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Lay Abstract

Nitrogen and microplastic (MP) are serious contaminants in wastewater that can cause
critical environmental and public health problems. Nitrogen can cause algal blooms, threatening
the aquatic ecosystem while MP can be ingested by the biota (e.g., fish and seabirds), causing
serious damage in the food chain. Nitrogen removal in the conventional biological wastewater
treatment is relatively expensive, requiring high energy cost and large footprint for the
wastewater treatment facilities. MP removal is also difficult in the conventional wastewater and
sludge treatment processes. Therefore, new technologies, including membrane aerated biofilm
reactor (MABR), anaerobic ammonia oxidation (Anammox) and hydrolytic enzymes processes,
are implemented to improve the nitrogen and MP removal with a reduced energy and resources
consumption in wastewater and sludge treatment processes. Numerical models are considered as
an efficient tool for better understanding of these novel technologies and the competitive
biological reaction in these technologies coupled with accurate estimation of process rates of the
reactions. In this thesis, different numerical models were developed and calibrated to estimate
the important model parameters, assess the effect of operational conditions on the removal
mechanisms and determine the dominant parameters on the removal of nitrogen and MP in the
wastewater treatment processes. These numerical models can be used for better understanding of
the removal mechanisms of nitrogen and MP, helping in the design and operation of removal

systems and addressing novel technologies in large-scale nitrogen and MP removal applications.
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Abstract

Excessive release of nitrogen (e.g., ammonia and organic nitrogen) into natural water
systems can cause serious environmental problems such as algal blooms and eutrophication in
lakes and rivers, threating the aquatic life and ecosystem balance. Membrane aerated biofilm
reactor (MABR) and anaerobic ammonia oxidation (Anammox) are new technologies for
wastewater treatment with an emphasis on energy-efficient nitrification and denitrification.
Microplastic (MP) is an emerging contaminant in wastewater and sludge treatment that has a
negative effect on the environment and public health. For these relatively new technologies and
contaminants, mathematical models can enhance our understanding of the removal mechanisms,
such as reaction kinetics and mass transport. In this study, mathematical models were developed
and utilized to simulate the removal of nitrogen and MP in biological reactions in wastewater
treatment processes. Firstly, a comprehensive MABR model was developed and calibrated using
a pilot-scale MABR operation data to estimate the important process parameters where it was
found that biofilm thickness, liquid film thickness and C/N ratio are key parameters on
nitrification and denitrification. Secondly, a mathematical model for Anammox process was
developed and calibrated using previous experimental results to simulate the wastewater
treatment using Anammox process, reflecting the importance of dissolved oxygen on the
nitrogen removal using Anammox bacteria. Thirdly, a granule-based Anammox mathematical
model was built and calibrated using other simulation results from previous Anammox studies,
showing the significance of operational conditions (e.g., granule diameter and dissolved oxygen)
on the success of Anammox enrichment process. Fourthly, an enzyme kinetic mathematical
model was constructed and calibrated with lab-scale experiments to simulate the MP reduction

using hydrolytic enzymes under various experimental conditions where it was found that
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anaerobic digesters can be an innovative solution for MP removal during the wastewater
treatment processes. Based on the main findings in this study, it can be concluded that
mathematical models calibrated with various experimental results are efficient tools for
determining the important operational parameters on the nitrogen and MP removal and helping

in the design and operation of large-scale removal applications.
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Preface

This thesis has been prepared in accordance with the guidelines of the sandwich thesis format
from the School of graduate studies at McMaster University. Four papers are included in this

thesis as listed below.

Elsayed, A., Hurdle, M., Kim, Y., 2021. Comprehensive model applications for better

understanding of pilot-scale membrane-aerated biofilm reactor performance. Journal of

Water Process Engineering. 40, 101894.

e Elsayed, A., Kim, Y. Estimation of rate kinetic constants in microplastic degradation
using hydrolytic enzymes.

e Elsayed, A., Kim, Y. Mathematical model application for real-time aeration based on
nitrite level in Anammox process.

e Elsayed, A., Kim, Y. Sensitivity analysis on important kinetic constants in Anammox

bacteria enrichment process using a mathematical model.

The first manuscript is presented in Chapter 2. The work was started in September 2017.
The manuscript was submitted in October 2020 and accepted in April 2020. The work was
conducted under the supervision of Dr. Younggy Kim. The manuscript is included in this thesis
as it provided a novel nitrogen removal technology with a reduced energy cost. Michael Hurdle
was responsible for operating the pilot site and collecting the MABR operation data. My

contributions include:

e Model development and calibration with the pilot-scale operation data.

e Writing the manuscript.

Vi
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The second manuscript is presented in Chapter 3. The work was started in January 2020.
The work was conducted under the supervision of Dr. Younggy Kim. The manuscript is included
in this thesis as it provided a novel microplastic technology using hydrolytic enzymes. My

contributions include:

e Designing and building the reactors.

e Conducting the experiments.

e Data collection and analysis.

e Model development and calibration with the experimental results.

e Writing the manuscript.

The third manuscript is presented in Chapter 4. The work was started in March 2019. The
work was conducted under the supervision of Dr. Younggy Kim. The manuscript is included in
this thesis as it provided a novel nitrogen removal technology with a reduced organic carbon

supply. My contributions include:

e Model development and calibration with the experimental results of previous studies.

e Writing the manuscript.

The fourth manuscript is presented in Chapter 5. The work was started in March 2019. The
work was conducted under the supervision of Dr. Younggy Kim. The manuscript is included in
this thesis as it provided a novel technology for the enrichment of Anammox bacteria. My

contributions include:

e Model development and calibration with the experimental results of previous studies.

e Writing the manuscript.

Vil
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1. Introduction

1.1 Overview

Excessive release of nitrogen nutrients (e.g., ammonia, nitrate, and organic
nitrogen) into natural water systems can cause critical environmental problems such as
algal blooms and eutrophication that can damage the aquatic ecosystem (Rodriguez-
Sanchez et al., 2016; Tang et al., 2017; Ge et al., 2019). Therefore, nitrogen nutrient
removal is important in modern biological wastewater treatment systems. In the
conventional municipal wastewater treatment, ammonia and organic nitrogen are
aerobically converted into nitrate by nitrifiers through nitrification process and further
into nitrogen gas through denitrification processes by heterotrophs under anoxic
conditions (Pereira et al., 2017; Ma et al, 2020). However, nitrification and
denitrification requires high oxygen demands (increasing the aeration cost) coupled with
an additional organic carbon supply (Martin and Nerenberg, 2012). Also, long solids
retention time (increasing the pumping cost) and large footprint are necessary for
successful nitrogen removal (Terada et al., 2003). The sludge production rate (disposal
cost) and greenhouse gases emission rate (environmental aspect) are relatively high in the
conventional biological wastewater treatment processes (Eskicioglu et al., 2018; Conthe
et al., 2019). Therefore, nitrogen removal in the biological wastewater treatment
processes is a key challenge, requiring novel technologies for efficient removal with a
reduced energy cost. Membrane aerated biofilm reactor (MABR) and anaerobic ammonia
oxidation (Anammox) are two innovative technologies for nitrogen removal and can be

used as promising alternatives for conventional treatment methods with a reduced
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operation cost, greenhouse gases emission and facility size (Xu et al., 2015; Perez-Calleja

etal., 2017; Goswami et al., 2018; Guo et al., 2020).

Microplastic (MP) is considered as an emerging contaminant in wastewater
treatment processes. MP can cause critical environmental problem to the biota (e.g., fish
and seabirds) and public health problem (Auta et al., 2017; Silva et al., 2018).
Wastewater treatment plants are considered as an active source for discharging MP to the
environment (Mason et al., 2016; Gies et al., 2018). MP removal is a key challenge in
biological wastewater treatment due to difficulties in MP degradation during the
treatment processes. Also, potential bypass of MP from wastewater to sludge treatment
process is one of the common challenges in MP removal applications (Edo et al., 2020).
Therefore, a novel MP removal technique using hydrolytic enzymes was proposed and
examined in this study and can be implemented in sludge treatment process where

enzymes are rich in concentration.

Mathematical modeling of the novel technologies for nitrogen and MP removal is
essential to comprehensively describe the rate mechanisms and identify the complex
correlation between the process parameters in the removal reactions (Vannecke et al.,
2015; Baeten et al., 2019). Mathematical models can also be used for assessing the
performance of these technologies under various operational conditions. Moreover,
models calibration using experimental/pilot-scale data is essential to determine realistic
ranges of the important process parameters. Therefore, mathematical modeling coupled
with experimental work can lead to better conceptual understanding for the nitrogen and
MP removal as the level of complexity can be selected based on the resources availability

and aimed accuracy (Liu et al., 2016; Wang et al., 2016).
2
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1.2 Nitrogen removal using membrane aerated biofilm reactor (MABR)

MABR is a promising technology for simultaneous nitrification and denitrification
where air is provided through gas-permeable membrane fibers to form a biofilm on the
membrane surface (Lin et al., 2016; Xu et al., 2020). As a result, the inner layers of the
biofilm become aerobic zone for nitrification while the outer layers of the biofilm are
anoxic zone for denitrification (Shanahan and Semmens 2015; Chaali et al., 2018). The
soluble components, except of oxygen, are diffused from the bulk solution to the biofilm
while the oxygen is transported through the membrane fibers, causing a counter diffusion
mechanism that prevents the competition between heterotrophic bacteria and nitrifiers for

oxygen (Satoh et al., 2004; Nerenberg, 2016).

In previous MABR studies, lab-scale experiments were conducted to examine the
nitrification (Satoh et al., 2000; Terada et al., 2006), simultaneous nitrification and
denitrification (Liu et al., 2010; Lin et al., 2016), simultaneous COD and nitrogen
removal (Hibiya et al., 2003; Hu et al., 2008) and high-strength wastewater treatment
(e.g., animal manure waste) (Brindle et al., 1999; Terada et al., 2003). Also, mathematical
models were developed in previous MABR model studies to assess the effect of the
operational conditions on nitrogen removal in MABR (Shanahan and Semmens, 2004; Li
et al., 2018), describe the microbial communities in the biofilm (van Loosdrecht et al.,
2002) and identify the removal mechanisms in MABR operation (Nicolella et al., 2000;
Syron and Casey, 2008a). Moreover lab-scale experimental work and mathematical
modeling were combined in previous MABR studies to highlight the importance of

oxygen concentration (Hwang et al., 2009; Wang et al., 2009), C/N (carbon-to-nitrogen)
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ratio and biofilm thickness (Matsumoto et al., 2007), and pH (Shanahan and Semmens,

2015) on the removal of nitrogen in MABR.

Operational conditions play a dominant role in COD and nitrogen removal in
MABR. In other MABR studies, it was found that the oxygen concentration at the
membrane surface and bulk solution is a governing factor on the nitrogen removal
efficiency in MABR (Gonzalez — Brambila et al., 2006; Terada et al., 2006; Downing and
Nerenberg, 2008). Also, the influent ammonia loading rate, C/N ratio and influent COD
concentration controlled the competition between the different involved microbes (e.g.,
autotrophs and heterotrophs) and nitrogen removal in MABR biofilms (LaPara et al.,
2006; Lackner et al., 2010). Moreover, denitrification can be significantly enhanced by
correlating the oxygen flux with the influent COD and ammonia concentrations
(Matsumoto et al., 2007). However, there are no systematic studies to investigate the
effect of the C/N ratio on nitrification for high-strength wastewater (e.g., downstream
liquid from dewatering processes with higher levels of ammonia nitrogen than typical
municipal wastewater) in MABR. Also, the effect of liquid film thickness (i.e., boundary
diffusive layer between the biofilm and bulk) on simultaneous nitrification and

denitrification in MABR has not been well investigated.

Comprehensive mathematical models, describing the biological reactions and mass
transport in the biofilm, biological reactions in the bulk solution and the oxygen partial
pressure along the membrane fiber, are an efficient tool to detect the complicated
relations between various model parameters in the MABR operation. The models
calibration with MABR pilot-scale operation data is significantly important as some

model parameters (e.g., diffusivity of soluble substrates and liquid film thickness) are

4
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difficult to be measured during the MABR operation (Arcangeli and Arvin, 1999; Syron
and Casey, 2008b). Therefore, calibration process can lead to robust models for
determining realistic ranges of these model parameters. However, there are no previous
model calibration studies using MABR pilot-scale operation data to estimate the

important parameters in MABR (e.g., biofilm thickness and liquid film thickness).
1.3 Microplastic (MP) removal using hydrolytic enzymes

MP is an emerging contaminant in wastewater with a particle size smaller than 5
mm (Blair et al., 2019; Magni et al., 2019). MP is highly mobile in the aquatic
environment because of its light-weight and insolubility in water (Holland et al., 2016;
Murphy et al., 2016). They can cause critical environmental and public health problems
(Pettipas et al., 2016; Wright and Kelly, 2017) such as releasing plastic additives and
toxic monomers and in the organs of biota (Anderson et al., 2017), damaging the
respiratory and digestive system of humans (Revel et al., 2018) and accumulating heavy
metals (e.g., zinc and lead) and hydrophobic organics pollutants (e.g., pesticides)

(Gatidou et al., 2019; Sun et al., 2019).

MP can reach to the wastewater treatment plants through the raw wastewater,
including synthetic fibers of clothes laundry and microbeads from personal care products
(Cheung and Fok, 2017; Alvim et al., 2020). Also, MP is present in the sludge treatment
process where MP concentration can be up to 56,000 MP particles per kg of dry sludge
depending on the community lifestyle, wastewater source and treatment method (Mahon
et al., 2017; Peng et al., 2017). Although there are various types of MP such as

polyvinylchloride and polypropylene (Horton et al., 2017; Rezania et al., 2018),
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polyethylene (PE) is the most common type of MP in wastewater and sludge treatment
processes (Alimi et al., 2018; Wei et al., 2019). Therefore, the main focus was oriented

towards PE-based MP beads in this study.

There are various MP removal mechanisms in the wastewater treatment processes,
including chemical removal by coagulation (Hidayaturrahman and Lee, 2019), removal
by ozone technology (Poerio et al., 2019), removal by rapid sand filtration (Michielssen
et al., 2016) and removal by membrane disc-filter system (Talvitie et al., 2017).
However, potential by-passing of small MP beads through the sand filtration and
membrane clogging are considered as two of the key challenges on applying these
technologies on large-scale removal applications. In biological wastewater treatment, it is
difficult to remove MP beads because they are transported to the anaerobic digesters

(Mintenig et al., 2017; Raju et al., 2020).

Although there are different applications for hydrolytic enzymes in wastewater and
sludge treatment processes such as increasing the hydrolysis rate in anaerobic digestion
process (Domingues et al., 2015; Odnell et al., 2016), limited systematic studies
implemented these enzymes in the MP degradation applications (Othman et al., 2021).
Moreover, there are no reported studies on the effect of operational conditions (e.g.,
temperature and enzyme dose) on the MP degradation. There is also a lack of numerical
models for determining the MP removal mechanisms and the governing parameters using
hydrolytic enzymes. Thus, the reaction Kkinetic constants of the MP degradation are
unknown, resulting in an absence of prediction models for better understanding of MP
degradation in anaerobic digesters and other biological treatment systems. Also,

calibration of numerical models with experimental results is important for simulating the

6
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MP degradation by hydrolytic enzymes, resulting in accurate determination of the

reaction kinetics ranges.

1.4 Nitrogen removal by anaerobic ammonia oxidation (Anammox)

process

Anammox is a relatively new technology for nitrogen removal by converting
ammonia and nitrite into nitrogen gas without expensive aeration systems (Hauck et al.,
2016; You et al., 2020). However, the biological reactions in the Anammox process are
sensitive to the operational conditions, including dissolved oxygen (DO) concentration
(Lotti et al., 2014; Yue et al., 2018), C/N ratio (Ni et al., 2012; Chen et al., 2016) and
nitrite concentration (Lackner et al., 2008; Connan et al., 2016). Also, the competition
between Anammox bacteria (X,y,4) and nitrite oxidizing bacteria (Xyog) for nitrite is a
dominant parameter on successful nitrogen removal by Anammox process (Ali and
Okabe, 2015; Cao et al., 2017). However, there are no systematic modeling studies for

describing this microbial competition for nitrogen compounds.

Different lab-scale Anammox studies proposed and examined potential
experimental techniques to limit the competition between X,y,and Xpop Such as
intermittent aeration (Miao et al., 2017; Miao et al., 2018), wash-out of X5 (Gilmore et
al., 2013; Laureni et al., 2016), maintaining residual ammonia concentration (Regmi et
al., 2014) and sludge age (Kanders et al., 2018; Jiang et al., 2018). However, there are no
systematic studies on the real-time schematic aeration based on nitrite concentration
where DO concentration is correlated to the nitrite level to provide favorable conditions

for successful Anammox process. Real-time monitoring of nitrite concentration can limit
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the competition between X,y4and Xyop for nitrite as high nitrite concentration can
stimulate the growth of nitrite oxidizing bacteria, resulting in an inhibition of Anammox
bacteria. In the real-time schematic aeration, if nitrite level is higher than a specific nitrite
threshold concentration, the aeration system is automatically turned off to allow the

growth of Anammox bacteria under anaerobic conditions.

Mathematical modeling of nitrogen removal during Anammox process is essential
to comprehensively analyze the removal mechanisms and determine the governing
parameters in the biological wastewater treatment processes. Also, mathematical models
can be implemented for detecting the sophisticated relations between the process
parameters and evaluating the effect of numerous operational conditions and aeration
schemes on the nitrogen removal efficiency. Therefore, mathematical modeling can lead
to better understanding of the Anammox process operation and system design based on

the available resources and determined accuracy.

1.5 Enrichment of anaerobic ammonia oxidation (Anammox) bacteria

Nitrogen removal by Anammox process is a cost-efficient technology with a
reduced energy, operational cost and greenhouse gases emission (Du et al., 2015; Guo et
al., 2020). However, the doubling time ranges from 10 to 20 days depending on the
operational conditions (Isanta et al., 2015; Marie et al., 2015), indicating slow growth rate
of Anammox bacteria. Also, the competition between X,y 4 and Xyop for nitrite is a key
challenge on the success of Anammox bacteria enrichment process. In this study, the
main scope is to evaluate the Anammox granulation approach as a potential technique for

efficient Anammox enrichment processes. Granulation is an innovative solution for
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limiting the activity of X,op and Xyop and providing a sufficient retention time for
complete growth of Anammox bacteria (Laureni et al., 2015; Xu et al., 2019). In an
Anammox granule, X,o5 grows in the aerobic zone (i.e., the outer layer of the granule)
where DO is supplied from the bulk solution while Anammox bacteria grow at in the

anoxic zone (i.e., the inner layer of the granule).

Many previous Anammox studies experimentally investigated the enrichment of
Anammox bacteria using granules (Vlaeminck et al., 2010; Wang et al., 2020; Li et al.,
2021); however, limited studies focused on the mathematical modeling of Anammox
granules to describe the mass transport and microbial communities in the granules. In
previous lab-scale enrichment studies using Anammox granulation, it was demonstrated
that operational conditions are important in Anammox enrichment, including the DO
concentration (Perez et al., 2014; Zekker et al., 2018), granule diameter (Liu et al., 2017;
Luo et al., 2017; Chen et al., 2019) and influent COD concentration (Li et al., 2017;
Zhang et al., 2020). The competition between Anammox bacteria and the involved
microbes also plays an important role on the Anammox granulation process (Pellicer-
Nacher et al., 2014; Cao et al., 2017). However, there are no systematic studies on the

effect of liquid film thickness on the enrichment of Anammox bacteria by granulation.

Numerical models are an efficient tool to diagnose the competition between
Xa0p and X4 for ammonia, X,y 4 and Xy op for nitrite and X, and Xy o for DO under
various operational conditions during the Anammox enrichment processes. Also,
numerical models can be applied for identifying the governing microorganisms and
kinetic constants on the Anammox granules. Numerical modeling can be implemented to

analyze the failure mechanisms of Anammox enrichment (e.g., rapid growth rate of Xyop

9
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compared to X,y 4 and granule diameter). However, there are no systematic investigations
based on numerical modeling to describe the role of kinetic constants of the involved

microbes on the difficulty of Anammox enrichment granulation.

1.6 Research objectives

The research work presented in this thesis aims to describe novel technologies for
nitrogen and MP removal in wastewater treatment. In this thesis, the examined
technologies for nitrogen removal were MABR and Anammox processes while MP
removal was performed using hydrolytic enzymes. The main objectives of this thesis are

to:

e Chapter 2: develop a comprehensive mathematical model for simulating the
biological reactions in the MABR biofilm, bulk solution and along the membrane
height; determine the important model parameters by calibrating the
mathematical model using pilot-scale operation data; evaluate the effect of
operational conditions (e.g., liquid film thickness and biofilm thickness) on the
performance of MABR system; and identify the governing parameters on the
simultaneous nitrification and denitrification in MABR for low and high-strength
wastewater.

e Chapter 3: investigate the MP degradation by hydrolytic enzymes using
experimentation; evaluate the effect of experimental operational conditions (e.g.,
temperature and enzyme dose) on the MP removal;, develop a Kkinetic

mathematical model to simulate the MP degradation by enzymes; and estimate

10
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the model kinetic constants by calibrating the mathematical model using the
experimental results.

Chapter 4: develop a mathematical model to simulate the biological reactions
during wastewater treatment using Anammox process; estimate the important
model parameters by calibrating the model using previous Anammox lab-scale
experimental results; evaluate the effect of operational conditions (e.g., nitrite
concentration) on the nitrogen removal; and propose/examine the effect of real-
time schematic aeration based on the nitrite level on the nitrogen removal
mechanisms.

Chapter 5: develop a one-dimensional mathematical model using spherical
coordinates to describe the competition between different microbes; calibrate the
model using pervious Anammox studies to estimate the important mode
parameters; determine the governing parameters on the Anammox bacteria
enrichment using sensitivity analysis on the Kinetic constants of microbes; and
evaluate the effect of operational conditions (e.g., granule diameter and dissolved

oxygen concentration) on the Anammox enrichment process.
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2. Comprehensive model applications for better understanding of pilot-

scale membrane-aerated biofilm reactor performance

Membrane aerated biofilm reactor (MABR) is an innovative technology for
simultaneous nitrification and denitrification with a reduced aeration demand and
operation cost. Although many previous MABR studies investigated the nitrification and
denitrification in MABR and assessed the effect of numerous operational conditions (e.g.,
oxygen concentration) on the system performance using experimental work, there are no
reported studies for mathematical models calibration with a MABR pilot-scale operation
data. In this study, a comprehensive mathematical model was developed and calibrated to
estimate the important model parameters (e.g., biofilm thickness and liquid film
thickness) and describe the effect of operational conditions (e.g., C/N ratio) on the

nitrification and denitrification during the wastewater treatment.

The following published journal article is included in this chapter.

e Elsayed, A., Hurdle, M., Kim, Y., 2021. Comprehensive model applications for
better understanding of pilot-scale membrane-aerated biofilm reactor

performance. Journal of Water Process Engineering. 40, 101894.

The co-author’s contributions include:
Michael Hurdle: MABR pilot operation, data collection.

