
Partial Nitritation/Anammox Applications for Sidestream
Nitrogen Removal: Experience from a Pilot-Scale Reactor

Item Type text; Electronic Thesis

Authors McMurray, Mallory

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction, presentation (such as public
display or performance) of protected items is prohibited except
with permission of the author.

Download date 24/05/2023 20:47:56

Link to Item http://hdl.handle.net/10150/641751

http://hdl.handle.net/10150/641751


	1 

 
PARTIAL NITRITATION/ANAMMOX APPLICATIONS FOR SIDESTREAM 
NITROGEN REMOVAL: EXPERIENCE FROM A PILOT-SCALE REACTOR 

 
by 

 
Mallory McMurray 

 
____________________________________ 

Copyright © Mallory McMurray 2020 
 
 

A Thesis Submitted to the Faculty of the  
 

DEPARTMENT OF CHEMICAL AND ENVIRONMENTAL ENGINEERING 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of 
 
 

MASTER OF SCIENCE 
 

WITH A MAJOR IN CHEMICAL ENGINEERING 
 

In the Graduate College 
 
 

THE UNIVERSITY OF ARIZONA 
 

2020 
 

 
 
 
 
 
 



	2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	3 

Acknowledgements  
 
 
 

I would first like to sincerely thank my dedicated advisors, Dr. Jim Field and Dr. Reyes 

Sierra, for their guidance and advisement throughout my accelerated research timeline, and for 

offering their support in a multitude of ways throughout my academic career. As a student in their 

courses as well as in their research group, I have learned invaluable lessons, and always felt 

supported and welcomed. I also want to also thank Dr. Vasiliki Karanikola, for being one of my 

favorite professors during my time at the University of Arizona, and for dedicating her time to 

serve on my defense committee.  I must also thank current and former members of my research 

group, Derek Swartzendrurber, Hezhou Ding, Joleen Shiroma, and especially Dr. Guangbin Li and 

Nivrutti Lakhey, who dedicated much of their time to my training. I also had great support from 

those at Water and Energy Sustainable Technology (WEST) Center. Chiefly, Jacob Smutzer, Jeff 

Prevatt, Steve King, and Jeff Bliznick were always there to offer their help, and my research could 

not have been accomplished without them. 

I would also like to thank my friends and family that supported me behind the scenes, my 

boyfriend Christian who brings me so much happiness, my sister Lauren who was always there 

to give me a laugh and a smile, my loving grandparents, and especially my parents Nancy and 

Jeff, who worked incredibly hard to ensure that I had access to every opportunity throughout my 

education, and were always there for me.  

 

 
 
 
 



	4 

Table of Contents 
 

 
 
List of Figures …………..…………………..…………….…….…………..…………………… 6 
 
List of Tables ………..…………..…….………………………….…….…………..…………… 8 
 
List of Equations …………………….…..……………………………….…….…………...…… 9 
 
Abstract …………….………………………………………………………………………...… 10 
 
 
1.0 Introduction …………………………………………………………….……...….……..…. 12 

 
1.1 Background Motivation ……………………………………………………………. 12 

 
1.2 Conventional Biological Nitrogen Removal vs. Anammox …………………….…. 14 

 
1.3 Anammox Process and Applications ………………………………………………. 17 

 
1.3.1 Anammox Microbiology ………………………………………………. 20 

 
1.4 Ammonium Oxidizing Bacteria and Nitrite Oxidizing Bacteria …………………... 22 

 
1.5 Novel Applications of Anammox in the Southwestern United States …….......…... 25 

 
1.6 Challenges of Anammox Applications and Goals ……………………………...…. 27 

 
 

 
2.0 Materials and Methods ………………………………………………………………...…... 30 
 

2.1 Expanded Granular Sludge Bed (EGSB) Pilot-Scale Reactor Operation …….…… 30 
 

2.1.1 Anammox Inoculum ………………………………………………...… 30 
 

2.1.2 EGSB Reactor Configuration …………………………………….……. 30 
 

2.1.3 EGSB Reactor Operation ………………………………………….….... 35 
 



	5 

2.2 Analytical Methods ……………………………………………………………….... 38 
 

2.3 Batch Assays ……………………………………………………………………….. 40 
 

2.3.1 Anammox and Denitrification Activity Testing ………………………...40 
 

2.3.2 Ammonium Oxidizing Bacteria and Nitrite Oxidizing Bacteria Activity 
Testing ………………………………………………………...…….…. 42  

 
2.3.3 Centrate Toxicity Experiments ………………………………………… 43 

 
2.4 Calculations ………………………………………………………………...……… 45 

 
2.4.1 Calculation of Specific Anammox Activity (SAA) ……………………. 45 

 
2.4.2 Calculation of O2 Consumption ………………………………………... 47 

 
 
3.0 Results and Discussion ……………………………………………………………...……... 50 

 
3.1 Phase I – Anammox Process Startup ………………………………………...,……. 51 

 
3.2 Phase II –Anammox Process …………………………………………...….………. 58	

 
3.3 Phase III – Partial Nitritation / Anammox Process ………………………….……... 65 

 
3.4 Centrate Toxicity Experiments …………………………………………….……..... 71 

 
 

 
4.0 Conclusions ...……………………………………………………………………………… 75 
 

 
 
5.0 Citations ………………………………………………………...…………………………. 78 
 
 
 
 
 
 



	6 

List of Figures 
 

 

1.1 Eutrophication in the Potomac River at a point-source wastewater outlet in Washington, D.C., 

USA (Potomac Green Water, Trubetskoy). ………………………………………………… 13 

1.2 Pathways of nitrification and partial nitritation processes. ………………………………….. 15 

1.3 Four stage Bardenpho reactor (Esfahani et al., 2019). ……………………………………… 16 

1.4 Coupled partial nitritation/Anammox (PN/A) process (Zhu et al., 2008). …………………. 18 

1.5 Illustrative comparison of nitrification-denitrification and Anammox pathways (Collison 

Engineering, 2016). ………………………………………………………………………… 21 

1.6 Ammonium oxidizing bacteria configuration (Li, 2018). …………………………………... 23 

1.7 Temperature effects on predominant bacterial population of AOB/NOB populations (Hellinga 

et al., 2008). ………………………………………………………………………………… 24 

1.8 Geographical overview of full-scale Anammox installations as of 2015. …………………... 26 

2.1 Expanded Granular Sludge Bed (EGSB) reactor schematic. ………………………………... 31 

2.2 EGSB reactor three-phase separator Diagram (Li et al., 2018). …………………………….. 32 

2.3 Aeration System Illustration. ……………………………………………………………….. 33 

2.4 Expanded Granular Sludge Bed (EGSB) reactor photos. …………………………………… 34 



	7 

2.5 N2 standard used to convert peak area from GC to % N2 of sample. ……………………….. 46 

2.6 Sample plot of the N2 produced per gram VSS versus time. ………………………………... 47 

2.7 Sample plot of DO consumed per unit time. ………………………………………………... 49 

3.1 Phase I Nitrogenous Species Concentrations. ………………………………………………. 51 

3.2 Phase II Nitrogen Removal. ………………………………………………………………… 52 

3.3 SAA of Anammox and denitrification bacteria over the first 91 days of operation. ………... 53 

3.4 System pH preceding and during inhibition period (day 114 – 146). ………………………. 56 

3.5 Phase II nitrogenous species concentrations. ……………………………………………….. 59 

3.6 Phase II nitrogen removal. …………………………………………………………………... 60 

3.7 SAA of Anammox and denitrification bacteria over days 200 - 277 of operation. …………. 61 

3.8 System pH preceding and during inhibition period (day 300 – 315). ………………………. 63 

3.9 Phase III nitrogenous species concentrations. ………………………………………………. 66 

3.10 Phase III nitrogen removal. ………………………………………………………………... 67 

3.11 SAA of Anammox and denitrification bacteria over days 200 - 277 of operation. …..…… 68 

3.12 Activity bioassay testing centrate inhibition. ……………………………………………… 72 

 



	8 

List of Tables 

 

1.1 Oxygen demand and chemical oxygen demand for various BNR processes (Ahn, 2006). …. 19 

2.1 Description of Phase I, II, and III of reactor operation. ………………………………...…… 36 

2.2 Composition of synthetic wastewater at various NLR’s over Phase I and Phase II. ………... 37 

2.3 Agua Nueva Wastewater Reclamation Facility (WRF) centrate parameters. ………………. 38 

2.4 Basal medium composition. ………………………………………………………………… 41 

2.5 Substrate addition for Anammox and denitrification activity tests. ………………………… 41 

2.6 Combined AOB/NOB activity assay treatment. …………………………………………….. 42 

2.7 Anammox inhibition experiment treatments. ……………………………………………….. 43 

2.8 Mineral medium composition. ……………………………………………………………… 44 

2.9 Method of calculating AOB and NOB activity from slopes of DO consumption …………... 48 

3.1 Description of Phase I, II, and III of reactor operation. ……………………………………... 50 

3.2 AOB activity in phases I & III. ……………………………………………………………… 69 

 
 
 
 
 
 
 



	9 

List of Equations 
 

Eq. 1.1 – Governing Anammox reaction mechanism ………………………………………….. 20 

Eq. 1.2 – Ammonium Oxidizing Bacteria (AOB) reaction mechanism ……………………….. 22 

Eq. 1.3 – Nitrite Oxidizing Bacteria (NOB) reaction mechanism ……………………………... 23 

Eq. 2.1 – Nitrogen gas standard conversion …………………………………………………… 45 

Eq. 2.2 – Ideal gas law …………………………………………………………………………. 46 

Eq. 2.3 – SAA equation ………………………………………………………………………... 47 

Eq. 2.4 – AOB activity equation ……………………………………………………………….. 49 

Eq. 2.5 – NOB activity equation ……………………………………………………………….. 49 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	10 

Abstract 
 
 
 

Wastewater streams containing high ammonium and low organic carbon concentrations 

present challenges for safe and effective wastewater recycling or discharge. Traditionally, 

ammonium is removed through biological nutrient removal (BNR) processes such as 

nitrification/denitrification (N/DN). In recent years, an alternative biological process, anaerobic 

ammonium oxidation (Anammox), has become more widely researched, due to the advantages of 

the Anammox metabolism that allows ammonium and nitrite to be converted directly to nitrogen 

gas. This process is an attractive alternative to conventional N/DN methods. Anammox applied as 

a technology with limited aeration to partially convert ammonium to nitrite, known as partial 

nitritation/Anammox (PN/A), requires less aeration and the need for an electron donor is 

eliminated. This allows for a more sustainable process, as less chemicals and energy are required 

when compared to N/DN. One of the most popular applications of Anammox is in nitrogen 

removal of sidestream municipal wastewater. This thesis analyzes the performance of a pilot-scale 

expanded granular sludge bed (EGSB) Anammox bioreactor. This reactor was monitored over the 

course of approximately 18 months to examine the removal efficiency of ammonium from 

sidestream sludge digestion centrate. The performance of the reactor, quantified as nitrogen 

removal efficiency and Anammox activity, varied over its operational lifetime, with nitrogen 

removal efficiencies ranging from 18.4% - 90.9%. Ultimately, it was found that Anammox bacteria 

within the EGSB reactor were sensitive to nitrogen (N) inhibition at concentrations of 2100 mg N 

