
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Figure 16: SVI30/SVI5 ratio over time for UF, B-Stage MLSS, and OF.

The SVI30/SVI5 ratio for UF, B-Stage MLSS, and OF exhibit a slight increase, but the increase was not
consistent enough to suggest the overall retention of AMX in B-Stage was successful. It is interesting to
note that the UF ratio had a steady increase throughout the study, but the B-Stage MLSS and OF ratios
steadily decreased after 5/10. This could suggest that the AMX granules were settling into the UF of the
Column but did not return to the B-Stage process. During maintenance of the sidestream process, red
tinted sludge was trapped in biofilm slime in the SBPR. The SBPR was intermittently mixed and it is
possible the granules were trapped in the SBPR and never made it to B-Stage.

Settling Column Monitoring

Gravimetric analysis was performed on UF, B-Stage MLSS, and OF samples from the Column (Figure 17).
Successful settling performance in the Column should produce UF TSS > B-Stage MLSS TSS > OF TSS. It is
important to note that the magnitude of the B-Stage MLSS was directly affected by B-Stage
performance. A change in B-Stage MLSS would alter the magnitudes of UF TSS and OF TSS.
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Figure 17: TSS over time for UF, B-Stage MLSS, and OF

Throughout the course of this study, gravimetric analysis has produced the following relationship: UF
TSS > B-Stage MLSS TSS > OF TSS values. This is concrete proof that settling occurred in the Column in
the duration of this data set. Samples collected from the Column OF were visually less concentrated
with solids than the UF. A TSS gradient was obtained several times during this study to confirm the
existence of a sludge blanket in the Column bottom. All visual and TSS gradient evidence supports the
gravimetric analysis results. Since the UF had a higher TSS than the OF, it can be assumed the more
dense AMX granules settled out in the UF.

AMX Stock and Mainstream Act

AMX activity tests were performed on the condensed DEMON® underflow, termed AMX Stock, to
ensure highly active AMX granules were added to the mainstream B-Stage (Figure 18). The activity of
AMX Stock granules were expected to be very high. This is because the DEMON® sidestream process is
exposed to very high nitrogen loading compared to mainstream.
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Figure 18: AMX Stock granule activity test showed changes in ammonia, nitrite, nitrate, and TIN over time.

The AMX Stock samples came from sidestream DEMON® processes with high nitrogen loading, and were
expected to remove TIN-N at elevated rates. Indeed, AMX Stock showed highly significant TIN removal.
Ammonia and nitrite were removed and nitrate was produced throughout the experiment. This is
consistent with AMX metabolism. The AMX Stock activity test confirmed significant AMX activity
potential was added to B-Stage.

AMX activity tests were conducted on the mainstream B-Stage MLSS to confirm or deny the presence of
AMX in the mainstream (Figure 19). Mainstream AMX activity was not expected to be as high as AMX
Stock activity. This is because a relatively low volume of AMX Stock granules were diluted into a high
volume of mainstream biomass, and mainstream loading conditions were much lower than DEMON®
sidestream conditions.
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Figure 19: Mainstream AMX activity test showed changes in ammonia, nitrite, nitrate and TIN over time.

Mainstream AMX activity showed a small amount of TIN removal. A higher amount of TIN removal
activity was expected but some TIN removal seemed promising. Ammonia had minimal removal over
the course of this five hour experiment. Nitrite increased slightly during this test, and nitrate had
significant removal. It is clear that TIN removal was due to reduction of nitrate. The nitrate reduction
was most likely from denitrification. Overall, there does not appear to be AMX activity in the
mainstream. This could mean the Column did not successfully retain AMX granules. The
bioaugmentation rate of AMX granules could be another factor affecting apparent mainstream AMX
activity. The bioaugmentation rate may not have been high enough to accumulate the AMX biomass
necessary to measure AMX activity in the mainstream. The Strass WWTP had similar issues with
mainstream AMX detection (Table 1) (Marie et al, 2015).

Table 1: Adapted characteristics of sludge samples from the Strass WWTP (Marie et al, 2015). SL = sludge liquor from the
DEMON tank (Sidestream). B = Biological tank (mainstream). OF = overflow of the cyclone. UF = underflow of the cyclone.

TSS | TSS |vss| vss HQ HQ | Heme/VSS AM NH4 NH4 NO2 NO3

(g/L) [ (mg/L) |(g/L) [(mg/L) | (mAU/L) | (AU/L) |(AU/L)/(g/L)| (mg N/L.hr) | (mg N/L.hr) | (mg N/mgVsS.d) | (mg N/L.hr) | (mg N/L.hr)
sL |2.95| 2950 {2.32] 2320 | 164 | 0.164 0.071 -36.1 -17.2 -0.178 -22.7 3.72
SL-OF| 2.19| 2190 [1.77] 1770 | 86.4 |0.0864] 0.049 -23.1 -10.8 -0.146 -14.6 2.22
SL-UF| 8.95| 8950 [6.59| 6590 | 1143 | 1.143 0.173 -115 -71.3 -0.260 54.7 10.9
B |4.25| 4250 {3.05] 3050 [ 12.3 [0.0123] 0.004 -0.45 3.65 0.029 -4.11 0.01
B-OF| 4.2 | 4200 [3.03| 3030 | 11.6 |o0.0116] 0.004 -1.2 2.57 0.020 -3.78 0.01
B-UF|[6.71| 6710 [4.53| 4530 | 25.1 |0.0251] 0.006 -3.23 4 0.021 -7.22 -0.01
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Since partial nitritation was not established in B-Stage, the AMX granules may not have retained
detectable activity. For these reasons, it is difficult to conclude whether AMX granule retention or AMX
activity was the issue for mainstream AMX detection.

In the YR full-scale process, DEMON® MLSS would be bioaugmented instead of concentrated underflow.
The MLSS would contain AOB and AMX. The addition of supplemental AOB would ensure higher AOB
rates than NOB and nitrite should accumulate in the mainstream.

Conclusions

In this study we demonstrated the many challenges to mainstream deammonification. Partial nitritation
could not be achieved because, for unconfirmed reasons, NOB suppression did not occur throughout
this study. The AMX bioaugmentation process was satisfactory, but the inconclusive retention results
paired with disintegration of AMX granules in the SBPR led to zero AMX activity in the mainstream.
Therefore, this study presents the numerous obstacles to AMX retention and partial nitritation for
mainstream deammonification. Although this study did not illustrate successful deammonification, it
has illuminated areas of research for future work.
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Abstract

This work describes optimization of carbon addition to an anoxic partial denitrification anammox
(PdN/A) moving bed biofilm reactor (MBBR) testing glycerol, acetate, and methanol as carbon sources to
maximize total inorganic nitrogen (TIN) removal through the anammox pathway and to minimize
effluent TIN. A carbon feeding strategy was developed and was evaluated by the extent of partial
denitrification vs full denitrification (partial denitrification efficiency, PdN efficiency). All three carbon
sources were capable of high TIN removal, low effluent TIN, and moderate to high PdN efficiency.
Average TIN removal for glycerol was 10.0 + 3.6 mg TIN/L, for acetate it was 8.7 + 2.9 mg TIN/L, and for
methanol it was 11.5 £ 5.6 mg TIN/L. Average effluent TIN for glycerol was 6.0 £ 4.0 mg TIN/L, for
acetate it was 5.0 £ 1.1 mg TIN/L, and for methanol it was 4.3 + 1.5 mg TIN/L. Average PdN efficiency for
glycerol was 91.0 £ 9.0%, for acetate it was 88.0 + 7.7%, and for methanol it was 74.0 + 8.5%. When
PdN efficiency was factored into the cost of each carbon source, methanol was 5.83% cheaper than
glycerol per mass TIN removed and 59.0% cheaper than acetate per mass TIN-N removed.

Introduction

Total nitrogen (TN) effluent standards have become more stringent across the globe, and the
wastewater industry needs less expensive and more resource efficient technologies to comply. The
state of the practice for TN removal is biological nitrification-denitrification, but more cost effective
technologies like deammonification are being investigated. The drivers for mainstream
deammonification are the reduction of external carbon addition, decreased aeration demand for
nitrogen removal, and decreased need for carbon which allows for more carbon to be diverted for
energy recovery. Deammonification consists of partial nitritation and anaerobic ammonia oxidation
(AMX). Ammonia oxidizing bacteria (AOB) convert a portion of the available ammonia to nitrite, and
AMX converts the residual ammonia and nitrite to nitrogen gas according to the following equation
(Strous et al, 1998).