Younggy Kim: supervision, funding acquisition, technical support, manuscript revision.
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Abstract

In membrane aerated biofilm reactors (MABR), simultaneous nitrification and
denitrification (SND) are achieved by complicated biological reactions and mass
transport in and between highly heterogeneous media: the air-permeable membrane;
layered biofilms; liquid film; and bulk. To better understand large-scale MABR
performance under real operation conditions, a comprehensive MABR model was
developed and model calibration was completed with a pilot-scale MABR system. For
the pilot system operated with municipal wastewater mixed with return activated sludge,
the biofilm thickness was 1000 - 2000 pum, the liquid film thickness was 200 - 300 pum,
and the diffusivity of the soluble components in the biofilm was 10 - 45% of that in the
infinite dilute solution. In the pilot operation, the ammonia removal rate was more rapid
for higher ammonia loading rate, higher oxygen supply and lower pH conditions. Based
on the model simulation results, we recommend that the biofilm be maintained thicker
than 600 pm for SND. Thin liquid films (i.e., sufficient mixing conditions) are necessary
for active denitrification as the slow transport of soluble organics through the liquid film
limits denitrification; however, nitrification was hardly affected by thick liquid films
because ammonia transport was sufficiently fast both in the liquid film and biofilm. A
lower carbon-to-nitrogen (C/N) ratio enhanced nitrification only for high-strength
wastewater (e.g., ammonia > 100 mg-N/L) because of more dominant growth of
ammonia oxidizing bacteria (Xaos) compared to heterotrophic bacteria (Xy). On the
other hand, the C/N ratio does not affect nitrification when MABR is used for municipal

wastewater treatment. Using the comprehensive model calibrated with pilot-scale MABR
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operation, the complicated biological reactions and material transport was elucidated for

large scale MABR applications.

Keywords

Membrane aerated biofilm reactor; simultaneous nitrification and denitrification; liquid

film thickness; carbon-to-nitrogen ratio; model calibration

2.1 Introduction

High levels of nitrogen nutrients (e.g., ammonia, nitrate, and organic nitrogen) can
be present in various wastewater streams, including domestic wastewater, agricultural
wastewater, and animal manure waste. Excessive release of nitrogen nutrients into natural
water systems can cause serious environmental problems such as algal bloom formation
and eutrophication that threaten the aquatic ecosystem (Tchobanoglous and Burton, 1991;
Wan et al., 2014; Chaali et al., 2018). Therefore, nitrogen nutrient removal is essential in
modern wastewater treatment systems (Hibiya et al., 2003; Lackner et al., 2010; Lin et
al., 2016). Conventional activated sludge is widely used in municipal wastewater
treatment for ammonia and organic nitrogen removal by nitrification; however, it requires
high oxygen demands (increasing the aeration cost) coupled with a long solids retention
time (increasing the pumping cost) (Hao et al., 2002; Matsumoto et al., 2007; Martin and
Nerenberg, 2012). Also, additional reactors are necessary for complete denitrification,
requiring a large footprint for wastewater treatment facilities (Terada et al., 2003).
Biological nitrification and denitrification can also be achieved using attached growth
bioreactors, such as trickling filters, moving bed biofilm reactors, and rotating biological

contactors. Membrane aerated biofilm reactors (MABRsS) are a relatively new treatment
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method which is considered as a promising alternative for conventional attached growth
reactors for simultaneous nitrification and denitrification (SND) with a significant
reduction of the facility size and operation cost (Casey et al., 1999; Syron and Casey,
2008a; Shanahan and Semmens, 2015; Nerenberg, 2016; Perez-Calleja et al., 2017;
Goswami et al., 2018; Xu et al., 2020). In MABR operation, oxygen is provided through
gas-permeable membranes to the biofilm; as a result, the aerobic zone is formed in the
inner layers of the biofilm for nitrification while the anoxic zone is created in the outer
layers of the biofilm for denitrification (Casey et al., 1999; Terada et al., 2003; Syron and
Casey, 2008a; Lin et al., 2016; Chaali et al., 2018). Since soluble organics are readily
diffused from the bulk solution to the outer biofilm, MABRs are known to achieve more
efficient denitrification compared to conventional attached growth reactors (Matsumoto

et al., 2007; Syron and Casey, 2008a; Martin and Nerenberg, 2012; Nerenberg, 2016).

Numerical modeling of MABR is important to comprehensively describe the rate
mechanisms and identify the complex correlation between the process parameters.
Numerical models can also be used for assessing the performance of MABR under
various operational conditions (Li et al., 2018). Therefore, numerical modeling leads to
better conceptual understanding for the MABR operation as the level of complexity can
be selected based on the resources availability and aimed accuracy (Picioreanu et al.,
2004; Liu et al., 2016; Wang et al., 2016). Numerical comprehensive model, including
the biological reactions in the biofilm, oxygen partial pressure along the membrane fiber
and biological reactions in the bulk solution, is essential to detect the sophisticated
relations between model parameters in the MABR operation. Also, model calibration

with pilot-scale operation data is significantly important as it forms robust models to
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reflect realistic values for the model parameters compared to those determined using lab-

scale results.

Most of other MABR studies have examined the feasibility of MABR based on lab-
scale experiments with specific focuses on nitrification (Yamagiwa et al., 1994; Brindle
et al.,, 1998; Yamagiwa et al., 1998; Satoh et al., 2000; Terada et al., 2006), COD
(chemical oxygen demand) removal (Pankhania et al., 1999), simultaneous nitrification
and denitrification (Liu et al., 2010; Lin et al., 2016), simultaneous COD and nitrogen
removal (Hibiya et al., 2003; Semmens et al., 2003; Satoh et al., 2004; Hu et al., 2008),
treatment of wastewater with high ammonia concentration (e.g., animal manure waste)
(Brindle et al., 1999; Terada et al., 2003), and the C/N (carbon-to-nitrogen) ratio on the
performance of MABR (Liu et al., 2010; Lin et al., 2016). Moreover, other model studies
introduced mathematical models to investigate the effect of the operational conditions on
nitrogen removal (Shanahan and Semmens, 2004; Liu et al., 2016; Li et al., 2018),
describe the microbial community in the biofilm (van Loosdrecht et al., 2002) and
determine the removal mechanisms in MABR (Nicolella et al., 2000; Syron and Casey,
2008a). Also, other MABR studies combined lab-scale experimental work with numerical
modeling to show the importance of oxygen concentration (Gonzalez — Brambila et al.,
2006; Downing and Nerenberg, 2008; Hwang et al., 2009; Wang et al., 2009), C/N ratio
and biofilm thickness (Matsumoto et al., 2007), and pH and alkalinity (Shanahan and
Semmens, 2015) on COD and nitrogen removal in MABR. The calibration of numerical
models with MABR pilot-scale operation data is significantly important because some
model parameters are difficult to be measured during the complicated system operation

(Arcangeli and Arvin, 1999; Syron and Casey, 2008b). However, there is no previous
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model calibration study with MABR pilot-scale operation to determine the important
parameters in MABR (e.g., biofilm thickness, liquid film thickness (i.e., boundary
diffusive layer between the biofilm and bulk) and diffusion coefficient of soluble

components).

Operational conditions play an important role in COD and nitrogen removal in
MABRs. In other MABR studies, the oxygen concentration at the membrane surface and
bulk solution was found to govern the efficiency of nitrification in MABR (Brindle et al.,
1998; Hibiya et al., 2003; Gonzalez — Brambila et al., 2006; Terada et al., 2006; Downing
and Nerenberg, 2008). It was also found that the influent ammonia loading rate controls
ammonia removal in MABR (Hwang et al., 2009; Lackner et al., 2010). Two other
critical operational factors are the C/N ratio and influent COD concentration as they
affect the microbial competition between autotrophic bacteria for nitrification and
heterotrophic bacteria for denitrification in MABR biofilms (Satoh et al., 2000; LaPara et
al., 2006; Liu et al., 2010; Lin et al., 2016; Li et al., 2018). Especially, denitrification can
be dramatically improved by adjusting the oxygen flux as a function of the influent COD
and ammonia loadings (Matsumoto et al., 2007). However, the effect of the C/N ratio on
nitrification for high-strength wastewater (e.g., downstream liquid from dewatering
processes with higher levels of ammonia nitrogen than typical municipal wastewater) has
not been investigated in MABR. Also, there were no systematic investigations on the

liquid film thickness for simultaneous nitrification and denitrification.

In this study, the main objectives are to: (1) develop a comprehensive model to
simulate the mass transport and biological reactions in the MABR biofilm and bulk

solution, including the oxygen partial pressure changes along the membrane fiber; (2)
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calibrate the comprehensive model with MABR pilot-scale operation data to estimate the
important model parameters; (3) identify the rate-limiting parameters on nitrification and
denitrification in MABR for low and high-strength wastewater; and (4) assess the effect
of operational conditions (e.g., biofilm thickness, liquid film thickness and C/N ratio) on

nitrification and denitrification in MABR.

2.2 Pilot MABR experiments

2.2.1 Pilot MABR installation and operation

A pilot MABR reactor was built in a container with an effective wastewater volume
of 16.5 m® where a MABR cassette (3.0 m in length; 1.75 m in width and 2.15 m in
depth) was immersed (ZeeLung MABR module, SUEZ Water Technologies & Solutions,
Canada) (Fig. Al). The MABR cassette contained 300,000 cords and each cord consisted
of a central string (providing mechanical strength) and 40 gas permeable membrane
fibers (length: 2.0 m, inner diameter: 70 um, outer diameter: 95 pm). Each membrane
fiber provided an effective surface area of 4.4x10™ m? for biofilm attachment, resulting in

a total surface area of 1,920 m? in the pilot rector.

The MABR pilot reactor was installed in a local municipal wastewater treatment
facility between the primary clarifiers and aeration tanks of conventional activated sludge
(Adelaide Wastewater Treatment Plant, London, Ontario, Canada). The primary clarifier
effluent mixed with the return activated sludge (RAS) was continuously introduced into
the pilot reactor to examine the nitrification and denitrification capacity with an extra
nitrate input from RAS (Table 2.1). The wastewater flow rate was 45 + 4.7 m*/hr,

resulting in a very short mean hydraulic retention time in the MABR reactor (22 min).
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The pilot operation was initiated in February 2017 and operated for 14 months until

March 2018.

During the pilot operation, fresh air was continuously provided to the MABR
cassette and the air traveled from the top to the bottom of individual gas permeable
membrane fibers. As the air flew inside the membrane fiber, oxygen was transported
from the membrane surface into the attached biofilm only by diffusion, requiring a
significantly low pressure (0.34 atm) and low air flow rate (8 m%hr). The oxygen partial
pressure of the inlet and exhaust air was monitored every weekday using a hand-held
oxygen partial pressure sensor (Max O, AE by Maxtec, USA) to estimate the rate of
oxygen consumption. The exhaust air from the MABR cassette was collected in separate
air pockets beneath the MABR cassette and the collected exhaust air was released every

90 sec. to provide a partial mixing condition (Cote and Pedersen, 2014).

The influent and effluent samples were collected and analyzed for COD (chemical
oxygen demand), NH4-N (ammonia), NO3-N (nitrate) and TSS (total suspended solids)
every weekday according to the standard methods (APHA/AWWA/WEF, 2012). On the
other hand, NO,-N (nitrite) and VSS (volatile suspended solids) were analyzed once a
week (APHA/AWWA/WEF, 2012). The influent and effluent were also monitored for
temperature and pH using real-time thermometers (Endress and Hauser, Switzerland) and

pH probes (George Fisher, Switzerland), respectively.
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Table 2.1. Average influent and effluent characteristics over the 14-month MABR pilot

operation.

Parameter (Unit) Influent Effluent

Soluble COD (mg-CODI/L) 29.2 +8.76 22.0+7.15
Ammonia (mg-N/L) 13.5+2.70 9.80+212
Nitrite (mg-N/L) 0.30£0.26 0.25+0.26
Nitrate (mg-N/L) 451 £2.49 4,20 £2.05
Wastewater temperature (°C) 17.0 £ 3.06 16.9 £ 3.07
pH condition (-) 7.30 £ 0.08 7.20+£0.10
TSS (kg-TSS/ m®) 1.27+0.21 1.26 +0.18
VSS (kg-VSS/ m°) 0.96 £ 0.17 0.97 £0.15

2.2.2 MABR pilot operation data

The raw pilot operation measurements (ammonia, nitrite, nitrate and COD
concentrations, temperature, pH and oxygen partial pressure) were statistically processed
to exclude outlier data points using the box and whiskers method (Tukey, 1977). In the
box and whiskers method, the upper fence (Ugence) and lower fence (Lgopmce), defined in
Eq. 2.1 and 2.2 using the first quartile (Q;) and third quartile (Q3), were applied to the

measured pilot data (Table Al).

Ufence = Q3+ 1.5 X (Q3 — Q1)

Lfence = Q1 —15 X (Q3—0Q1)

(Eq2.1)

(Eq 2.2)
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2.3 Numerical model development and calibration

2.3.1 Biological reaction kinetics and mass transport in biofilm

A steady-state one-dimensional model was developed to simulate the biological
reactions in the MABR biofilm based on IWA-ASM3 (International Water Association
Activated Sludge Model No.3) (Henze et al., 2000) and the biological reactions in
another MABR model study (Matsumoto et al., 2007). The model includes the biological
reaction kinetics and diffusive mass transport in the biofilms attached on MABR
membrane surfaces (Table 2.2). The biological reactions on the nitrogenous compounds
were: ammonia (Syy,) Oxidation by ammonia oxidizing bacteria (X40p); nitrite (Syo,)
oxidation into nitrate (Sy,) by nitrite oxidizing bacteria (Xyog); and denitrification by
heterotrophic bacteria (X) (Table A2). The effect of pH on nitrification was reflected on
the maximum specific growth rate of X405 (1405) (Table 2.2). The reaction Kinetics for
soluble COD (S¢op) utilization by X, particulate COD (Xs) hydrolysis into S;op and
microbial respiration reactions are also included in the model (Table A2). The daily
temperature condition in the pilot operation data was reflected for the individual
biological reactions using temperature correction factor (6) (Table 2.2). In the biofilm,
the soluble components (Syy,, Sno, Sno,» So,and Scop) Were mobile by diffusion, while

the particulate components (X405 ,Xnog, Xy and X) were assumed to be immobile.
2.3.2 Boundary conditions

The concentration of soluble components at the interface between the liquid film

and bulk was defined using the measured effluent concentration during the pilot operation

31



Ph.D. Thesis — Ahmed Elsayed; McMaster University — Civil Engineering

(Table 2.1). Soluble components except for oxygen diffused from the bulk to biofilm in
the liquid film where biological reactions were assumed to be negligible. On the
membrane surface (x = 0), it was assumed that there is no flux for each of the soluble
components except for oxygen (Eq. 2.3) while the oxygen concentration (Sy,) at the
membrane surface was defined by Henry’s law (Eq. 2.4).

ds;

— =0 Eq 2.3
ol (Eq 2.3)

where S; is an individual soluble component except for oxygen and x is the distance from
the membrane surface.

_Po,

So, = K,

(Eq 2.4)

where S, is the oxygen concentration (mg-O./L), Py, is the oxygen partial pressure
(atm) and Ky is the Henry’s law constant (Ky = 0.024 atm/ mg-O,/L at 25°C). Note that
the Henry’s law constant was corrected for pilot operation temperature conditions using

van’t Hoff equation (Krug et al., 1976).
2.3.3 Numerical solution methods and model verification

The nine steady-state mass balance equations for individual soluble
(SnH,s SNoys Snos» So, and Scop) and particulate (X0, Xnog, Xy and Xg) components
were discretized by the finite difference methods (Table A2) (Chapra and Canale, 1998).
In the finite difference method, the biofilm was evenly divided into fifty grids regardless

of the biofilm thickness. The 450 discretized mass-balance equations (50 grids x 9
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components) were solved numerically by the fixed-point iteration approach (Chapra and
Canale, 1998). The built numerical model was validated by comparing simulation results

with another MABR model study (Fig. A2) (Matsumoto et al., 2007).
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Table 2.2. Model parameters at T = 20°C and pH = 7.0.

Model Parameter Symbol Value Unit Reference
Heterotrophic Bacteria (Xp)

Maximum specific growth rate Uy 6.0 1/d Henze et al., (2000)
Maximum endogenous respiration rate by 0.4 1/d Henze et al., (2000)
Anoxic reduction factor for py Na 0.8 - Henze et al., (2000)
Oxygen saturation constant K5’2 0.2 mg-O,/L Henze et al., (2000)
Substrate saturation constant K& 4.0 mg-COD/L Henze et al., (2000)
Ammonium saturation constant K,{,’H4 0.05 mg-N/L Henze et al., (2000)
Nitrite saturation constant K,{,’oz 0.5 mg-N/L Henze et al., (2000)
Nitrate saturation constant K,{,’O3 0.5 mg-N/L Henze et al., (2000)
Ammonia Oxidizing Bacteria (X 405)

Maximum specific growth rate UaoB 2.05° 1/d Wiesmann, (1994)
Maximum endogenous respiration rate baos 0.13 1/d Wiesmann, (1994)
Oxygen saturation constant K3o® 0.6 mg-O,/L Wiesmann, (1994)
Ammonium saturation constant K{QE 2.4 mg-N/L Wiesmann, (1994)
Nitrite saturation constant K{oP 5.5 mg-N/L Matsumoto et al., (2007
Nitrate saturation constant K,{}gf 0.1 mg-N/L Matsumoto et al., (2007
Nitrite Oxidizing Bacteria (Xyog)

Maximum specific growth rate UNoB 1.45 1/d Wiesmann, (1994)
Maximum endogenous respiration rate byos 0.06 1/d Wiesmann, (1994)
Oxygen saturation constant K(’,"ZOB 2.20 mg-O,/L Wiesmann, (1994)
Ammonium saturation constant Kyg? 0.01 mg-N/L Matsumoto et al., (2007)
Nitrite saturation constant K,(,ng 55 mg-N/L Wiesmann, (1994)
Nitrate saturation constant KNP 0.1 mg-N/L Matsumoto et al., (2007
Hydrolysis

Hydrolysis rate constant qu 3.0 1/d Henze et al., (2000)
Saturation constant for particulate Ky 0.1 g-Xs/ g-Xu Henze et al., (2000)
COD

Anoxic reduction for qy Ny 0.6 - Henze et al., (2000)
Stoichiometric Parameters

Yield of X on substrate Yy 0.63 g-COD/g-COD Henze et al., (2000)
Yield of X, On ammonium Yios 0.15 g-COD/g-N Wiesmann, (1994)
Yield of Xyop On nitrite Yvos 0.041 g-COD/g-N Wiesmann, (1994)
Nitrogen content in biomass ineM 0.07 g-N/g-COD Henze et al., (2000)
Inert content in lysis biomass fi 0.1 g-COD/g-COD Henze et al., (2000)
Temperature correction factor ()

Maximum specific growth rate (uy) Oy 1.07% - Henze et al., (2000)
Maximum endogenous respiration rate Opy 1.07° - Henze et al., (2000)
(by)

Maximum specific growth rate (u405) O non 111°8 - Henze et al., (2000)
Maximum endogenous respiration rate b 05 1.11° - Henze et al., (2000)
(bAOB)

Maximum specific growth rate (uyop) Ounon 1.11°2 - Henze et al., (2000)
Maximum endogenous respiration rate Obyon 1.11° - Henze et al., (2000)
(bNOB)

Hydrolysis rate constant (qy) 04, 1.042 - Henze et al., (2000)
Saturation constant for particulate Ok, 0.89° - Henze et al., (2000)
COD (ky)

# Arrhenius equation: kr, = kz, x 8" (k is a kinetic constant, T is wastewater temperature and 6 is temperature
correction factor).

b Uaop = 2.05 d* at pH of 6.5. For other pH conditions: pi4pp = 2.05 X L

1+1065-PH
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2.3.4 Model expansion for 2.0-m long MABR membrane

The one-dimensional biofilm model was expanded to reflect the changes in the
oxygen partial pressure (Py,) along the air flow direction from the top to the bottom of an
individual MABR fiber. In the pilot operation, the average oxygen partial pressure
decreased from 0.209 atm (inlet Py,) to 0.157 £ 0.01 atm (exhaust Py,) along the air flow
direction in the 2.0-meter long air-permeable hollow membrane fiber. The 2.0-m long
membrane was discretized into ten segments in the direction of air flow, and it was
assumed that the oxygen partial pressure changes linearly from the inlet to exhaust P,
along the membrane height. The oxygen partial pressure in each membrane segment was
then applied to the Henry’s law equation (Eq. 2.4) to determine the oxygen concentration

at the membrane surface.
2.3.5 Biological reactions in bulk solution

The biological reactions in the bulk solution (pilot reactor effective volume of 16.5
m®) were combined with the biofilm biological reactions to build a comprehensive
MABR model. The rates of individual biological reactions were calculated based on the
effluent characteristics of the daily pilot operation (Table 2.1) using ASM3 (Table 2.2
and Table A2) (Henze et al., 2000; Matsumoto et al., 2007). The biomass fractions were
assumed as: 13.60% for Xy; 0.027% for X,o5; 0.018% for Xy5; 50% for X and the rest
for X; (Henze, 1992; Yang et al., 2009). The daily wastewater temperature and pH

conditions were reflected on the biological reactions in the bulk and biofilm (Table 2.2).
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2.3.6 Model calibration using pilot operation data

The comprehensive model, including the biological reactions in the bulk solution

and the biofilms on the 2.0-m long fibers, was calibrated using the daily pilot operation

data over 14 months to determine the biofilm thickness, liquid film thickness and the

diffusion coefficient of soluble components in the biofilm (Table 2.3). The model

simulation results were compared with the pilot operation data to match the same trend

and values of the removal rates of ammonia, nitrate and COD. The daily operation data of

the pilot reactor (effluent concentrations of ammonia, nitrite, nitrate, COD, inlet and

exhaust oxygen partial pressure, wastewater temperature and pH) were used in the model

calibration.
Table 2.3. Calibrated diffusivity in the biofilm
Literature Range

Biofilm thickness (um) 1000 1250 1500 1750 2000  (Stewart, 1998;

Stewart,2003)
Diffusivity of Scop, Dcop (cm“/day) 0.18 0.15 012 0.2 0.10 0.04-0.49
Diffusivity of Spp, Dy, (cm?/day) 045 045 055 060 0.65 0.44-1.36
Diffusivity of Syps, Dyp, (cm’/day) 0.40 050 060 0.65 0.75 0.57-1.38
Diffusivity of Sno2, Dyo, (cm’/day) 040 050 0.60 065 0.75 0.56-1.35
Diffusivity of Syos, Dyo, (cm?day) 0.40 050 0.60 065 0.75 0.55-1.34

The liquid film thickness (Ls) was 250 um.

Diffusion coefficients of soluble components in the biofilm were estimated at 25C.

2.4 Results and discussion

2.4.1 The MABR pilot operation results

In the pilot MABR operation, the ammonia removal rate was enhanced with the

increasing influent ammonia loading rate (Fig. 2.1a) and increasing oxygen supply rate
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(Fig. 2.1b). The ammonia removal rate increased linearly with the increasing ammonia
loading rate up to 1.25 kg-N/m*/day (Fig. 2.1a), indicating that MABR can effectively
handle high ammonia loading conditions. This finding is consistent with another MABR
study where efficient ammonia removal at high ammonia loading rates (up to 1.50 kg-
N/m*/day) was demonstrated (Terada et al., 2006). Efficient oxygen transfer from the
membrane to biofilms was critical for enhanced ammonia removal (Fig. 2.1b). Note that
the membrane material of the MABR pilot was SUEZ ZeelL.ung media. The membrane
material is known to control the oxygen transfer efficiency through the membrane
surface. In other MABR studies, hollow fiber membranes made of polydimethyl siloxane
(Syron et al., 2015) and silicone-based membranes (Casey et al., 1999) were examined
for efficient oxygen transfer in ammonia removal. Moreover, the oxygen supply pressure
through the membrane fibers is an important factor in efficient ammonia removal in the

MABR (Tian et al., 2015; Chaali et al., 2018).
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Fig. 2.1. Effect of various operation conditions on ammonia removal: (a) influent
ammonia loading rate, (b) difference between inlet and exhaust oxygen partial
pressure at the membrane (oxygen supply), (c) effluent pH and (d) influent C/N
ratio. Pilot operation data were recorded from February 2017 to March 2018.