L-1 or higher, which caused severe disruption in reactor performance (up to 75.9% loss in nitrogen 

removal efficiency) when operated as an Anammox only process. When operated as a combined 

PN/A process, fluctuation in performance was also investigated due to potential toxicity of 
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constituents present in centrate. Laboratory scale activity assays conducted to measure the specific 

Anammox activity (SAA) showed a 56% reduction in SAA when Anammox were exposed to 

centrate as opposed to synthetic wastewater of the same nitrogen concentration. It was also 

observed that reactor pH of 5.7 or below, or 8.9 and above led to nitrogen removal efficiency to 

decrease by a factor of 63.9% and 63.2%, respectively. However, the reactor was able to recover 

any removal efficiency and Anammox activity lost due to nitrogen or pH shocks within 5 – 10 

days given remediation of the issue. Ultimately, further experimentation will be needed to more 

definitively determine whether Anammox is a feasible solution for the removal of sidestream 

ammonium in wastewater treatment plants in Pima County, Arizona. 
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1.0 Introduction 
 

1.1 Background Motivation 

 

The Haber-Bosch process, developed in the early 20th century, allowed for the mass 

production of synthetic fertilizer, to aid in feeding the world’s rapidly growing population (Chen 

et al., 2019). This process utilizes a catalyst to reduce nitrogen gas (N2) from the air to ammonia 

(NH3), also known as fixed nitrogen (Nr). While ammonia, and its conjugate acid ammonium 

(NH4
+), are essential components for fueling the growth of natural systems via photosynthesis 

(Esfahani et al., 2019), allowing an excess of fixed nitrogen to be released to the environment 

through fertilizer runoff and leaching has devastating consequences.  

Currently, it is estimated that approximately 231 million tons of fixed nitrogen are released 

from both point and nonpoint-sources annually through anthropogenic activities (Stevens, 2019). 

Point-sources are defined by the Environmental Protection Agency (EPA) as the direct release of 

pollution from a pipe, channel, or well. Nonpoint-sources (NPS) are harder to trace (Wu et al. 

2011), and examples of potential ammonium pollution from this type of source include excess 

fertilizer runoff, leaching of livestock waste, pet waste, and faulty septic systems to name a few. 

These releases of ammonium can cause significant damage or ecological collapse of aquatic 

systems if left untreated (Zhou et al., 2019). Fish toxicity and an overall disruption of the delicate 

ecosystem are just a few of the consequences if ammonium rich wastewater is to be discharged to 

surface waters, facilitating eutrophication. Eutrophication is defined as an overgrowth of aquatic 

plants, mainly algae, that consume dissolved oxygen (DO) and prevent sunlight from reaching the 

deeper portions of lakes/rivers, effectively starving other aquatic plants and/or animals. Figure 1.1 
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shows the striking effects of eutrophication on the Potomac River, in which a significant algal 

bloom has overtaken the riparian ecosystem. 

 

 

 

Figure 1.1 Eutrophication in the Potomac River at a point-source wastewater outlet in 
Washington, D.C., USA (Potomac Green Water, Trubetskoy). 

 

 

Nitrates, and their reduced form nitrites, are byproducts of the natural ammonium oxidation 

process, which underscore the importance of the need for the removal of ammonium in wastewater. 

If nitrite and nitrate levels are not reduced in wastewater before it is recycled for human 

consumption, adverse health effects such as methaemoglobinemia (“blue baby syndrome”) are also 
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possible risk factors. Methaemoglobinemia occurs when these nitrite ions convert Fe2+ to its 

insoluble oxidized form, Fe3+, along with the body’s natural hemoglobin to methaemoglobin 

(Esfahani et al., 2019).  This prevents normal flow of oxygen throughout the body, and is often 

fatal in infants younger than 6 months old. Therefore, removal of ammonium and other aqueous 

nitrogenous compounds before discharge of waste streams is of paramount importance, due to the 

potential adverse effects on human and environmental health. 

 

1.2 Conventional Biological Nitrogen Removal vs. Anammox  

 

Nitrogen is most commonly present in municipal wastewater influent as ammonium, and 

is traditionally treated through the aerobic conversion of ammonium to nitrate (autotrophic 

nitrification) following the anaerobic conversion of nitrate to nitrogen gas in the presence of 

organic carbon (heterotrophic denitrification) (Lackner et al., 2014). In conventional wastewater 

treatment plants, nitrogenous compounds are removed through a combined 

anoxic/aerobic/anaerobic process. Ammonium is oxidized to nitrite (NO2
-) and subsequently 

nitrate (NO3
-) through aeration in the aerobic zone. This complete oxidation process of ammonium 

to nitrate is called nitrification, while the oxidation of a portion of ammonium to nitrite is known 

as partial nitritation. Depending on the treatment technology, either nitrification or partial 

nitritation will be utilized. Figure 1.2 offers an illustration of the conversion that ammonium 

species undergo during nitrification and partial nitritation. The left side of the figure shows 

ammonium being oxidized to nitrite and subsequently nitrate with oxygen as the electron acceptor. 

The right-hand side of the figure shows a portion of ammonium being oxidized to nitrite via 

oxygen, while a fraction of ammonium remains unconverted. 
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   Figure 1.2 Pathways of nitrification and partial nitritation processes. 

 

Following nitrification, NO3
- is deprived of oxygen and reduced via anaerobic organisms 

and the presence of natural organic matter (NOM), to nitrogen gas (N2), which can then easily be 

separated from the effluent stream. This process is often traditionally accomplished through the 

the Bardenpho process, which consists of several aerobic and anoxic reactors in series to achieve 

nitrification and subsequent denitrification (Esfahani et al., 2019). The four-stage Bardenpho 

process, illustrated in Figure 1.3, consists of a primary anoxic tank, a primary aerobic tank, a 

secondary anoxic tank, and a secondary aerobic tank, followed by a clarifier with a return activated 

sludge (RAS) stream feeding back to the primary anoxic tank. An additional aerobic tank is 

sometimes added to the beginning of this treatment process for combined nitrogen and phosphorus 

removal (Esfahani et al., 2019). The first anoxic tank denitrifies any nitrate present to nitrogen gas, 

and following this the first aerobic tank oxidizes nitrogen species to nitrate. The second anoxic 

tank after the first aerobic zone acts as a back-up for the first anoxic tank, providing additional 

denitrification capacity and producing nitrogen gas, removing trace concentrations of nitrate. The 

secondary aerobic tank serves to purge residual amounts of ammonia potentially accumulated in 



	16 

the secondary anoxic tank and return sludge to aerobic conditions to reduce the risk of 

denitrification in the sludge bed.  

 

 

Figure 1.3 Four stage Bardenpho reactor (Esfahani et al., 2019). 

 

Other nitrogen removal processes, albeit less common, include simultaneous nitrification-

denitrification (SND) (Yang et al., 2011) and nitritation-denitrification (Sun et al., 2009). Although 

it may seem unlikely that both nitrifiers (autotrophic ammonium oxidizing bacteria and nitrite 

oxidizing bacteria) and denitrifiers (facultative anaerobes) may perform well in the same reactor 

compartment, SND achieves exactly this through control of the oxygen level (Seifi et al. 2012). 

By keeping the oxygen concentration in the reactor low, denitrifiers are forced to utilize nitrate as 

an electron acceptor instead of O2. However, O2 concentration must also be sufficient enough for 

nitrifiers to oxidize ammonium (using O2 as the electron acceptor). It has been observed that SND 

utilizes 22 - 40% less carbon source as a reducing agent, and lowers sludge yield by 30% (Seifi et 

al. 2012). SND reactors are also feasible due to the microbial stratification that occurs in the 

biofilm, as nitrifying and heterotrophic bacteria form a separate layer atop the denitrifiers. This 
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allows ammonium to be oxidized on the outer biofilm layer before those oxidized nitrogen species 

enter the inner layer of denitrification bacteria, and are reduced to nitrogen gas. In the nitritation-

denitrification process, ammonium is oxidized to nitrite, and then subsequently reduced directly 

to nitrogen gas, eliminating the production of nitrate. The nitritation-denitrification process 

requires 24.9% less oxygen and 40% less chemical oxygen demand (COD) than traditional 

nitrification/denitrification (N/DN) (Ahn, 2006).  

While nitritation-denitrification requires substantially less COD and O2, there is another 

biological nutrient removal (BNR) technique that presents even greater aeration and COD savings, 

called Partial nitritation/Anammox (PN/A) processes. PN/A biotechnologies are considered as an 

exciting alternative to conventional nitrogen removal systems, and will be discussed thoroughly in 

the following sections.  

 

1.3 Anammox Process and Applications 

 

Anammox bacteria has been widely reported on since its near accidental discovery in the 

early 1990’s by researchers at a pilot denitrifying plant operated by the Gist Brocades Fermentation 

Company. It was originally thought that anaerobic oxidation of ammonium was not possible. 

Although energetically feasible, it was assumed that ammonium was chemically inert, and a 

biological mechanism for the conversion had never been defined or established. However, after 

observing an increase in production of nitrogen gas, and an associated decrease in nitrate 

concentration, these researchers went on to explore their initial discovery in the laboratory-scale 

setting (Keunen et al. 2008). After conducting a series of experiments designed to prove the 

presence of a true biological process and enrich for the bacteria of interest, the first Anammox 
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culture was produced (Spieck et al. 2011). Since it’s discovery, Anammox has been considered for 

full-scale applications in a number of municipal wastewater treatment facilities, and implemented 

worldwide. 

While the Anammox process itself operates under anoxic conditions and does not require 

aeration, nitrite is not naturally present in most municipal wastewater influent. For application of 

Anammox processes for this type of treatment to be successful, it must be implemented along with 

the partial nitritation process, in order to provide a sufficient concentration of nitrite. As defined 

previously, partial nitritation is the oxidation of part of ammonium to nitrite via nitrifiers. The 

coupling of these two processes is called partial nitritation/Anammox (PN/A). By supplying both 

ammonium and nitrite, Anammox bacteria are able to convert both species directly to nitrogen gas. 

Figure 1.4 shows the simplified conceptual design for a PN/A system in which aeration is applied 

to the influent before being contacted by Anammox bacteria; however, in practice these two stages 

can often be combined in a single reactor. 

 

 

Figure 1.4 Coupled partial nitritation/Anammox (PN/A) process (Zhu et al., 2008). 
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 PN/A processes are an attractive alternative to the conventional nitrogen treatments 

discussed in the previous section, nitrification-denitrification and nitritation-denitrification. The 

need for additional aeration and its associated energetic and economic costs are eliminated, as well 

as the need for an exogenous carbon source acting as a reducing agent. The following table (Table 

1.1) shows the comparisons of oxygen (g O2 g N-1) and COD (g COD g N-1) requirements for each 

of these technologies. 