Anammox Metabolism:
NH, +1.32NO, +0.066HCO; +0.13H" > 1.02N, + 0.26 NO; + 2.03H,0 + 0.066CH,0,sN 15

Deammonification has been successful in sidestream applications, but mainstream deammonification
has remained challenging. Mainstream deammonification is difficult because nitrite oxidizing bacteria
(NOB) are harder to suppress than in sidestream. Lower ammonia concentrations (< 100 mg N/L) and
lower temperatures (< 30 °C) typical of mainstream wastewater do not favor NOB outselection (Regmi
et al, 2016), but as long as the slow growth of AMX can be accommodated through biofilm growth or
selective retention, wastewater temperatures < 20°C appear to be achievable for AMX (Dosta et al.,
2008; Vazquez-Padin et al, 2011; Cema et al, 2007; Hendrickx et al, 2012; Isaka et al, 2008).

Some studies have been successful at shortcut nitrogen removal but were unable to reach low effluent
total inorganic nitrogen (TIN) (€ 5 mg TIN-N/L) (Han et al, 2016; Laureni et al, 2016; Lotti et al, 2014;
Regmi et al, 2014). To comply with lower effluent discharge limits a nitrogen polishing step may be
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required following the nitrogen removal process. Also, to achieve partial nitritation for
deammonification, it has been shown that a residual ammonia concentration (1-2 mg/L) is necessary
(Regmi et al, 2014; Al-Omari et al, 2015; Han et al, 2015). Also, upsets with AMX activity in the
deammonification process may result in nitrite bleeding into the effluent. Nitrite discharge can be toxic
to receiving waterways and can cause a much higher chlorine demand for disinfection. Nitrate can be
polished with a carbon source (electron donor) for full denitrification of nitrate to nitrogen gas. AMX
polishing can remove ammonia and nitrite without an external carbon source. It is possible to remove
ammonia, nitrite, and nitrate effectively in a single polishing reactor. To remove residual nitrate, a
carbon source can be added to induce partial denitrification (PdN) from nitrate to nitrite, and residual
ammonia and available nitrite can be removed through the AMX pathway. The main advantage of
utilizing PAN combined with AMX (PdN/A) over a full denitrification process is that only a fraction of the
COD is required to reduce nitrate to nitrite. Another benefit is that since AMX can remove ammonia
anoxically, the amount of ammonia that needs to be oxidized in the preceding BNR process is reduced.

The main challenge for efficient PAN/A is limiting full denitrification (denitritation), therefore maximizing
PdN for nitrite to be available for AMX. Nitrite can be accumulated by a system with a higher nitrate
reduction rate than nitrite reduction rate (Betlach and Tiedje, 1981). It can also be accumulated by
creating conditions to proliferate bacteria that can only reduce nitrate to nitrite (Blaszczyk, 1993). PdN
can be influenced by several factors such as the, COD/NOs-N, pH, DO, SRT, and carbon source (Obaja et
al, 2005; Beccari et al, 1983; Almeida et al, 1995a; Tiedje, 1988). For a mainstream single reactor that
combines PdN and AMX, pH would not be a cost effective parameter to change to increase PdN. Also,
AMX require a DO of 0 mg/L and this means DO is not a viable parameter to increase PdN. For an
attached growth system like the MBBR discussed in this study, SRT is not a parameter that is easily
changed or monitored in order to increase PdN.

Carbon addition optimization would limit the carbon available for denitritation. Low COD/NOs-N ratios
may induce good PdN through limiting the quantity of electrons available to nitrite reductase in OHOs
(Almeida et al., 1995b). A study confirmed that with inadequate carbon dosing (COD/NO3-N < 1)
significant nitrite accumulation was observed (Her and Huang, 1995). Another study saw FdN and no
PdN with a COD/NO;-N ratio of 2 (g/g), but when the COD/NOs-N ratio was decreased to 1 (g/g),
significant nitrite accumulation occurred (Oh and Silverstein, 1999). Interestingly, the COD/NOs-N ratio
did not directly select for PdN, but did control the rate of nitrate reduction in one study (Le et al, 2019a).
Therefore, the COD/NO;-N ratio may be a good indicator to monitor for a PAN/A system.

The specific bacterial culmination and nitrite accumulation abilities of denitrifiers were influenced by the
type of carbon source utilized in the PAN/A process (Akunna et al, 1993). Studies have shown the ability
of glycerol and acetate to induce significant nitrite accumulation (Bill et al, 2009; Ledwell et al, 2011; van
Rijn et al, 1996). In fact, methanol, acetic acid, and glucose showed 17%, 21%, and 23% NO,-N
accumulation with a low COD/NOs-N (Her and Huang, 1995). In another study, glycerol, acetate, and
methanol were all capable of performing PdN, but glycerol and acetate displayed more efficient PdN
than methanol and this was attributed to their different electron transport pathways (Le et al, 2019a). It
is promising for PAN/A that methanol, acetate, and glycerol all showed the capability to accumulate
nitrite. Methanol is the most widely used supplemental carbon source for full-scale in the USA because
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of low cost and favorable kinetics (Bill et al, 2009). Methanol may be well suited for full denitrification,
but the success of PAN/A processes hinges on the efficiency of denitratation and inhibition of
denitritation. Therefore, it is worth considering carbon sources other than methanol for PAN/A such as
glycerol and acetate.

Another possible explanation to the mechanism behind PdN is rapid complete onset of all denitrification
genes vs progressive onset (Liu et al, 2013). Progressive onset is when electrons flow to nitrate
reductase first, and then to nitrite reductase after most of the nitrate has been reduced (Liu et al, 2013).
Therefore, the progressive onset of reductase upregulation would inherently accumulate nitrite.

A few studies have coupled AMX with PAN. PdN and AMX were able to perform PdN/A using sidestream
sulfide as an electron donor for PAN (Mulder et al, 1995). DEnitrifying AMmonium OXidation (DEAMOX),
functionally synonymous with PdN/A, has also been done with acetate, with a COD/NO3-N ratio of 3.48
(g/g), and resulted in 95% ammonia removal (Kalyuzhnyi et al, 2006). Using acetate, a SBR DEAMOX
process was also able to remove 95% of total influent nitrogen with mainstream wastewater properties
(Du et al., 2017). Another study concluded that as long as a large enough reservoir of AMX activity was
competing for nitrite, the three carbon sources used (glycerol, acetate, and methanol) were capable of
performing PAN/A, but glycerol and acetate were more effective at PdN than methanol (Le et al, 2019a).

The objectives of this research were to maximize TIN removal through the AMX pathway, optimize
carbon addition, and to minimize effluent TIN using glycerol, acetate, and methanol through a PAN/A
MBBR process. It was hypothesized that methanol would not perform as well with PdN as glycerol and
acetate, and could potentially even inhibit AMX activity as several studies previously indicated (Guven et
al, 2005; Jensen et al, 2007; Isaka et al, 2008; Oshiki et al, 2011). To date, there has not been a
successful PAN/A process using methanol, and this research closes that knowledge gap.

In this paper, we investigated glycerol, acetate, and methanol for PAN/A. We also presented results of a
pilot-scale fully anoxic PdN/A polishing MBBR process that can be implemented at full-scale facilities to
maximize TIN removal and minimize effluent TIN using minimal external carbon.

Materials and Methods

This study occurred in a continuous domestic wastewater adsorption/bio-oxidation (A/B) process pilot
system located at the Hampton Roads Sanitation District (HRSD) Chesapeake-Elizabeth treatment plant
(CE Pilot) in Virginia Beach, VA (Figure 20). Screened and degritted Chesapeake-Elizabeth WWTP
influent was fed to an additional grit and scum removal tank in the CE Pilot. After screening and
degritting, the influent went to a 20°C temperature controlled tank, then to the A-Stage high rate
activated sludge (HRAS) process. B-Stage was a biological nutrient removal (BNR) process comprised of
five CSTRs with a total volume of 660 L and a 4.3 hour HRT. The B-Stage process utilized intermittent
NH, vs NOx (AvN) aeration control, where air on/off time was controlled via PID to meet a NOx/NH,
ratio (typically 1-1.3) in the last aerated reactor. A 340 L anoxic PdN/A MBBR following B-Stage enabled
additional nitrogen removal prior to final discharge. The MBBR had a Styrofoam cover to limit oxygen
transfer, a variable speed mixer (Caframo: Georgian Bluffs, Ontario, CA), a 60% AnoxKaldness K3 media
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fill volume, a 2-hr HRT, and a TIN loading rate between 0.5-0.9 g TIN/m?/day. The carbon dosing control
strategy for the MBBR was a feedback PID loop and the carbon dosing rate was controlled to meet a
NOx setpoint in the MBBR based on a NOx sensor in the process (Nitratax plus sc, Hach). This NOx probe
read a sum of the in situ nitrate and half of the in situ nitrite. Since the MBBR rarely had significant
nitrite concentrations, the NOx probe and setpoint were good representations of the in situ/effluent
nitrate concentration. The NOx setpoint was adjusted manually to maximize TIN removed in the MBBR
while minimizing full denitrification to N, gas.