The ammonia removal rate was enhanced with the decreasing effluent pH (Fig.
2.1¢) while the influent C/N ratio hardly affected the ammonia removal rate in the pilot
MABR operation (Fig. 2.1d). Although the range of bulk solution pH was narrow (7.1 to
7.5), low pH was correlated to enhanced ammonia removal during the pilot operation
(Fig. 2.1c). This finding is not consistent with the well-known low pH inhibition on
nitrification (Metcalf and Eddy, 2003; Grady et al., 2011), indicating that the bulk

solution pH does not represent the pH condition in the MABR biofilm as previously

38



Ph.D. Thesis — Ahmed Elsayed; McMaster University — Civil Engineering

claimed (Flora et al., 1999). It was also found in other MABR studies that nitrification
reaction in biofilms can affect the bulk pH significantly (Park et al., 2015; Shanahan and
Semmens, 2015). During the pilot operation, the influent C/N ratio varied in a wide range
from 1.5 to 5.7 g-COD/g-N; however, there were no clear relationships between the
influent C/N ratio and ammonia removal rate because the growth rate of Xaos was
insensitive to the influent C/N ratio within the operated range of C/N ratio (Fig. 2.1d).
This finding is consistent with the results of other MABR studies where it was reported
that ammonia removal was independent of the C/N ratio (Matsumoto et al., 2007; Lin et

al., 2016; Li et al., 2018; Li and Zhang, 2018).

A clear seasonal dependency of the removal rate of ammonia, nitrate and COD was
observed during the pilot operation as high wastewater temperature enhanced the
biological reactions in the MABR (Fig.2.2 and Table A3). The ammonia removal rate
ranged between 1.55 and 6.20 kg-N/d with an annual average rate of 3.75 kg-N/d (Fig.
2.2a). At the beginning of the MABR pilot operation (February — August), biofilms were
thin on the membrane surface, indicating sufficient oxygen transport throughout the
biofilm thickness. While the ammonia removal rate increased quickly during this period
(February — August), there was limited nitrate removal until August because anoxic zones
were not established in the biofilm (Fig. 2.2b). After the first seven months of the
operation (August and thereafter), the nitrate removal rate increased rapidly as the
biofilm was thick enough to have the outer anoxic layer for active denitrification (Fig.
2.2b). This trend of the nitrate removal rate was consistent with that of the COD removal
rate during the pilot operation (Fig. 2.2b and 2.2c). For the first seven months of the

MABR operation (February— August), the average COD removal rate was relatively low
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at 6.45 kg-COD/day and then it increased to 12.25 kg-COD/day between September and

March with active denitrification (Fig. 2.2c).
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Fig. 2.2. Comparison between pilot operational data and the model simulation results: (a)
ammonia removal, (b) nitrate removal and (c) COD removal. (Simulation
conditions: biofilm thickness = 1500 pm, liquid film thickness = 250 pum, other
conditions were assumed based on parameters in Tables 2.1, 2.2 and 2.3. The
simulation results included the biological reactions in the biofilm and the bulk
solution. In Fig. 2.2b, negative values of nitrate removal indicate net creation of
nitrate.

2.4.2 Model calibration with the pilot operation results

The biofilm thickness, liquid film thickness and diffusion coefficient of soluble
components in the numerical model were determined using the pilot operation data (more
emphasis on the data collected from August to March) (Fig. 2.2, Table 2.3). Based on the
comprehensive model calibration, the biofilm thickness was found to range from 1000 to
2000 um (Fig. A3, A4, A5, and A6). Note that the scanning electron microscope (SEM)
image of the biofilms and MABR membrane fibers in Fig. A7 was taken after the
biofilms shrank and partially fell off while the membrane sample was processed and
dried for the SEM analysis. Also, the determined biofilm thickness range is consistent
with those observed or used in other MABR studies (LaPara et al., 2006; Matsumoto et
al., 2007; Peng et al., 2015; Peng et al., 2016; Perez-Calleja et al., 2017; Xu et al., 2020).
Based on the model calibration in Fig. 2.2, 1500 um (average of the calibrated range) was
used for the biofilm thickness in the study although the estimated biofilm thickness
ranged from 1000 to 2000 pum (Figs. A3, A4, A5, and A6). The calibrated liquid film
thickness (approximately 250 um) using the comprehensive model was also consistent
with assumed values in other MABR model studies (Bishop et al., 1997; Wasche et al.,
2002; Martin et al., 2017; Li et al., 2018). Although it was reported in another MABR

study that the liquid film thickness should be smaller than 100 um under a sufficient
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mixing condition in MABR reactors (Matsumoto et al., 2007), the liquid film thickness in
the pilot MABR was expected to be thicker than 100 um during our pilot operation due to
the relatively mild mixing condition using exhaust air from the MABR cassette (Cote and

Pedersen, 2014).

2.4.3 Biological reactions in biofilm versus bulk

In the model calibration with the pilot data, the ammonia removal in the biofilm
represented 77% of the total ammonia removal during the pilot operation while 23% of
the total ammonia (0.8 kg-N/day) was removed in the bulk solution (Table 2.4). This
result is consistent with another lab-scale experimental study where the ammonia
removal in the biofilm was higher than that in the bulk solution (Terada et al., 2006).
Although the nitrification rate in the biofilm was considerable (0.27 kg-N/day),
nitrification was limited in the bulk solution due to the absence of dissolved oxygen. On
the other hand, denitrification in the bulk solution was substantial (82% of the total
nitrate removal) and only 18% was denitrified in the biofilm (Table 2.4). As a result of
active denitrification in the bulk solution, 40% of the total COD removal (5.0 out of 12.7
kg-COD/day) was achieved in the bulk solution. This finding clearly indicates that that
the biological reactions in the bulk solution should not be ignored in MABR operation
while there are no previously studies reporting the importance of the biological reactions

in the bulk solution.
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Table 2.4. Comparison between the average removal/creation rate of ammonia, nitrate
and COD in biofilm and bulk.

Removal/creation of soluble component Biofilm Bulk
Ammonia removal rate (kg-N/day) 2.7+0.65 0.8+0.16
Nitrate creation rate (kg-N/day) 0.27+£0.2 0
Nitrate removal rate (kg-N/day) 0.4+0.28 1.8+04
COD removal rate (kg-COD/day) 7226 50+25

2.4.4 Distribution of soluble components in the biofilm

In the model simulation with 1500-um thick biofilms (other model parameters in
Tables 2.1, 2.2 and 2.3), oxygen diffused up to 600 um from the membrane surface,
forming an inner aerobic layer for nitrification (Fig. 2.3a). This aerobic layer thickness is
comparable with previously reported ranges in lab-scale MABR systems (300 — 700 pum)
(Picioreanu et al., 1997; LaPara et al., 2006; Wang et al., 2016; Kinh et al., 2017). The
oxygen concentration became practically zero (< 0.01 mg/L) at 600 pm from the
membrane surface, creating an outer anoxic layer of the biofilm for denitrification. Based
on the comprehensive model simulation results, the biofilm thickness must be at least 600
um for simultaneous nitrification and denitrification in MABR. This model result is
consistent with the suggested range in another MABR study for optimal biofilm thickness
to achieve simultaneous nitrification and denitrification in MABR (600 - 1200 pm)

(Matsumoto et al., 2007).

43



Ph.D. Thesis — Ahmed Elsayed; McMaster University — Civil Engineering

N o
© o

m)

-
(5]

-
o

Distance from the bottom of membrane (

1

250 500 750 1000 1250 1500 °
Distance from the membrane (um)

Fig. 2.3. Two-dimensional distribution of the model soluble components: (a) oxygen, (b)
ammonia, (c) nitrate and (d) soluble COD. (Simulation conditions: biofilm
thickness = 1500 pm, liquid film thickness = 250 pm, other conditions were
assumed based on the parameters in Tables 2.1, 2.2 and 2.3).

Ammonia concentration in the biofilm decreased gradually from 8 mg-N/L at the

interface between the biofilm and liquid film to 0 mg-N/L at the membrane surface,
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creating a concentration gradient for the diffusive transport of ammonia to the inner layer
of biofilm where ammonia is oxidized to nitrite and nitrate (Fig. 2.3b and 2.3c). It should
be noted that there was no considerable residual ammonia concentration near the
membrane due to active ammonia removal, indicating that oxygen transport from the
membrane surface was sufficient for ammonia oxidation in the MABR simulation. The
importance of oxygen in ammonia removal is consistent with other studies that
emphasized the role of oxygen transport for efficient nitrification in MABR (Satoh et al.,
2004; Lackner et al., 2010; Liu et al., 2016). Therefore, it is recommended that MABR
membrane fibers be manufactured or coated with materials of high oxygen selectivity for

enhanced nitrification.

Although nitrate was consistently high across the biofilms (> 3.0 mg-N/L) and
oxygen concentration was negligible beyond 600 um (Fig. 2.3a), active denitrification
was driven only in the narrow range of 1300 to 1500 pum (i.e., 200 um from the interface
with the liquid film) (Fig. 2.3c) because of the limited soluble COD concentration in the
biofilm (Fig. 2.3d). This finding indicates that soluble COD transport is the rate-limiting
factor for denitrification in the biofilm due to relatively low soluble COD concentration
in the bulk (Scop = 22 mg-COD/L with C/N ratio = 2.2 g-COD/g-N). This limited
denitrification result is consistent with the results of another MABR study where it was
mentioned that the C/N ratio should be maintained higher than 5 g-COD/g-N to allow
efficient denitrification (Liu et al., 2010). Therefore, soluble COD availability in the
biofilm is the rate-limiting factor for the rapid denitrification in MABR systems. In an
addition model simulation with a doubled soluble COD concentration in the bulk (from

22 to 44 mg-COD/L), the denitrification rate was increased nine times (from 0.1 to 0.9
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kg-N/m®). Therefore, high soluble COD is recommended for enhanced denitrification in

MABR.

Although fresh air was introduced from the top of the membrane fibers and
travelled down to the bottom end of the membrane fibers, it was noticed that there were
not significant changes in the removal rate of ammonia, nitrite and COD and the
microbial population along the air flow direction. For example, the ammonia removal rate
at the bottom of the membrane was lower than that at the membrane top by only 8%
(from 0.282 to 0.260 kg-N/day). On the other hand, the nitrate removal rate changed
along the fiber height where the nitrate creation was dominant in the upper part of the
MABR membrane and the nitrate removal was dominant in the lower part of the
membrane (0.025 kg-N/day) because of oxygen diffusion along the membrane height.
Based on this model simulation result, it is recommended to use longer membrane fibers

(> 2 m) to achieve more efficient oxygen utilization in MABR operation.
2.4.5 Effect of biofilm thickness

Thin biofilms were suitable for efficient ammonia removal and it was noticed that
the highest ammonia removal rate (7.1 kg-N/day) occurred at biofilm thickness of 300
um (Fig. 2.4a). For the biofilm thickness greater than 300 um, the ammonia removal rate
decreased gradually with the increasing biofilm thickness because of ammonia diffusion
through thick biofilms. When the ammonia concentration in the bulk was doubled from
10 mg-N/L to 20 mg-N/L, the ammonia removal rate at 300-um thick biofilm was also
the highest (12.4 kg-N/day) and decreased gradually to 3.9 kg-N/day at biofilm thickness

of 2000 um, indicating that the ammonia removal rate increased by 76% compared to
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ammonia concentration of 10 mg-N/L case. This finding asserts that the ammonia loading
rate (i.e., ammonia concentration in the bulk solution) governs the rate of nitrification in
MABR. The importance of the ammonia loading rate in ammonia removal is consistent
with the pilot MABR operation (Fig. 2.1a). Nitrite creation was dominant in MABR for
biofilm thickness less than 700 um due to the high ammonia oxidation rate and the high
activity of AOB over NOB near the membrane surface (Fig. 2.4a). For thick biofilms (>
700 um), nitrite removal became balanced with nitrite creation, resulting in a relatively

low nitrite average removal rate < 0.35 kg-N/day.

--Ammonia removal rate (a) -&-Net COD removal (b)
12 4 & Aerobic COD removal

-&-Anoxic COD removal

_| -O-Hydrolysis (COD Creation)

-&Nitrite removal rate
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Fig. 2.4. Effect of biofilm thickness on the biological reactions: (a) nitrogen removal and
(b) net COD removal through aerobic, anoxic and hydrolysis reactions. (Simulation
conditions: liquid film thickness = 250 um, other conditions were assumed based
on the parameters in Tables 2.1, 2.2 and 2.3). The negative rate in the figure means
a net creation rate.

At a biofilm thickness of 1400 um, there was a balance between the nitrate creation
and removal rates (Fig. 2.4a). Although the outer anoxic layer was thick enough for
denitrification, nitrate creation was dominant up to a biofilm thickness of 1400 pm
because the soluble COD concentration in the bulk solution was the governing factor on
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denitrification in MABR (Scop = 22 mg-COD/L). The maximum nitrate creation rate was
observed at a biofilm thickness of 300 um (3.9 kg-N/day), corresponding to the highest
ammonia oxidation rate (7.1 kg-N/day) due to the absence of the anoxic layer for
denitrification. For a biofilm thickness larger than 1400 um, the net nitrate removal rate
increased gradually to 1.1 kg-N/day (biofilm thickness of 2000 pum). When soluble COD
concentration in the bulk is doubled (Scop = 44 mg-CODI/L), the balance between the
nitrate creation and removal occurred at biofilm thickness of 1000 um and the maximum
denitrification rate was 1.9 kg-N/day at a biofilm thickness of 2000 um (increasing by

73%).

These model simulation results are consistent with those results of the calibrated
comprehensive model where it was recommended to maintain the biofilm thickness
thicker than 600 um for simultaneous nitrification and denitrification. In other studies, it
was also found that the optimal biofilm thickness to achieve simultaneous nitrification
and denitrification in MABR was 1600 um (Terada et al., 2003), 600 - 1200 pm
(Matsumoto et al., 2007) and 750 — 1500 um (Peng et al., 2015). As a result, the
determination of optimal biofilm thickness in MABR is highly dependent on the
operational conditions (e.g., C/N ratio, ammonia loading rate, liquid film thickness and
membrane material); however, a relative thick biofilm thickness (> 600 um) is generally

preferred.

It was observed that the biofilm thickness should be at least 500 um to minimize
the contribution of aerobic COD removal in MABR (Fig. 2.4b). Aerobic COD removal
had a significant contribution to the total COD removal up to biofilm thickness of 200

um (5.2 kg-COD/day), representing 80% of total COD removal because of the absence of
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sufficient anoxic layer for denitrification. However, it became negligible and constant for
biofilms thicker than 400 um (1.2 kg-COD/day) where only 11% of COD was utilized
under aerobic conditions. On the other hand, the anoxic COD removal enhanced with the
increasing biofilm thickness due to the formation of a wide anoxic layer, allowing better
removal of nitrate in the MABR. For biofilms thicker than 800 um, anoxic COD removal

represented 89% of the total COD removal.
2.4.6 Effect of liquid film thickness

The liquid film thickness hardly affected the ammonia oxidation rate up to 300 pm
(Fig. 2.5a) because ammonia transport from the bulk solution to biofilm was sufficiently
high (Table 2.3). However, ammonia oxidation was governed by the bulk ammonia
concentration; thus, the increasing ammonia concentration enhanced the ammonia
oxidation rate in the biofilm up to 100 mg-N/L (Fig. 2.5a), indicating that the examined
MABR operation conditions are suitable for municipal wastewater treatment where TKN
ranges up to 100 mg-N/L (Metcalf and Eddy, 2003; Lotti et al., 2015; Yuan et al., 2016;
Gwak et al., 2019). For high-strength wastewater (e.g., liquid downstream from
dewatering processes) (Ledda et al., 2015; Ge and Champagne, 2016; Ge et al., 2018);
however, the ammonia oxidation rate did not increase beyond 22.3 kg-N/day with the

increasing bulk-phase ammonia concentration above 200 mg-N/L (Fig. 2.5a).
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Fig. 2.5. Effect of liquid film thickness on (a) ammonia oxidation and (b) anoxic COD
removal. (Simulation conditions: biofilm thickness = 1500 pum, other conditions
were assumed based on the average daily pilot operational data (Tables 2.1 and 2.2
and 2.3)).

Thin liquid films (i.e., turbulent mixing conditions in the bulk solution)
significantly enhanced anoxic COD removal (i.e., denitrification) (Fig. 2.5b). The anoxic
COD removal rate increased by 230% with the decreasing liquid film thickness from 300
to 50 pm because thin liquid films allowed rapid transport of soluble COD from the bulk
to biofilm. This finding is consistent with the results of other studies that demonstrated a
negative correlation between the liquid film thickness and COD removal in a bench-scale
submerged rotating disc biofilm reactor (Boltz and Daigger, 2010) and a lab-scale
moving bed biofilm reactor (Nogueira et al., 2015). Denitrification was enhanced with
the increasing soluble COD in the bulk (Fig. 2.5b), indicating that denitrification in the
biofilm is limited by soluble COD. Thus, it can be concluded that denitrification is
sensitive to the liquid film thickness while ammonia oxidation can hardly be affected by

the mass transport resistance in the liquid film. Based on the model simulation results, it
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is highly recommended that turbulent mixing conditions be established for effective

denitrification although nitrification will be achieved regardless of mixing conditions.

2.4.7 Effect of C/N ratio

The decreasing C/N ratio enhanced the ammonia oxidation rate for the bulk
ammonia concentration higher than 100 mg-N/L; however, the C/N ratio did not affect
ammonia oxidation for ammonia concentration from 10 to 100 mg-N/L (Fig. 2.6). This
finding (negligible effect of the C/N ratio for low ammonia concentration) is consistent
with the pilot operation results (Fig. 2.1d), indicating sufficient oxygen supply and thus
no competition between X, and X,,5 for oxygen at the membrane surface. On the other
hand, the ammonia oxidation rate decreased substantially with the increasing C/N ratio
for ammonia concentration of 200 - 1000 mg-N/L (high-strength wastewater) due to the
competition between X, and X,,5 for oxygen. For bulk ammonia concentration higher
than 400 mg-N/L, the ammonia removal rate was insensitive to the change in the C/N
ratio from 4 to 10 g-COD/g-N because of the large amount of organics in the biofilm,
resulting in a greater growth rate of X, compared to X,,5. Although the C/N ratio is not
an important parameter in MABR operation for municipal wastewater, the C/N ratio must

be reflected in MABR operation for high-strength wastewater.
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Fig. 2.6. Effect of C/N ratio on ammonia oxidation at different ammonia concentrations.
(Simulation conditions: biofilm thickness = 1500 pum, liquid film thickness = 250
pum, other conditions were assumed based on the average daily pilot operational
data (Tables 2.1, 2.2 and 2.3)).

2.5 Conclusions

A comprehensive MABR model was established to simulate the mass transport and
biological reactions in the MABR biofilm. The model was further extended to include the
oxygen partial pressure along the MABR membrane fiber and the biological reactions in
the bulk solution because active denitrification in the bulk solution cannot be neglected in
MABR operation. Also, a pilot-scale MABR cassette was operated in a municipal
wastewater treatment facility with an emphasis on enhanced denitrification. In the pilot
operation, the increasing influent ammonia loading rate and increasing oxygen supply
rate enhanced the ammonia removal rate; however, the influent C/N ratio hardly affected

the ammonia removal rate. Moreover, active nitrification in the MABR biofilm caused
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decreases in the effluent pH. The pilot operation data over 14 months were used to
calibrate the comprehensive numerical model by determining the biofilm thickness,
liquid film thickness and diffusivity of soluble components. The numerical simulation
results indicated that the bulk ammonia concentration is a dominant parameter on
efficient nitrification in the MABR biofilm for municipal wastewater while the bulk
ammonia concentration showed insignificant effects on nitrification for high-strength
wastewater. Moreover, low soluble COD can limit active denitrification in the MABR
biofilm. Based on the model simulation results, the biofilm thickness should be
maintained at 600 um or thicker to house both the aerobic and anoxic zones in the
biofilm. It was also found that the liquid film thickness is not an important factor for
nitrification; however, thick liquid films limit denitrification because of the slow
transport of soluble COD through the liquid film. The C/N ratio becomes an important
parameter in MABR operation only for high-strength wastewater due to the competition
between X, and X,op for oxygen. Therefore, numerical modeling of MABR coupled
with pilot-scale calibration is essential for better understanding of the complex removal

mechanisms and relations between numerous model parameters in MABR.
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3. Estimation of rate kinetic constants in microplastic degradation using

hydrolytic enzymes

Microplastic (MP) is an emerging contaminant in wastewater and can cause serious
environmental and public health problems. MP removal is difficult in conventional
biological wastewater treatment. Therefore, lab-scale experiments were conducted to
describe the MP degradation using hydrolytic enzymes under various experimental
conditions (e.g., temperature and enzyme dose). Also, a mathematical model was
developed and calibrated using the experimental results to estimate the rate Kinetic
constants of MP degradation and enzyme self-decay. The mathematical model can be

used for approximating the MP removal in anaerobic digestion process.

This paper is prepared for future journal publication.
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Abstract

Microplastic (MP) is an emerging contaminant that can cause serious
environmental and public health problems. There are many challenges (e.g., potential
bypass of MP particles to sludge treatment systems) of MP removal in conventional
wastewater treatment that make wastewater treatment plants an active source for MP
release to the environment. Moreover, there are no systematic studies on MP degradation
by hydrolytic enzymes that are rich in concentration within the sludge treatment process,
such as anaerobic digestion. In this study, therefore, lab-scale experiments were
implemented to investigate the degradation of polyethylene beads by hydrolytic enzymes
(i.e., lipase, cellulase and protease) under various experimental conditions (e.g., enzyme
concentration and temperature). In a 3-day batch experiment, protease was most effective
in MP degradation as 4.0% of the initial MP mass was removed at an enzyme
concentration of 88 mg/L under thermophilic temperature (55°C). It was also found that
the increasing enzyme concentration enhanced the MP degradation for the three
examined enzymes. Also, high temperature increased the reduction of MP and the
temperature correction factor () was found to be 1.016 to 1.019, indicating strong
dependency on temperature. In a separate 7-day experiment with repeated doses of
protease, 23.3% of the initial MP mass was removed at thermophilic temperature,
indicating that anaerobic digestion with a long retention time (e.g., 20 days) and heated
temperature (e.g., thermophilic digestion) has a significant potential for MP degradation.
A mathematical model was developed and calibrated using the experimental results to
estimate the kinetic constant of MP reduction by an enzyme (k, ;) and enzyme self-decay
constant (k, ;). The calibrated k, ; ranged from 5.0 to 8.1 x 10" L/mg/hr while k, ;; was
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0.44 — 1.10 L/mg/hr. Using the calibrated model, MP degradation using multiple enzymes
(i.e., cellulase and protease) was simulated, considering the interactive-decay reaction
between the two enzymes. The interactive-decay constant of cellulase and protease
(k2,cp) was estimated to be 0.51 L/mg/hr where 3.8% of the initial MP mass was
removed after 3 days of the experiment. The calibrated model was also used to simulate
the MP degradation in anaerobic digestion where 70 — 95% of the initial MP mass was
removed at typical retention time (e.g., 15 — 20 days) under mesophilic digestion
(37.5°C). Also, it was found that the temperature has a negligible effect on the MP
degradation while retention time is dominant on MP removal in anaerobic digestion.
Based on the experimental and simulation results, it can be concluded that hydrolytic

enzymes can be used as an efficient technology for large-scale MP removal applications.

Keywords

Microplastic; hydrolytic enzyme; enzyme concentration; model calibration; protease;

kinetic constant.

3.1 Introduction

Microplastic (MP) is an emerging contaminant with a particle size smaller than 5
mm (Ziajahromi et al., 2017; Blair et al., 2019; Magni et al., 2019). MP is highly mobile
in the aquatic environment because of its insolubility in water and light-weight (Holland
et al., 2016; Murphy et al., 2016), causing serious environmental and public health
problems (Pettipas et al., 2016; Auta et al., 2017; Wright and Kelly, 2017; Silva et al.,

2018). MP can release toxic monomers and plastic additives (e.g., phthalates and
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bisphenol A) in the bodies of biota (e.g., fishes and seabirds) (Wardrop et al., 2016;
Anderson et al., 2017; Lu et al., 2018; Pitt et al., 2018). Also, MP can cause critical
problems in the digestive and respiratory system of humans (Rochman et al., 2015;
Ferreira et al., 2016; Miranda and Carvalho-Souza, 2016; Revel et al., 2018). MP can
adsorb and accumulate heavy metals (e.g., nickel, zinc, lead and cadmium) (Koelmans et
al., 2016; Sun et al., 2019; Wu et al., 2020) and hydrophobic organics pollutants (e.g.,
pesticides and polychlorinated biphenyls) (Wu et al., 2016; Gatidou et al., 2019; Zhou et
al., 2021), leading to serious environmental disasters for the aquatic habitats and

ecosystem balance.