 

Table 1.1 Oxygen demand and chemical oxygen demand (COD) for various BNR 
processes (Ahn, 2006). 
 

 

 

As depicted in Table 1.1, PN/A is clearly the most advantageous process. The elimination of 

the need for COD is one of the distinguishing features of Anammox bacteria, as the anaerobic 

ammonium oxidizing bacteria are able to use carbon dioxide as the carbon source (van Graaf et 

al., 1996). Anammox bacteria also have a very low sludge yield (0.11 g VSS (g NH4
+-N)-1, VSS – 

volatile suspended solids), which requires less sludge treatment (Cirpus et al., 2005). Because of 

these factors, Anammox systems are also a more cost effective treatment method compared to the 

mentioned alternate processes. The following section will detail the mechanisms present within 

Anammox bacteria that allows for the conversion of ammonium and nitrite to nitrogen gas, as well 

their characterization.  
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(Eq. 1.1) 

1.3.1 Anammox Microbiology 

 

Anaerobic ammonium oxidation (Anammox) bacteria, found in natural oceanic environments, 

are believed to provide the metabolic pathway for the conversion of naturally occurring ammonium 

and nitrite to nitrogen gas. As shown in Eq. 1.1, ammonium (NH4
+) is oxidized by the nitrite 

species (NO2
-) acting as an electron acceptor, under anaerobic conditions, to produce dinitrogen 

gas (N2) and nitrate (NO3
-) (Strous et al., 1998).  

 

𝑁𝐻#$ + 1.32	𝑁𝑂,- + 0.066	𝐻𝐶𝑂1- + 0.13	𝐻$

→ 1.02	𝑁, + 0.26	𝑁𝑂1- + 0.066	𝐶𝐻,𝑂,.3𝑁4.53 + 2.03	𝐻,𝑂 

 

The conversion of these nitrogenous species directly to nitrogen gas effectively removes them 

from the wastewater stream. Given that the atmosphere is composed 78.1% of nitrogen gas, release 

of N2 to the atmosphere offers no adverse consequences. An illustrative depiction of the traditional 

nitrification-denitrification pathway is shown in Figure 1.5 below. The figure also shows the 

Anammox pathway, and illustrates the “shortcut” that it provides in the nitrification/denitrification 

cycle. 



	21 

 
 

 
Figure 1.5 Illustrative comparison of nitrification-denitrification (blue arrows) and 
Anammox (red arrow) pathways (Collison Engineering, 2016). 

 

 

Anammox bacteria belong to the Planctomycetes phylum (Lackner et al. 2014), and are found 

as up to five genera, Candidatus (Ca.) Brodacia, Ca. Kuenenia, Ca. Anammoxoglobus, and Ca. 

Jettenia, Ca. Scalindua (Jetten et al., 2001). Of these, Ca. Scalindua occurs naturally in marine and 

freshwater environments, while the remainder were cultivated and enriched from activated sludge 

systems (Jetten et al., 2009). Some distinctive qualities of Anammox bacteria include their low 

specific growth rate constant (µ = 0.065 d-1) (Strous et al., 1998), and decreased biomass yield. 

This slow growth has been considered one of the drawbacks of Anammox technologies, as other 

biological nitrogen removal techniques have better sludge retention. 
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(Eq. 1.2) 

1.4 Ammonium Oxidizing Bacteria (AOB) and Nitrite Oxidizing Bacteria (NOB) 

 

In traditional wastewater treatment processes, anaerobic digestion of wastewater sludge, and 

subsequent dewatering of the resulting biosolids produces centrate, a nutrient laden solution with 

NH4
+-N concentrations of up to 1100 mg L-1 or higher (as observed in this study). In application, 

it may be common for the centrate sidestream to be recycled directly into the primary treatment 

stream. Although it accounts for a small fraction of the total volumetric flow throughout the 

wastewater treatment plant (approximately 1%), this stream can account for a significant portion 

of the ammonium loading if it is to be recycled (up to 20%) (Saltworks Technologies, 2016).  

Therefore, it may prove beneficial to apply a pre-treatment component to this sidestream, in order 

to decrease nitrogen concentrations in the main treatment stream and excess strain on the system. 

As such, Anammox applications to these wastewater treatment sidestreams were investigated in 

this study, as high concentrations of ammonium are able to be removed efficiently using this 

biotechnology. However, centrate contains little to no NO2
-, therefore the Anammox process must 

be coupled with partial nitritation. Nitrite is obtained through aeration and driven by ammonium 

oxidizing bacteria (AOB) and ammonium oxidizing archaea (AOA), as shown in Equation 1.2.  

 

𝑁𝐻#$ + 1.5	𝑂, 	→ 𝑁𝑂,- + 2	𝐻$ + 𝐻,𝑂 

 

Figure 1.6 demonstrates the configuration of the AOB/AOA in the oxic, outer layer of the 

biofilm, performing the partial nitritation of ammonium to nitrite. The figure also shows the 

qualitative fluctuations of the nitrogen species present as they move through the biofilm. 

Ammonium in the bulk phase interacts with surface sites on the outer layer and undergoes partial 
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(Eq. 1.3) 

nitritation, where a portion is oxidized to nitrite. From there, ammonium and nitrite are able to be 

taken up by the Anammox bacteria and converted to nitrogen gas, which then diffuses out of the 

biofilm (Li et al., 2019).   

 

 

 

Figure 1.6 Ammonium oxidizing bacteria configuration (Li, 2018). 

 

 

One challenge to overcome during the cultivation of Anammox bacteria and anaerobic 

ammonium oxidation bacteria and archaea, is the promotion of lithoautotrophic nitrite oxidizing 

bacteria (NOB), the mechanism for which is shown in Equation 1.3 (Spieck et al., 2011).  

 

𝑁𝑂,- 	+ 	0.5	𝑂, → 	𝑁𝑂1-	 
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One strategy to promote the out-competition of AOB to NOB is to operate the system at higher 

temperatures. In traditional wastewater treatment processes, temperatures typically range from 5 

– 20 ºC. At these temperatures, NOB grow at a faster rate and are more dominant than AOB, 

meaning that ammonium is oxidized completely to nitrate (Hellinga et al., 2008). At higher 

temperatures however, the opposite effect can be seen, and AOB are able to out-compete NOB. 

This is shown in Figure 1.7, at temperatures of around 20 ºC and higher, AOB have a lower sludge 

age, meaning they are being cultivated more quickly than NOB. If the hydraulic residence time 

(HRT) of the system is carefully controlled, nitrite oxidizers can be flushed out of the reactor, 

while still retaining ammonium oxidizers (Hellinga et al., 2008). It can also be seen from the figure 

that the observed optimal temperature, where the highest growth rate occurs, for pure cultures of 

AOB is 38 ºC, while for pure cultural NOB is 35 ºC. 

 

 

Figure 1.7 Temperature effects on predominant bacterial population of AOB/NOB 
populations (Hellinga et al., 2008). 
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Although the initial discovery of Anammox resulted from observation of the depletion of 

nitrate as an electron acceptor, in follow-up experiments it became apparent that Anammox 

preferred nitrite over nitrate (Keunen et al., 2008). It is also more thermodynamically favorable 

for nitrite to act as the electron acceptor, which was originally proposed several decades prior to 

the discovery of Anammox (Kuenen et al., 2008). Because of this, a larger ratio of nitrates to 

nitrites would result in lower Anammox activity performance, and an associated diminished 

nitrogen removal rate. Therefore, in full-scale applications that require a high degree of nitrogen 

removal efficiency, managing aeration so as to minimize the activity of NOB to prevent formation 

of nitrate species is of paramount importance. 

 

1.5 Novel Applications of Anammox in the Southwestern United States 

 

Local municipal wastewater reclamation facilities in Pima County, Arizona were particularly 

interested in implementing a full-scale PN/A treatment system for sidestream wastewater treatment 

(centrate). Although there are several full-scale installations of Anammox processes in place 

around the world, there are currently no reported applications in the southwestern region of the 

U.S. It was projected that by 2015, at least 100 installations (Lackner et al., 2014) of full-scale 

Anammox treatment systems would be in place in locations such as the Netherlands, Germany, 

Switzerland, Great Britain, Spain, Brazil, China, and the United States. Figure 1.8 displays a 

geographical overview of existing sites as of 2015 (Ali et al., 2015).  
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Figure 1.8 Geographical overview of full-scale Anammox installations as of 2015. 

 

As shown in Figure 1.8, no full-scale installations currently exist in the southwestern region of 

the United States. One of the main goals of operating this pilot-scale reactor was to evaluate the 

performance of the system in this location. One possible advantage of this location is the climate 

of the region. Due to its geographic location, Pima County is not susceptible to natural disasters, 

the location of the target wastewater treatment plant does not receive any snow, and almost never 

sees temperatures drop below freezing. While thermal effects on Anammox bacteria are discussed 

in the following section, generally temperatures in the range of 30 – 37 ºC are preferred (Ni et al., 

2011) which is easily achievable in this region without much energy expenditure.  
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1.6 Challenges of Anammox Applications and Goals 
 
 

There are several challenges when it comes to operating an Anammox treatment system. These 

include the intrinsic properties, such as sensitivity to ammonium concentration, nitrite 

concentration, bicarbonate concentration, and as stated previously, the slow growth rate of 

Anammox bacteria. There are also parameters of full-scale treatment systems that must be tightly 

controlled, and if left unmonitored can cause inhibition to Anammox bacteria, including 

carbon/nitrogen (C/N) ratio and temperature. These are widely studied subjects, and the Anammox 

research group at the University of Arizona has conducted several studies in this area.  

Although ammonium is a substrate of Anammox bacteria and necessary for its growth and the 

production of N2, elevated concentrations of ammonium can cause Anammox inhibition. Our 

research group has shown in previous batch experiments that at an NH4
+-N concentration of 792 

mg L-1, the inhibition of specific Anammox activity (SAA) was 34% (Carvajal-Arroyo et al., 

2013). Classic studies demonstrated that NH4
+-N concentrations of up to 1260 mg L-1 did not 

present any inhibitory effects (Strous et al., 1999). The maximum NH4
+-N concentration observed 

in wastewater centrate throughout this experiment was 1154 mg L-1, which does not exceed the 

value observed by Strous and his group. Similar to ammonium, nitrite is also a substrate of 

Anammox bacteria, and at high concentrations is harmful to the Anammox process. Different 

studies have yielded various results as to what concentration of nitrite is inhibitory; however, our 

group observed that nitrite concentrations greater than 690 mg L-1 caused almost 100% inhibition 

(Carvajal-Arroyo et al., 2013). It was also noted that Anammox activity was completely recovered 

after nitrite concentration was lowered, which is a promising discovery when considering full-

scale applications. 
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Due to the autotrophic nature of Anammox bacteria, bicarbonate is consumed during the 

conversion of ammonium and nitrite to nitrogen gas. There have been observable losses in 

performance due to both a limited availability of bicarbonate, as well as an abundance of 

bicarbonate. It has been found that Anammox is particularly susceptible to inorganic carbon 

limitations (Ma et al., 2015), compared to other bacterial populations such as ammonium oxidizing 

bacteria (AOB) and nitrite oxidizing bacteria (NOB). As discussed previously, there is one genera 

of Anammox that is found in marine environments, which is known to have a high concentration 

of natural salts. Although this is a favorable result, the cell structure, and enzyme and cell walls 

begin to deteriorate at too high of a salinity (Yi et al., 2011).  