The MBBR began operation 7 years ago. It was initially seeded with AMX granules, but complications
washed out the AMX from the reactor. Then, a clarifier was installed to retain AMX biomass and it was
fed ammonia, nitrate and some nitrite from the B-Stage effluent process. Some carbon addition studies
were previously done at the CE Pilot, but prior to this research the MBBR work was idle for 2 years. It
simply was receiving ammonia and nitrate from B-Stage effluent with no particular attention paid to its

operation.
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Figure 20: CE Pilot process flow diagram.
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General Sample Monitoring

Automated samplers provided 24-hour composite samples (ISCO, Lincoln, NE). This enabled average
daily influent and effluent characteristics to be measured. TSS and volatile suspended solids (VSS) were
analyzed using 2540D and 2540E in standard methods. NH,4-N, NOs-N, NO,-N, orthophosphate (OP),
total chemical oxygen demand (COD), and soluble COD (sCOD) were measured with HACH TNTplus kits
and a HACH DR2800 spectrophotometer (HACH Loveland, CO). Daily DO was recorded with a HACH
handheld luminescent DO sensor (HACH Loveland, CO). Daily pH and temperature was recorded with a
HACH handheld pH and temperature meter (HACH Loveland, CO).

Carbon Dosing Control Strategy

A carbon dosing strategy was developed for this study. A NOx setpoint was user specified in the PLC. A
NOx sensor in the PAN MBBR returned a signal to the PLC. If NOx in the PAN MBBR was higher than the
setpoint in the PLC, the PLC sent a signal to increase the carbon addition flowrate, vice versa. AMX
metabolism has the following stoichiometric properties: NO,-N removed/NH,-N removed = 1.32 g/g,
NO;-N produced/NH,-N removed = 0.26 g/g. The nitrate produced by AMX was reduced by denitrifiers
to nitrite for AMX and more ammonia can be removed through the AMX pathway. Therefore, the net
NOx-N removed/NH,-N removed = 1.06 g/g. Overdose of carbon facilitated full denitrification (FAN) and
less nitrogen available for AMX. More FdN increased the net NOx-N removed/NH,-N removed ratio. To
prevent carbon overdose and maximize partial denitrification, NOx setpoint was increased when the net
NOx-N removed/NH,-N removed rose above 1.16 g/g. A 0.10 g/g tolerance increased the aggressiveness
of this strategy. To ensure sufficient carbon was available for PdN, NOx setpoint was decreased when
the net NOx-N removed/NH,-N removed ratio was below 1.06 g/g. The NOx setpoint was recorded daily
and was compared to the composite effluent NO3-N values.

Ex Situ Denitrification Rate Measurement

Batch testing was performed with 4 L of B-Stage MLSS continuously mixed with a magnetic stir bar and
plate (Corning, Corning, NY). A floating Styrofoam cover was used to prevent oxygen transfer. The pH
was maintained between 6.8 and 7.2 with diluted hydrochloric acid and sodium bicarbonate addition.
When DO was stable at 0 mg O,/L via nitrogen gas sparging, 20-30 mg N/L of dissolved potassium
nitrate, 1-3 mg N/L of dissolved sodium nitrite, and non-limiting (100-400 mg/L) sCOD were spiked to
the reactor. Samples were collected every 15 minutes and were immediately filtered with 0.45 um
cellulose acetate filters and analyzed for sCOD, NH4-N, NOs-N, and NO,-N. The test was concluded after
1.5 hours and denitrification rates were based on the slope of the NOx-N concentration over time.

Anoxic PAN/A MBBR in situ Denitrification Rate Analysis

The carbon addition was halted, and the PAN/A MBBR was isolated from influent flow for approximately
30 min. DO and pH were recorded and pH was maintained between 6.5 and 7.5 via alkalinity
reimbursement from AMX activity. Residual ammonia was removed via AMX with nitrite addition. To
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avoid substrate limitation, NO;" and NO, were added to obtain an initial concentration of 15 and 5 mg
N/L respectively. Also, non-limiting sCOD (100-400 mg/L) was added via glycerol, acetate, or methanol.
After spiking, an initial sample was taken. Samples, pH values, and DO concentrations were collected
every 15 minutes. All collected samples were immediately filtered with 0.45 pm cellulose acetate filters
and analyzed for sCOD, NOs-N, NO,-N, and NH,;-N. The sCOD used per nitrite and nitrate reduction was
calculated using these rates. Since denitrification rate and sCOD consumption was known for solely
nitrite and also for nitrate and nitrite together, the sCOD utilized per nitrite and nitrate reduction could
be calculated using a system of equations (See Sl for detailed calculations).

Anoxic PAN/A MBBR in situ AMX Activity Analysis

The carbon addition was halted, and the PAN/A MBBR was isolated from influent flow. Approximately
one hour was allotted for residual sCOD degradation. Handheld DO and pH probes were installed in the
MBBR. DO was maintained at 0 mg/L via a Styrofoam cover and pH remained between 6.5-7.5 via AMX
alkalinity reimbursement from activity. To avoid substrate limitation, ammonia chloride and sodium
nitrite were added to obtain an initial concentration of 20 mg N/L of both NH," and NO,. Samples, pH
values, and DO concentrations were collected every 15 minutes. All collected samples were filtered
with 0.45 um cellulose acetate filters and analyzed for sCOD, NOs-N, NO,-N, and NH,-N. AMX rates were
calculated from the NH4;-N and NO,-N consumption versus time, and NO5-N production versus time
slopes.

Fluorescent in situ hybridization (FISH) Analysis

FISH was performed to detect and qualitatively assess the relative abundance of nitrospira, AOB, and
AMX in the PdN/A MBBR media samples. Biofilm enriched carriers were chemically fixed in a 4%
formaldehyde solution for eight hours at 4°C, embedded in optical cutting temperature medium (Tissue-
Tek® 0.C.T.), and cryosectioned (at -25°C) to yield biofilm sections with a 20 um thickness (Leica Reichert
Jung 2800N Frigocut) on poly-L-lysine coated slides. FISH was performed using an oligonucleotide probe
mix targeting a wide diversity of nitrospira (6-FAM fluorophore), AOB (Cy3 fluorophore), and AMX (Cy5
fluorophore) found in wastewater treatment bioreactors. Cryosections were hybridized overnight
following protocols adapted from Nielsen et al. (2009) in a 35% formamide v/v hybridization buffer
containing nitrospira oligonucleotide probe concentrations of 0.83 uM, AOB oligonucleotide probe
concentrations of 0.5 uM, and AMX oligonucleotide probe concentrations of 0.5 uM. All probe mixes
included equimolar concentrations of the recommended competitor oligonucleotides. Each sample was
separately stained with the nonsense probe (Non-EUB338) tagged with 6-FAM, Cy3, and Cy5
fluorophores as a negative control for non-specific binding. Hybridized cryosections were
counterstained with DAPI at a concentration of 1 ug/mL in a glycerol-based antifadent mounting media
(Citifluor AF1). Image stacks were acquired on an inverted confocal laser scanning microscope (Model
TCS SP5, Leica Microsystems) equipped with an oil immersion 63x (1.44 NA) objective at a lateral
resolution of 0.48 um and an axial step size of 1 um. DAPI, 6-FAM, Cy3, and Cy5 fluorophores were
excited sequentially with 405nm, 488nm, 561nm, and 633nm laser lines, respectively.
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Microbial Quantification

PdN/A MBBR media was collected, and placed into 50 mL of Tris-Acetate-EDTA 1x solution. As much
attached biomass as possible was scraped (0.1 mL minimum) into a 1.5 mL centrifuge vial. Each vial was
centrifuged at 13,000 rpm for 3 minutes. Supernatant was decanted and 1.5 mL of RNA protect (Qiagen,
Venlo, NL) was added. Each vial was vortexed and incubated at room temperature for 5 minutes. Each
vial was centrifuged again for 3 minutes at 13,000 rpm.