Limited MP removal during wastewater treatment process is an active source of
discharging MP to the environment (Mason et al., 2016; Gies et al., 2018; Edo et al.,
2020; Li et al., 2020). MP is transported to the wastewater treatment plants with raw
wastewater, including synthetic fibers of clothes washing, microbeads from toothpastes,
and microparticles from tire fragments (Pirc et al., 2016; Cheung and Fok, 2017; Alvim
et al., 2020). MP concentration in wastewater sludge can be up to 56 x 10° MP particles
per kg of dry sludge depending on the WWTP capacity, sludge source and serving
population (Mahon et al., 2017; Peng et al., 2017; Wang et al., 2017). In wastewater and
sludge treatment processes, MP includes polyethylene (PE), polyvinylchloride (PVC),
polypropylene (PP), polyamide (PA), polystyrene (PS), polyethylene terephthalate (PET),
polyolefin, acrylic fibers, alkyd resins, rubber and acetyl (Avio et al., 2016; Horton et al.,
2017; Rezania et al., 2018; Xu et al., 2019). PE is the most abundant type of MP in
wastewater and sludge treatment processes (Tagg et al., 2015; Alimi et al., 2018; Wei et

al., 2019). Therefore, the main focus in this study was oriented towards PE-based MP.
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Chemical removal of MP through coagulation process using inorganic coagulants is
one of the potential techniques for MP removal (Hidayaturrahman and Lee, 2019).
Moreover, ozone technology is a promising way for efficient MP removal because ozone
can change the physical, ionic, mechanical and adhesion properties of MP (Chen et al.,
2018; Poerio et al., 2019). Membrane disc-filter can also be used for MP removal in the
wastewater treatment process; however, it is suitable for low influent concentration of
MP to avoid membrane clogging (Talvitie et al., 2017a). Although rapid sand filtration
can be applied for MP removal through trapping the plastic particles between the sand
grains, MP should have a particle size larger than the diameter of grains to avoid potential
passing through the sand filtration (Michielssen et al., 2016; Talvitie et al., 2017a;
Hidayaturrahman and Lee, 2019). It was also emphasized in other MP studies that
biological wastewater treatment can decrease the concentration of MP in wastewater
using sequence batch reactor, anaerobic-anoxic-aerobic and membrane systems (Carr et
al., 2016; Lares et al., 2018; Lee and Kim, 2018; Li et al., 2018). However, the removed
MP particles in the biological wastewater treatment process are transferred to the sludge
treatment process (i.e., anaerobic digestion) (Mintenig et al., 2017; Raju et al., 2020;
Zhang et al., 2020). Moreover, a combination of mechanical, biological and chemical
treatment can achieve reasonable MP removal rate in the sludge treatment process

(Talvitie et al., 2017b; Song et al., 2017).

There are numerous applications for hydrolytic enzymes in wastewater and sludge
treatment processes (e.g., enhancing hydrolysis rate in anaerobic digestion) (Yu et al.,
2013; Domingues et al., 2015; Odnell et al., 2016); however, limited studies investigated

the MP removal using these enzymes (Othman et al., 2021). Moreover, there are no
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systematic studies on the effect of operational conditions (e.g., temperature and enzyme
dose) on the MP removal. Also, there is a lack of comprehensive modeling studies about
the MP removal mechanisms and the rate-limiting parameters using hydrolytic enzymes.
Thus, the kinetic constants of the MP removal reactions using enzymes are unknown,
resulting in a lack of prediction mathematical models for determining the MP removal in
anaerobic digestion and other biological treatment systems. Therefore, mathematical
models coupled with experimentation is essential to simulate the MP removal by
hydrolytic enzymes, resulting in accurate determination of the reaction kinetic constants

for better understanding of the MP removal rate and the dominant operational parameters.

In this study, the main objectives are to: (1) investigate the MP reduction using
hydrolytic enzymes; (2) assess the effect of experimental conditions (e.g., enzyme
concentration and temperature) on the degradation of MP; (3) develop a mathematical
model to simulate the reduction of MP under different experimental conditions; and (4)
calibrate the numerical model with the experimental results to estimate the model kinetic

constants.

3.2 Methods

3.2.1 Single batch tests

White polyethylene (PE) spherical microplastics with a diameter of 500 - 600 pum
were used in the experiment (Cospheric LLC Co., WPMS-1.35 500-600 um — 10g,
USA). The density of the MP was 1.35 g/mL to ensure that the MP particles were
submerged in water during the experiment. MP reduction batch tests were carried out in

160-mL air tight glass bottles. Each bottle contained 450 mg/L of MP (initial mass = 70.5
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mg = 3%), 5 mM of NaCl, 3.0 mM of Na;HPO,, 1.5 mM of NaH,PO,, 0.4 mM of NH,CI
and 0.1 mM of KCI in the experimental solution (pH = 7.8 £ 0.2). The selected enzyme(s)
was added at the beginning of the experiment (Table 3.1). In each test, the bottles were
capped with rubber stoppers and metal caps after being purged with nitrogen for 3
minutes to maintain strict anaerobic conditions during the experiment. The bottles were
placed in a heated temperature chamber for 1, 3, 7, 24 and 72 hours. All tests were
performed in duplicate and control tests were conducted without enzymes to confirm no
MP reduction. The remaining MP particles were retrieved, rinsed and dried to determine
the reduction in MP mass using a scale with a precision of four decimal points. The MP
degradation was estimated based on the difference in MP mass before and after the

hydrolysis reaction.

Table 3.1. Summary of the experimental conditions.

Temperature Enzyme type  Enzyme concentration Operation
22 mg/L

37.5 and 55°C Lipase only 44 mg/L Single ?}a:;ral;sover 2
88 mg/L
22 mg/L

37.5and 55°C  Cellulase only 44 mg/L Single l:;]agtﬁrrlsover 2
88 mg/L
22 mg/L

37.5and55°C  Protease only 44 mg/L Single t;}agﬁt:sover 12
88 mg/L

55°C Cellulase 44 mg/L Single batch over 72

Protease 44 mg/L hours
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3.2.2 Repeated doses of enzyme test

A repeated doses of enzyme experiment was performed using protease to
investigate the effect of repetitive cycles of enzyme addition on the reduction of MP.
Protease was selected because it was the most effective enzyme on MP reduction among
the three examined enzymes. The experimental solution was identical to the one used in
the single batch tests (pH = 7.9). In the first cycle, the initial 1.35 g/mL-dense MP mass
was 70.5 mg and protease concentration was 88 mg/L. The glass bottle was capped,
purged using nitrogen and placed in a temperature chamber at temperature of 55°C. After
each cycle, the MP sample was rinsed, dried and weighted to update the initial MP mass
for the new cycle. Protease was added every weekday for seven cycles (9 days) with an
enzyme concentration of 20% (w/w) of the initial MP mass of each cycle. After the last
cycle, the residual MP mass was measured and analyzed under electronic microscope

(Nikon Eclipse E200, Japan).

3.2.3 Numerical model development

A non-steady state model was developed to simulate the reduction of MP by
hydrolytic enzymes. The model described the MP reduction rate by an enzyme using a
MP reduction kinetic constant (k, ;) (Eq. 3.1), assuming loss of enzyme during the MP
reduction. Also, the model included the self-decay reaction of an enzyme (collision
between enzyme particles) where a second order enzyme self-decay constant (k, ;) was

defined (Eq. 3.2).
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dc
de = —ky ;. E;. Cyp (Eq 3.1)
t
dE;

where Cyp is the MP concentration, E; is the concentration of an enzyme, kq; is the
kinetic constant of MP reduction by an enzyme and k, ;; is the self-decay constant for an

enzyme.

In the multiple enzymes simulation, the MP reduction by cellulase and protease was
described using two MP reduction Kinetic constants (k, ¢ and k; ) (Eq. 3.3). Eq. 3.2 was
also expanded to consider the interaction between cellulase and protease (Eq. 3.4 and 3.5)
by adding an interactive-decay constant between the two enzymes (k,cp). In the non-
steady state model, the mass balance equations for the enzymes and MP were discretized
using the implicit Euler method (Chapra and Canale, 1998) and solved by fixed point
iteration (tolerance = 10™). The time step was assumed to be 10 seconds; however, larger

time steps can be used in the temporal discretization with high numerical solution

accuracy.
dg"t”P = —kyc-Ec.Cup — k1p-Ep.Cyp (Eq3.3)
% = —kycc-Ec® — kuc.Ec.Cup — Kpcp-Ec.Ep (Eq 3.4)
% = — kopp.Ep® = k1p-Ep.Cyp — Ky cp-Ec.Ep (Eq3.5)
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where E. is cellulase concentration, Ep is protease concentration, k; . is the Kinetic
constant of MP reduction by cellulase, k, p is the kinetic constant of MP reduction by
protease, k, ¢ is the self-decay constant of cellulase, k; pp is the self-decay constant of

protease and k, ¢p is the interactive-decay constant of cellulase and protease.

3.3 Results and discussion

3.3.1 Effect of enzyme type and concentration on MP reduction

In the thermophilic batch experiment using three types of hydrolytic enzymes, the
reduction of MP was enhanced linearly with the increasing enzyme concentration from
22 to 88 mg/L (Fig. 3.1). This experimental result is consistent with the results obtained
from other enzymatic reaction studies, reflecting the importance of enzyme concentration
on the removal efficiency (Cirne et al., 2007; Yang et al., 2010; Mlaik et al., 2019). The
reduction in the residual MP mass was 1.1 mg for the lipase concentration of 22 mg/L
while it increased to 1.4 mg for the enzyme concentration of 44 mg/L and 1.8 mg for the
concentration of 88 mg/L (Fig. 3.1a). Also, the removal of MP was improved up to 2.6
mg with cellulase (Fig. 3.1b) and up to 2.8 mg with protease (Fig. 3.1c) for the enzyme

concentration of 88 mg/L.
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Fig. 3.1. Comparison between the experimental results and model simulations for all
three hydrolytic enzymes using three different enzyme concentrations (22, 44 and
88 mg/L) under thermophilic conditions (T = 55°C): (a) lipase, (b) cellulase, and
(c) protease. Calibrated kinetic constants were used for the model simulations
(Table 3.2 and 3.3).

The MP reduction rate was rapid for the first seven hours of the experiment for all
three enzymes (Fig. 3.1). After seven hours of the experiment, the reduction in the MP
mass was 75% (1.3 out of 1.8 mg) with lipase, 67% (1.7 out of 2.6 mg) with cellulase and
65% (1.8 out of 2.8 mg) with protease for the enzyme concentration of 88 mg/L while the
rest was reduced during the latter 65 hours of the experiment. This result is consistent
with the results of previous enzyme studies where it was observed that the enzyme
activity was the highest within the first 4-8 hours of the experiment based on the enzyme
stability, temperature and pressure (Marie-Olive et al., 2000; Daniel et al., 2008; Yang et
al., 2010; Luo et al., 2012). It was also noticed that there was no significant change in the
MP reduction after 24 hours of the experiment where the MP reduction was 5% (0.09 out
of 1.8 mg) with lipase, 6% (0.14 out of 2.6 mg) with cellulase and 7% (0.17 out of 2.8

mg) with protease (Fig. 3.1), reflecting a complete depletion of enzyme activity.
3.3.2 Effect of temperature on MP reduction

The thermophilic condition (55°C) greatly enhanced the MP reduction compared to
the mesophilic condition (37.5°C) by 22% (from 1.4 to 1.8 mg) with lipase, 16% (from
2.2 to 2.6 mg) with cellulase and 14% (from 2.4 to 2.8 mg) with protease for the enzyme
concentration of 88 mg/L after 3 days of the experiment (Fig. 3.2). The activity of lipase

was the most sensitive to the temperature increase while protease was the least sensitive
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to the examined temperature conditions (Fig. 3.2a and c). For the mesophilic condition,
the MP degradation rate was rapid during the first seven hours of the experiment where
the reduction in the MP mass was 72% (1.0 out of 1.4 mg) with lipase, 68% (1.5 out of
2.2 mg) with cellulase and 70% (1.7 out of 2.4 mg) with protease for the enzyme
concentration of 88 mg/L (Fig. 3.2). Although the change in MP reduction was minor
after 24 hours of the mesophilic experiment, mesophilic condition resulted in higher MP
reduction rate during the latter 48 hours of the experiment compared to the thermophilic
condition because low temperature provided residual enzyme during the rest of the
experiment (from 1 to 3 days). Under mesophilic condition, 10% (lipase), 9% (cellulase)
and 8% (protease) of the removed MP was degraded within the latter 48-hours of

operation for the enzyme concentration of 88 mg/L.
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Fig. 3.2. Comparison between the experimental results and model simulations for all
three hydrolytic enzymes under mesophilic and thermophilic conditions for the
enzyme concentration of 88 mg/L: (a) lipase, (b) cellulase, and (c) protease.
Calibrated kinetic constants were used for the model simulations (Table 3.2 and
3.3).

3.3.3 Model calibration with the experimental results

The developed enzyme kinetic mathematical model for MP reduction was
calibrated using the experimental results (Fig. 3.1 and 3.2). The calibrated kinetic
constant for MP reduction by an enzyme (k, ;) was determined for the three examined
enzymes (i.e., lipase, cellulase and protease) under mesophilic and thermophilic
conditions (Table 3.2). Under mesophilic conditions, k,; was 5.8x10™* L/mg/hr (lipase),
5.0x10™ L/mg/hr (cellulase) and 5.5x10™* L/mg/hr (protease) while it increased by 40%
for lipase, 36% for cellulase and 33% for protease when the temperature increased from
37.5 to 55°C. These values are comparable with the ranges of kinetic constants that were
estimated or mentioned in previous enzyme studies (1.0x10™ — 5.5x10* L/mg/hr)
(Tomei et al., 2008; Leiyu et al., 2009; Luo et al., 2012). It was found that k4 ; is sensitive
to temperature and its degree of sensitivity is similar to the sensitivity of other kinetic
constants in the activated sludge models (ASM) (e.g., growth and decay constants)
(Henze et al., 2000; Elsayed et al., 2021). It was also noticed that the degree of sensitivity

to the temperature is similar among the three examined enzymes (60 = 1.016 — 1.019).
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Table 3.2. Calibrated kinetic constant for MP reduction by an enzyme (k4 ;) in L/mg/hr

for the three examined hydrolytic enzymes under mesophilic and thermophilic

conditions.
Enzyme Thermophili_e1 (55°C) Mesophilic (_3,7.5°C) Temperature
x 10 x 10 correction factor (0)
Lipase 8.1 5.8 1.019
Cellulase 6.8 5.0 1.018
Protease 7.3 55 1.016

The second order enzyme self-decay constant (k, ;) was also estimated to be 1.05
L/mg/hr (lipase), 0.47 L/mg/hr (cellulase) and 0.44 L/mg/hr (protease) under mesophilic
conditions (Table 3.3). For high temperature condition (55°C), k,;; increased by 5% for
lipase, 11% for cellulase and 14% for protease. It was demonstrated that the temperature
had a negligible effect on the half-life of the three examined enzymes. Based on the
determined enzyme self-decay constant, the half-life decreased by a marginal time period
with the increased temperature for all three enzymes: from 26 to 24 min (lipase); from 57
to 51 min (cellulase); and 60 to 54 min (protease). The estimated half-life is consistent
with the determined and mentioned values in previous enzyme studies where they ranged
from 17 to 60 minutes at temperature of 40 -50°C for lipase (Mateos Diaz et al., 2006;
Gutarra et al., 2009; Kim et al., 2016), 20 to 32 minutes at temperature of 70 - 80°C for
cellulase (Stutzenberger, 1972; Dalal et al., 2007; Perwez et al., 2019) and 55 to 65
minutes at temperature of 60 - 70°C for protease (Atalo and Gashe, 1993; Li et al., 1997;

Negi and Banerjee, 2009). This finding also means that the self-decay constant of an
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enzyme (k, ;) is less sensitive to temperature for the three examined enzymes (6 = 1.003

- 1.006).

Table 3.3. Calibrated enzyme self-decay constant (k, ;;) in L/mg/hr for the three

examined hydrolytic enzymes under mesophilic and thermophilic conditions.

- o - o Temperature
Enzyme  Thermophilic (55°C) Mesophilic (37.5°C) correction factor (0)
Lipase 1.10 1.05 1.003
Cellulase 0.52 0.47 1.006
Protease 0.50 0.44 1.006

3.3.4 MP removal by repeated doses of enzyme

In the repeated enzyme addition experiment, the cumulative MP reduction along
the reaction time (9 days) reached to 23.3% (16.4 out of 70.5 mg) while the average MP
reduction was 2.35 mg over the seven operational cycles (Fig. 3.3a). The enzyme type
(protease), concentration (20% of the residual MP mass) and temperature (55°C) were
selected based on the previously mentioned experimental results where high MP
reduction was obtained (Fig. 3.1 and 3.2). Repetitive addition of protease and high
temperature (55°C) stimulated the enzyme motion, causing high collision rate between
enzyme and MP particles coupled with significant changes in the shape of MP particles
(Fig. 3.4b). After the first cycle of the experiment, the reduction in MP mass was 2.6 mg
while it became 2.05 mg after the seventh cycle due to the decrease in the MP surface
area and the drop in the added enzyme concentration (from 88 to 70 mg/L). The degree of

MP mass removal after each cycle did not change over the seven cycles (3.70% of the
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residual MP mass), reflecting the validity of Kinetic constant assumptions for the
mathematical model. The degree of MP mass removal in the repeated doses of protease
experiment is consistent with the reduction in MP mass after 24 hours in the previously

mentioned experimental results (Fig. 3.1c).
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Fig. 3.3. MP removal by repetitive doses of protease: (a) comparison between the
experimental data and simulation results of cumulative MP reduction, and (b)
modeled enzyme concentration over the time. (Operational conditions: protease
concentration = 20% of the residual MP mass, and temperature = 55°C). The
sample was rinsed, dried and analyzed each weekday along the experiment
duration. (Simulation conditions: the calibrated Kinetic constants were adopted
from Table 3.2 and 3.3).

Fig. 3.4. Microscopic images for MP particles before and after protease addition in the

repeated feeding experiment: (a) control (clean), and (b) 23.3% reduction of MP by
protease. (Operational conditions: protease concentration = 20% of the residual MP
mass from the previous cycle, total experiment duration = 9 days, and temperature
= 55°C). The sample was rinsed, dried prior to being analyzed using the
microscope.

The non-steady state mathematical model was applied to simulate the repeated

doses of enzyme experiment where it was able to capture the same trend and values of

MP reduction along the operation time using the calibrated model kinetic constant of MP

reduction by protease (k; ») and protease self-decay constant (k, pp) (Fig. 3.3a, Table 3.2

and 3.3). Also, it was emphasized that there was a negligible residual enzyme (1-2% of

the initial added concentration of protease) after each 1-day cycle (Fig. 3.3b), confirming
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that MP reduction after 24 hours is negligible. This simulation result is consistent with
the previously mentioned experimental results where most of the reduced MP mass was

removed within the first 24 hours of the experiment (Fig. 3.1 and 3.2).
3.3.5 MP removal using multiple enzymes

MP reduction using two enzymes (cellulase and protease) resulted in 3.77% (2.66
out of 70.5 mg) of MP removal in 3 days (Fig. 3.5). It was demonstrated that removal of
MP by the two enzymes was higher than that caused by cellulase only (3.62%) and lower
than the MP reduction by single protease (3.93%) under the same experimental
conditions (Fig. 3.5), indicating that protease was the most effective enzyme on MP
reduction. The decay reaction between cellulase and protease was considered (Eq. 3.4
and 3. 5) where the second order interactive-decay constant of cellulase and protease
(ko cp) was estimated to be 0.51 L/mg/hr, showing high consistency with the self-decay
constant of cellulase (k) and protease (k, pp) under the same temperature condition
(Table 3.3). It was also observed that the mathematical model overestimated the MP
reduction when no interaction between cellulase and protease was considered where the
MP reduction was 5.75% (4.05 out of 70.5 mg) in 3 days (Fig. 3.5), reflecting the

importance of interactive decay reaction between the two enzymes.
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Fig. 3.5. Comparison between the experimental results and model simulations of MP
removal using multiple enzymes (cellulase and protease) with and without
interaction between the two enzymes. (Operational conditions: cellulase: protease
concentration = 1:1 (w/w), total enzymes concentration = 88 mg/L and temperature
= 55°C). Calibrated kinetic constants were used for model simulations (Table 3.2
and 3.3).

3.3.6 MP removal by anaerobic digestion enzymes

The calibrated model was used to approximate the MP reduction in anaerobic
digestion (AD). The concentration of residual MP was correlated with the retention time,
the calibrated kinetic constant of MP reduction by protease (k;p) and the enzyme
concentration (Ep) in the reactor (Eq. 3.6). In the model simulations, protease was
selected as the hydrolytic enzyme in AD because it was the most efficient enzyme on MP

reduction. Protease concentration was assumed to be maintained at 50, 100 and 300 mg/L

81



Ph.D. Thesis — Ahmed Elsayed; McMaster University — Civil Engineering

in the digester. Note that the hydrolytic enzyme concentration in conventional anaerobic

digesters was reported as 50 - 450 mg/L (Yang et al., 2010; Luo et al., 2012).

Curpy 1
= Eq3.6
Cup,  1+RT. kyp Ep (Eq 3.6)

where Cyp, is the residual MP concentration, Cyp, is initial MP concentration and RT is

the retention time.
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Fig. 3.6. Effect of retention time on MP removal with the variation of: (a) protease
concentration (temperature = 37.5°C), (b) temperature (protease concentration = 50
mg/L). (Simulation conditions: the hydrolytic enzyme was protease and MP kinetic
constant (k;,) was adopted from Table 3.2).
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Based on the model simulation results, a significant amount of MP was degraded in
AD (70 - 95% removal) considering that the typical retention time for mesophilic
anaerobic digesters is 15 to 20 days (Fig. 3.6a). For the enzyme concentration in the
digester, it was observed that high protease concentration resulted in low residual MP in
the digester effluent, reflecting high MP removal at high enzyme concentrations. This
simulation result is consistent with the results obtained from previous enzyme studies

(Moon and Song, 2011; Dors et al., 2013).

It was also found that the temperature is not a dominant factor on MP reduction
while retention time is important for efficient MP removal (Fig. 3.6b). For thermophilic
digestion, retention time is not long as it is used mainly for sludge pretreatment,
reflecting effective MP reduction during the pretreatment process. Thermophilic
condition (55°C) slightly enhanced the MP reduction compared to the mesophilic
condition (37.5°C) (Fig. 3.6b) because the kinetic constant of MP reduction by protease
(k,,) was sensitive to the temperature (Table 3.2). However, high MP reduction rate
could be obtained in mesophilic anaerobic digesters at typical AD retention time (15 — 20
days). Therefore, it can be concluded that AD process can be an efficient way for MP

reduction during the sludge treatment process.

3.4 Conclusions

Lab-scale experiments were conducted to determine the Kinetic constants for
polyethylene MP destruction using hydrolytic enzymes (i.e., lipase, cellulase and
protease) at three different enzyme concentrations (i.e., 22, 44 and 88 mg/L). It was

found that protease was the most effective enzyme on MP reduction while lipase was the
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least efficient enzyme. Based on the experimental results, the increasing enzyme
concentration enhanced the reduction of MP for the three examined enzymes. Also, the
high temperature (55°C) increased the MP destruction compared to 37.5°C. In the 3-day
batch experiment, the majority of the MP destruction was achieved in the first seven
hours while there was no significant MP removal after 24 hours of the experiment. When
protease was repetitively dosed at 55°C, the cumulative MP reduction was 23.3% in 9
days (7 doses of protease). When cellulase and protease were dosed simultaneously, the
MP reduction was 3.77% after 3 days of the batch experiment where there was interactive

destruction between the two enzymes.