Achieving an optimal C/N has been considered one of the main challenges to overcome when 

operating Anammox treatment systems (Ali et al., 2015). In addition to AOB and NOB, naturally 

present heterotrophic bacteria in the centrate will out-compete other microbial populations given 

sufficient COD. Choosing an optimal operating temperature for the system is also of paramount 

importance. Thermal effects on AOB/NOB populations were discussed in a previous section. In 

one batch experiment conducted using granular biomass, similar to the EGSB reactor, it was 

reported that maximum nitrogen removal rate (NRR) was observed at 40 ºC, with almost no 

removal at 10 ºC, and an irreversible loss in performance at 55 ºC due to cell lysis (Sobotka et al., 

2016).  The long-term effects of temperature variation were also measured in this study using a 

sludge bed reactor (SBR) (Sobotka et al., 2016). It was found that the range of 15 - 30 ºC provided 

successful operating temperatures, but anything below 15 ºC resulted in an accumulation of nitrite. 

Partnering with the Pima County Regional Wastewater Reclamation Department, and with 

support from the National Science Foundation (NSF), the goal of this research was to evaluate the 

performance of a pilot-scale bioreactor to assess the feasibility of achieving sufficient nitrogen 



	29 

removal from centrate in the Southwestern region of the United States. This thesis presents the 

data from two years of operation of the EGSB reactor, and analyzes its performance while 

identifying key parameters for controlling nitrogen removal efficiency. In order to accomplish a 

thorough monitoring of the EGSB reactor performance, bench-scale experiments were also 

conducted to measure the activity of the bacteria and investigate the potential toxicity of unknown 

constituents present in centrate. Another goal of this project was to gain practical experience and 

knowledge from operating these systems with the municipality that was eventually going to be 

running these full-scale systems.  
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2.0 Materials and Methods 
 

2.1 EGSB Pilot-Scale Reactor Operation 

 

This section details the procedures and equipment associated with running the EGSB 

Anammox reactor, carrying out activity assays, and the parameters of one toxicity experiment 

conducted. 

 

2.1.1 Anammox Inoculum 

 

To begin reactor operations, inoculum sludge was obtained from Paques BV in Balk, the 

Netherlands. The sludge had previously been implemented in a full-scale PN/A system treating 

agricultural wastewater. Upon arrival, the volatile suspended solid (VSS) content of the granular 

biomass was 5600 mg VSS L-1, measured using standard methods (APHA, 2005). The average 

size of the Anammox granules was 3.10 ± 0.76 mm, which was calculated using ImageJ software. 

Nitrogen removal efficiency when the sludge was received from Paques was 16.17%.  

 

2.1.2 Expanded Granular Sludge Bed (EGSB) Reactor Configuration 

 

The expanded granular sludge bed (EGSB) reactor consists of a cylindrical reactor (65 L), 

which was run continuously. The objective of the reactor was to cultivate non-attached granules 

of Anammox bacteria. Figure 2.1 shows a schematic of the reactor with all dimensions. The height 

of the reactor is 1.8 m (approximately 5.9 ft.), while the body of the reactor has a diameter of 19 
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cm (7.5 in.). The larger cylindrical top of the reactor, also known as the “head,” has a diameter of 

33 cm (13 in.) and a lid thickness of 1.27 cm (0.5 in.).  

 
 

 

 
 
 

 
Figure 2.1 Expanded Granular Sludge Bed (EGSB) reactor schematic. 
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This cylindrical top also houses a conical gas/liquids/solids separator to allow for convection 

of nitrogen gas and air out of the reactor while also preventing the Anammox granules from exiting 

the reactor through the effluent port. Figure 2.2 illustrates the effect of this separator. Air supplied 

through the aeration line containing N2, as well as the N2 produced by the Anammox bacteria rise 

through the center of the funnel and are released into the atmosphere. In theory, the denser granules 

are directed back down towards the bulk fluid, preventing loss of biomass. 

 

 

 

Figure 2.2 EGSB reactor three-phase separator Diagram (Li et al., 2018). 
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The reactor structure was constructed out of acrylic material, which was chosen for its 

durability and low weight. The reactor was then sealed using acrylic cement. A closed-loop water-

bath heater maintained the temperature of the reactor at 30 ± 2 ºC. The air line connected to the 

aeration system at the base of the column is made from 0.5 in. diameter stainless steel. The aeration 

system was modified on day 460 of reactor operation. A depiction of both the original and modified 

aeration systems are shown in Figure 2.3, and a visualization of the reactor during aerated and non-

aerated periods is available in Figure 2.4. Originally, an air stone was in place which was effective 

at producing fine, diffuse air bubbles. However, at an aeration rate of 2.5 LPM, it was not forceful 

enough to fluidize the complete sludge bed to provide adequate mixing, and channeling occurred 

within the sludge bed which starved parts of the bed of oxygen. Therefore, the air stone was 

retrieved and replaced with a four-nozzle, stainless steel aerator.  

 

 

 

Figure 2.3 Aeration System Illustration. Air stone on the left, and air nozzle system on the 
right. 
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Figure 2.4 Expanded Granular Sludge Bed (EGSB) reactor photos. Non-aerating reactor on 
left. Reactor during aeration on right.  
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The reactor and its associated equipment are fully automated using the process control software 

LabView (National Instruments, Austin, TX, USA), which processed real-time pH, NH4
+, NO3

-, 

and dissolved oxygen (DO) readings. There are five sampling ports vertically spaced on either side 

of the reactor, as well as a probe housing located on the lid of the reactor. A pH control system 

using diluted acid (1 M HCl) dosing was in place to promote a reactor pH of 6.8 – 7.2. 

Temperature data, as well as influent and effluent samples (1 mL) were taken every 1 - 2 days. 

These samples were taken from the reactor via syringe, then centrifuged at a rate of 1300 rpm for 

10 min. and pipetted into labelled eppendorfs. They were then stored in a refrigerator at 45 ºF (7.2 

ºC) for no longer than five days. Samples were analyzed using an Ion Chromatograph (detailed in 

section 2.2), with influent samples diluted by a factor of 50x and effluent samples diluted by 25x. 

From this analysis, ammonium, nitrite, and nitrate concentration data were obtained and logged. 

Percent removal of ammonium, nitrite, and total nitrogen (TN), as well as Anammox activity are 

the primary methods of evaluating reactor performance and bacterial activity. Visual indicators 

such as granule color, and size/morphology are more qualitative, but may act as a warning of sign 

of issues within the reactor. 

 

2.1.3 Expanded Granular Sludge Bed (EGSB) Reactor Operation 

 

The operational lifetime of the EGSB reactor monitored in this research can be dissected and 

analyzed in three distinct stages. Each of these stages has a defined objective, as well as different 

operating conditions. Table 2.1 summarizes the influent characteristics of each phase. Stages I and 

II represent the Anammox only process, while Phase III operational conditions modeled the 
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combined PN/A process. Further details on the objectives and parameters of each stage are given 

below. 

 

Table 2.1 Description of Phase I, II, and III of reactor operation. 

 

 

In Phase I – Anammox Process Startup, the goal was to acclimate the inoculum sludge received 

from a Paques facility in the Netherlands, and achieve stabilized performance. In Phase II –

Anammox Process, the objective was to ensure biomass was fully acclimated and achieving stable 

removal percentages under heightened NLR’s typically associated with centrate. The common 

feature of both of these phases is the synthetic wastewater influent, which was prepared in 1000 L 

totes using de-chlorinated water on site. Table 2.2 shows the concentration of chemicals in the 

synthetic wastewater medium for various NLRs. 

 

 

 

 

 Purpose Influent NH4
+

 -N  
[mg L-1] 

NO2
--N   

[mg L-1] 
Total-N  
[mg L-1] 

Phase I Anammox 
Process Startup 

Synthetic 
Wastewater 80 - 800 90 - 900 170 - 1700 

Phase II Anammox 
Process 

Synthetic 
Wastewater 200 - 800 225 - 900 425 - 1700 

Phase III PN/A Process Centrate 401 - 1154 0 - 102 401 - 1256 
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Table 2.2 Composition of synthetic wastewater at various NLRs over the course of Phase I and 
Phase II. 

 

 

   Phase I    Phase I              Phase II              Phase I          Phase I & II 
 

Nitrogen Loading Rate (NLR) [g N L-1 d-1] 

0.5 1.6 2.0 2.4 2.8 

Component 
Concentration 

[g L-1] 
Concentration 

[g L-1] 
Concentration 

[g L-1] 
Concentration 

[g L-1] 
Concentration 

[g L-1] 

NH4HCO3 0.300 1.000 0.000 0.500 0.500 

NH4Cl 0.000 0.000 0.869 0.700 0.880 

NaNO2 0.346 1.153 1.344 1.607 1.886 

NaHCO3 1.060 0.310 0.310 0.850 0.850 

NaH2PO4 0.065 0.065 0.065 0.065 0.065 

CaCl2 · 2 
H2O 

0.100 0.100 0.100 0.100 0.100 

MgSO4 · 7 
H2O 

0.200 0.200 0.200 0.200 0.200 

Trace A 1 mL L-1 1 mL L-1 1 mL L-1 1 mL L-1 1 mL L-1 

Trace B 0.5 mL L-1 0.5 mL L-1 0.5 mL L-1 0.5 mL L-1 0.5 mL L-1 

 
 

Phase III – PN/A Process was implemented once stable removal during Phase II had been 

achieved. In this operational phase, synthetic medium was no longer prepared, and centrate was 

obtained from the Agua Nueva Wastewater Reclamation facility in Pima County, Arizona, USA. 

When Phase III began, the reactor transitioned from an Anammox only process to a PN/A process 

and the aeration system began operation. Reactor contents were aerated for 12 hr. per day, for a 

duration of 5 min. on followed by 5 min. off. The goal of this was to achieve a dissolved oxygen 
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(DO) concentration of 2.0 mg L-1 to promote sufficient AOB activity. Table 2.3 shows centrate 

composition, including estimated concentrations of various constituents present in the centrate, 

such as turbidity, biological oxygen demand (BOD), and total dissolved solids (TDS). 

 

Table 2.3 Agua Nueva Wastewater Reclamation Facility (WRF) centrate parameters. 

 

 

This stage also initiated aeration of the centrate, in order to produce NO2
- from NH4

+, and 

achieve the full Partial Nitritation/Anammox process. At a volumetric flowrate of 45 mL min-1, 

which remained constant throughout the operation of the reactor, a 1000 L tote of centrate was 

consumed in a period of approximately four days.  