Supernatant was decanted and the pellet was stored in a freezer at -80°C. Frozen samples were shipped
to Columbia University Department of Earth and Environmental Engineering Dr. Kartik Chandran’s
laboratory for analysis. The frozen sample was homogenized with a grinder, and a 1 ml TE buffer
solution was added. The sample was re-suspended with a vortex machine and either 0.1 ml (10 fold
dilution) or 0.2 ml (5 fold dilution) re-suspended sample was used for DNA extraction.

The AOB and NOB abundance was quantified using TagMan quantitative polymerase chain reaction
(qPCR). AOB were targeted with the NH,p mono-oxygenase subunit A (amoA) gene (Rotthauwe et al,
1997), and NOB were targeted with the Nitrobacter 16S rRNA gene (Graham et al, 2007) and the
Nitrospira 16S rRNA gene (Kindaichi et al, 2007). Total bacterial abundance was quantified with
eubacterial 16S rRNA gene targeted primers (Ferris et al, 1996). qPCR assays were conducted on a iQ5
real-time PCR thermal cycler (BioRad Laboratories, Hercules, CA). Standard curves for gPCR were
generated via serial decimal dilutions of plasmid DNA containing specific target gene inserts. qPCR for
standard plasmid DNA and sample DNA were conducted with duplication and triplication, respectively.
DNA-grade deionized distilled water (Fisher Scientific, MA) was used for non-template control. Primer
specificity and the absence of primer-dimers were confirmed via melt curve analysis of each qPCR
profile (Ma et al, 2015; Park et al, 2015).

Carbon Sources Used, Origin, and Stock Generation

The carbon sources used in this research were glycerol, acetate, and methanol. Glycerol was a
MicroC®2000 product. Acetate was from sodium acetate and glacial acetic acid from Fisher Scientific.
Methanol was 99% pure and from Fisher Scientific. The COD stock solution was created in a 50 L carboy.
The COD source was diluted to create 50 L of solution and a concentration of approximately 10,000 mg
COD/L. The COD stock concentration was confirmed with TNT COD Hach tube test kits.

Methanol Dosing Transition Phase

Methylotroph laden sludge was seeded from the anoxic zone methanol denitrification step at the VIP
WWTP at HRSD. The methanol dosing started with 1 mg MeOH/L MBBR in situ concentration and was
increased daily. AMX activity tests were conducted to ensure no adverse consequences came to the
AMX bacteria. After two weeks, the reactor was capable of normal carbon dosing operation using
methanol.
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Methanol Overdose Experiment

A baseline AMX activity test was performed. Then, the AMX MBBR was exposed to 24 hours of a toxic
concentration of methanol. At the conclusion of the 24 hour overdose, an overnight wash occurred.
Then, another AMX activity test was conducted to see if the methanol had affected AMX activity when
compared to the baseline test. This experiment simulated a full-scale malfunction that resulted in an
overdose of methanol to an AMX MBBR.

A graduated cylinder was used to measure 758 ml of pure methanol. The measured methanol was
poured into an empty 50 L carboy. The carboy was filled to the 50 L mark with potable water and this
yielded a stock concentration of 18000 mg COD/L. A digital L/S pump provided 203 mg COD/L at a
constant 29 ml/min flow rate in the MBBR for 24 hrs. The maximum concentration of COD the MBBR
would be exposed to is about 50 mg COD/L so the overdose design of 203 mg COD/L represents a safety
factor of greater than 400% for this design. After the 24-hr overdosing, methanol feed was halted, and
the MBBR was allowed to wash out excess methanol overnight before another AMX activity test was
performed.

Methanol TIN Loading Increase

Toward the of the methanol phase ammonia chloride and potassium nitrate were dissolved into a
solution to be added to the MBBR. The intent was to raise the TIN loading to the PdN/A process to
explore the limits of the treatment capacity.

Results

PdN/A Performance
B-Stage effluent had an average AvN of 1.3 + 0.4 NOx/NH,-N and was comprised of an average 6.6 + 2.2
mg NH,-N/L, 0.6 £ 0.7 mg NO,-N/L, and 7.4 + 2.2 mg NO;-N/L. The study was organized into five phases.

Nitrogen Species Removed

Phase | used glycerol and was from day 1 to day 60. Phase Il used acetate and was from day 61 to day
108. Phase Ill used no carbon and was from day 109 to day 116. Phase IV was the methanol startup
phase and was from day 117 to day 128. Phase V used methanol and was from day 129 to day 172. At
times, effluent NO,-N was greater than the influent, and this indicated NO,-N production via partial
denitrification was greater than influent NO,-N plus NO,-N reduction (Figure 21). This NO,-N
accumulation was due to greater PdN than influent NO,-N, AMX activity, and FAN combined. High
influent TIN loading may have also caused this NO,-N accumulation when NH,-N was limiting for AMX
activity.
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Figure 21: MBBR influent and effluent nitrogen species concentrations for glycerol, acetate, and methanol. Top Left — nitrite
orange circles, Top Right — ammonia blue squares, Bottom Left — nitrate green triangle, and Bottom Right — TIN black
diamonds. Vertical dotted lines indicate start and end days for each carbon phase.

B-Stage disturbances directly affected TIN loading to the PAN/A MBBR. For example, B-Stage
nitrification complications would not supply sufficient nitrate to the MBBR for effective PAN/A. Some
nitrite breakthrough was observed as the loading to the MBBR increased. This could indicate the system
became limited by AMX activity, and specifically ammonia. Target effluent TIN was 5 mg/L. During the
methanol phase, additional NH,;-N and NOs-N were loaded to the MBBR to synthetically increase TIN
loading. This sharp increase in TIN loading resulted in very high TIN removed, and showed the MBBR
had a higher treatment capacity than typical B-Stage effluent TIN loading provided.
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Glycerol had an average of 10.0 + 3.6 TIN removed (mg N/L), acetate had an average of 8.7 + 2.9 TIN
removed (mg N/L), and methanol had an average of 11.5 + 5.6 TIN removed (mg N/L). Glycerol has an
average effluent TIN of 6.0 £ 4.0 (mg N/L), acetate had an average effluent TIN of 5.0 + 1.1 (mg N/L), and
methanol had an average effluent TIN of 4.3 £ 1.5. It is also worth noting that the no carbon addition
phase had an average of 1.9 + 0.53 TIN removed (mg N/L).

PdN Efficiency

An important metric in evaluating the PAN/A MBBR was PdN efficiency. PdN efficiency was a measure
of NO3-N reduction to NO,-N (PdN) vs NOs-N reduction to NO,-N and then to gaseous nitrogen for full
denitrification (FAN). NO,-N produced in the MBBR was predicted by applying AMX metabolic
stoichiometry to the actual NH,-N removed (Eg. 1). The most efficient carbon dose would reduce NO5-N
to NO,-N (PdN) and no NO,-N would reduce to gaseous nitrogen. This would yield 100% PdN efficiency,
and PdN efficiency could vary with carbon source, carbon dosage, biofilm community composition,
substrate availability, and AMX activity (Figure 22).

Eq. 1:

NOxrem — {NH4_ Tem*(1'32* NO2rem  0-26% NOS.pro)}
PdN EfflClenCy (%) = 100 B [100 * ( ‘ : NH4rem NHarem >]

Nox,in
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Figure 22: PdN efficiency values for glycerol, acetate, and methanol are shown with purple circles. Vertical dotted lines
indicate start and end days for each carbon phase.

Theoretically, the PdN efficiency calculation cannot be over 100%. When removal concentrations were
low, small errors in lab measurements were amplified and generated PdN efficiency greater than 100%.
Glycerol had an average PdN efficiency of 91.0 + 9.0%, acetate had an average PdN efficiency of 88.0 +
7.7%, and methanol had an average PdN efficiency of 74.0 £ 8.5%.