A non-steady state mathematical model was developed and calibrated using the lab-
scale experimental results. The estimated kinetic constant of MP reduction by an enzyme
(k4 ;) ranged from 5.0 to 8.1 X 10" L/mg/hr while the range of the enzyme self-decay
constant (k,;;) was 0.44 — 1.10 L/mg/hr. The mathematical model was also used to
simulate the multiple enzymes (i.e., cellulase and protease) batch experiment, assuming
an interaction between the two enzymes using an interactive-decay constant (k,cp)
where k, cp was estimated to be 0.51 L/mg/hr. Using the calibrated kinetic constants at
37.5 and 55°C, the temperature correction factor (0) for k, ; was determined to be 1.019
(lipase), 1.018 (cellulase) and 1.016 (protease) while 6 for k, ; was 1.003 for lipase and
1.006 for cellulase and protease. The calibrated model kinetic constants were used to
approximate the MP reduction in anaerobic digestion where it was found that the
retention time is the most dominant parameter on MP removal. For mesophilic
temperature (37.5°C), MP removal was up to 95% in 20 days of AD retention time,

reflecting the strength of AD in MP removal applications. It can be concluded that
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hydrolytic enzymes represent a feasible solution for MP removal in the conventional

biological wastewater and sludge treatment processes.
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4. Mathematical model application for real-time aeration based on

nitrite level in Anammox process

Anaerobic ammonia oxidation (Anammox) is an innovative technology for nitrogen
removal with a reduced greenhouse gases emission, operation cost and facility size.
However, controlling the competition between Anammox and nitrite oxidizing bacteria is
an important challenge on successful wastewater treatment using Anammox process.
Anammox bacteria are also sensitive to the dissolved oxygen concentration and aeration
schemes. Therefore, a mathematical model was developed and calibrated using
experimental results of previous Anammox studies to estimate the important model
parameters. Also, a real-time aeration scheme based on nitrite concentration was
implemented to limit the competition between Anammox and nitrite oxidizing bacteria,
providing favorable conditions for the growth of Anammox bacteria. This schematic
aeration can be applied in large-scale nitrogen removal applications by Anammox

process.
This paper is prepared for future journal publication.
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Abstract

Anaerobic ammonia oxidation (Anammox) is an innovative technology for cost-
efficient nitrogen removal without intensive aeration. However, controlling the
competition between nitrite oxidizing bacteria (Xyog5) and Anammox bacteria (X,y,4) IS @
key challenge for broad applications of Anammox processes in real wastewater treatment.
In this study, a non-steady state mathematical model was developed and calibrated using
previously reported lab-scale Anammox results to investigate the competition between
Xnop and X4y 4 Under various Anammox operation conditions. Based on the model
simulation results, dissolved oxygen (DO) of about 0.10 mg-O,/L was found to be ideal
for maintaining effective nitrite creation by ammonia oxidizing bacteria (X,,5) While
slowing the growth of X,,g. If DO concentration is too low (e.g., 0.01 mg-O,/L or
lower), ammonia removal will be limited due to slow growth of X,,5. Also, relatively
high DO (e.g., 1.0 mg-O,/L or higher) inhibits the growth of X,y,, resulting in
dominancy of X,,5 and Xyop. It was also found that nitrite concentration can be used as
an aeration indicator to enhance the performance of Anammox bacteria. A schematic
aeration method based on real-time nitrite concentration was proposed and examined for
controlling the competition between X,y4and Xyop for nitrite. In the model simulation,
the X, 4 activity was successfully maintained because the schematic aeration prevented
an outgrowth of Xy,g, allowing long-term operation of Anammox processes. The
proposed real-time schematic aeration can allow successful operation of Anammox
processes for energy-efficient nitrogen removal coupled with broad applications of

Anammox processes in biological wastewater treatment.
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4.1 Introduction

Different wastewater streams, including municipal, industrial and agricultural
wastewater, contain high levels of nitrogen components (e.g., ammonia, organic nitrogen
and nitrate). Excessive discharge of nitrogen components can cause critical
environmental problems such as algal blooms and eutrophication in natural water
systems, threatening the aquatic ecosystem (Ge et al., 2019; Chen et al., 2020). Therefore,
nitrogen removal is important in the modern wastewater treatment processes. In the
conventional ammonia removal process, ammonia is oxidized into nitrite and nitrate by
nitrifiers under aerobic conditions and nitrate is converted into nitrogen gas by
heterotrophs under anoxic conditions with an additional organic carbon supply (Pereira et
al.,, 2017; Ma et al., 2020; Zhang et al., 2020a). However, this process requires
availability of organic carbon (resources), high oxygen demand (aeration cost) for
complete nitrification (i.e., from ammonia to nitrate), long retention time (pumping cost)
and large footprint for denitrification reactors (resources and cost) (Hauck et al., 2016;
Chen et al., 2019; Du et al., 2019). Also, the sludge production rate (disposal cost) and
greenhouse gases emission rate (environmental aspect) are relatively high in the
conventional nitrification and denitrification processes (Gilbert et al., 2015; Eskicioglu et
al., 2018; Conthe et al., 2019). Anaerobic ammonia oxidation (Anammox) is a relatively

new technology for ammonia removal and is considered as an innovative alternative for
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conventional nitrification and denitrification systems in wastewater treatment with a
reduced operation cost, greenhouse gases emission and facility size (Du et al., 2015; Xu
et al., 2015; Guo et al., 2020). In the Anammox process, ammonia is consumed by
Anammox bacteria with nitrite as the terminal electron acceptor (Graham and Jolis et al.,

2017; You et al., 2020; Li et al., 2021).

Operational conditions have a dominant role on the biological ammonia removal by
Anammox bacteria (He et al., 2018; Qian et al., 2019; Cui et al., 2020). In previous
Anammox bacteria studies, it was found that dissolved oxygen concentration is a crucial
parameter on the activity of Anammox bacteria as reasonable dissolved oxygen (DO)
concentration is required to create sufficient amount of nitrite by ammonia oxidizing
bacteria while the DO concentration should be low enough to avoid an inhibition on the
growth of Anammox bacteria (Lotti et al., 2014; Lin et al., 2014; Liu et al., 2017a; Yue et
al., 2018). It was also demonstrated that the C/N ratio (carbon-to-nitrogen) and influent
COD concentration control the ammonia removal in Anammox process as they affect the
competition between ammonia oxidizing and heterotrophic bacteria for oxygen, and the
competition between Anammox and heterotrophic bacteria for nitrite (Ni et al., 2012;
Chen et al., 2016; Li et al., 2017a). Many previous Anammox studies described the nitrite
inhibition on Anammox bacteria at high nitrite concentrations (> 100 mg-N/L) using
experimentation (Lackner et al., 2008; Lotti et al., 2012; Connan et al., 2016); however,
there are no systematic mathematical modeling studies on the effect of nitrite
concentration on Anammox bacteria at the non-inhibitory concentration levels. Although
the competition between nitrite oxidizing and Anammox bacteria for nitrite is the main

key for a successful nitrogen removal by Anammox bacteria (Pellicer-Nacher et al., 2014;
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Ali and Okabe, 2015; Cao et al., 2017), there are no comprehensive mathematical models

for describing this competition.

Different Anammox studies suggested potential experimental techniques for
controlling the competition between Anammox and nitrite oxidizing bacteria, such as
intermittent aeration (Ma et al., 2015; Yang et al., 2015; Miao et al., 2017; Miao et al.,
2018), sludge age (van Hulle et al., 2010; Akgul et al., 2013; Kanders et al., 2018; Jiang
et al., 2018), maintaining residual ammonia concentration (Perez et al., 2014; Regmi et
al., 2014; Li et al., 2018) and wash-out of nitrite oxidizing bacteria (Gilmore et al., 2013;
Laureni et al., 2016; Li et al., 2017b). However, there are no investigations on the real-
time monitoring of nitrite concentration where DO concentration can be linked with the
nitrite concentration for dominating Anammox bacteria over nitrite oxidizing bacteria.
Real-time monitoring of nitrite can be an innovative approach to avoid the competition
between nitrite oxidation and Anammox bacteria for nitrite with a reduced energy cost
for aeration. Real-time monitoring of nitrite concentration can provide favorable
conditions for ammonia removal by Anammox bacteria as high nitrite concentration can
trigger the nitrite oxidizing bacteria growth, inhibiting the growth of Anammox bacteria.
In the real-time schematic aeration, the aeration system is automatically turned off when
nitrite concentration becomes high, creating anaerobic conditions for better growth and

dominance of Anammox bacteria.

Mathematical modeling of Anammox process is important to describe the
competition between ammonia oxidizing and Anammox bacteria for ammonia, nitrite
oxidizing, heterotrophic and Anammox bacteria for nitrite, and ammonia oxidizing and

nitrite oxidizing bacteria for oxygen coupled with a comprehensive analysis for the
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removal mechanisms during the nitrogen removal process (Niu et al., 2016; Agrwal et al.,
2018). Also, mathematical models can be applied for identifying the correlation between
the process parameters and assessing the effect of various operational conditions on the
performance of Anammox bacteria (Baeten et al., 2019; Jia et al., 2020). Therefore,
mathematical modeling can lead to more comprehensive understanding of the Anammox
process operation and system design based on the available resources and determined
accuracy. Mathematical modeling, including various microorganisms (i.e., nitrifiers,
heterotrophs and Anammox bacteria), is essential to determine the complicated relations
between the model parameters in the Anammox process. Model calibration with previous
experimental results can be an efficient tool for estimating realistic ranges of the model

parameters.

In this study, the main objectives are to: (1) develop a mathematical model to
simulate the biological reactions during Anammox process; (2) calibrate the
mathematical model using previous experimental results to determine the important
model parameters; (3) assess the effect of operational conditions (e.g., ammonia, nitrite
and oxygen concentration) on nitrogen removal during Anammox process; and (4)
implement a real-time schematic aeration on Anammox process to maintain high nitrogen

removal by Anammox bacteria rather than by nitrite oxidizing bacteria.
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4.2 Numerical model development and calibration

4.2.1 Biological reaction kinetics

A non-steady state model was developed to simulate comprehensive biological
reactions by Anammox, ammonia oxidizing, nitrite oxidizing and heterotrophic bacteria
based on ASM3 (Activated Sludge Model No.3) (Henze et al., 2000; Lackner et al., 2008;
Ni et al., 2013) in completely mixed batch reactors. The biological reactions on nitrogen
compounds include: the ammonia (Syy,) oxidation by Anammox bacteria (X,y,) and
ammonia oxidizing bacteria (X405); nitrite (Syo,) oxidation into nitrate (Syo,) bY Xana
and nitrite oxidizing bacteria (Xyog); and denitrification by heterotrophic bacteria (Xy)
(Table B1). For the carbonaceous compounds, soluble COD (S¢op) was utilized by Xy
and particulate COD (X;) was hydrolyzed into S-,p. In the mathematical model, it was
assumed that the particulate components (X 05 .Xnog, Xy and X,y4) have microbial
decay reactions (Table B1). Also, the biological reaction kinetics were included (Table

4.1), assuming a homogenous suspended biomass completely mixed system.
4.2.2 Numerical solution methods

In the non-steady state model, the ten mass balance equations for individual soluble
(SnH,s SNoys Snos» So,aNd Scop)  and  particulate  (Xanas Xa0m, Xnog, Xu and X;)
components were discretized using the explicit Euler method (Chapra and Canale, 1998).
In the explicit Euler method, the time step was evenly assumed to be two seconds
regardless of the reaction time. The initial concentration of soluble and particulate

components was summarized in Table 4.2.
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4.2.3 Model calibration using literature data

The non-steady state model was calibrated using experimental results from
previous lab-scale Anammox studies (Ma et al., 2015; Ni et al., 2014; Gong et al., 2007;
Li et al., 2020) to determine the kinetic constants of Anammox bacteria. In the model
calibration, the simulation conditions (e.g., initial concentration of soluble substrates)
were assumed based on the experimental conditions of each study (Table 4.2). The initial
concentration of volatile suspended solids (VSS) and the fraction of particulate
components (Table 4.1) were assumed based on previous Anammox studies (Beun et al.,
2002; Keluskar et al., 2013; Ni et al., 2013; Ni et al., 2014; Chen et al., 2014; Zhang et
al., 2020b; Wang et al., 2021). The experimental results in the previous Anammox
process papers were digitized and extracted to prepare the changes in soluble components

concentration with time.
4.2.4 Real-time schematic aeration

A real-time schematic aeration was proposed to simulate the programmed aeration
based on the real-time monitoring of nitrite concentration in Anammox processes. The

aeration system is turned on when nitrite concentration becomes less than the threshold

concentration (SN02|ON) while dissolved oxygen automatically set at zero if nitrite

concentration exceeds the threshold concentration. In the model simulation, nitrite
concentration was checked each 10 seconds to determine the dissolved oxygen level for
the next 10 seconds of simulation. In a model simulation using the real-time schematic
aeration, the initial nitrite concentration was zero while the threshold concentration was
set to be 0.05 mg-N/L; therefore, the aeration system was turned on at dissolved oxygen
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concentration of 0.5 mg-O,/L for 10 seconds (Fig. B1b, c). The dissolved oxygen was

automatically set to zero After 10 seconds of aeration because nitrite concentration (0.2

mg-N/L) was higher than the threshold concentration (Syo, |0N =0.05 mg-N/L).
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Table 4.1 Model parameters and calibration targets at T = 20°C and pH = 7.0.

Model Parameter Symbol Study A StudyB Study C Study D  This study Reference
Heterotrophic Bacteria (Xy)
Maximum specific growth rate (1/d) Uy 6.0 6.0 6.0 6.0 6.0 Henze et al., (2000)
Decay rate (1/d) by 0.4 0.4 0.4 0.4 0.4 Henze et al., (2000)
Anoxic reduction factor for p (-) Na 0.8 0.8 0.8 0.8 0.8 Henze et al., (2000)
Oxygen saturation constant (mg-O,/L) K{fz 0.2 0.2 0.2 0.2 0.2 Henze et al., (2000)
Substrate saturation constant (mg-COD/L) Ko 20 20 20 20 20 Henze et al., (2000)
Ammonium saturation constant (mg-N/L) Kﬁm 0.05 0.05 0.05 0.05 0.05 Henze et al., (2000)
Nitrite saturation constant (mg-N/L) K,’V’Oz 0.5 0.5 0.5 0.5 0.5 Henze et al., (2000)
Nitrate saturation constant (mg-N/L) K,’\,’o3 0.5 0.5 0.5 0.5 0.5 Henze et al., (2000)
Ammonia Oxidizing Bacteria (X 40p)
Maximum specific growth rate (1/d) Ua0B 2.05 2.05 2.05 2.05 2.05 Wiesmann, (1994)
Decay rate (1/d) biop 0.13 0.13 0.13 0.13 0.13 Wiesmann, (1994)
Oxygen saturation constant (mg-O,/L) KgoF 0.6 0.6 0.6 0.6 0.6 Wiesmann, (1994)
Ammonium saturation constant (mg-N/L) Kilf® 2.4 2.4 2.4 2.4 2.4 Wiesmann, (1994)
Nitrite Oxidizing Bacteria (Xyog)
Maximum specific growth rate (1/d) UnoB 1.45 1.45 1.45 1.45 1.45 Wiesmann, (1994)
Decay rate (1/d) byos 0.06 0.06 0.06 0.06 0.06 Wiesmann, (1994)
. NOB Moussa et al.,
Oxygen saturation constant (mg-O,/L) Ko, 1.0 1.0 1.0 1.0 1.0 (2005)
Ammonium saturation constant (mg-N/L) 617 0.20 0.20 0.20 0.20 0.20 Maetal., (2017)
Nitrite saturation constant (mg-N/L) K88 0.50 0.50 0.50 0.50 0.50 Volcke et al., (2010)
Anammox Bacteria (X 4n4)
Maximum specific growth rate (1/d) Uana 0.051 0.07 0.048 0.09 0.10 This study.
Decay rate (1/d) bana 0.003 0.003 0.003 0.003 0.003 This study.
Oxygen saturation constant (mg-O,/L) KN4 0.10 0.10 0.10 0.10 0.10 This study.
Ammonium saturation constant (mg-N/L) KifhA 0.07 0.07 0.07 0.07 0.07 This study.
Nitrite saturation constant (mg-N/L) Kiy4 0.05 0.05 0.05 0.05 0.05 This study.
Hydrolysis
Hydrolysis rate constant (1/d) qu 3 3 3 3 3 Henze et al., (2000)
Saturation constant for particulate COD ( Ky 01 01 01 01 01 Henze et al., (2000)
9-Xs/ g-Xp)
Anoxic reduction for gy (-) ny 0.6 0.6 0.6 0.6 0.6 Henze et al., (2000)
Stoichiometric Parameters
Yield of X, on substrate (g-COD/g-COD) Yy 0.63 0.63 0.63 0.63 0.63 Henze et al., (2000)
Yield of X4op 0n ammonium (g-COD/g-N) Yion 0.15 0.15 0.15 0.15 0.15 Wiesmann, (1994)
Yield of Xyop on nitrite (g-COD/g-N) Ynos 0.041 0.041 0.041 0.041 0.041 Wiesmann, (1994)
Yield of X,y4 on nitrite (g-COD/g-N) Yana 0159 0159 0159  0.159 0.159 "ac'gg(’)ge)‘ .,
Nitrogen content in biomass (g-N/g-COD ) ingm 0.07 0.07 0.07 0.07 0.07 Henze et al., (2000)
Inert content in lysis biomass (g-COD/g- 5 01 01 01 01 01 Henze et al., (2000)

CoD)
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Table 4.2. Initial concentration of soluble and particulate components of the calibrated

model and the previous Anammox studies.

. . Fig.
- . . . . . . . Fig. Fig.
Figure Fig. 41 Fig.B2  Fig. B3 Fig.B4 Fig. 42 Fig.43 Fig. 4.4 454647 B5.86.87 4.8,451,4.10,
Ma et Nietal., Gonget Lietal, This This This . . .
Reference al., 2015 2014 al.. 2007 2020 study study study This study  This study This study
Syu, (Mg-N/L) 41 175 95 56 Variable Variable 100 100 500 Real-time
Swo, (Mg-N/L) 0 1.7 91 05 10 10 Variable 10 10 0
Sno, (mg-N/L) 1.0 0 1.0 3.0 0 0 0 0 0 0
Scop (Mg-COD/L) 49 0 0 0 50 50 50 50 50 50
So, (Mg-Oy/L) 0.15 0.30 0 0.25 Variable Variable Variable 0.5 0.50 0.50
VSS (mg-COD/L) 1,200 1,500 900 1,500 5,000 5,000 5,000 5,000 5,000 5,000
Xana (Mg-CODJL) 894 1,050 630 975 3,500 3,500 3,500 3,500 3,500 3,500
X405 (Mg-CODI/L) 240 225 1125 270 500 500 500 500 500 500
Xyop (Mg-COD/L) 60 150 1125 105 500 500 500 500 500 500
Xy (mg-CODI/L) 6.0 75 45 150 500 500 500 500 500 500
Reaction time (hr) > 335 9% 2 2 ESt'g”ate 2 2 2 120
Reactor system SBR SBR MABR SBR SBR SBR SBR SBR SBR SBR
. Intermitt ~ Continu No Intermitt  Continu  Continu  Continu . . .
Aeration scheme ent ous aeration ent ous ous ous Real-time Real-time Real-time
Aeration time (hr.) 0.5 3.35 0 1.0 2.0 2.0 2.0 Real-time Real-time Real-time

"SBR: sequential batch reactor.
MABR: membrane aerated biofilm reactor.
Variable: the parameter was changed at different simulations.
Estimated: the parameter was determined at different simulations.
Real-time: the parameter was determined based on the monitoring of another parameter.
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4.3 Results and discussion

4.3.1 Model calibration with previous experimental results

The kinetic constants of Anammox bacteria were determined by calibrating the
non-steady state mathematical model using experimental results from previous Anammox
studies (Gong et al., 2007; Ni et al., 2014; Ma et al., 2015; Li et al., 2020) (Fig. 4.1, B2,
B3, B4, Table 4.1 and 4.2). The simulation results were compared with the experimental
results to match the same trend and values of the ammonia, nitrite, nitrate and COD
concentrations. The maximum specific growth rate constant of Xy, (uan4) ranged from
0.048 to 0.09 d™* while the decay rate constant of X,y (bay4) Was 0.003 d*, oxygen half
saturation constant of X,y (K44) was 0.10 mg-O/L, ammonia half saturation constant
(K{H) was 0.07 mg-N/L and nitrite half saturation constant (Kyp,) was 0.05 mg-N/L.
The determined Anammox bacteria kinetic constant ranges are consistent with those used
or estimated in previous Anammox studies (Strous et al., 1998; Koch et al., 2000; Hao et al.,

2002; Lackner et al., 2008; van der Star et al., 2008; Volcke et al., 2010; Ni et al., 2013;

Mozumender et al., 2014; Ni et al., 2014; Bi et al., 2015; Corbala-Robles et al., 2016; Ma et

al., 2016; Azari et al., 2017; Zhang et al., 2017; Liu et al., 2020).
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Fig. 4.1. Comparison between the simulation results of the non-steady state model and
the experimental data of study A (Ma et al.,, 2015) for model calibration.
(Simulation conditions are mentioned in Table 4.1 and 4.2).

4.3.2 Effect of initial ammonia concentration and DO on ammonia

removal

In the model simulation results, it was found that moderate dissolved oxygen
concentration (i.e., DO = 0.10 mg-O,/L) is required for high ammonia removal by of
Xana (Fig. 4.2) as moderate DO allowed ammonia oxidation into nitrite by X,05,
providing sufficient amount of nitrite for ammonia removal by Anammox bacteria. This
result is consistent with the results of other Anammox studies (Gong et al., 2007; Joss et
al., 2011; Ni et al., 2014; Bi et al., 2015; Li et al., 2016; Liu et al., 2017b; Zhang et al.,
2019) where the recommended range of DO concentration was 0.10 — 0.60 mg-O,/L. For
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an initial ammonia concentration of 100 mg-N/L, it was observed that ammonia was
completely removed after two hours of operation at moderate DO concentration where
42% of the removed ammonia was utilized by X y4, 54% by X405 and the rest was
removed by the cell growth reactions, reflecting significant contribution of Anammox
bacteria to the total ammonia removal. However, the total ammonia removal rate
decreased with the increasing of initial ammonia concentration at the three examined
dissolved oxygen concentrations (DO = 0.01, 0.10 and 1.0 mg-O,/L) (Fig. 4.2) because
the reaction time was insufficient for ammonia removal completion by X y4 and X405

(e.g., 90% ammonia removal).