 
 
 
2.2 Analytical Methods 

 
In terms of monitoring the performance of the EGSB reactor, NH4

+-N and NO3
--N 

concentrations were recorded once per minute using sensors. NH4
+-N concentrations were 

monitored using a Vernier Ammonium Ion-Selective Electrode (ISE), and NO3
--N concentrations 

were also measured using a Vernier Nitrate ISE (Vernier Software & Technology, Beaverton, OR, 

Parameter Value Component Concentration [mg L-1] 

pH 7.65 ± 0.14 NH4
+-N 1029.1 ± 49.1 

Turbidity [NTU] 65.1 ± 20.7  
NO2

-- N 
 
 

NO3
-- N 

 
0.4 ± 0.4 

 
 

2.2 ± 2.6 

BOD [mg L-1] 55.2 ± 26.1 

TDS [mg L-1] 1344.4 ± 69.0 
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USA). A Vernier pH sensor measured pH values once per minute, and a Vernier Optical Dissolved 

Oxygen (DO) probe recorded DO at the same frequency. Excel was used to log all sensor data. 

To analyze the 1 mL influent and effluent samples and obtain NH4
+, NO2

-, and NO3
- data, 

a suppressed conductivity ion chromatograph (IC) was used with a dual line Dionex IC-3000 

system (Dionex, Sunnyvale, CA, USA). For separation of anions, a Dionex IonPac AS18 analytical 

column (4 x 250 mm), an AG18 guard column (4 x 50 mm), and an eluent of KOH (23 mM, 1 mL 

min-1) were used. For cation separation, a Dionex IonPac CS16 analytical column (3 x 250 mm), 

a CG16 guard column (3 x 50 mm), and an eluent of methane sulfonic acid (MSA) (33 mM, 0.5 

mL min-1) was utilized. The run time for this method was 20 minutes. Throughout reactor 

operation, pH and VSS measurements were performed using standard methods (APHA, 2005).  

For activity assays, measurement of nitrogen gas (N2) production was done using an 

Aligent7890 gas chromatograph (GC) (Aligent Technologies, Santa Clara, CA, USA). The GC 

was fitted with a GS Gaspro column (30 m x 0.32 mm) (Aligent Technologies, Santa Clara, CA, 

USA) using a thermal conductivity detector. Column temperature was 100 ºC, and injection and 

detector temperatures were 220 and 230 ºC, respectively. The carrier gas used was Helium (He), 

and the injection volume was 100 µL. Syringes used for sample injection were Hamilton sample-

lock 1710 SL syringes (Hamilton Company, Reno, NV, USA). 
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2.3 Batch Assays 

 
 
2.3.1 Anammox and Denitrification Activity Testing 
 
 
 Batch activity bioassays were conducted throughout the three phases of the reactor to 

analyze the activity of various microbial populations. The experiments were performed using 

hermetically sealed 160 mL serum bottles, with butyl rubber stoppers and aluminum crimp seals. 

The biomass used was from the 65 L EGSB reactor, sampled from the sludge bed, rinsed with 

deionized (DI) water, and weighed into 1.0 g amounts for addition to the bottles. Liquid volume 

was 100 mL, leaving 60 mL of head-space volume. Both the liquid-space and the head-space were 

flushed with a mixture of 76% helium (He) and 24% carbon dioxide (CO2) (v/v) for 6 minutes 

each, and the pH was monitored throughout the experiment. The composition of the basal medium 

(made with DI water) used in this experiment is shown in Table 2.4. Prior to the addition of 

substrates (NO2
-, NH4

+, and NO3
-), the combinations of which are shown in Table 2.5, the pH of 

the basal medium was adjusted to 7.5 using NaOH. The buffer used was 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES). 
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Table 2.4 Basal medium composition. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Table 2.5 Substrate addition for Anammox and denitrification activity tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Once the substrates have been added, bottles are incubated in an orbital shaker (operational 

speed of 115 rpm) and are not exposed to light, at temperatures of 30 ± 2 ºC. The procedure for 

ammonium oxidizing bacteria and nitrite oxidizing bacteria activity testing utilizes similar 

principles, and the methods and materials for this experiment are detailed in the following section. 

 

Mineral Medium [g L-1] 

Compound Concentration [g L-1] 

MgSO4 · 7 H2O 0.200 

CaCl2 · 2 H2O 0.100 

NaH2PO4 · H2O 0.0575 

NaHCO3 0.050 

HEPES 5.95  

Trace element A 1.0 mL  

Trace element B 1.0 mL  

 
 Substrate Concentration [mM] 

 
Anammox Acitivity Test 

NH4
+ 5.41 

NO2
- 7.14 

 
Denitrification Activity Test NO3

- 
 

5.2 
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2.3.2 Ammonium Oxidizing Bacteria and Nitrite Oxidizing Bacteria Activity Testing 
 
 
  
 In addition to monitoring the microbial activity of the Anammox and denitrification 

bacterial populations, the AOB and NOB activity was tested periodically over the operation of the 

EGSB reactor. These experiments differ, in that performance is not quantified by measuring N2 

production, but rather by the consumption of dissolved oxygen (DO) that occurs. The consumption 

of oxygen was measured using a Vernier optical DO probe (Vernier Software & Technology, 

Beaverton, OR, USA), after the addition of various inhibitory chemicals targeted at specific 

bacterial populations.  

Ammonium is added first to stimulate all bacterial species (AOB, NOB, Heterotrophic 

bacteria). Sodium Chlorate (NaClO3) is then added to inhibit the AOB population, leaving only 

NOB and heterotrophic populations active. Finally, ATU is added to cause inhibition of all present 

organisms. This experiment is conducted in 500 mL flasks, with 75.5 mL of liquid volume. The 

biomass used was from the 65 L EGSB reactor, sampled from the sludge bed, rinsed with DI water, 

and weighed into 1.0 g amounts for addition to the bottles. Between samples, the flasks are placed 

in an orbital shaker (operational speed of 115 rpm). The basal medium prepared follows the same 

scheme as defined in Table 2.4. Below, Table 2.6 summarizes the chemicals used in this 

experiment and their respective concentrations. 

 

Table 2.6 Combined AOB/NOB activity assay treatment. 

Granular 
Inoculum [g] 

Basal 
Medium 

[mL] 

NH4
+ Stock 

Solution 
[mL] 

NaClO3 Stock 
Solution  

[mL] 

ATU Stock 
Solution 

[mL] 

Total 
Volume 

[mL] 

1.0 70 2.0 2.5 1.0 75.5 
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2.3.3 Centrate Toxicity Experiments 
 
   

The centrate inhibition of Anammox activity experiment can be considered as a scoping 

experiment. The goal of the experiment was not to identify a particular species or parameter 

responsible for toxicity, such as high salinity, metals, antibiotics, etc. Rather, the intent was to 

prove that Anammox activity is diminished to any degree when exposed to centrate, as compared 

to synthetic wastewater of identical nitrogen concentrations. To test this, three treatment groups 

were identified and labeled as “Control”, “Synthetic”, and “Centrate”. Table 2.7 shows the scheme 

of each treatment group. The Control group purposefully received a much lower concentration of 

NH4
+ as NH4Cl, so that optimal Anammox activity could be measured. Each treatment group also 

received the same dosage of NO2
- in the form of sodium nitrite (NaNO2), as only the Anammox 

activity, and not the nitrification activity was being measured in this experiment. 

 

Table 2.7 Anammox inhibition experiment treatments. 

Treatment Treatment Name Medium NH4
+

 -N  
[mg L-1] 

NO
2

-
-N 

[mg L-1] 

1 Control Mineral 100 50 

2 Synthetic Mineral 751 50 

3 Centrate Centrate 751 50 

 

 

The ammonium-nitrogen concentration of the Synthetic and Centrate treatments was 

determined by obtaining a sample of centrate and measuring the concentration through an Ion 

Chromatograph (IC). On the day of the experiment, a 1 L sample of centrate was obtained, and 



	44 

centrifuged using a large capacity centrifuge at a speed of 200 rpm. The supernatant was then 

taken, leaving about 500 mL of filtered centrate. Both the basal medium and the centrate medium 

received a sodium bicarbonate (NaHCO3) buffer, in order to account for the possibility of pH 

fluctuation affecting biological activity. The composition of the two medium types is shown in 

Table 2.8 below. 

 

Table 2.8 Mineral medium composition. 

 

 

 

 

 

 

 

 

 

The experiment was carried out using hermetically sealed 160 mL serum bottles, with the 

addition of 1.00 – 1.25 g of biomass and 100 mL of the substrates. Triplicates of each treatment 

group were prepared. The biomass utilized in this experiment was sourced from a cultivating, 3 L 

lab-scale EGSB reactor called R3 that has been in operation for 8 years. The granules from this 

reactor had an average size of 2.4 ± 0.6 mm, and was characterized as Brocadia spp.-dominated 

(Li et al., 2016). Both the liquid-space (100 mL) and the head-space (60 mL) were flushed with a 

mixture of 76% helium (He) and 24% carbon dioxide (CO2) (v/v) for 6 minutes each, and the pH 

Centrate Medium [g L-1] Mineral Medium [g L-1] 

 
Compound 

 
Concentration [g L-1] 

 
Compound 

 
Concentration [g L-1] 

NaHCO3 4.0 

MgSO4 · 7 H2O 0.2 
CaCl2 · 2 H2O 0.1 

NaH2PO4 · H2O 0.063 
NaHCO3 4.0 

Trace element A 1.0 mL  
  Trace element B 1.0 mL  
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was monitored throughout the experiment. The specific Anammox activity (SAA) was measured 

through nitrogen gas production in the headspace using a Gas Chromatograph (see section 2.2 

Analytical Methods), and each triplicate bottle was sampled from twice.  

 

 

2.4 Calculations 

 

2.4.1 Calculation of Specific Anammox Activity (SAA)  

 

 Specific Anammox activity (SAA) was the unit of measurement for the Anammox, 

denitrification, and centrate toxicity activity tests. Shown in Equation 2.1 is the conversion of the 

area of the peaks captured form the GC to units of % N2 of the gas sample. Figure 2.5 shows how 

Equation 2.1 was determined, using a N2 standard also measured using the GC. 

 

     

 

𝑁,	 % = (0.0223 ∗ 𝑃𝑒𝑎𝑘	𝐴𝑟𝑒𝑎) − 0.353                 (Eq. 2.1) 
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Figure 2.5 N2 standard used to convert peak area from GC to % N2 of sample. 

 

 

From this N2 percentage, the ideal gas law shown in equation 2.2 is used to calculate the 

mmol (n) of N2 gas produced. For this calculation temperature (T) is 303 K and pressure (P) is 1 

atm. Using unit conversion, this value is then converted to grams of N2, and divided by the mass 

of VSS, 0.0718 g, measured using standard methods (APHA, 2005). Figure 2.6 shows the 

relationship of g	N, g VSS-1 versus Δt, which is the rate of nitrogen production. Finally, SAA is 

calculated using the slope from Figure 2.6, where the time period over which the nitrogen gas 

production was observed is Δ𝑡, and Δ𝑁, is the gas production observed in the headspace, giving 

Equation 2.3. 