NOx removed /NH4+-N removed (g/qg)

Influent and effluent composite NH4-N, NO,-N, and NOs-N concentrations were used to calculate actual
NOx removed/NH,-N removed. The theoretical vs actual NOx removed/NH,-N removed ratio was a
comparison that dictated the NOx setpoint for the carbon dosing control strategy. It also represented
the PdN/A performance in the MBBR (Figure 23).
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Figure 23: Theoretical NOx removed/NH,-N removed was 1.06 g/g and was compared to the composite NOx removed/NH,-N
removed. Vertical dotted lines indicate the start and end days for each carbon phase

Glycerol had an average NOx-N removed/NH,;-N removed value of 1.65 * 2.51 (g/g), acetate had an
average NOx-N removed/NH,-N removed value of 1.32 + 0.21 (g/g), and methanol had an average NOx-
N removed/NH,-N removed value of 1.60 + 0.25 (g/g)..

Most of the actual NOx-N removed/NH,-N removed values are higher than the theoretical 1.06 g/g. For
glycerol and acetate, the composites show results close to PAN/A metabolic stoichiometry and this
indicates a small degree of FdN occurred. For methanol, the composites show results higher than PdN/A
metabolic stoichiometry and this indicates a larger degree of FAN occurred.

PdN/A Denitrification Activity

Equally important as PdN efficiency and NOx removed/NH,-N removed was the soluble carbon usage
rate to nitrogen removal rate ratio. For each carbon source, denitrification activity tests were
performed in the MBBR to obtain sCOD used/PdN and sCOD used/FdN ratios (See Sl).
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The theoretical sCOD used/PdN was directly compared to composite sCOD used/NOs-N reduced (Figure
24). The theoretical sCOD used/FdN value represented carbon demand for a FAN MBBR, and the
composite sCOD used/TIN removed showed carbon demand for a PAN/A MBBR.
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Figure 24: MBBR theoretical sCOD used for PdN (green dot dash line) and FdN (red solid line), and of actual composite data
sCOD used for NO5-N. Top Left — composite data for whole study, Top Right — glycerol phase data, Bottom Left — acetate
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phase data, and Bottom Right — methanol phase data. Vertical dotted lines indicate start and end days for each carbon
phase.

Glycerol had an average sCOD used/NOs-N rem of 4.0 + 2.0 (g/g), acetate had an average sCOD
used/NOs-N rem of 3.4 £ 0.9 (g/g), and methanol had an average sCOD used/NO5s-N rem of 3.7 £ 1.4
(g/g). The red line is the theoretical sCOD used/NOs-N rem for FdN, and without the presence of AMX,
this value represents the sCOD used/TIN rem of a FdN system. The red line can be compared to the
actual sCOD used/NOs-N rem values to show the more efficient use of carbon in the PAN/A system
compared to FAN. The green dash dot line is the sCOD used/NO3-N to NO,-N for PdN from in situ batch
experiments, and this should be compared to the actual sCOD used/NOs-N rem.

AMX Activity Monitoring

Maximum AMX activity tests were performed in the MBBR to monitor AMX stability (See Sl). The
theoretical NO,-N removed/NH,-N removed and NOs-N produced/NH,-N removed based on AMX
metabolic stoichiometry were 1.32 and 0.26 g/g respectively. Actual NO,-N removed/NH,-N removed
and NOs-N produced/NH,-N removed values were obtained from MBBR maximum AMX activity
experiments. The glycerol average NO,-N removed/NH,-N removed was 1.36 + 0.09 (g/g), average NOs-
N produced/NH,-N removed was 0.21 + 0.06 (g/g), and NOx removed/NH,-N removed was 1.15 + 0.05
(g/g). The acetate average NO,-N removed/NH,-N removed was 1.37 + 0.04 (g/g), average NO5-N
produced/NH4-N removed was 0.21 + 0.03 (g/g), and NOx removed/NH,-N removed was 1.16 + 0.05
(g/g). The methanol average NO,-N removed/NH,-N removed was 1.44 *+ 0.05 (g/g), average NO3-N
produced/NH,-N removed was 0.23 *+ 0.03 (g/g), and NOx removed/NH,-N removed was 1.21 + 0.05

(/g).

The main purpose of the MBBR maximum AMX activity experiments was to ensure AMX maximum
activity was not poorly affected throughout the course of this study. The results confirmed that the
MBBR AMX population performed very close to expected AMX metabolic stoichiometry. This means
that AMX maximum activity remained optimum for all three carbon sources. Maximum AMX activity
tests were also performed in the MBBR to track AMX growth (See Sl). Comparing maximum AMX
activity experiments over time can illuminate changes in microbial biomass. For AMX, if NH4;-N removed
rate increases, it can be assumed there was an increase in AMX biomass between activity experiments.

In situ performance TIN and ammonia removal rates were compared to maximum AMX activity TIN and
ammonia removal rates (Figure 25). The in situ performance TIN removal rates were calculated from
the influent and effluent composite values, and the maximum AMX activity TIN removal rates were from
maximum AMX activity tests. It is important to note that in situ performance includes both PdN and
AMX activity, but the max activity only involves AMX.
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Glycerol had an average composite TIN removal rate of 0.36 + 0.13 (g/m”2.d), an average max TIN
removal rate of 1.24 + 0.16 (g/m~2.d), an average composite ammonia removal rate of 0.16 + 0.07
(g/m~2.d), and an average max ammonia removal rate of 0.58 + 0.08 (g/m”2.d). Acetate had an average
composite TIN removal rate of 0.31 + 0.10 (g/m~2.d), an average max TIN removal rate of 1.35 £+ 0.21
(g/m~2.d), an average composite ammonia removal rate of 0.14 + 0.05 (g/m”2.d), and an average max
ammonia removal rate of 0.62 + 0.08 (g/m~2.d). Methanol had an average composite TIN removal rate
of 0.41 +£0.20 (g/m~2.d), an average max TIN removal rate of 1.47 + 0.11 (g/m”~2.d), an average
composite ammonia removal rate of 0.16 * 0.08 (g/m~2.d), and an average max ammonia removal rate
of 0.66 + 0.06 (g/m~2.d).

The maximum TIN removal rates increased throughout this study and may indicate that AMX biomass
increased. Interestingly, composite TIN removal rates never reached the maximum TIN removal rates.
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This shows that the PAN/A MBBR had a much higher TIN removal capacity than the system had
experienced. This also indicates that any TIN residual in the effluent may be a result of substrate

diffusion limitations. Another reason could be that there was a shortage of a key substrate such as

ammonia to achieve further removals.

Microbial Quantification

Quantitative polymerase chain reaction (aPCR) tests were performed on the MBBR media biomass. The

results enabled several ratios to be calculated for AMX bacteria to the whole microbial population
(Figure 26).
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Figure 26: Top Left- AMX relative abundance of the total microbial community. Top Right- AMX relative abundance of the
total microbial community per g/m”2. Bottom Left- AMX bacteria copies per g/m”2. Bottom Right- AMX bacteria copies per
mg/tube.

There was an insufficient sample size to obtain reliable average and standard deviation statistics for
each carbon source, but the graphs clearly show the AMX relative abundance decreased during the
glycerol phase, increased during the acetate phase, then decreased during the methanol phase. The
graphs also showed that AMX abundance (copies/g/m”2 and copies/mg/tube) were lower during the
methanol phase than in the glycerol and acetate phases. Methanol showed a decrease in AMX biomass
species count and relative abundance despite the increase in max AMX activity (Figure 27).
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Figure 27: Left- A taxonomic distribution of specific microbial population count on the MBBR media. Right- A taxonomic
distribution of specific microbial populations on the MBBR media as a percentage of the total copies in the microbial
community.

From the taxonomy bar chart results, it is clear that the addition of methanol shifted the microbial
population to include more Methylotrophs. Specifically, Methylophilaceae_unclass proliferated more
than Methylotenera as the dominant Methylotrophic species. The inclusion of methanol also decreased
the abundance of Candidatus Brocadia. It is unclear which microbial species contributed to the PdN.
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FISH Microscopy Analysis

Thin section FISH microscopy analysis was performed on the PAN/A MBBR media to illuminate AMX
microbial spatial composition and relative abundance. The FISH microscopy analysis confirmed high
levels of AMX enrichment in all scanned fields of view (Figure 28). Based on visual inspection, AMX

abundance was lower in the thinner, lower density regions of biofilms.

Figure 28: FISH imaging of the PAN/A MBBR media. Red is AMX bacteria, white is DAPI staining for overall cell abundance
detection, green is AOB, and blue is nitrospira.