120
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DO =0.01 mg-0O2/L DO =0.10 mg-O2/L DO = 1.0 mg-O2/L
Initial ammonia bulk concentration (mg-N/L)
Fig. 4.2. Effect of initial ammonia concentration and dissolved oxygen on the ammonia

removal by X,05, Xana and cell growth. (Simulation conditions are mentioned in
Table 4.1 and 4.2).
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It is important to link the ammonia removal efficiency with the initial ammonia
concentration and dissolved oxygen concentration because rapid ammonia removal is
required in real wastewater treatment systems, challenging the slow reaction of
Anammox bacteria growth. Therefore, a balance between ammonia removal by X454 and
X405 1S required for cost-efficient wastewater treatment systems. Based on the model
simulation results, the required time for 90% ammonia removal increased with the
increasing initial ammonia concentration (Fig. 4.3). For a DO concentration of 0.10 mg-
N/L, the required time for 90% ammonia removal increased from 1.3 to 12.4 hours when
the initial ammonia concentration increased from 100 to 1000 mg-N/L. It was also
noticed that the required time for 90% ammonia removal decreased with the increasing
DO concentration (Fig. 4.3) because high oxygen concentration enhanced the ammonia
removal by X,,5, providing sufficient nitrite for ammonia removal by X,y 4. For an initial
ammonia concentration of 100 mg-N/L, the required time for 90% ammonia removal
decreased from 9.7 to 0.5 hours when the DO concentration increased from 0.01 to 1.0
mg-O,/L because of high activity of X,,5, reflecting the importance of DO on the total

ammonia removal rate.
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Fig. 4.3. Effect of initial ammonia concentration and dissolved oxygen on the required
time for 90% ammonia removal. (Simulation conditions are mentioned in Table 4.1
and 4.2).

For low oxygen concentration (i.e., DO = 0.01 mg-O,/L), total ammonia removal
was the least at the examined range of initial ammonia concentration (100 — 1000 mg-
N/L) (Fig. 4.2) because low DO limited the ammonia removal by X,,5, resulting in
insufficient nitrite for ammonia removal by X, 4. For an initial ammonia concentration
of 100 mg-N/L, the total ammonia removal was 26% (15% by X,y 4, 9% by X405 and 2%
by cell growth), reflecting the dependence of X,y40n X40p for nitrite production. This
finding is consistent with the previously reported results in other Anammox studies (Cho
et al., 2011; Ma et al., 2015; Val de Rio et al., 2019; Li et al., 2020), confirming the

partnership between X,y4 and X,,5 in ammonia removal. However, the contribution of
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ammonia removal by X,y4 at low DO concentration was higher than that at relatively
high DO concentration (i.e., DO = 1.0 mg-O,/L) because there was no competition
between X, 4 and X405 for ammonia, avoiding Anammox bacteria inhibition by high
oxygen concentration. For an initial ammonia concentration of 100 mg-N/L, the required
time for 90% ammonia removal at DO concentration of 0.01 mg-O,/L was 9.7 hours (Fig.
4.3), confirming that relatively low DO concentration has a negative effect on the growth
of Anammox bacteria. This finding is consistent with the results of previous Anammox
studies (Hao et al., 2002; Lackner et al., 2014) where it was demonstrated that extremely
low oxygen concentration (< 0.10 mg-O,/L) inhibits the Anammox bacteria growth due

to absence of nitrite produced by aerobic ammonia oxidation by X,.5.

It was also found that total ammonia removal was the highest at relatively high
oxygen concentration because of the high activity of X, (Fig. 4.2). This result is
consistent with the results of previous ammonia removal studies (Blackburne et al., 2008;
Munz et al., 2011; Chaali et al., 2018; Soliman and Eldyasti, 2018; Elsayed et al., 2021),
confirming the importance of oxygen for X,,5 growth for complete ammonia removal.
Thus, short operation time was required for 90% ammonia removal at a DO concentration
of 1.0 mg-O,/L (Fig. 4.3) due to the rapid ammonia removal by X,,5. However,
ammonia removal by X,y 4 decreased with the increasing DO concentration because high
oxygen inhibited the growth of X,y 4, resulting in X,,5 dominancy at the four examined
ammonia concentrations. This simulation result is comparable with other Anammox
studies (Udert et al., 2008; Corbala-Robles et al., 2016; Liu et al., 2017; Hoekstra et al.,
2018), highlighting the toxicity of high oxygen concentration on X 54 growth. Although

100% of ammonia was removed at the initial ammonia concentration of 100 - 200 mg-
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N/L (Fig. 4.2), only 4% of ammonia was removed by X,y4. Therefore, it is highly
recommended to maintain moderate oxygen concentration to allow ammonia oxidation

into nitrite by X,,5 with favorable conditions for Anammox bacteria growth.

4.3.3 Effect of initial nitrite concentration and DO on ammonia removal

Ammonia removal by X,y4 was enhanced with the increasing initial nitrite
concentration at low and moderate DO concentration (Fig. 4.4) because the availability of
nitrite stimulated the growth of X,y without a competition with X,,5 and Xy g under
limited oxygen condition. This finding is consistent with the results of previous
Anammox studies (Strous et al., 1999; Lotti et al., 2012; Xu et al., 2015; Ma et al., 2017),
confirming that nitrite is a rate-limiting parameter on the growth of Anammox bacteria.
At a DO concentration of 0.01 mg-O,/L, ammonia removal by Xy, increased from 8 to
84% when the initial nitrite concentration increased from 0 to 100 mg-N/L. It was also
found that ammonia removal by X,z (9%) was insensitive to the initial nitrite
concentration at DO concentration of 0.01 mg-O-/L, reflecting that the total ammonia
removal was completely dependent on Anammox bacteria reactions at low DO
concentration. At moderate DO concentration, there was a balance between ammonia
removal by X,y, and X,,5 Where 53% of ammonia was removed by X,y ,and 43% was

utilized by X,p at an initial nitrite concentration of 100 mg-N/L.
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Fig. 4.4. Effect of initial nitrite concentration and dissolved oxygen on the ammonia

removal by X405, Xana and cell growth. (Simulation conditions are mentioned in
Table 4.1 and 4.2).

At relatively high DO concentration (1.0 mg-O,/L), ammonia removal by X,y swas
the least (5%) while ammonia removal by X,,z was the highest (92%) because high
oxygen concentration allowed the growth of X,,5 and Xyog, inhibiting the activity of
Anammox bacteria. This simulation result confirms that total ammonia removal was
dominated by the activity of X,,5 at high oxygen concentration, highlighting the
competition between X,y, and Xyop. For the examined range of initial nitrite
concentration (0 — 100 mg-N/L), it was also found that there was a negligible change in
the ammonia removal by X,y4 and X, at relatively high DO concentration due to the

high growth rate of X,,5 and Xyop, resulting in limited contribution of Anammox

bacteria in the total ammonia removal.
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4.3.4 Effect of real-time aeration on nitrogen removal

Ammonia removal by Anammox bacteria increased with the decreasing nitrite
threshold concentration while ammonia removal by X,z was enhanced with the
increasing threshold concentration for an initial ammonia concentration of 100 mg-N/L
(low-strength wastewater) (Fig. 4.5a) because DO concentration controlled the ammonia
removal mechanism by X,y and X,05. This finding is consistent with the results of
previous Anammox studies (Hao et al., 2002; Mozumder et al., 2014; Li et al., 2018)
where it was emphasized that the dominance of X5 Over X y4 Can be avoided by
controlling the oxygen concentration for better Anammox bacteria growth. Ammonia
removal by X4y, increased from 16 to 45% for low-strength wastewater treatment when
the nitrite threshold concentration decreased from 0.4 to 0.05 mg-N/L (Fig. 4.6),
reflecting the importance of automated operation of DO as a function of nitrite
concentration in low strength wastewater treatment. For a nitrite threshold concentration
of 0.05 mg-N/L, ammonia removal by X,y4 and X,op was in balance where 52% of
ammonia was removed by X,, and 45% was utilized by X,y 4 for low and high-strength

wastewater.
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Fig. 4.5. Effect of the nitrite threshold concentration (SN02|0N) for low-strength
wastewater on the contribution of: (a) X,05 and X4n4 in the ammonia removal, (b)
Xnop and X,y4 in the nitrite removal. (Simulation conditions are mentioned in
Table 4.1 and 4.2, real-time aeration is: If Syo, < SN02|ON

and If Syo, > 5N02|0N - DO =0).
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Fig. 4.6. Effect of the nitrite threshold concentration (SN02|ON) on the contribution

of X405, Xan4 and cell growth in the cumulative removal of ammonia concentration
for low-strength wastewater at nitrite threshold of: (a) 0.05 mg-N/L, (b) 0.10 mg-
N/L, and (c) 0.40 mg-N/L. (Simulation conditions are mentioned in Table 4.1 and
4.2, real-time aeration is: If Sy, < SN02| — DO = 0.5 mg-O/L and If Sy, >

Sno, |01V - DO =0).

ON

Nitrite removal by X,y4 was also enhanced with the decreasing nitrite threshold
concentration while nitrite removal by Xyop increased with the increasing threshold
concentration for low-strength wastewater (Fig. 4.5b) because the DO concentration and
aeration scheme controlled the nitrite utilization mechanism by X,y4 and Xyop. The
nitrite removal mechanism based on the oxygen availability was described in previous
Anammox studies (Perez et al., 2014; Cao et al., 2017; Li et al., 2018), showing the
importance of aeration scheme for X,54. These findings are consistent for high-strength
wastewater (initial ammonia concentration = 500 mg-N/L) (Fig. B5, B6). However,
ammonia was not completely removed for high-strength wastewater at a threshold
concentration less than 0.05 mg-N/L (Fig. B5a), reflecting the importance of selecting a
reasonable real-time aeration scheme for better total ammonia removal with a significant

contribution of Anammox bacteria.

At a nitrite threshold concentration of 0.4 mg-N/L, ammonia removal by X,,5 was
dominant where 81% of ammonia was removed by X,,5 for low and high-strength
wastewater (Fig. 4.6¢ and B6c), highlighting the effect of the correlation between nitrite
and DO concentration on the ammonia removal mechanism. It was also observed that the
total ammonia removal rate was rapid at threshold concentration of 0.4 mg-N/L

compared to lower threshold concentrations for low and high-strength wastewater
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because of the dominance of X,,5 by longer aeration time. For the examined nitrite
threshold and initial ammonia concentrations, ammonia removal by cell growth was
negligible (2 - 3.5%) compared to the contribution of X,y,and X,op in the total

ammonia removal (Fig. 4.6 and Fig. B6).

Based on the model simulation results, it was found that the nitrite removal rate was
rapid at nitrite threshold concentration of 0.4 mg-N/L where nitrite removal was 77%
by Xyop and 22% by X,ya for low and high-strength wastewater (Fig. 4.7c and Fig.
B7c), confirming that nitrite removal by Xy, Was the dominant removal mechanism due
to availability of DO. On the other hand, nitrite removal by X,y4 Was dominant at nitrite
threshold concentration of 0.05 mg-N/L where 84% of nitrite was removed by X,y4 and
15% was utilized by Xy for low and high-strength wastewater (Fig. 4.7a and Fig. B7a),
highlighting the importance of real-time aeration on the nitrite removal mechanism. It
was also noticed that nitrite removal by heterotrophs was negligible (2%) compared to
the contribution of X,y, and Xy in the total nitrite removal for the examined range of
nitrite threshold and initial ammonia concentrations (Fig. 4.7 and Fig. B7). Based on the
model simulation results, it is highly recommended to implement real-time monitoring of
nitrite to expand the Anammox process applications in biological wastewater treatment

process.
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Fig. 4.7. Effect of the nitrite threshold concentration (SN02|ON) on the contribution

of Xyog, Xanaand heterotrophs in the cumulative removal of nitrite concentration
for low-strength wastewater at nitrite threshold of: (a) 0.05 mg-N/L, (b) 0.10 mg-
N/L, and (c) 0.40 mg-N/L. (Simulation conditions are mentioned in Table 4.1 and

4.2, real-time aeration is: If Sy, < SN02|ON — DO = 0.5 mg-O,/L and If Sy, >

Sno, |01v — DO = 0). Negative values mean creation of nitrite by X,,p.

4.3.5 Comparison between continuous and real-time aeration schemes

In the model simulation of the real-time monitoring of the ammonia and nitrite
concentration, ammonia was injected with a concentration of 500 mg-N/L when the
ammonia concentration was 25 mg-N/L (i.e., ammonia removal efficiency = 95%) (Fig.
B1la) while the continuous or real-time aeration scheme was implemented (Fig. B1b, c).
For the continuous aeration with a DO concentration of 0.5 mg-O,/L, the total ammonia
removal rate was extremely rapid (Fig. 4.8a) because of the high activity of X,,5. After
one day of reaction, the total injected ammonia concentration was 5500 mg-N/L (11
injection cycles) under continuous aeration scheme (Fig. B1a). However, ammonia was
injected six times with total concentration of 3000 mg-N/L under real-time aeration
scheme, reflecting that the total ammonia removal rate was slow (Fig. 4.8b) because there
was a balance between X,y and X405 In ammonia removal rate by the automated DO
concentration. After five days of continuous aeration, 200 g-N/L of ammonia was
removed where 97.5% of ammonia was removed by X,05, 1% by X,y4 and the rest was
utilized by cell growth (Fig. 4.8a), reflecting the dominancy of X,,p at continuous
aeration scheme. On the other hand, the total removed ammonia under real-time aeration
was 15.5 g-N/L where 58% was removed by X,,5, 40% by X,y4and the rest was

consumed by cell growth (Fig. 4.8b). Therefore, it is highly recommended implementing
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the real-time monitoring of nitrite concentration for broad Anammox bacteria

applications in cost-efficient biological wastewater treatment.
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Fig. 4.8. Total ammonia removal, ammonia removal by X,,5, ammonia removal by
X4naand ammonia removal by cell growth under: (a) continuous aeration, and (b)
real-time aeration. (Simulation conditions are mentioned in Table 4.1 and 4.2, real-
time aeration is: If Sy,, < 0.05 > DO = 0.5 mg-O,/L for 10 seconds and If

Sno, > 0.05 - DO = 0 for 10 seconds).

Anammox bacteria growth rate was enhanced by the real-time aeration scheme
(Fig. 4.9a) because there was no competition between X,op and X,y4 for ammonia,
and Xyop and Xyu4 for nitrite under limited DO concentration where the Anammox
population increased by 25% after five days of real-time aeration. This result is
comparable with the results of previous experimental Anammox studies (Joss et al., 2009;
Cao et al., 2017;Wang et al., 2019; Zekker et al., 2019) where it was recommended to
maintain reasonable DO concentration for ammonia oxidation by X,,5 without toxic
effect on Anammox bacteria. On the other hand, the Anammox population increased by
only 7% (Fig. 4.9a) when the reactor was operated under continuous aeration because
high oxygen concentration and nitrite accumulation inhibited the growth of Anammox
bacteria (Fig. 4.10a), resulting in a dominance of X,,5 and Xyop Over X, n4 (Fig. 4.9b,
c). This finding is consistent with the results of other Anammox studies (Strous et al.,
1999; Wyffels et al., 2004; Lotti et al., 2012; Carvajal-Arroyo et al., 2014; Lackner et al.,
2014) where it was demonstrated that inhibition by nitrite can occur at high nitrite

concentration (i.e., Syo, > 100 mg-N/L).
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Fig. 4.9. Comparison between the effect of continuous and real-time aeration on the
population of: (a) Anammox bacteria, (b) AOB bacteria and (c) NOB bacteria.
(Simulation conditions are mentioned in Table 4.1 and 4.2, real-time aeration is: If
Sno, < 0.05 - DO = 0.5 mg-Oo/L for 10 seconds and If Sy,, > 0.05 - DO =0
for 10 seconds).
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Nitrite removal by X,y, was the dominant nitrite removal mechanism under the
real-time aeration scheme (Fig. 4.10b) because there was no competition between X o5
and X,y for nitrite while oxygen was limited. Based on the model simulation results,
72% of the total removed nitrite (9.2 g-N/L) was removed by X,y,While 27% was
consumed by Xyop and the rest was removed by heterotrophs under real-time aeration
scheme. On the other hand, 84 g-N/L of nitrite was removed under continuous aeration
scheme (Fig. 4.10a) where 97% of nitrite was removed by Xy o5 and the rest was utilized
by X,y 4, confirming that Xy, was the dominant microorganism in nitrite removal when
oxygen was available. Although 195 g-N/L of nitrite was created by X,,5 under
continuous aeration scheme (Fig. 4.10a), only 43% of this created nitrite (84 g-N/L) was
oxidized by Xyop because the maximum specific growth rate constant of X,o5 (aos)

was higher than pyop and the oxygen half saturation constant of X,,p (K5‘ZOB) was lower
than K)°% (Table 4.1), resulting in higher activity of X,,p over Xyop. This simulation

result is consistent with the results of previous nitrogen removal studies (Blackburne et
al., 2008; Ma et al., 2016; Ma et al., 2017; Val de Rio et al., 2019; Zhang et al., 2019),

confirming the superiority of X,55 On Xyp IN CONSUMINg 0Xygen.
4.4 Conclusions

A non-steady state mathematical model was developed and calibrated using
experimental results from previous lab-scale Anammox studies. Based on the simulation
results of the calibrated model, moderate dissolved oxygen (DO = 0.10 mg-O,/L) was
important for high ammonia removal by X, 4 as moderate DO created a balance between

ammonia oxidation into nitrite by X,o5 and ammonia removal by X,,p using the
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produced nitrite and remaining ammonia. Although low oxygen concentration (DO =
0.01 mg-O4/L) resulted in slow overall ammonia removal because of the limited growth
of X405 under limited DO conditions, ammonia removal by X,y4 was considerable. On
the other hand, ammonia removal by X454 Was limited at high oxygen concentration (DO
= 1.0 mg-O,/L) because high DO inhibited the Anammox bacterial growth while the total

ammonia removal rate was the highest due to sufficient growth of X,5.

It was also observed that the required time for 90% ammonia removal increased
with the increasing initial ammonia concentration and the decreasing dissolved oxygen
concentration. For the low and moderate DO concentrations, the ammonia removal
by X,nvawas enhanced with the increasing initial nitrite concentration because the
availability of nitrite stimulated the growth of X,y, without a competition
with X,05 and Xyop Under  limited oxygen condition. Therefore, it is highly
recommended to maintain moderate oxygen concentration to allow complete ammonia
removal with a balance between aerobic ammonia oxidation into nitrite by X,,5 and

Anammox bacterial growth.

In the nitrite-based real-time aeration, it was found that the ammonia removal rate
by X,yswas enhanced with the decreasing nitrite threshold concentration because the
nitrite-based schematic aeration decreased the activity of X,,5, resulting in a dominance
of X4nya both for the low and high-strength wastewater scenarios. Also, X,y4 Was
dominant over Xyop in nitrite utilization under the nitrite-based aeration because this
aeration scheme prevented an outgrowth of X,,5 and Xyog, providing more favorable

conditions for the growth of Anammox bacteria. In the simulation results of the real-time
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monitoring of the bulk concentration, it was found that the ammonia removal by X,y ,was
enhanced with the nitrite-based aeration compared to the continuous aeration scheme
because the correlation between the aeration scheme and nitrite concentration controlled
the activity of Xyog. Therefore, it is highly recommended to implement the real-time
monitoring of nitrite concentration for broad Anammox bacteria applications in cost-

efficient biological wastewater treatment.
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5. Sensitivity analysis on important Kinetic constants in Anammox

bacteria enrichment process using a mathematical model

Anaerobic ammonia oxidation (Anammox) is a promising alternative for
conventional activated sludge for nitrogen removal without additional organic carbon
supply and high aeration demands. However, the growth of Anammox bacteria is
relatively slow and Anammox bacteria are sensitive to various operational conditions
(e.g., temperature and oxygen concentration). Moreover, the competition between
Anammox and nitrite oxidizing bacteria is a key challenge on successful Anammox
enrichment process. Granulation is an innovative solution to limit this microbial
competition and reduce the oxygen mass transfer for better Anammox bacteria growth.
Therefore, a one-dimensional mathematical model was developed and calibrated using
previous Anammox studies to estimate the important model parameters and assess the
effect of operational conditions (e.g., liquid film thickness and granule diameter) on the

granulation process of Anammox bacteria.
This paper is prepared for future journal publication.
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Abstract

Granulation is an efficient approach for anaerobic ammonia oxidation (Anammox)
bacteria enrichment to limit the growth of ammonia oxidizing bacteria (X4,5) and nitrite
oxidizing bacteria (Xyog). However, the sensitivity of Anammox population to the
kinetic constants of the involved microorganisms (i.e., X405, Xnog and X n4) represents
a critical challenge for better understanding of Anammox bacteria enrichment in
granules. In this study, a one-dimensional steady-steady state mathematical model based
on spherical coordinates was developed and calibrated using previous Anammox studies
to estimate the Kkinetic constants of Anammox bacteria, liquid film thickness and
diffusion coefficient of soluble components in the granules. Based on the model
simulation results, it was found that the Anammox population is insensitive to the kinetic
constants of X, and X5 at extremely low dissolved oxygen (DO) concentration (e.g.,
0.01 mg-O,/L) while they are important on Anammox bacteria enrichment at moderate
DO (e.g.,0.10 mg-O,/L) because they can control the competition between
Xaop and Xy4n4 for ammonia, and Xyy4 and Xyop  for nitrite. At moderate DO
concentration, the maximum specific growth rate constant (u,y,) and oxygen half
saturation constant (K4"4) of X,y, governed the Anammox bacteria enrichment while
the decay rate constant (bsy,4) had a negligible effect for the enrichment. For the kinetic
constants of X,,5, low maximum specific growth rate (u,05) and high oxygen half
saturation constant (K4°%) of X,op increased the Anammox population because they
limited the competition between X,,5 and X,y, for ammonia. Moreover, it was found

that the maximum specific growth rate constant (uyop) and oxygen half saturation

138



Ph.D. Thesis — Ahmed Elsayed; McMaster University — Civil Engineering

constant (Ky°?) of Xyop showed dominant effects on the Anammox population in the

granules, highlighting the importance of Xy, suppression during Anammox granulation.
Regarding the mass transport parameters, large granules (i.e., granule diameter > 1000
pm) were preferred because thick anaerobic layer in the granule allowed better growth of
Anammox bacteria. The main findings of this study can be used for implementing the

granulation processes on large-scale Anammox enrichment applications.
Keywords

Anaerobic ammonia oxidation; Anammox bacteria enrichment; granulation;

mathematical model calibration; competition; Dissolved oxygen concentration.
5.1 Introduction

Anaerobic ammonia oxidation (Anammox) is an innovative technology for nitrogen
removal by converting ammonia and nitrite into nitrogen gas without expensive aeration
systems (Hauck et al., 2016; Yue et al., 2018; You et al., 2020). Anammox process is
considered as a promising alternative for conventional nitrification and denitrification in
the municipal wastewater treatment (Du et al., 2015; Eskicioglu et al., 2018; Cui et al.,
2020) as Anammox process requires less aeration cost, less footprint for wastewater
treatment facilities and no organic carbon for complete nitrogen removal (Ali and Okabe
et al., 2015; Chen et al., 2016; Tang et al., 2017). Also, the Anammox technology has a
less sludge production rate coupled with minimal disposal cost and less greenhouse gases
emissions (e.g., nitric oxide) compared to the conventional activated sludge (Gilbert et

al., 2015; Rodriguez-Sanchez et al., 2016; Conthe et al., 2019). However, the growth of
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Anammox bacteria is relatively slow where the doubling time can be as long as 10 to 20
days depending on the temperature and substrate conditions (Isanta et al., 2015; Lotti et
al., 2015; Marie et al., 2015), resulting in long operational time for successful Anammox
bacteria enrichment. Also, the competition between Anammox bacteria (X,y,4) and
ammonia oxidizing bacteria (X405) for ammonia, and nitrite oxidizing bacteria (Xyop)
for nitrite is a key challenge on the enrichment of Anammox bacteria. Therefore, the
main scope of this study is oriented towards the determination of dominant parameters on

efficient Anammox enrichment processes.

Many previous Anammox process studies investigated the enrichment of Anammox
bacteria using granules (Vlaeminck et al., 2010; Wang et al., 2020; Li et al., 2021),
biofilms (Gilmore et al., 2013; Lotti et al., 2014; Zhang et al., 2014), attached growth
systems (Wang et al., 2009; Hu et al., 2010; Zhang et al., 2017) and batch systems
(Connan et al., 2016). Granulation is considered as one of the most innovative solutions
to limit the activity of X,,5 and Xyop coupled with providing a sufficient retention time
for the growth of Anammox bacteria (Laureni et al., 2015; Lin and Wang, 2017; Xu et
al., 2019). Granulation processes also allow shorter start-up and easier control compared
to other enrichment techniques (Gonzalez-Gil et al., 2015; Song et al., 2017; Adams et
al., 2020). In the Anammox granular enrichment, ammonia oxidizing bacteria grow at the
outer layer of the granules where dissolved oxygen is provided from the bulk solution.
On the other hand, Anammox bacteria grow at the inner layer of the granules where the

oxygen mass transfer is limited near the core of granules.