      𝑃𝑉 = 𝑛𝑅𝑇                                      (Eq. 2.2) 

 

 

y = 0.0223x - 0.353
R² = 0.99529
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Figure 2.6 Sample plot of the N2 produced per gram VSS versus time. 

 
 
 
 
             𝑆𝐴𝐴 = Δ𝑁, ∗ (𝑔	𝑉𝑆𝑆 ∗ Δ𝑡)	-5            (Eq. 2.3) 

 
 
2.4.2 Calculation of O2 Consumption 
 
  
 

For quantifying the activity of AOB and NOB, the dissolved oxygen (DO) consumption of 

each population was measured using a Vernier DO probe. For this type of activity test, activity is 

expressed as g O2 g VSS-1 d-1, as the parameter being directly measured in the experiment is DO 

concentration. More details on the procedure are given in Section 2.3.2. Based on the addition of 

certain chemicals, targeted bacterial populations are inhibited in order to measure activity. In 

Section 2.3.2, Table 2.6 lists the chemicals added and their relative concentrations. Below, Table 

y = 0.2253x + 0.0025
R² = 0.98813
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2.9 displays how the slopes obtained from plotting experimental data lead to the calculation of the 

different biological activities. Because the substrate (NH4
+) added stimulates all bacterial 

populations, and the addition of the first chemical (NaClO3) inhibits only NOB, the activity of 

NOB can be calculated from the difference in slope 1 and slope 2. The addition of the second 

chemical (ATU) inhibits both AOB and NOB, so the activity of AOB can be found from 

subtracting slope 2 from slope 3. Figure 2.7 shows an example of the data obtained from this test 

(concentration of DO consumed per second) and below the trend line lists the active, uninhibited 

bacterial populations after the addition of each chemical, to further demonstrate how AOB and 

NOB activity are calculated from the slopes. 

 

Table 2.9 Method of calculating AOB and NOB activity from the slopes of DO 
consumption per time. 
 
 

Microbial Population  Equation Result 

AOB Slope 2 – Slope 3  = mg DO consumed by AOB L-1 

NOB Slope 1 – Slope 2  = mg DO consumed by NOB L-1 
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Figure 2.7 Sample plot of DO consumed per unit time. Slope 1 (●), slope 2 (○), slope 3 
(●). 

 

Once the slopes have been subtracted and both the AOB and NOB activities are known in 

units of mg DO L-1 s-1, unit conversion is used to achieve to the final desired metric of g O2 g VSS-

1 d-1. Time is converted from seconds to days, and the value is multiplied by the total liquid volume 

of the sample (0.0755 L). Finally, the value is divided by mass of VSS, 0.0718 g, measured using 

standard methods (APHA, 2005). Equations 2.4 and 2.5 show the final equation used with the 

appropriate units. 

 
 
  𝐴𝑂𝐵	𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = Δ𝑂, ∗ (𝑔	𝑉𝑆𝑆 ∗ Δ𝑡)	-5             (Eq 2.4) 
 
 
 
  𝑁𝑂𝐵	𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = Δ𝑂, ∗ (𝑔	𝑉𝑆𝑆 ∗ Δ𝑡)	-5            (Eq 2.5) 
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3.0 Results and Discussion 
 

 
The nitrogen removal efficiency, as well as all nitrogen species concentrations (NH4

+-N, NO2
-

-N, NO3
--N) were monitored in the expanded granular sludge bed (EGSB) reactor over the course 

of approximately 540 days to evaluate its performance. This 540-day period was analyzed in three 

distinct phases, each with different objectives and parameters. Table 3.1 again shows the 

breakdown of the three stages. 

 

Table 3.1 Description of Phase I, II, and III of reactor operation. 

 

 

 Laboratory scale activity assays were also conducted to measure the specific Anammox 

activity (SAA) when Anammox was exposed to centrate as opposed to synthetic medium of the 

same NLR. The following section investigates the relationships between nitrogen removal 

efficiency (NRE) and pH, and NRE and nitrogen species concentrations. Centrate toxicity and 

known constituents that inhibit Anammox activity are also discussed in Section 3.4.  

 
 
 

 Purpose Influent NH4
+

 -N  
[mg L-1] 

NO2
--N   

[mg L-1] 
Total-N  
[mg L-1] 

Phase I Anammox 
Process Startup 

Synthetic 
Wastewater 80 - 800 90 - 900 170 - 1700 

Phase II Anammox 
Process 

Synthetic 
Wastewater 200 - 800 225 - 900 425 - 1700 

Phase III PN/A Process Centrate 401 - 1154 0 - 102 401 - 1256 
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3.1 Phase I – Anammox Process Startup  
 
 
 

The following section presents the nitrogen species loading and specific removal efficiency 

for the first stage, Phase I – Anammox Process Startup. The goal of this stage was to periodically 

increase the NLR of the reactor over time, while also increasing the nitrogen removal efficiency 

of the inoculum sludge. Over the 200-day period, the NLR was periodically increased from 0.5 g 

N L-1 d-1 to 2.80 g N L -1 d-1 in order to expose Anammox bacteria to loading rates similar to those 

of centrate. As the nitrogen species concentrations in the reactor feed are increased, NLR, which 

is defined as the mass flowrate of nitrogen per liter of reactor volume over one day, also increases. 

Figure 3.1 shows the concentrations of nitrogenous species over Stage I. During Phase I, as the 

NLR was increased, the nitrogen removal efficiency increased by from 16.2% upon arrival of the 

inoculum sludge, to 79.12%, as shown in Figure 3.2. 
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Figure 3.1 Phase I Nitrogenous Species Concentrations. Panel A: Influent and effluent 
ammonium concentration. Panel B: Influent and effluent nitrite concentration. Panel C: 
Influent and effluent nitrate concentration. Influent - solid grey points. Effluent – all 
black, unfilled points. 
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Figure 3.2 Phase II Nitrogen Removal. Ammonium removal (●), nitrite removal (●), 
and total nitrogen (TN) removal (▢). 

 
 

Operational incidents that occurred throughout Phase I demonstrated the significance that 

maintaining stable nitrogen concentrations has on nitrogen removal efficiency, i.e. reactor 

performance. After 57 days of operation, the removal efficiency remained relatively constant with 

increasing NLR and ammonium concentration was still well under the observed inhibition level of 

1260 mg NH4
+-N L-1 (Strous et al., 1999). At day 80 of operation, the inhibition concentration of 

ammonium observed by Strous et al. of 1260 mg NH4
+-N L-1 was surpassed. Removal efficiency 

fell by 76.1% due to nitrogen concentrations of 2101 mg N L-1, proving extremely toxic to 

Anammox bacteria. (Figure 3.2). This spike in ammonium-nitrogen and nitrite-nitrogen 

concentrations was due to operator error. Although the system was placed under strain, this 

experience provided insight as to how quickly Anammox were able to recover from exposure to 
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nitrogen shocks, which are defined as exposure to extremely heightened concentrations of nitrogen 

over a short period of time (1-2 days). Due to real-time monitoring of the NH4
+-N concentration 

in the reactor, this error was quickly noticed and after one day the influent was returned to normal 

conditions. Following a period of low performance, removal efficiency was recovered and returned 

to previous levels 8 days later. 

This recovery in reactor performance was also evidenced in the results of activity assays 

conducted to monitor the activity of Anammox bacteria. Specific Anammox activity (SAA) was 

measured one day after the nitrogen shock (day 81 of operation), and again 10 days later, after 

operating parameters had returned to normal. SAA had been steadily increasing, but dropped from 

0.53 g N2 g VSS-1 d-1 on day 57, to 0.32 g N2 g VSS-1 d-1 on day 81. Figure 3.3 demonstrates this 

return to previous activity levels, as the assay conducted on day 91 showed SAA increased to 0.66 

g N g VSS-1 d-1. 

  

Figure 3.3 SAA of Anammox (●) and denitrification (○) bacteria over the first 91 days of 
operation. 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0 10 20 30 40 50 60 70 80 90

SA
A

[g
 N

2
g-1

V
SS

 d
-1

]

Time [d]



	55 

This recovery time (5 – 10 days) is relatively short compared to other observed recovery 

times for Anammox systems exposed to elevated nitrogen concentrations. At concentrations of 

1450 mg N L-1 or higher, a recovery time of 24 – 30 days was required (Ni et al., 2011) for one 

Anammox system. However, this may be because the inhibition period that the reactor experienced 

was also longer, lasting 26 days, and Anammox bacteria were placed under strain for a longer 

period of time. 

In full-scale applications, synthetic wastewater will not be used and operators will not 

control the nitrogen loading rate. However, depending on the degree of fluctuation, natural 

variations in nitrogen species concentration of the centrate may need to be controlled. In one full-

scale Anammox system study (Kwon et al., 2019), a mixing tank and equalization basin were 

successful in controlling nitrogen species concentrations fed to the Anammox reactor 

compartment. In the mixing tank, anaerobic digester effluent was combined with a fraction of 

mainstream wastewater. Following the mixing step, an equalization tank automatically allowed 

the mixed streams to flow into the Anammox reactor, only after a set dilution ratio was met (Kwon 

et al., 2019).  This is one potential technique to equilibrate nitrogen species concentrations in the 

Anammox reactor influent in a potential full-scale system. From this incident, it became apparent 

that nitrogen concentration is a key factor for optimizing nitrogen removal efficiency and SAA, 

and will be a crucial parameter of eventual full-scale systems. As shown in Fig. 3.2, the decrease 

in nitrogen removal at day 80 was not the only decline in performance. From days 128 – 146, pH 

levels rose above 8.5, which also severely affected removal efficiency. 

While nitrogen concentration has been proven as a critical factor for influencing reactor 

performance, the observed drop in nitrogen removal efficiency from days 128 – 146 led to the 

identification of pH as a crucial parameter as well. Following a period of sustained nitrogen 
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removal efficiency of approximately 80% (day 89 – 125 on Figure 3.2), an increase in pH caused 

significant inhibition for a period of 18 days, and nitrogen removal efficiency fell by 85.7%. As 

shown in Figure 3.4, in the days before this inhibition period, sustained effluent pH values of 8.31 

– 8.92 were observed. One study found that optimum anammox activity and growth were obtained 

in the pH range of 6.7 – 8.3, and that maximum activity was found at a pH of 8.0 (Jetten et al., 

2001). The pH levels observed in the days prior to the performance drop were well above these 

reported successful operating pH ranges. It has also been observed that an operational pH range of 

7.0 – 8.0 is ideal for the prevention of accumulation of free ammonia (NH3) (Tomaszewski et al., 

2017). As pH increases and H+ ion concentration decreases, free ammonia (FA) concentration also 

increases. (Ni et al., 2011). 