FISH imaging showed relatively lower abundance of AMX bacteria (red) in the lower density portions of
the biofilm. This makes sense because AMX were highly dependent on partial denitrifiers for nitrite.
AMX bacteria were more prevalent near the substrate than the substratum. This was most likely due to
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substrate diffusion limitations. Thin section FISH microscopy did not reveal evidence of nitrospira
enrichment in any scanned fields of view, but showed very bright signals in the AOB channel. This was
surprising given that the MBBR was completely anoxic. These signals may be due to non-specific
fluorescence binding. Also, the AOB signals may be due to carry-over of AOB from an upstream unit
process.

Discussion

Optimize carbon addition to maximize TIN removal and minimize TIN effluent levels.
Glycerol and acetate were expected to and did produce very high PdN efficiency. Methanol was not
expected to accumulate NO,-N or produce significant PdN, but it exhibited good PdN efficiency. It is
unclear if PdN efficiency is due to competition between AMX bacteria and heterotrophs, or due to
glycerol and acetate preferentially causing PdN in heterotrophs.

As the controlling strategy became optimized, the sCOD used/NO3-N rem ratio decreased. It was then
constant throughout the remainder of the study (Table 2).

Table 2: Carbon source yield values.

g COD used/g Glycerol Acetate Methanol
N removed | Theoretical | Batch | Actual | Theoretical | Batch | Actual | Theoretical | Batch | Actual

Full
Denitrification

6.45 7.4+0.3 - 5.08 6.4+1.3 - 4.77 6.2£0.4 -

Partial
o 2.58 2.7+0.2 | 4.0+2.0 2.03 2.7+0.5 | 3.440.9 1.91 3.840.4 | 3.9+1.4
Denitrification

TIN 1.25 1.3 |2.3%11 0.99 1.3 |2.0+0.8 0.93 1.8 |1.9+0.8

TIN-NO2 1.25 1.3 |3.6%1.5 0.99 1.3 |3.2+0.9 0.93 1.8 |2.6+1.1

Actual sCOD used/NOs-N removed values were lower than the theoretical sCOD used/FdN number for
glycerol, acetate, and methanol. This indicates that the PAN/A MBBR utilized carbon more effectively
than a FdN system. Actual sCOD used/NO;-N values were higher than the theoretical sCOD used/PdN
number for glycerol and acetate. This may be due to surplus storage of carbon in the biofilm. The lower
carbon usage rate for NO,-N to gaseous nitrogen reduction could be a result of stored carbon in the first
part when carbon was used for NOs-N to NO,-N reduction. This stored carbon would be used internally
for NO,-N gaseous nitrogen resulting in the lower apparent carbon usage. This would also mean that
the sCOD used/PdN ratio had higher apparent carbon usage than was metabolically required.

Methanol exhibited lower sCOD used per nitrogen removal than acetate and glycerol. This was due to

the nitrite accumulation in B-Stage. With an increase in influent nitrite to the MBBR, AMX bacteria were
able to remove the same amount of TIN without as much of a carbon requirement for PAN. More nitrite
accumulation in B-Stage allowed ammonia to be removed downstream of B-Stage with less carbon, and
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resulted in less aeration demand, less energy usage, and less alkalinity required in B-Stage because less
ammonia needed to be oxidized in B-Stage.

NOx rem/NH,-N rem ratios can indicate optimization. 100% PdN efficiency gives 1.06 g/g, but since the
carbon sources used in this study were about 80%, the NOx rem/NH,-N rem ratio was higher than 1.06
g/g (Figure 23). Methanol had higher NOx rem/NH,-N rem ratios than glycerol and acetate. This
indicated either more nitrite was removed per ammonia removed (g/g) or less nitrate was produced per
ammonia removed (g/g). Nothing was wrong with AMX metabolism throughout the study which means
more nitrogen had been removed through FdN.

Compare glycerol, acetate, and methanol performance as carbon sources.

The PdN/A MBBR reactor produced high levels of PdN even at 1 mg N/L effluent nitrate. This would
indicate that the system was only limited by the sensor for the dosing strategy and not the 2-3 mg N/L
nitrate mark that some suspended growth systems have experienced (Le et al, 2019b).

Methanol had the highest average TIN removed, but this was due to externally increased TIN loading to
the PAN/A MBBR. Additional ammonia and nitrate was added to the PAN/A MBBR during a portion of
the methanol phase to double the influent TIN concentration in order to explore the performance
capacity of the system. Glycerol performed better than acetate with regards to TIN removed under
normal loading conditions. It is clear that all three carbon sources can remove most of the TIN under
normal loading conditions.

Acetate and methanol were both able to obtain an average effluent TIN concentration less than or equal
to 5 mg/L (Table 3). During the glycerol phase, B-Stage experienced major upsets (loss of nitrification)
that affected the PAN/A MBBR polishing process performance and resulted in higher average effluent
TIN (6 instead of 5 mg/L). At the same time, the optimizing process of the dosing strategy and higher
NOx setpoints (6 instead of 1.5) used also influenced the higher average effluent TIN of glycerol.

Glycerol performed better than acetate with average PdN efficiency, and both were well above the
target average PdN efficiency of 80%. Methanol did not reach the target average PdN efficiency, but it
performed much better than expected. Methanol was thought to send electrons further down the
transport chain without showing preference to nitrate reductase over nitrite reductase (Le et al, 2019a).
Methanol PdN efficiency was increasing towards the end of the methanol phase. This increase in PdN
efficiency could be from the increase in Methylotroph bacteria that was evident (Figure 8). If given
enough time to adapt, it may be possible that methanol has the potential to perform PdN as well as
glycerol and acetate.

Table 3: Carbon source performance statistics.

Average * Standard
e Glycerol Acetate Methanol
Deviation

TIN Removed (mg N/L) 10.0+3.6 8.7+29 11.5+5.6
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TIN Out (mg N/L) 6.0+4.0 50+1.1 43+15

91.0+9.0 88.0+7.7 74.0+85

PdN Efficiency (%)

During the methanol phase, when TIN loading was increased by almost double (16 mg/L to 30 mg/L) the
normal conditions, effluent TIN only rose slightly above the 5 mg/L target (7 mg/L) for that period. This
showed that the PdN/A MBBR was capable of achieving very high TIN removal while maintaining very
low effluent TIN and exemplifies this PAN/A MBBR polishing process as truly robust. Also, the AMX max
activity removal rates for TIN and NH,4-N vs the actual removal rates for TIN and NH,-N show that the
PdN/A MBBR could have taken on a much higher TIN load than was typical of B-Stage effluent.

Methanol was a risk for PAN/A because it had induced AMX inhibition in several studies (Guven et al,
2005; Jensen et al, 2007; Isaka et al, 2008; Oshiki et al, 2011). A methylotrophic outer layer on the
media most likely provided a buffer for AMX bacteria and it is possible that methanol is not toxic to
AMX. The symbiotic relationship between Methylotrophs and AMX bacteria allowed PdN/A to thrive,
but methanol may not be an ideal source to grow new AMX biomass without a significant
methylotrophic presence. Surprisingly, methanol produced moderate PdN efficiency values. It did not
inhibit AMX activity during normal carbon dosing operation. Also, methanol did not inhibit AMX activity
during ex situ batch experiments, in situ batch denitrification experiments, or in situ 24-hr 150 mg/L
methanol exposure experiments.

A carbon source cost analysis was performed based on the budget level chemical costs for HRSD and
PdN yield test results (Table 4). This table shows that methanol was the least expensive carbon source
per kg TIN removed, closely followed by glycerol, then acetate.

Table 4: Carbon source cost comparison based on yield values.

Carb Cost ($/k PdN Yield (g PdN Cost FdN Cost
arbon os
COD (mg/L) Cost (S/L) & COD rem/g (S/kg TIN (S/kg TIN
Source COoD)
NO3-N rem) rem) rem)
Glycerol 1100000 0.53 0.48 2.73 1.13 3.10
Acetate 1123500 1.35 1.21 2.72 3.28 6.15
Methanol 1185000 0.38 0.32 3.82 1.23 1.53

When the PdN yield is factored into the cost of each carbon source, glycerol was the least expensive, but

methanol had a similarly low cost as well. For all three carbon sources, the PdN cost ($/kg TIN rem) was

lower than traditional FdN system cost (S$/kg TIN rem). Of course costs will vary from region to region,

but this cost analysis forms a basis for carbon comparison for the PAN/A process.
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AMX biomass went down but activity remained maxed out and the magnitude of removal
increased.