Operational conditions play a dominant role in Anammox bacteria enrichment

using granules. In previous experimental Anammox studies, it was observed that
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dissolved oxygen concentration is an important parameter on the enrichment of
Anammox bacteria as low oxygen concentration is required for better growth of
Anammox bacteria (Perez et al., 2014; Lin et al., 2014; Zekker et al., 2018). It was also
found in previous Anammox studies that the granule diameter can control the Anammox
bacteria enrichment (Liu et al., 2017; Luo et al., 2017; Chen et al., 2019). C/N ratio
(carbon-to-nitrogen) and influent COD concentration are also two dominant parameters
on the Anammox bacteria enrichment process as they affect the competition between
Anammox bacteria and heterotrophic bacteria for nitrite (Ni et al., 2012; Li et al., 2017,
Zhang et al., 2020). The competition between Anammox bacteria and other involved
microorganisms (i.e., nitrifiers and heterotrophs) can also control the performance of
Anammox bacteria enrichment (Pellicer-Nacher et al., 2014; Cao et al., 2017; Wang et
al., 2017). However, there are no systematic investigations on the effect of mixing

conditions (i.e., liquid film thickness) on the enrichment of Anammox bacteria.

Mathematical modeling is an important tool to describe the competition between
X405 and X4 for ammonia, X, and Xy for DO and X,y 4 and Xy op for nitrite under
various operational conditions during the Anammox enrichment processes (Volcke et al.,
2012; Vannecke et al.,, 2015). Also, mathematical models can be implemented for
determining the governing microorganisms and kinetic constants on the Anammox
enrichment processes. Mathematical modeling, including various microorganisms (i.e.,
nitrifiers, heterotrophs and Anammox bacteria), is essential to detect the complicated
correlations between the process parameters (e.g., microbes and operational conditions)
during the enrichment process (Corbala-Robles et al., 2016; Baeten et al., 2019).

Mathematical models can be addressed to describe the failure of Anammox enrichment
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due to the domination of nitrite oxidizing bacteria with a comprehensive analysis of the
failure mechanisms, including rapid growth rate of X,z compared to X,y 4 and substrate
mass transport to the granule (e.g., granule diameter and liquid film thickness). However,
there are no reported mathematical modeling studies to determine the role of Kinetic
constants of the involved microorganisms on the difficulty of Anammox enrichment

processes.

In this study, the main objectives are to: (1) develop a mathematical model to
simulate the enrichment of Anammox bacteria using granules; (2) calibrate the
mathematical model using previous Anammox studies to determine the important model
parameters; (3) apply a sensitivity analysis on the microbial kinetic constants to assess
their effect on the competition between the microorganisms and the Anammox
population; and (4) evaluate the effect of operational conditions (e.g., dissolved oxygen

concentration and granule diameter) on the enrichment of Anammaox bacteria.

5.2 Numerical model development and calibration

5.2.1 Biological reaction kinetics and mass transport

A one-dimensional steady state model was developed to simulate the mass transport
in a spherical Anammox granule and the biological reactions driven by Anammox,
ammonia oxidizing, nitrite oxidizing and heterotrophic bacteria. The model was used to
simulate the Anammox bacteria enrichment based on IWA-ASM3 (International Water
Association Activated Sludge Model No.3) (Henze et al., 2000) and the biological
reactions of Anammox bacteria from previous model studies (Lackner et al., 2008; Ni et

al., 2013). For the biological reactions of nitrogenous compounds in the granule,
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ammonia (Syy,) was oxidized by Anammox bacteria (X,y4) and ammonia oxidizing
bacteria (X40g), nitrite (Syo,) Was oxidized into nitrate (Syo,) by Xava and nitrite
oxidizing bacteria (Xyog) and denitrification was performed by heterotrophic bacteria
(Xy) (Table C1). Soluble COD (S.op) Was utilized by X, and particulate COD (Xs) was
hydrolyzed into S¢op, for the carbonaceous compounds (Table C1). Microbial decay
reactions were also assumed for the particulate components (Xsn4 X405 » Xnop and Xy)

(Table C1).

In the steady state model, the biological reaction kinetics and diffusive mass
transport in the granules were included (Table 5.1), assuming non-homogenous granules
in the reactor. In a single granule, the soluble components (Syu,,Sno,: Snos:
So,and S¢op) Were mobile by diffusion from the bulk solution to the granule through the
liquid film where biological reactions were assumed to be negligible; however, the
particulate components were assumed to be immobile. At the center of granule (r= 0), it
was assumed that there was no flux for each of the soluble components (Eq. 5.1).

ds;
dr r=0

=0 (Eq 5.1)
where S; is an individual soluble component and r is the distance from the granule center.

5.2.2 Numerical solution methods

In the steady state model, the ten mass balance equations for individual soluble and
particulate components were discretized using the finite difference method (Table C1)

(Chapra and Canale, 1998). In the finite difference method, the granule was evenly
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divided into twenty grids regardless of the granule size (diameter). The 200 discretized
mass-balance equations (20 grids x 10 components) were solved simultaneously by the
fixed-point iteration approach (Chapra and Canale, 1998) with a relative tolerance of

0.0001.

5.2.3 Model calibration using literature simulation results

The steady state granule model for Anammox bacteria enrichment was calibrated
using simulation results from previous Anammox process model studies (Corbala-Robles
et al., 2016; Liu et al., 2017; Hao et al., 2002) to estimate the kinetic constants of
Anammox bacteria, the diffusion coefficient of soluble components in the granule and
liquid film thickness (Table 5.2). In the model calibration, the simulation conditions (e.g.,
soluble components concentration) were assumed based on the mentioned simulation
conditions in each study (Table 5.2). The simulation results in the literature papers were
digitized and extracted to prepare the concentration profiles of soluble and particulate

components within an Anammox granule.

5.2.4 Relative sensitivity analysis

Relative sensitivity analysis (RSA) was performed on the kinetic constants of X,gz,
Xnop and X,ya to evaluate their effect on the Anammox population (Xy4) and
determine the important kinetics on the Anammox bacteria enrichment. In the sensitivity
analysis, a 10% change in a given kinetic constant was applied and the effect of this
change on the Anammox population was evaluated for each discretized grid (20 grids).

The average relative sensitivity function (fzs) for a given kinetic constant was described
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by the rate of change in the Anammox population (0X4y (7)) with space (r) normalized
by the rate of change in the kinetic constant (0k) and the median value of the kinetic
constant (k) normalized by the Anammox population (X4y4) corresponding to k (Eg. 5.2)
for each grid (Salatul Islam Mozumder et al., 2014). The finite difference method was
used to discretize the rate of change in the Anammox population with respect to the rate

of change in the kinetic constant (Eg. 5.3) (Chapra and Canale, 1998).

Zr:g aXAéV]? (T‘) Xk
r= .
fas = A (Eq 5.2)

0Xana(r)  Xana(r k + Ak) — Xyna(r, k — Ak)
ok 20k

(Eq5.3)

where n is the number of discretized grids in r direction (n = 20 grids) and A is the

change in the median of a kinetic constant (A = 10%).
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Table 5.1 Model parameters and calibration targets at T = 20°C and pH = 7.0.

Model Parameter Symbol Study A Study B Study C  Baseline of this study Reference
Heterotrophic Bacteria (Xy)
Maximum specific growth rate (1/d) Uy 6.0 6.0 6.0 6.0 Henze et al., 2000
Maximum endogenous respiration rate (1/d) by 0.4 0.4 0.4 0.4 Henze et al., 2000
Anoxic reduction factor for p (-) Na 0.8 0.8 0.8 0.8 Henze et al., 2000
Oxygen saturation constant (mg-O,/L) K{,’z 0.2 0.2 0.2 0.2 Henze et al., 2000
Substrate saturation constant (mg-COD/L) Kt 20 20 20 20 Henze et al., 2000
Ammonium saturation constant (mg-N/L) KI(,’H4 0.05 0.05 0.05 0.05 Henze et al., 2000
Nitrite saturation constant (mg-N/L) K,{,’Oz 0.5 0.5 0.5 0.5 Henze et al., 2000
Nitrate saturation constant (mg-N/L) K,{,’O3 0.5 0.5 0.5 0.5 Henze et al., 2000
Ammonia Oxidizing Bacteria (X 40p)
Maximum specific growth rate (1/d) UaoB 2.05 2.05 2.05 2.05 Wiesmann et al., 1994
Maximum endogenous respiration rate (1/d) baos 0.13 0.13 0.13 0.13 Wiesmann et al., 1994
Oxygen saturation constant (mg-0,/L) K48 0.6 0.6 0.6 0.6 Wiesmann et al., 1994
Ammonium saturation constant (mg-N/L) KR 2.4 2.4 2.4 2.4 Wiesmann et al., 1994
Nitrite Oxidizing Bacteria (Xyog)
Maximum specific growth rate (1/d) UNoB 1.45 1.45 1.45 1.45 Wiesmann et al., 1994
Maximum endogenous respiration rate (1/d) byos 0.06 0.06 0.06 0.06 Wiesmann et al., 1994
Oxygen saturation constant (mg-O,/L) K}oB 1.0 1.0 1.0 1.0 Moussa et al., 2005
Ammonium saturation constant (mg-N/L) KN3E 0.20 0.20 0.20 0.20 Maetal., 2017
Nitrite saturation constant (mg-N/L) KN9B 0.50 0.50 0.50 0.50 Volcke etal., 2010
Anammox Bacteria (X 4y4)
Maximum specific growth rate (1/d) Hana 0.10 0.033 0.08 0.10 This study.
Maximum endogenous respiration rate (1/d) bana 0.003 0.003 0.003 0.003 This study.
Oxygen saturation constant (mg-O,/L) KgN4 0.10 0.10 0.10 0.10 This study.
Ammonium saturation constant (mg-N/L) KihA 0.07 0.07 0.07 0.07 This study.
Nitrite saturation constant (mg-N/L) Kb 0.05 0.05 0.05 0.05 This study.
Hydrolysis
Hydrolysis rate constant (1/d) qu 3 3 3 3 Henze et al., 2000
iat/uratlon constant for particulate COD (g- Ky 01 01 01 01 Henze et al., 2000

s/ 9-Xu)
Anoxic reduction for gy (-) Ny 0.6 0.6 0.6 0.6 Henze et al., 2000
Stoichiometric Parameters
Yield of X}, on substrate (g-COD/g-COD) Yy 0.63 0.63 0.63 0.63 Henze et al., (2000)
Yield of X,z on ammonium (g-COD/g-N) Yios 0.15 0.15 0.15 0.15 Wiesmann et al., 1994
Yield of Xyog On nitrite (g-COD/g-N) Yyos 0.041 0.041 0.041 0.041 Wiesmann et al., 1994
Yield of X4y, on nitrite (g-COD/g-N) Yana 0.159 0.159 0.159 0.159 Lackner et al., 2008
Nitrogen content in biomass (g-N/g-COD) ingMm 0.07 0.07 0.07 0.07 Henze et al., 2000
Inert content in lysis biomass (g-COD/g- £ 01 01 01 01 Henze et al., 2000

COoD)
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Table 5.2. Summary of simulation conditions and calibration targets of the calibrated

model and previous Anammox studies.

Figure Fig. 5.1 Fig. C1 Fig. C2 Table 5.3
Corbala-Robles Liu et al., Hao et al., . .

Reference etal.. 2016 2017 2002 Baseline of this study
Sy, in the bulk solution (mg-N/L) 1850 + 100 50 80 500
Sno, inthe bulk solution (mg-N/L) N/A N/A 0 10
Sno, in the bulk solution (mg-N/L) N/A N/A 0 10
Scop in the bulk solution (mg-COD/L) 600 + 30 20 0 0
So, inthe bulk solution (mg-Oy/L) 0.25 0.3 0.6 0.10
Granule diameter/biofilm thickness (um) 1100 600 700 1000
Liquid film thickness (um) 100 100 100 200

. .. . T -4

Dn;fuswny of Scop in biofilm x 10 0.15 0.35 0.10 0.15
(m“/day)

. e : e -4

Dn;fusmty of Sg, in biofilm x 10 0.60 1.45 0.30 060
(m“/day)

. e : g -4

Dn;fusmty of Syns in biofilm x 10 065 135 0.10 055
(m“/day)

. S : e -4
Dn;fusmty of Snoz in biofilm x 10 0.60 1.30 0.05 050
(m“/day)

. S : e -4
Dn;fusmty of Snoz in biofilm x 10 0.40 1.20 0.03 050
(m“/day)
Reaction media granule granule biofilm granule
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5.3 Results and discussion

5.3.1 Model calibration with literature simulation results

The kinetic constants of Anammox bacteria, liquid film thickness (i.e., mixing
conditions) and diffusion coefficient of soluble components were determined by
calibrating the mathematical model using the simulation results of previous Anammox
studies (Hao et al., 2002; Corbala-Robles et al., 2016; Liu et al., 2017 ) (Fig. 5.1, C1, C2
and Table 5.2). The simulation results were compared with the simulation results of
previous Anammox studies to capture the same trend and values of the concentration
profiles of soluble (e.g., ammonia and DO) and particulate (e.g., Xsna and X4og)
components. The range of the maximum specific growth rate constant of X ya (tana)
was 0.033 to 0.10 d™* while the Anammox bacteria decay rate constant (b,y,) Was 0.003
d*, oxygen half saturation constant of X,y4 (K4N4) was 0.10 mg-O,/L, ammonia half
saturation constant (Kg#') was 0.07 mg-N/L and nitrite half saturation constant (Ky5*)
was 0.05 mg-N/L. The determined kinetic constant ranges of X,y 4 are consistent with
those mentioned or estimated in previous Anammox studies (Strous et al., 1998; Koch et al.,

2000; Hao et al., 2002; Lackner et al., 2008; Volcke et al., 2010; Ni et al., 2013; Mozumender et

al., 2014; Ni et al., 2014; Bi et al., 2015; Corbala-Robles et al., 2016; Zhang et al., 2017; Liu
et al., 2020). The calibrated liquid film thickness (approximately 100 um) was also
consistent with the assumed values in previous mathematical model studies (Bishop et al.,
1997; Wasche et al., 2002; Matsumoto et al., 2007; Martin et al., 2017; Li et al., 2018a).
Based on the mathematical model calibration, the diffusion coefficient of soluble

components were estimated to be 0.10 — 0.35 x 10* m?/day for Scop, 0.30 — 1.45 x 10
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m°/day for S,, 0.10 — 1.35 x 10" m’/day for Syy;,, 0.05 — 1.30 x 10 m?/day for Sy,,and
0.03 — 1.20 x 10 m?/day for Sno,- The determined diffusion coefficients are comparable

with those used or mentioned in previous biofilm model studies (Stewart 1998; Stewart

2003; Elsayed et al., 2021).
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Fig. 5.1. Simulation results of the model calibration using study A (Corbala-Robles et al.,
2016): (a) soluble components concentration profiles (i.e., ammonia, nitrite and
oxygen) and, (b) particulate components concentration profiles (i.e., X405 Xana)
and oxygen concentration profile. (Simulation conditions are summarized in Table
5.1and 5.2).

5.3.2 Growth kinetics on Anammox bacteria (X 4y4) enrichment

Based on the results of the kinetic constants of X,y , sensitivity analysis, it was
found that u,y, IS important in Anammox bacteria enrichment while the Anammox
population was not significantly affected by the decay rate constant (b,y,4) (Table 5.3).
This model simulation result is consistent with the results of other Anammox studies
(Perez et al., 2014; Zhang et al., 2017), reflecting the importance of p 4y, on the Anammox
bacteria enrichment. The Anammox population was positively correlated with p,y4 because
high usn4 enhanced the ammonia and nitrite utilization by X, 4, resulting in better Anammox
bacteria enrichment. It was also noticed that the Anammox population was positively correlated
with the oxygen half saturation constant of X,y, (K4.'4) because high K44 resulted in
less inhibition to Anammox bacteria by oxygen concentration. However, the Anammox
population and b4y, were in a negative correlation as high b,y caused high lysis rate of

Anammox bacterial cells, resulting in insufficient Anammox bacteria enrichment.

At low oxygen concentration (DO = 0.01 mg-O2/L), the effect of K44 on the
Anammox population was negligible compared to higher oxygen concentration (DO =
0.1 and 1.0 mg-O,/L) because limited oxygen concentration had no inhibition t0 X,y 4,
preventing oxygen toxicity to Anammox bacteria enrichment. The kinetic constants of
Anammox bacteria did not affect the Anammox population under various ammonia

concentrations because ammonia was not the rate limiting parameter on Anammox
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bacteria growth at moderate oxygen concentration (i.e., DO = 0.1 mg-O,/L). It was also
found that the Anammox population was insensitive to the liquid film thickness because
nitrite, the rate-limiting substrate on X,y 4, was created in the granule without diffusion
from the bulk solution, resulting in negligible effect of the resistive liquid film on the
Anammox bacteria enrichment at moderate oxygen concentration. Also, the Anammox
population was increased with the increasing u,y4 for large granule size (i.e., granule
diameter = 2000 um) because large granules allowed thick anaerobic layer in the granule,
causing better Anammox bacteria growth compared to smaller sizes (i.e., granule

diameter = 100 and 1000 pm).
5.3.3 Competition between X n4 and X 405

For the Kinetic constants of X,,5, the maximum specific growth rate constant of
Xa0p (1aop) Was dominant on the Anammox bacteria enrichment with a negative
correlation because it represented the competition between X,,5 and X, 54 On ammonia
(Table 5.3). Also, u,op controlled the interdependence relation between X,o5 and X,y
where X,y Utilized the produced nitrite from aerobic ammonia oxidation by X,.p.
However, u 05 had no effect on the Anammox population at low oxygen concentration (DO =
0.01 mg-O,/L) because limited oxygen prevented the aerobic oxidation of ammonia by X,0p-
The oxygen half saturation constant (k5°%) and the decay rate constant (bsop)
of X405 Were positively correlated with the Anammox population as high K4°% and lysis

rate decreased the activity of X,,5, decreasing the competition between X, o5 and X,y 4.

For the three Kkinetic constants of X,,5, it was observed that high oxygen

concentration (DO = 1.0 mg-O,/L) resulted in less effect on the Anammox bacteria
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enrichment compared to lower oxygen concentrations (DO = 0.01 and 0.10 mg-O,/L)
because high oxygen inhibited the Anammox bacteria growth, showing the toxic
influence of high oxygen on the Anammox population. This finding is consistent with the
previous Anammox studies (Udert et al., 2008; Liu et al., 2017; Hoekstra et al., 2018),
highlighting the negative effect of high oxygen concentration on X, ,4. It was also found
that the Anammox bacteria enrichment was sensitive to thin liquid film (i.e., Lf = 100
pm) at low oxygen concentration because thin liquid film allowed rapid diffusion of
ammonia from the bulk solution, resulting in high nitrite creation rate by X,,zcoupled
with high X4y, growth rate. The X405 Kinetics had a minor effect on the Anammox
population for small granule size (i.e., granule diameter = 100 um) because the anaerobic

layer in the granule was narrow to allow sufficient Anammox bacteria enrichment.
5.3.4 Competition between X n4 and Xy o5

Based on the results of the sensitivity analysis on the kinetics of Xy, it was found
that the maximum specific growth rate constant of X5 (uyog) Was negatively correlated
with the Anammox population while the oxygen half saturation constant (kK5°?) and
decay rate constant (byop) Of Xy Were positively correlated with the Anammox bacteria
enrichment (Table 5.3). Therefore, maintaining low activity of Xy, by low uyop or high
K5PP and byop resulted in high Anammox population, confirming that Xyop should be
suppressed for better Anammox bacteria enrichment process. This result is consistent
with the results of previous Anammox studies (Mozumder et al., 2014; Cao et al., 2017,
Li et al., 2018b) where it was demonstrated that controlling the competition between

Xnop and X,y 4 Was dominant for the Anammox bacteria enrichment process.
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At high oxygen concentration (DO = 1.0 mg-O,/L), the Anammox population was
insensitive to the kinetics of Xyop because oxygen toxicity prevented the competition between
Xnop and X,y 40N nitrite, resulting in low activity of X,y4. Although nitrite was created
in the granule by X,,5, the Anammox population was enhanced by thick liquid film (i.e.,
Ls = 300 um) because the oxygen mass transfer was limited through the diffusive liquid
film, resulting in low Xy o5 growth rate. It was also found that there was a minor effect of
Xnop Kinetic constants on the Anammox population at small granule size (granule
diameter = 100 um) because the granule was totally penetrated by oxygen, resulting in
narrow anaerobic layer in the granule for the Anammox bacteria enrichment. This finding
is consistent with the previous biofilm studies (Wang et al., 2016; Kinh et al., 2017;
Elsayed et al., 2021) where the range of the oxygen penetration depth was 50 - 600 pm

based on the oxygen concentration and diffusivity.
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Table 5.3. Effect of X,y ,X405 and Xy Kinetic constants on Anammox population
(X4n4) during the enrichment process (Baseline conditions are summarized in Table 5.1

and 5.2).

Kinetic DO (mg-O,/L) NH, (mg-N/L) Liquid film thickness (um) Granule diameter (um)

constant | 0.01 0.10 1.0 100 500 1000 100 200 300 100 1000 2000
Hana 0.99 1.03 1.00 1.02 1.03 1.02 1.01 1.03 1.02 1.05 1.03 1.79
K434 0.10 0.31 0.27 0.30 0.31 0.30 0.29 0.31 0.29 0.30 0.31 0.29
bana -0.03 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 -0.02
H40B 0 -2.15 -0.82 -3.29 -2.15 -1.41 -2.48 -2.15 -1.98 -1.42 -2.15 -2.92
K498 0 0.37 0.32 0.77 0.37 0.13 0.56 0.37 0.31 0.26 0.37 0.46
baos 0 3.02 0.98 2.99 3.02 2.99 3.68 3.02 1.92 0.47 3.02 3.18
UnoB 0 -3.03 -013 | -3.09 -3.03 -229 | -334 -3.03 -2.33 -059  -3.03 -3.13
K}98 0 1.75 0.11 1.98 1.75 1.63 244 1.75 0.62 0.58 1.75 1.95
byos 0 1.10 0.61 1.53 1.10 1.18 2.99 1.10 0.87 0.53 1.10 1.28
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5.4 Conclusions

A steady-state mathematical model was developed and calibrated using simulation results
from previous Anammox studies to determine the kinetics of Anammox bacteria, liquid film
thickness and diffusion coefficient of soluble components in the granule for Anammox bacteria
enrichment process. Based on the simulation results of the calibrated model, it was found that the
maximum specific growth rate constant of Xuya (uana) Was dominant on the Anammox
population as high uuys enhanced the ammonia and nitrite utilization by X,y 4, resulting in better
Anammox bacteria enrichment. On the other hand, the decay rate constant (byy4) 0f X4y4 did not
significantly affect the Anammox bacteria enrichment process. It was also noticed that Anammox

population was enhanced with high oxygen half saturation constant of X,y, (K4.'“) because high

K4N4 decreased the inhibition of Anammox bacteria to oxygen concentration.

For the Kkinetic constants of X,,5, the maximum specific growth rate constant of X,z
(u405) Was important on the Anammaox bacteria enrichment because it controlled the competition
between X405 and X,y ON ammonia utilization. Based on the sensitivity analysis results, it was
found that high oxygen half saturation constant (K4°®) and decay rate constant (bsop)
of X405 enhanced the Anammox bacteria enrichment as high Kg°% and b,,p decreased the

activity of X5, providing favorable growth conditions for X,y 4.