 
Figure 3.4 System pH preceding and during inhibition period (day 114 – 146). Influent 
(●) and effluent (○) pH points represent manually taken pH samples. Effluent pH (Sensor) 
data were recorded via pH probe (—). 
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Although the EGSB reactor pH increased to potentially inhibitory levels, the removal 

efficiency returned to previous rates (~ 80%) 18 days after the addition of a pH control system 

using acid (diluted HCl) dosing. Full recovery of the Anammox bacteria may have been possible 

due to the low permeability of the bacterial membrane. Limited transport (diffusion) capacity of 

the H+ ions can also aid in shielding the bacteria from extremely acidic or alkaline conditions (Ni 

et al., 2011).  This is a useful adaptation when considering full-scale applications, as significant 

changes in pH may occur, although it is extremely uncommon.  

Aside from the two periods of decreased removal efficiency (due to nitrogen and pH 

shocks), the reactor parameters over the first 250-day time period facilitated the successful 

transition of the inoculum sludge and increased nitrogen removal efficiency by 62.9%. These drops 

in performance underscore the importance of precisely monitoring and controlling the nitrogen 

species concentration and pH of the system. Also highlighted from this phase was the robustness 

of the Anammox, due to their relatively quick recovery from the operational shocks. The primary 

objective of Phase I was to increase the NLR and achieve higher nitrogen removal efficiency. After 

sufficient removal was achieved, Phase II began and reactor performance continued to be 

monitored with the goal of reaching high (80% - 90%), stable removal efficiency. 
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3.2 Phase II –Anammox Process 
 
 

The main goal of Phase II was to conserve performance (removal efficiency) achieved in 

Phase I, and to achieve stable removal for an extended period of time before implementing Phase 

III, which signified the implementation of the aeration system and centrate. While Phase I & II 

simulated the Anammox only process, Phase III represented the full PN/A process. Shortly after 

the transition to Phase II, there were 46 days in which the system endured a sustained period of 

low nitrogen removal efficiency, as nitrogen species concentrations remained relatively constant, 

observable in Figure 3.5. As shown in Figure 3.6, the reactor performed from 23.0% – 62.5% 

removal efficiency from days 214 – 261.  
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Figure 3.5 Phase II nitrogenous species concentrations. Panel A: Influent and effluent 
ammonia concentration. Panel B: Influent and effluent nitrite concentration. Panel C: 
Influent and effluent nitrate concentration. Influent - all grey, filled points. Effluent – all 
black, unfilled points. 



	60 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Phase II nitrogen removal. Ammonium removal (●), nitrite removal (●), 
and total nitrogen (TN) removal (▢). 

 

 

During this time, pH conditions in the reactor also remained relatively stable, and there 

were no significant changes to the NLR of the system. Figure 3.7 presents the results from activity 

tests performed during this period, which show a decline in SAA, from 0.32 g N2 g VSS-1 d-1 to 

0.01 g N2 g VSS-1 d-1. 
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Figure 3.7 SAA of Anammox and denitrification bacteria over days 200 - 277 of operation. 
Anammox activity (●), and denitrification activity (○). 

 

 

As this loss of Anammox activity was of concern to the health of the reactor, the originally 

desired maximum NLR was lowered from 2.8 g N L-1 d-1 to 2.0 g N L -1 d-1. Although relatively 

high nitrogen removal efficiencies (up to 93.1%) were obtained as the reactor was being operated 

with synthetic wastewater of NLR 2.8 g N L-1 day-1, it could be possible that extended exposure to 

this rate caused strain to the system. It has been observed that a NLR of 3.0 g L-1 d-1 is high enough 

to result in a 50% inhibition of Anammox activity (Dapena-Mora et al., 2007). It was determined 

that decreasing the NLR of the synthetic medium would have no negative implications on 

Anammox bacteria once the reactor was transitioned to centrate. The estimated maximum NLR of 

centrate was below 1.5 g N L-1 d-1, and the highest value observed throughout operation using 
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centrate was 1.47 g N L-1 d-1. Once the NLR of the synthetic medium was lowered, both SAA and 

nitrogen removal efficiency increased. In the course of one day, nitrogen removal efficiency 

increased 49.1%, as can be seen in Figure 3.4. SAA was measured 17 days after the NLR decrease, 

and had risen to 0.07 g N g-1 VSS d-1, depicted in Figure 3.7.  

Lowering the NLR of the pilot-scale EGSB reactor proved to be effective at increasing the 

nitrogen removal efficiency and sustained that removal over a long period of time. When 

considering full-scale applications, this could be a useful technique for recovering reactor 

performance and preventing irreversible inhibition of Anammox (Wang et al., 2016). Lowering 

the NLR of a full-scale system could be achieved by lowering the influent feed rate, therefore 

increasing the hydraulic retention time (HRT). Avoiding complete failure of Anammox is 

especially crucial when considering the relative scarcity of the large quantities of Anammox 

inoculum suitable for full-scale systems (Wang et al., 2016). The results from remediation of this 

sustained period of low reactor performance reinforced the importance of a controlled NLR on 

Anammox treatment systems.  

Throughout Phase II of reactor operation, the goal of which was to sustain high removal 

efficiency, two unrelated significant periods of lowered performance were observed that required 

further analysis. The first, which previously discussed, occurred due to long exposures to 

unnecessarily high NLR. The second incident was related to a decrease in pH, which diminished 

the removal efficiency and further emphasized the importance of pH as a metric for predicting and 

controlling reactor performance. From days 260 to 340, removal efficiency remained within a 

range of 77.2% - 95.3%, aside from a performance loss of 63.9% at day 312 due to fluctuation in 

pH, observable in Figure 3.6. 

Since the implementation of a pH control system (on Phase I, day 131), fluctuation in pH 
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had not led to a significant decline of removal efficiency. However, on day 309 of operation the 

pump supplying diluted HCl to the reactor failed, ceasing the correct dosing of acid for a period 

of several hours. As seen in Figure 3.8, the pH fell as low as 5.70.  

 

 

Figure 3.8 System pH preceding and during inhibition period (day 300 – 315). Influent 
(●) and effluent (○) pH points represent manually taken pH samples. Effluent pH (Sensor) 
data were recorded via pH probe (—). 
 

 

While the effects of high pH values were observed to cause severe Anammox inhibition, 
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concentrations also have the potential to inhibit the Anammox pathway, with one study observing 

complete inhibition at 6 µg FNA L-1 (Strous et al., 1999).  

Again, this quick recovery time (6 days) demonstrates that bacteria are highly resilient and 

able to recover rather quickly from mild disruptions in reactor operation within a range of 5 - 10 

days. When considering applications of full-scale PN/A systems, this robustness of Anammox is 

a huge potential advantage. The quicker a system is able to respond to operational changes, the 

quicker performance can be recovered and is especially critical when considering that wastewater 

treatment plants (WWTPs) often have strict state and federal discharge levels to meet.  

Once the objectives of Phases I & II were accomplished, and removal efficiency was found 

to be relatively stable around 80% - 90% (for a period of approximately 80 days), it was possible 

to transition to the next phase. Phase III marked the implementation of the aeration system, and 

the transition from synthetic wastewater medium to centrate, i.e. transition from an Anammox only 

process to the PN/A process. 
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3.3 Phase III – Partial Nitritation/Anammox (PN/A) Process  
 
 

The transition from an Anammox only process to a coupled partial nitritation/Anammox 

(PN/A) process with aeration was one of the most challenging aspects of this research. Throughout 

Phase III (day 340 – 540), stable nitrogen removal efficiency (beginning approximately day 380) 

was never observed above 62.5%, as shown in Figure 3.10. A variety of factors may be responsible 

for this lowered performance, such as nitrogen fluctuations, low AOB activity, and/or loss of 

sludge. Along with beginning aeration, the reactor medium switched from synthetic wastewater to 

centrate, which presented challenges as well. It was difficult to manage the effects of fluctuation 

in nitrogen (particularly ammonium) species concentrations as shown in Figure 3.9.  
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Figure 3.9 Phase III nitrogenous species concentrations. Panel A: Influent and effluent 
ammonia concentration. Panel B: Influent and effluent nitrite concentration. Panel C: 
Influent and effluent nitrate concentration. Influent - all grey, filled points. Effluent – all 
black, unfilled points. 
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Figure 3.10 Phase III nitrogen removal.  Ammonium removal (●) and total nitrogen (TN) 
removal (▢). 

 

 

Two to three-fold increases in the concentration of Anammox substrates (ammonium and 

nitrite), were observed throughout Phase III (days 357-371, days 465 – 467), and have the potential 

to impair nitrogen removal rate (Yu al. 2012).  One study found that increasing the influent 

substrate (NH4
+ and NO2

-) concentrations by three times decreased nitrogen removal efficiency 

(NRE) by 12.4% (Jin et al., 2012). As shown in Figure 3.11, an activity test conducted during 

Phase III showed that Anammox activity decreased from 0.096 g N2 g VSS-1 d-1 to 0.052 g N2 g 

VSS-1 d-1 after the stage transition occurred, potentially due to this high degree of variance of 

nitrogen species concentrations. 
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Figure 3.11 SAA of Anammox and denitrification bacteria over days 259 - 392 of 
operation. Anammox activity (●), and denitrification activity (○). 

 

 

It has been demonstrated in this research as well as other studies, that Anammox bacteria 

are highly adaptable, and able to adjust to changing substrate concentrations if given the chance to 

acclimate. This high degree of adaptation is thought to be due to Anammox interactions with other 

microbial populations present in the reactor, such as heterotrophic bacteria (Huang et al., 2018). 

As influent nitrogen loads increase, Anammox bacteria adapts by accumulating its biomass as it 

acclimates to the higher concentrations, improving the nitrogen removal efficiency gradually 

(Huang et al., 2018). Additionally, the microbial composition of Anammox bioreactors is often 

diverse, and of key importance to maintaining removal efficiency. Heterotrophic bacteria of the 

phyla Acidobacteria, Bacteroidetes, and Chlorobi (commonly found in Anammox reactors) 
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interact metabolically with Anammox, and these relationships formed over many months are of 

vital importance to maintaining performance stability (Lawson et al., 2017). However, if these 

complex metabolic activities do not have sufficient time to be established due to rapidly fluctuating 

substrate concentrations, nitrogen removal efficiency can remain unstable.  

Activity of AOB populations is also a crucial indicator of reactor performance and the 

effectiveness of the aeration system. If AOB activity is high, it is proof that conversion of NH4
+ to 

NO2
- is occurring at a sufficient level. As shown in Table 3.1, on day 361 of operation an activity 

bioassay yielded an AOB activity of 0.064 g O2 g VSS-1 d-1. The AOB activity tested upon arrival 

of the inoculum sludge was 0.126 g O2 g VSS-1 d-1. Therefore, over the course of reactor operation, 

a decline in AOB activity of 49% was observed. Because AOB are such a critical bacterial 

population for conversion of ammonium to nitrite and the success of PN/A processes (Du et al., 

2019), decline in their activity may have also led to a decrease in reactor performance. Following 

the implementation of the aeration system, turbulent aeration and suspension of the Anammox 

granules led to some of the sludge being washed out of the reactor. Throughout Phase III (days 

340 - 540), the sludge bed height within the reactor decreased by approximately 8 inches.  