The taxonomy and relative abundance data showed that AMX bacteria counts decreased during the
methanol phase. This was surprising because the AMX max activity metabolism ratios did not change
throughout the study, and the magnitude of nitrogen removal increased over this time period as well.
Also, AMX maximum activity TIN and NH,-N removal rates increased throughout the study and this
would indicate that new AMX biomass was created. There was an upset in nitrogen removal during the
middle of the methanol phase and this could explain the inconsistent removed rates. Methanol max
activity did recover and still exhibited an overall trend upward during the methanol phase.

From FISH analysis during the glycerol phase, AMX enrichment appeared lower than observed in
sidestream enriched AMX biofilms (Christensson et al, 2013; Zhao et al, 2014). AMX enrichment
appeared qualitatively similar to mainstream AMX biofilms from EAWAG (Laureni et al, 2016). This was
due to higher loading conditions in sidestream vs mainstream. The AMX bacteria decrease may indicate
that the PAN/A MBBR process was capable of high TIN removal with a lower reservoir of AMX biomass.
This would only be possible if the AMX community in the MBBR adapted to possess faster metabolic
reactions over the course of this study. Higher loading conditions can induce this type of adaption, but
the increase in loading only occurred during a small portion of the methanol phase.

PdN may have been a result of a specifically cultured species of partial denitrifier.

Since there was non-limiting sCOD present, maintaining a low sCOD/N ratio was not the reason why PdN
occurred. Therefore, PN was not dependent on the sCOD/N ratio as suggested in literature (Almedia et
al, 1995b; Her and Huang, 1995; Oh and Silverstein, 1999; Le et al, 2019a). Since there was no ammonia
present for AMX, the AMX bacteria present as a nitrite sink was not the reason why PdN occurred as
previously suggested (Le et al, 2019a). Bulk liquid denitrification tests prove this further (see Sl). The
PdN/A MBBR bulk denitrification tests revealed that the bulk liquid contained microorganisms that
showed preference for nitrate over nitrite. This allowed nitrite to accumulate throughout the
experiment. The MBBR HRT and SRT were most likely too low (2 hours) to accommodate growth of
these specialized microorganisms in the bulk liquid. These microorganisms may have detached from the
biofilm in search for more ideal conditions or they may have sloughed off the carriers due to mixing
shear forces and media overcrowding. It is fair to say that the presence of AMX provided a nitrite “sink”
for specialized partial denitrifiers to thrive on the media, and these partial denitrifiers relocated to the
bulk liquid. Therefore, PdN was not dependent on the presence of the AMX reaction occurring. PdN
was probably not due to the carbon source because all three carbon sources were capable of moderate
to high PAN. Even though methanol did not perform PdN as well as glycerol and acetate early in its
phase, the PdN efficiency started to increase towards the end and this may be due to the shift in
methylotrophic species present in the biofilm. Also, the low amounts of known bacterial families that
do truncated denitrification and/or progressive onset denitrification beg the question of where the high
levels of PdN is coming from. It is possible that specialized PdN bacteria were present and had high
preference for nitrate over nitrite. The AMX bacteria present would take up the nitrite and since it
behooves OHOs to use nitrate over nitrite, it is possible that the OHOs had adapted to possess this
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progressive onset of preference for nitrate over nitrite. The syntrophic relationship between AMX
bacteria and these specialized partial denitrifiers may explain what selection pressures were needed to
have high levels of PdN. Also, the nitrate produced by AMX anabolism could be a constant source of
nitrate from which these OHOs could always utilize and never need to use nitrite instead. This
relationship may translate to Methylotrophs as well. From a denitrification standpoint, it makes sense
to let AMX bacteria use the nitrite and produce the nitrate needed for denitrification.

In the taxonomy results, there does not appear to be a significant amount of the family Ignavibacterium
which encompasses the genus thauera and is a known partial denitrifier. It can be postulated that the
family denitratisoma could contribute to partial denitrification, but since it does not make up a
significant portion of the bacterial community it does not seem like the sole cause of great PdN. Overall,
it is too difficult to confirm exactly what the source of high levels of PAN was in this study, but it is clear
that the combination of selection pressures performed during this study led to a robust PAN/A process.

Conclusions

In this study we demonstrated the performance and feasibility of glycerol, acetate, and methanol dosing
to an anoxic PAN/A polishing MBBR. We showed optimization of a carbon dosing control strategy using
PdN efficiency as a metric. Methanol and glycerol proved to be highly competitive with regards to a key
metric, cost per mass TIN removed. Therefore, this study presented a highly efficient and robust
nitrogen removal process via AMX. The main take away messages for this research include the
following:

1. The PdN/A MBBR reactor can remove extra ammonia with any influent combination of nitrite or
nitrate (Figure 21).

2. Although FdN can achieve very low effluent TIN, the PAN/A MBBR system can achieve very low
TIN with less carbon than FdN (Figure 21, Table 2, Table 4).

3. Since biomass is retained in the PAN/A MBBR system, changes in influent loading are not an
operational issue (see max AMX activity tests).

4. Methanol is not toxic to AMX, and can produce 74% PdN efficiency (see max AMX activity tests,
Figure 22).

5. The PdN/A MBBR reactor produced good PdN even at 1 mg N/L effluent nitrate (Figure 21,
Figure 22).

6. The PAN/A MBBR system was very low maintenance and was easy to operate. AMX was easily
maintained on the carriers, and good PdN occurred at all points in the study (Figure 22).

7. The PdN/A MBBR system is not only useful for polishing shortcut nitrogen removal processes; it
could be implemented at the end of any BNR process.

8. The PdN/A MBBR process is ready for full-scale implementation. The main challenge with
starting this system with barren media is influencing AMX bacterial growth. Future research
should explore different options to address this issue including: feeding sufficient nitrite and
ammonia with very low carbon to the barren media, seeding the reactor with already
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established PdN/A MBBR media, seeding the reactor with AMX granules, and seeding the
reactor with suspended AMX biomass.

This study has provided significant strides towards full-scale PAN/A, but further research should be
devoted to the startup of these systems.
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Table 5: 16s rRNA-targeted oligonucleotide probes used in this study.

Probe Sequence (5° to 3°) FA (%) Specificity Reference
AOB Mix
NEU CCCCTCTGC TGC 35 Most halophilic and halotolerant ~ Wagner et al. 1995
ACT CTA Nitrosomonas spp.
CTE (NEU Competitor) TTC CAT CCC CCT 35 Unlabeled together with NEU Wagner et al. 1995
CTG CCG Comamonas spp., Acidovorax
spp., Hydrogenophaga spp.,
Aquaspirillum spp.
Ns01225 CGC CATTGT ATT 35 Ammonia-oxidizing B- Mobarry et al. 1996
ACG TGT GA proteobacteria
Cluster6a192 CTT TCG ATC CCC 35 Nitrosomonas oligotropha Adamczyk et al. 2003
TACTTTCC lineage (Cluster 6a)
Cluster6a 192 CTT TCG ATC CCC 35 Competitor for Cluster6al192 Adamczyk et al. 2003
Competitor TGCTTTCC
Nitrospira Mix
Ntspa662 GGA ATT CCG CGC 35 Genus Nitrospira Daims et al. 2001
TCCTCT
Ntspa662 Competitor GGA ATT CCG CTC 35 Competitor for Ntspa662 Daims et al. 2001
TCCTCT
Ntspa712 CGC CTT CGC CAC 35 Most members of the phylum Daims et al. 2001
CGG CCTTCC Nitrospirae
Ntspa712 Competitor CGC CTT CGC CAC 35 Competitor for Ntspa712 Daims et al. 2001
CGGTGT TCC
Anammox Mix
Amx820 AAA ACC CCT CTA 35 Brocadia anammoxidans Schmid et al. 2000
CTTAGTGCCC Kuenenia stuttgartiensis
Bfu 613 GGATGC CGT TCT 35 Brocadia fulgida” Kartal et al. 2008
TCC GTT AAG CGG
NON Eub ACT CCT ACG GGA 35 Negative control for nonspecific ~ Wallner et al. 1993

GGC AGC

binding

sCOD used per nitrogen species removed was calculated from the anoxic PAN/A MBBR in situ

denitrification rate (mg/L.hr) experiments. As NO;-N was reduced, NO,-N accumulated until NOs-N was
virtually zero, and this portion was defined as the first half. With no NOs-N left, the sCOD used rate was
solely used toward NO,-N reduction rate, and this portion was defined as the second half. From the
second half, sCOD used/NO,-N reduced was calculated from the sCOD used rate and NO,-N reduction
rate. In the first half, the difference between the NO;-N reduction rate and NO,-N production rate was
NO,-N reduction rate. NO,-N reduction rate was multiplied by sCOD used/NO,-N reduced to yield sCOD
used rate for NO,-N reduction in the first half. In the first half, the difference between the entire sCOD
used rate and sCOD used rate for NO,-N reduction rate was sCOD used rate for PdN. In the first half, the
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sCOD used rate for PdN was divided by NO,-N production rate to get sCOD used/NO;-N to NO,-N (sCOD

used/PdN).