Based on the simulation results of the steady-state model, the competition between nitrite
oxidizing and Anammox bacteria for nitrite was critical in Anammox bacteria enrichment. It was
also noticed that the maximum specific growth rate constant of Xyop (unos) Was negatively

correlated with the Anammox population, reflecting the importance of Xyogp suppression for
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efficient Anammox bacteria enrichment. However, the oxygen half saturation constant (kK5°?)
and decay rate constant (byog) Of Xyop Were positively correlated with Anammox enrichment

where high K% and by,p enhanced the growth rate of Anammox bacteria.

Based on the model simulation results, it was emphasized that extremely low dissolved
oxygen (DO = 0.01 mg-O,/L) resulted in insensitivity of Anammox bacteria enrichment process
to the kinetic constants of X,,5 and Xyop because both of them cannot grow under limited DO
concentration. Also, Anammox bacteria enrichment was insensitive to the kinetic constants of
X405 and Xy op at high dissolved oxygen (DO = 1.0 mg-O,/L) because high DO concentration
inhibited the growth of Anammox bacteria, providing favorable conditions for the growth of
X405 and Xy 5. On the other hand, enrichment of Anammox bacteria was sensitive to the kinetic
constants of X,,p and Xyop at moderate DO (DO = 0.10 mg-O,/L) due to the competition
between X,,5 and X,y for ammonia, X,,5 and Xy, for DO and X,y 4 and Xyop for nitrite. It
was also found that ammonia concentration has a negligible effect on the Anammox bacteria
enrichment; however, nitrite concentration is the rate-limiting parameter on the Anammox
population. Based on the sensitivity analysis results, liquid film thickness was dominant on the
Anammox bacteria enrichment as the oxygen mass transfer to the granule was controlled by the
resistive liquid film, affecting the Anammaox bacteria growth under oxygen inhibition conditions.
It was also found that large granules (granule diameter = 2000 um) are recommended for better
Anammox bacteria enrichment because large granules contained sufficient anaerobic layer for

Anammox bacteria growth.
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6. Conclusions and future work

This thesis presents the importance of applying mathematical models in wastewater
treatment processes to test novel technologies for nitrogen and MP removal. Mathematical
models were developed and calibrated to describe MABR and Anammox processes as innovative
technologies for efficient nitrogen removal during wastewater treatment processes. Also, MP
degradation using hydrolytic enzymes was investigated using mathematical model calibration
with experimental results. Therefore, mathematical models are effective tools for better
understanding of removal mechanisms, determining the optimal operational conditions for
efficient removal rate and implementing novel technologies on large scale nitrogen and MP

removal applications.

6.1 Chapter 2: nitrogen removal using membrane aerated biofilm reactor

(MABR)

A comprehensive MABR model was developed and calibrated with a pilots-scale operation
data to simulate the mass transport and biological reactions in the MABR biofilm, bulk solution
and the oxygen partial pressure along the MABR membrane fibers. In the pilot operation, it was
found that the increasing influent ammonia loading rate and oxygen supply rate enhanced the
ammonia removal rate; however, the influent C/N ratio hardly affected the ammonia removal
rate. The model simulation results showed that the bulk ammonia concentration is a dominant
parameter on efficient nitrification in the MABR biofilm for municipal wastewater while it has a
negligible effect on nitrification for high-strength wastewater. Also, limited soluble COD can

negatively affect the denitrification in the MABR biofilm. Based on the numerical simulation
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results, the biofilm thickness should be kept at 600 pm or thicker to house both the aerobic and
anoxic zones in the biofilm for simultaneous nitrification and denitrification. It was also found
that the liquid film thickness is not an important factor for nitrification; however, thick liquid
films limit denitrification because of the slow transport of soluble COD through the liquid film.
The C/N ratio is a dominant parameter in MABR operation only for high-strength wastewater

due to the competition between X} and X,,5 for oxygen.

In this study, a linear change in the oxygen partial pressure was assumed to estimate the
oxygen concentration at the membrane side. However, micro-sensors can be used for observing
the oxygen concentration for more accurate calibration process. Also, the biofilm thickness was
assumed to be constant along the membrane height and over the pilot operation; however,
accurate measurement of biofilm thickness is required for better estimation of the model
calibration targets. The attachment and detachment mechanisms between the biofilm and bulk

solution can be included in the mathematical model.

6.2 Chapter 3: microplastic (MP) removal using hydrolytic enzymes

Lab-scale experiments were conducted to estimate the kinetic constants for polyethylene
MP degradation using hydrolytic enzymes at different temperature and enzyme dose conditions.
It was found that protease was the most effective enzyme on MP reduction while lipase was the
least efficient enzyme. Based on the experimental results, the increasing enzyme concentration
and temperature enhanced the reduction of MP. In a 3-day batch experiment, most of MP beads

were degraded in the first seven hours of operation while the removal rate was negligible after 24
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hours of the experiment. The effect of repeated doses of protease and multiple enzymes on the

removal of MP was investigated.

A non-steady state mathematical model was developed and calibrated using the lab-scale
experimental results to estimate the kinetic constant of MP reduction by an enzyme (k, ;) and the
enzyme self-decay constant (k,;;). The mathematical model was also applied to simulate the
multiple enzymes batch experiment, considering the interaction between the two enzymes using
an interactive-decay constant (k,cp). The calibrated model kinetic constants were used to
approximate the MP removal in anaerobic digestion process where it was found that the retention

time is the most important parameter on MP degradation.

For the future work, additional experimental work can be conducted to quantify the MP
degradation in anaerobic digestion where hydrolytic enzymes are rich in concentration. The
experimental results can be compared with the model simulation results, confirming the validity
of Kkinetic constants in anaerobic digestion applications. Moreover, additional sets of
experimental work can be performed to assess the effect of pH, particle diameter of MP beads

and MP material type on the MP removal and the reaction kinetic constants.

6.3 Chapter 4: nitrogen removal by anaerobic ammonia oxidation (Anammox)

process

A non-steady state mathematical model was developed and calibrated using experimental
results from previous lab-scale Anammox studies. Based on the simulation results of the

calibrated model, moderate dissolved oxygen concentration was required for maintain successful
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nitrogen removal by Anammox bacteria. Moreover, nitrite concentration is a governing
parameter on nitrogen removal by Anammox bacteria. It was also found that the nitrite-based
real-time aeration is an effective technique to limit the growth of nitrite oxidizing bacteria in low
and high-strength wastewater, providing favorable conditions for Anammox process. Therefore,
it is highly recommended to apply a real-time monitoring of nitrite concentration for broad

Anammox bacteria applications in cost-efficient biological wastewater treatment.

In this study, lab-scale experimental results from previous Anammox studies were used for
model calibration; however, more experimental work can be performed to cover other
operational conditions (e.g., bulk pH and temperature) and assess their effect on the kinetic
constants of Anammox bacteria. Also, additional experimental work can be conducted to
simulate the real-time aeration based on nitrite concentration, validating the mathematical model
results. Different aeration schemes based on real-time monitoring of bulk concentration can be
implemented to optimize the nitrogen removal with high contribution of Anammox process

coupled with less aeration cost.

6.4 Chapter 5: enrichment of anaerobic ammonia oxidation (Anammox)

bacteria

A steady-state mathematical model was developed and calibrated using previous
Anammox studies to determine the kinetics of Anammox bacteria, liquid film thickness and
diffusion coefficient of soluble components in the granule during Anammox bacteria enrichment
process. Based on the simulation results of the calibrated model, it was found that the maximum

specific growth rate constant (usy,) and oxygen half saturation constant of Xy, (K5V4) of
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Xuna Were dominant parameters on the Anammox population while the decay rate constant

(bana) OF X4y 4 did not significantly affect the Anammox bacteria enrichment process.

Moreover, the competition between X, gand X,y4 for ammonia and X,y4and Xyop for
nitrite has an important role on Anammox granulation process. It was also found that the
Anammox population is more sensitive to the kinetic constants of X,,gzand X, at moderate
DO concentration; however, either extremely low or high DO resulted in insensitivity of
Anammox bacteria enrichment process to these kinetic constants. Based on the sensitivity
analysis results, liquid film thickness was an important parameter on the Anammox bacteria
granules as the oxygen mass transfer to the granule was controlled by the resistive liquid film. It
was also found that large granules (granule diameter > 1000 um) are recommended for better

Anammox granulation.

In this study, previous Anammox model studies were used for model calibration; however,
experimental work is essential to investigate the actual mechanisms of Anammox granulation
and the governing parameters on the enrichment process. For example, liquid film thickness and
diffusion coefficient of soluble components can be estimated by calibrating the mathematical

model with lab-scale/pilot-scale experimental results.
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Appendix A: Supplementary information for chapter 2

Comprehensive model applications for better understanding of pilot-scale

membrane-aerated biofilm reactor performance

Table Al. The statistical parameters of ammonia, nitrate and COD removal rate of the pilot

operation.

Statistical parameter

Ammonia removal
rate (kg-N/day)

Nitrate removal
rate (kg-N/day)

COD removal rate
(kg-COD/day)

Average (X) 4.0 0.36 11.1
Median (M) 3.8 1.0 10.3
First quartile (Q4) 3.2 -1.86 5.8
Third quartile (Q3) 4.4 2.3 155
Upper fence (Uy) 6.3 8.5 30
Lower fence (L) 1.3 -8.0 -8.8
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Table A2. Matrix of the stoichometrices and process rate for the biological reactions (Adopted from Matsumoto et al., 2007).

Process So. Scop Snhy Swo. Swo, Xy Xaor Xnos Xs Process rate (g-COD/(m® day))
Heterotrophic Bacteria
. A u ( Scop ) ( So2 ) ( SNH4 >X
Aerobic growth (1 =Y)/Yy —1/Yy —inpm 1 M \KE D, + Scon) \K&, + So, ) \Kihy, + S, )"
. SEGD )( SNU Ké'l SNH
Anoxic growth (NO -1/Y; —i —-(1-Yy)/1.71Y, 1 ( 2 2 2 X
g (NO,) /Yu NBM ( W)/ H Hy Na Ko + Seon chlﬂz +Svo ng +5,, chqu + Sum,
" SEGD SNU Ké'l SNH
Anoxic growth (NOs) -1/Y, —i —(1—Yy)/2.86Y, 1 ( 2 2 > X,
3, /Yu NBM ( )/ H Hu Na K> + Scon K'clﬂa +Svo, ng + 5o, KIC{Hq + Su H
. S
Aerobic endogenous 4 b —2%2 \x
respiration a=£ -1 1-f; "\K +So,)
Anoxic endogenous by (S"’#) (K—‘Z) X
— — f. _ — f: H 'IH H
respiration (NO,) a-fnn 1 1-f Ko, * Sno, ) \K3, + So,
Anoxic endogenous —(1-f)/286 1 1— by Ny (#) (#) Xy
respiration (NOs) e fi Kyo, + Snos ) \Ko, + So,
AOB
i ~1/, _ S0, \(_ Swm__\y
Aerobic growth —(3:43 = Ya08)/Yaos _ iNE::E 1/Ya08 1 Haon K508 + So, J\KGOE + Syy, ) 4%F
. N
Aerobic endogenous b L T B
respiration —a=f -1 1-f o (ngos +5,) 1"
Anoxic endogenous 1 171 Baos M (&) (ﬂ) Xpon
respiration (NO,) (=717 -t 1=f Ko, + Sno, ) \K3," + So,
Anoxic endogenous —(1-£)/2.86 -1 1- Baos (Ai#) (Mﬁi) Kaos
respiration (NOs) e fi Kio; + Sno, ) \K5, " + So,
NOB
. . 5'02 SNH4 SN02 X
Aerobic growth —(1.14 = Yyo5)/Ynos —inam —1/Yxos 1/Yyos 1 Hyos K(I)\;OEI +5,, K,f,vﬁf ¥ Swms K,%;zs + Swo, NOB
. S
Aerobic endogenous b, —% )y
respiration —a=f -1 1-f s (KAVZGB +55,) """
Anoxic endogenous —(-f)/171 1 1- byos M (#) (#) Xnos
respiration (NO,) ol fi Kno, +Sno,) \Ko, "~ + So,
Anoxic endogenous 1 2 bros (%) (ﬂ) Xyos
respiration (NO) —(1-£)/286 -1 1-f KT + Swan) \KZ%% + 5.,
Hydrolysis
Hydrolysi q(Xs/XH )x
ydrolysis 1 -1 A\ Ky + Xs/ Xy ) 7H
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Table A3. Monthly average wastewater temperature, ammonia, nitrate and COD removal rate for the pilot operation data.

Month Wastewatero temperature  Ammonia removal rate Nitrate removal rate COD removal rate
(C) (kg-N/day) (kg-N/day) (kg-COD/day)
February 13.1+£0.08 2.34 £ 0.50 -0.60 £ 0.23 9.36 £ 3.47
March 13.0+0.01 4.81+0.35 -2.35+£1.01 4.31+2.03
April 12.8+0.01 417 +£0.24 -3.81+0.79 10.06 £ 7.52
May 14.3+0.55 4.31 +0.96 -2.50 £ 1.02 8.28 + 4.60
June 17.1+£0.53 4.16 £ 0.46 -3.46 £ 0.61 4.24 +£4.83
July 18.8 £0.45 3.92+0.63 -1.95+1.43 531+3.14
August 20.1+0.25 473 +1.02 -0.35+£2.03 1140+ 7.21
September 20.5+0.30 4.09 £ 0.52 1.57+2.34 13.93+£6.13
October 20.1+0.44 3.94 +£0.64 2.30 £ 0.58 14.45 + 6.69
November 17.8+0.73 3.49 +0.67 1.82 £0.59 12.69 + 4.67
December 16.0 £0.60 3.21+0.31 2.27 £ 0.63 13.42 £7.96
January 13.1 £0.87 3.14+0.79 1.35+£2.10 7.83+5.29
February 12.9+0.30 2.72 +0.68 1.25+0.93 13.03 £ 6.90
March 12.3+0.32 3.65+0.47 0.63+0.79 11.61 +4.50
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Fig. ALl. Schematic diagram of Zeelung MABR pilot system that was installed and operated at a
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local wastewater treatment plant (SUEZ Water Technologies and Solutions)
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Fig. A2. Concentration profiles of soluble components within the biofilm thickness. This figure
is identical to Fig. 2b in a previous MABR study (Matsumoto et al., 2007) and was used

for validating the numerical simulation results of the proposed one-dimensional scale
MABR steady state model in our study.
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Fig. A3. Comparison between pilot operational data and the model simulation results: (a)
ammonia removal, (b) nitrate removal and (c) COD removal. (Simulation conditions:
biofilm thickness = 1000 pm, liquid film thickness = 250 um, other conditions were
assumed based on parameters in Tables 1, 2 and 3. The simulation results included the
biological reactions in the biofilm and the bulk solution.
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Fig. A4. Comparison between pilot operational data and the model simulation results: (a)
ammonia removal, (b) nitrate removal and (c) COD removal. (Simulation conditions:
biofilm thickness = 1250 pm, liquid film thickness = 250 um, other conditions were
assumed based on parameters in Tables 1, 2 and 3. The simulation results included the
biological reactions in the biofilm and the bulk solution.
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Fig. A5. Comparison between pilot operational data and the model simulation results: (a)
ammonia removal, (b) nitrate removal and (c) COD removal. (Simulation conditions:
biofilm thickness = 1750 pum, liquid film thickness = 250 um, other conditions were
assumed based on parameters in Tables 1, 2 and 3. The simulation results included the
biological reactions in the biofilm and the bulk solution.
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Fig. A6. Comparison between pilot operational data and the model simulation results: (a)
ammonia removal, (b) nitrate removal and (c) COD removal. (Simulation conditions:
biofilm thickness = 2000 pm, liquid film thickness = 250 um, other conditions were
assumed based on parameters in Tables 1, 2 and 3. The simulation results included the
biological reactions in the biofilm and the bulk solution.
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Fig. A7. Detailed description of the MABR cord (mechanical cord, MABR membrane fibers and

the attached biofilm on the membrane surface): (a), (b) SEM image of the MABR cord,
(c) schematic image of the MABR cord and (d) photograph of the MABR cord. Note
that the biofilm was shrank and partially fell off while the membrane sample was dried
and processed for the SEM analysis. The biofilm was initially much thicker when the
sample was still wet.
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Appendix B: Supplementary information for chapter 4

Mathematical model application for real-time aeration based on nitrite level

In Anammox process
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Table B1. Matrix of the stoichometrices and process rate for the biological reactions.

Process So. Scop SnH, Swo. Sno, Xy Xaop Xyos Xana Xs Process rate (g-COD/(m® day))
Heterotrophic Bacteria
. ) u ( Scop )( So2 )( SNH4 >X
Aerobic growth —-(1-=-Yy)/Yy, —-1/Yy —inam 1 " \KL, + Scop ng + 5o, I(,’jm + Sun, H
. Scon )( Swo, K Sw
Anoxic growth (NO -1/Y; —i —-(1-Y,)/1.71Y, 1 ( 2 2 2 X
growth (NG2) a o (= W/ 7y F T\ Ry + Seon) \Kl, + Sw0n) \E+ 50, )\, + S,
Anoxic growth (NO3) 1/y, i (1-Y,)/2.86Y, 1 . < Scop )( Swoy )( K3, )( Sy ) X,
3 - - —-(1- .
! e " " " \Kéop + Scon ) \Kio, + Swoz ) \K3, + So, ) \Kin, + Sw,) *"
Decay -1 1-f; by Xy
AOB Bacteria
. Soz SNHA X
Aerobic growth —(3:43 = Yao5)/Yaos —1/Ya08 = ingm 1/Ya08 1 Haos I(g‘z"” + So, I(,{,‘gf + Swu, A0B
Decay -1 1-f baos Xaos
NOB Bacteria
. . Soz SNHA SNUZ X
Aerobic growth —(1.14 = Yy05) /Ynos —ingm —1/Yxnos 1/Yyor 1 Hyos K(l)\lzaﬂ' +5S,, K,{,Vﬁf + Swn, K[(/vgf +Svo, NOB
Decay -1 1-f; byos Xnos
Anammox Bacteria
Anoxic growth (NO) —1/Yya—i —1/Yuys— 1/1.14 1/1.14 1 u Swiy Swo, K&™ Ny
2, ANA NBM ANA - - "ANA Kﬁgf +SNH‘ Kp‘;‘g;‘ +SN02 KbAZNA +S02 ANA
Decay -1 1-f; bana Xana
Hydrolysis
. Xs/Xu
Hydrolysis 1 -1 an Ky + X/ Xy X
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Fig. B1. Comparison between the effect of continuous and real-time aeration on: (a) ammonia
concentration, (b) DO concentration, and (c) nitrite concentration. (Simulation conditions
are mentioned in Table 1 and 2, nitrite-based aeration is: If Sy,, < 0.05 - DO = 0.5 mg-

O,/L for 10 seconds and If Sy, > 0.05 — DO = 0 for 10 seconds).
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Fig. B2. Comparison between the simulation results of the non-steady state model and the

experimental data of study B (Ni et al.,, 2014) for model calibration. (Simulation
conditions are mentioned in Table 1 and 2).
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Fig. B3. Comparison between the simulation results of the non-steady state model and the
experimental data of study C (Gong et al., 2007) for model calibration. (Simulation

conditions are mentioned in Table 1 and 2).
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Fig. B4. Comparison between the simulation results of the non-steady state model and the
experimental data of study D (Li et al., 2020) for model calibration. (Simulation

conditions are mentioned in Table 1 and 2).
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Fig. B5. Effect of the nitrite threshold concentration (SN02|0N) for high-strength wastewater on
the contribution of: (a) X405 and X,y in the ammonia removal, (b) Xyop and Xyy4 In
the nitrite removal. (Simulation conditions are mentioned in Table 1 and 2, real-time
aeration is: If Sy,, < SN02|ON — DO = 0.5 mg-O,/L and If Syo, > Syo, |ON - DO =0).
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Fig. B6. Effect of the nitrite threshold concentration (SN02|ON) on the contribution of X,p5, Xana

and cell growth in the cumulative removal of ammonia concentration for high-strength
wastewater at nitrite threshold of: (a) 0.05 mg-N/L, (b) 0.10 mg-N/L, and (c) 0.40 mg-N/L.
(Simulation conditions are mentioned in Table 1 and 2, real-time aeration is: If Syo, <

Snoy|,,, = DO = 0.5 mg-Oy/L and If Syo, > Sy, |, — DO =0).

ON
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Fig. B7. Effect of the nitrite threshold concentration (SN02|ON) on the contribution

of Xyog, Xanaand heterotrophs in the cumulative removal of nitrite concentration for high-
strength wastewater at nitrite threshold of: (a) 0.05 mg-N/L, (b) 0.10 mg-N/L, and (c) 0.40
mg-N/L. (Simulation conditions are mentioned in Table 1 and 2, real-time aeration is: If
Sno, < Swo, |0N - DO = 0.5 mg-O2/L and If Syo, > Syo,| . — DO = 0). Negative values

mean creation of nitrite by X, 5.

ON
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Appendix C: Supplementary information for chapter 5

Sensitivity analysis on important kinetic constants in Anammox bacteria

enrichment process using a mathematical model
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Table C1. Matrix of the stoichometrices and process rate for the biological reactions.

Process So. Scop SnH, Swo. Sno, Xy Xaop Xyos Xana Xs Process rate (g-COD/(m® day))
Heterotrophic Bacteria
. ) u ( Scop )( So2 )( SNH4 >X
Aerobic growth —-(1-=-Yy)/Yy, —-1/Yy —inam 1 " \KL, + Scop ng + 5o, I(,’jm + Sun, H
. Scon )( Swo, K Sw
Anoxic growth (NO -1/Y; —i —-(1-Y,)/1.71Y, 1 ( 2 2 2 X
growth (NG2) a o (= W/ 7y F T\ Ry + Seon) \Kl, + Sw0n) \E+ 50, )\, + S,
Anoxic growth (NO3) 1/y, i (1-Y,)/2.86Y, 1 . < Scop )( Swoy )( K3, )( Sy ) X,
3 - - —-(1- .
! e " " " \Kéop + Scon ) \Kio, + Swoz ) \K3, + So, ) \Kin, + Sw,) *"
Decay -1 1-f; by Xy
AOB Bacteria
. Soz SNHA X
Aerobic growth —(3:43 = Yao5)/Yaos —1/Ya08 = ingm 1/Ya08 1 Haos I(g‘z"” + So, I(,{,‘gf + Swu, A0B
Decay -1 1-f baos Xaos
NOB Bacteria
. . Soz SNHA SNUZ X
Aerobic growth —(1.14 = Yy05) /Ynos —ingm —1/Yxnos 1/Yyor 1 Hyos K(l)\lzaﬂ' +5S,, K,{,Vﬁf + Swn, K[(/vgf +Svo, NOB
Decay -1 1-f; byos Xnos
Anammox Bacteria
Anoxic growth (NO) —1/Yya—i —1/Yuys— 1/1.14 1/1.14 1 u Swiy Swo, K&™ Ny
2, ANA NBM ANA - - "ANA Kﬁgf +SNH‘ Kp‘;‘g;‘ +SN02 KbAZNA +S02 ANA
Decay -1 1-f; bana Xana
Hydrolysis
. Xs/Xu
Hydrolysis 1 -1 an Ky + X/ Xy X
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Fig. C1. Simulation results of the soluble components concentration profiles using the
steady state granule model for Anammox bacteria enrichment, simulating the
numerical simulation results of study B (Liu et al., 2017) for model calibration.

(Simulation conditions are mentioned in Table 1 and 2).
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Fig. C2. Simulation results using the steady state granule model for Anammox bacteria
enrichment, simulating the numerical simulation results of study C (Hao et al.,
2002) for model calibration: (a) soluble components concentration profiles (i.e.,
ammonia, nitrite, nitrate and oxygen) and, (b) particulate components
concentration profiles (i.e., Xanya X405 and ,Xyop). (Simulation conditions are
mentioned in Table 1 and 2).
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