 

Table 3.2 AOB activity in phases I & III. 

Phase Day AOB Activity [g O2 g VSS-1 d-1] 

I 0 0.126 

III 361 0.064 
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Full-scale PN/A processes are either operated over one stage or two stages. In a single-

stage PN/A system, the partial nitritation and Anammox reactions are combined in one reactor, 

while in a two-stage system, these reactions occur in separate tanks (Jin et al., 2019). One 

advantage of the two-stage process is the potential to enrich AOB and Anammox bacteria (the two 

key bacterial populations for PN/A processes) in different reactors. In the first stage, aeration is 

able to be controlled precisely to cultivate AOB populations while suppressing the growth of NOB. 

This also prevents Anammox bacteria and NOB from competing for nitrite species in the 

Anammox reactor (Jin et al., 2019). Additionally, two-stage PN/A processes may have the 

advantage of providing a higher degree of control of the nitrogen removal efficiency. Aeration 

levels can be more finely tuned in the aeration tank to achieve the desired 1:1 ratio of nitrite to 

ammonium to support Anammox activity in the following stage (Ma et al., 2011). However, 

coupling the partial nitritation and Anammox processes in one reactor, as done in this research, is 

certainly feasible. This greatly reduces capital and operational costs, and is simpler to operate than 

a two-stage system (Du et al., 2019).  

While fluctuation of nitrogen loading, decrease in AOB activity, and/or loss of sludge bed 

may all have contributed to a decrease in performance and are important parameters to consider in 

the transition to full-scale systems, it is equally as important to investigate centrate composition. 

As a result, an activity assay testing the effect of centrate toxicity was conducted to examine the 

potential presence of any inhibitory components of the centrate, and is discussed in the following 

section. 
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3.4 Centrate Toxicity Testing 
 

 

Laboratory-scale experimentation to investigate the inhibitory effects of centrate on 

Anammox activity are discussed in detail in this section. The goal of this experiment was to 

determine the potential inhibition of centrate on Anammox, independent of the nitrogen 

concentration. Therefore, the same amount of substrate (NH4
+ and NO2

-) was dosed to each 

treatment group, aside from a control group which received a lowered concentration of substrate 

to determine the baseline activity of the biomass.  The results of this activity assay demonstrated 

a dramatic difference in the activity of Anammox exposed to centrate (Phase III medium) as 

opposed to the synthetic wastewater (Phase I & II medium). As shown in Figure 3.12, the activity 

of the Anammox observed in synthetic medium was 0.55 g N2 g VSS-1 d-1, while for the centrate 

medium was 0.24 g N2 g VSS-1 d-1. The difference is Anammox activity is a drastic 56.3%. 
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Figure 3.12 Activity bioassay testing centrate inhibition. “Control”: triplicate bottles with 
100 mg ammonium-nitrogen L-1. “Synthetic”: triplicate bottles of synthetic wastewater 
with 751 mg ammonium-nitrogen L-1. “Centrate”: triplicate bottle group of filtered centrate 
with 751 mg ammonium-nitrogen L-1. 

 

 

The SAA of the control group (100 mg NH4
+-N L-1) was found to be 0.58 g N2 g VSS-1 d-

1, which is only slightly higher than the “Synthetic” SAA of 0.55 g N2 g VSS-1 d-1, showing that 

the 751 mg NH4
+-N L-1 itself was not inhibitory to the Anammox bacteria. It is theorized that an 

increase or decrease in pH throughout an experiment may lead to Anammox inhibition, however 

pH measurements of the treatment groups taken throughout this experiment showed no significant 

change. There are numerous potential causes for this experimental result, and while no inhibitory 

compound(s) have been identified thus far, several species with known toxic effects towards 

Anammox are discussed below. 
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The results of an activity assay conducted to confirm the presence of an inhibitory 

constituent of the centrate in Pima County clearly presented a decline in Anammox activity when 

the bacteria were exposed to centrate. It is still unknown what component of the centrate is 

responsible for this decrease in activity. However, there are several inhibitory species with the 

potential to be found in centrate, albeit at low concentrations, including high salinity, toxic metals, 

and/or antibiotics. It is also possible that a combination of these or other factors could be jointly 

responsible for the observed decrease in reactor performance. 

Salinity – It was initially thought that inhibition could be due to toxic high concentration 

of salts in the experiment, from the centrate itself as well as the added chemicals. Heightened levels 

of salinity are known to cause inhibition of the synthesis of a variety of enzymes within Anammox. 

Solutions containing excess salt have the ability to yield high osmotic pressures facilitating 

plasmolysis, which lowers the rate of cell metabolism (Yang et al., 2012). One study observed that 

an Anammox sludge bed reactor (SBR) dosed with a high salts concentrations of 7.0 g NaCl L-1 

caused NH4
+-N removal and NO2

--N removal to fall from above 95%, to 84% and 78%, 

respectively (Yi et al., 2011). In the experiment conducted, 4.0 g HCO3
- L-1 was added as a buffer 

to centrate containing approximately 1.34 ± 0.069 g TDS (TDS – total dissolved solids) L-1. While 

this concentration of salts is slightly below the inhibitory level observed, it is possible that this 

amount of salts caused some degree of inhibition towards Anammox. 

Metals – Bacterial treatment methods are unable to degrade metals, and the toxic 

accumulation of certain metals (Cu, Zn, Hg, Cd, Ag, Pb, etc.) within Anammox bacteria cells 

impedes cellular processes (Val del Rio et al., 2017). While toxic metals are most commonly found 

in industrial wastewaters or landfill leachate (Ni et al., 2011), potential run off or contaminant 

spread to the sewer system may introduce metals to the municipal wastewater influent. However, 
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these concentrations would likely be on the order of only 10-6 mg L-1 (Üstün, 2009) if at all present, 

and therefore unlikely to cause significant inhibition. 

Antibiotics – As this thesis is investigating Anammox applications for municipal 

wastewater, the presence of antibiotics is worth investigating. Because antibiotics are one of the 

most commonly prescribed medications, it is inevitable that they will be transferred to our 

wastewater in low concentrations. Penicillin, one of the most common antibiotics, can cause a 

decrease in Anammox activity of 17% when exposed to 1 mg L-1 of the antibiotic (Kümmerer 

2009). However, a survey of Midwestern U.S. wastewater treatment plant (WWTP) influents 

found that concentrations of penicillin are often on the order of 10-5 mg L-1 (Kulkarni et. al, 2017). 

Given that the amount of penicillin observed to cause a 17% inhibition of Anammox was orders 

of magnitude higher than its observed concentration in the WWTP influent, the presence of this 

antibiotic is likely to cause only a slight decrease in reactor performance.  

While it is possible to hypothesize the nature of the potential inhibitory compound(s), we 

still do not know what caused the decrease in Anammox activity. Further experimentation on the 

composition of centrate from Pima County wastewater treatment plants is needed to identify the 

relevant constituent, or combination of factors. 
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4.0 Conclusions 
 

 

The analysis of the EGSB reactor was performed over 540 days in three distinct stages to 

evaluate the potential for implementing Anammox technology full-scale in a wastewater treatment 

plant (WWTP) in Pima County, Arizona. The first two of these three stages evaluated the 

Anammox only process using synthetic wastewater. The third and final stage evaluated the 

combined PN/A process using sludge centrate. 

Throughout the operation of the reactor, two main parameters were identified that promote 

successful operation of Anammox and PN/A systems. The two parameters identified were the 

nitrogen species concentration and pH of the system. Operational incidents that occurred in Phases 

I & II highlighted the effect that nitrogen species (ammonium and nitrite) concentration shocks 

and sustained periods of high nitrogen loading rates had on the performance of the reactor: 

 

• During Phase I, high nitrogen concentrations (2100 mg N L-1) caused severe disruption 

(a 76.1% nitrogen removal efficiency decrease) of reactor performance.  

 

• In Phase II, long exposure (134 days) to high NLR (2.8 g N L-1 d-1) suppressed nitrogen 

removal efficiency (NRE) to anywhere from 23.0 to 62.5%. Anammox activity fell 

from 0.32 g N2 g VSS-1 d-1 to 0.01 g N2 g VSS-1 d-1. 

 

However, it was observed that any loss in reactor performance, NRE or Anammox activity, could 

be completely or partially regained by lowering the nitrogen species concentration. In a full-scale 

system, this could be accomplished by reducing the hydraulic residence time (HRT) or 
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implementing an equalization basin or mixing tank. Including an equalization or mixing step 

would dilute highly concentrated influent before being fed to the Anammox reactor, preventing 

potential nitrogen shocks and/or lessening the natural fluctuation in nitrogen species 

concentrations. This reactor demonstrated successful total nitrogen removal efficiency of 90.9% 

at total nitrogen species concentrations of up to 1837 mg N L-1. If future full-scale systems are 

operated so that nitrogen species concentrations do not surpass this level, no adverse effects due 

to nitrogen shock should be observed. 

Spikes in pH due to both high and low values in Phases I & II also demonstrated that 

Anammox bacteria is susceptible to extremes in pH values outside the range of 6.0 to 8.3: 

 

• In Phase I, highly alkaline conditions of pH 8.92 for one day caused an 85.7% drop in 

nitrogen removal efficiency (NRE).  

 

• During Phase II, the pH fell to 5.7, shocking the system for a period of one day, and 

causing a 63.9% decrease in NRE.  

 

In both instances, returning the pH to normal levels (6.0 – 8.3) remedied the NRE to previous 

values. This emphasized the need for precise pH control in potential full-scale systems. Operating 

a full-scale system in the future within this pH range will be key to its success. Despite the losses 

in performance and Anammox activity that were observed during these incidents, it was also found 

that Anammox bacteria are highly resilient and able to recover from disruptions in reactor 

operations within 5 - 10 days. This is a relatively short time period compared to the observed 
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recovery times of other full-scale systems (Ni et al., 2011), and can be seen as an advantage when 

considering the strict discharge guidelines that WWTP’s are required to meet. 

Challenges for eventual full-scale applications include fluctuations in nitrogen species 

concentrations, and potential nitrogen or pH shocks to the system. The configuration of the full-

scale system must also be considered. In practice, systems are often operated as single-stage or 

two-stage PN/A processes (Jin et al., 2019). Two-stage systems offer a higher degree of control in 

the aerating stage that occurs first, allowing for precise enrichment of AOB and suppression of 

NOB depending on the aeration rate. However, single-stage systems are less costly, and can be 

just as successful if DO, pH, and HRT are controlled precisely. 

In Phase III, when the synthetic medium was replaced with centrate, it was found that centrate 

was rather inhibitory towards Anammox. When Anammox biomass was exposed to centrate during 

a toxicity bioassay, activity was 56% lower than that of biomass exposed to synthetic wastewater 

with the same nitrogen species concentration. The largest unknown, however, is the identification 

of the compound(s) in the centrate causing inhibition of Anammox bacteria. Further analysis of 

the centrate composition, and further experiments of centrate inhibition must be conducted before 

any definitive conclusions are made.  
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