The theoretical NOx removed/NH,-N removed (1.06 g/g) was calculated from AMX metabolic

stoichiometry (1.32 NO,-N rem/NH,-N rem (g/g); 0.26 NO3-N pro/NH,-N rem (g/g)) combined with PdN
assuming the 0.26 g NOs-N produced per g NH,-N removed was partially denitrified only to NO,-N (100%
PdN efficiency).

No NH4-N was present during these tests, and every experiment accumulated nitrite. When nitrate was

depleted, nitrite accumulation peaked and began to reduce. These denitrification experiments gave

theoretical sCOD used/PdN and sCOD used/FdN specific to each carbon source.

18 350
o L
= 14 L 200
o * B E KK
En1. ¥ L 250
a
g & - 200
o & L 150
2 &
£
i L 100
& 4 -
i
2z a - 50
£ &
0 T — - = 0
0 0.5 10 15 20 25
% sCOD | Hours
NOZN
4 NO3ZN
12 180
o 4
= f ox L 140
o 101 x
E 3 x x L 120
3 g I
= & *® 00
@
= & L =0
o "
= I &0
F 41
y Yy
! L a0
) "
- Z 1
g i L 20
=
0 — A 4 a4 aa],
0.0 02 04 06 08 10 1.2 1.4 16 18
*x sCOD Hours
NO2H
4 NO3N

Soluble COD (magl)

Soluble COD (mgiL)

GhyeerokMitrogen Species (mag ML)

Bulk Liguid-Mitrogen Species (mg ML)

10 160
# 140
5] ¥ wx,
® oy 120
& ”“”xw
My
. ® 100
F Y
& I 80
FY
7 " L o
F Y
I 40
o 4 F Y
&
I 20
‘1
Yy
0 E—— Y ¥ €] 0
00 02 04 06 08 10 12 14 18
® sCOD Hours
NO2H
& NO3N
5 120
100
44 K
x x ® X *
xx " xx Xx L e
34 ® X
80
EJL‘
F Y
WY 40
ry
‘l
11 Y L og
F Y A =
&
&
0 T T T T 0
] 1 2 3 4 5
* =COD Hours
NO2-N
& NO3N

Soluble COD (mol)

Sdluble COD (mgil)

Figure 29: Denitrification activity experiment with all three carbon sources. No ammonia was present during these tests, and
there was no AMX activity. Several iterations of this test were performed to obtain theoretical sCOD used/PdN ratios. Top
Left-In situ MBBR using acetate. Top Right-In situ MBBR using glycerol. Bottom Left-In situ MBBR using methanol. Bottom
Right-Ex situ MBBR bulk liquid using glycerol.
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Figure 30: Known theoretical AMX metabolic stoichiometric ratios and actual AMX metabolic stoichiometric ratios from
MBBR maximum AMX activity experiments for glycerol, acetate, and methanol. Vertical blue lines indicate start and end
dates for each carbon phase.
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Figure 32: MBBR effluent NO3;-N composite values and MBBR effluent NOx setpoint. The blue line denotes the start of the

carbon dosing control strategy. If no NOx setpoint is shown, then the carbon dosing pump was in manual control at a
constant rate.

A.1. Engineering Significance

An increase in population, human development, and city densification has endangered our country’s
waterways. As a response, environmental regulation has increased to help protect waterway quality.
Typically focused on solids and oxygen demand removal, wastewater treatment was selected as an area
of improvement, and industry authorities such as HRSD must develop strategies to remove or recover
nutrients like nitrogen and phosphorus. In order to comply with more stringent regulations, WWTP’s
must adopt advanced and innovative technologies that focus on improved performance without
sacrificing efficiency (intensification).

The pilot-scale mainstream A/B process in this research comprised of a HRAS A-Stage, a BNR B-Stage,

and a fully anoxic MBBR tertiary stage. This study implemented two different strategies to incorporate
AMX bacteria.

The first is partial nitritation/anammox with partial nitritation occurring in the B-stage, and anammox
occurring in both B-stage via bioaugmentation, and as a polishing step in the MBBR. The first was to
bioaugment AMX granules from a sidestream deammonification process to B-Stage and retain those
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granules with a selection column. B-Stage partial nitritation via intermittent AvN control in combination
with AMX is the highly sought after BNR process, deammonification.

The other AMX technology was a polishing PAN/A MBBR. A biofilm formed on the MBBR media with
AMX bacteria in an inner layer and OHOs on an outer layer, and together they removed residual NH, and
NOx. B-Stage effluent nitrate was partially denitrified to nitrite by OHOs using optimal dosing of
external carbon, and then AMX removed the nitrite along with B-Stage effluent NH,. Glycerol, acetate,
and methanol were explored and evaluated as carbon sources.

Energy neutrality and process intensification were driving factors for this study. The A-Stage process
captured carbon that could be diverted to a digestion process for energy recovery. This upstream
carbon removal allowed B-Stage to have a significantly smaller footprint, have reduced energy demand,
and reduced HRT and SRT. The B-Stage process operated in a high DO intermittently aerated AvN
process controlled by an AvN ratio setpoint. The deammonification process in B-Stage can remove a
significant portion of the influent TIN through the AMX pathway, and the PAN/A MBBR polishing unit
can remove residual TIN from B-Stage effluent with minimal carbon addition.

Results of this study uncovered complications with mainstream deammonification and a robust process
termed PdN/A for full-scale mainstream wastewater treatment. This study also showed that
mainstream deammonification should have a complimentary process such as a polishing PAN/A MBBR
to safeguard against deammonification disturbances and inefficiencies.

For B-Stage it was found that partial nitrification can be extremely difficult to maintain, and it was not
established during the deammonification phase timeline of this study. It was likely but not confirmed
that AMX granules were maintained in the B-Stage via the column retention mechanism.
Bioaugmentation was dependent on the available WAS AMX biomass from the sidestream DEMON®
process, and may not have been significant enough to detect in AMX activity tests. In addition, AMX
granule retention could not be confirmed because of inadequate mixing in the sidestream RAS
fermenter. As a result of the sidestream RAS complications, the AMX granules were disintegrated and
did not have a measureable impact on the mainstream process.

For the PdN/A MBBR it was found that acetate and glycerol performed very high PdN. Despite the
inhibition of AMX by methanol in literature, methanol was successful in the PAN/A process. Methanol
did not perform as well with PdN as acetate or glycerol but it’s low cost made it a competitor with
glycerol as the best carbon source to use for PAN/A. AMX metabolic ratios (1.32 NO,-N rem/NH4-N rem
and 0.26 NOs-N pro/NH4-N rem) remained maximized the entire study. In fact, the maximum specific
TIN removal from AMX increased throughout the study as well.

B-Stage future work should include explaining why NOB out-selection did not occur during the
deammonification portion of this study. A possible area of future work could be step feeding A-Stage
effluent into B-Stage to possibly provide more denitrification competition for nitrite to suppress NOB
activity. Further testing of the AMX retention column should be done to optimize the retention
efficiency of AMX granules. Further exploration and experimentation with AMX quantification
techniques should be done to enable cheap, quick, and reliable diagnosis of daily AMX operation.
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The PdN/A MBBR future work should include startup optimization of a new MBBR with virgin media.
The selection of the right carbon source, optimal dosing, and influent characteristics is paramount for
the PAN/A MBBR startup research. Using the PdN/A process, further research will look into high
removals of TIN with very little to no external carbon in a mainstream B-Stage process.

There are hundreds of successful sidestream deammonification WWTP’s, but mainstream
deammonification has been elusive. This research will add knowledge about the complication of NOB
out-selection in temperate climate mainstream conditions. This study was not able to induce NOB out-
selection using proven techniques such as intermittent aeration, ammonia residual, and an aggressive
SRT. Full-scale application is possible but long-term success in colder climates is still a challenge to
mainstream AMX activity. Full-scale application of the PAN/A process is highly possible. Although the
startup of PAN/A may require specialized knowledge and attention, once it is established the PdN/
process is highly robust and reliable.
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