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ABSTRACT OF THE DISSERTATION

Towards Improved Anaerobic Ammonium Oxidation for Treatment of
High Strength Ammonia Wastewater

by
Stephen Robert Opot
Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, March 2019
Dr. Mark Matsumoto, Co-Chairperson
Dr. Jinyong Liu, Co-Chairperson
Excess nutrients, particularly nitrogen (N), from wastewater discharged into
waterways lead to eutrophication, hypoxia, and oceanic red tide that threaten public and
environmental health. Anaerobic Ammonium Oxidation or Anammox is a relatively new
treatment approach for N-removal from wastewater that utilizes less energy and eliminates
the need for organic carbon additives. However, the process has encountered pragmatic
challenges that impede its widespread adoption as a practical treatment alternative.
Foremost among these challenges is the very slow growth rate of the Anammox bacteria,
which necessitates long start-up times before high N-removal efficiencies can be obtained
on a steady-state basis. As such, it was proposed to amend bioreactors with materials,
chabazite, that are capable of concentrating growth factors (e.g., ammonium, NH4"), while
enabling selective colonization of Anammox bacteria to accelerate the start-up period and
to enhance culture development. Nonetheless, bacterial activity in the amended process

risk inhibition from cations released during NH4*-IX. In relation, the study also sought to



investigate the effect of chabazite type (-Na & -Ca), target cation (NH4"), and competing
cation (i.e. K¥) on the NH." oxidation rate.

Anammox culture was developed from atypical thermophilic anaerobic digester
(TAD) mixed-sludge. Increased amount of TAD mixed-sludge reduced start-up time,
within 59 days, and enhanced Anammox culture development. The Anammox bacteria
specie was identified as “Candidatus Brocadia sinica.”

Chabazite particles had minimal influence on process start-up time but improved
N-removal efficiency and Anammox bacteria population. Chabazite-Na reactor was
impacted adversely to a greater extent at high feed concentrations than chabazite-Ca reactor
with NH4* removal efficiencies decreasing from >95% to 53.5% and >95% to 88%,
respectively. The effect of chabazite type on NH.* removal depended on the extent to
which NH4™-1X impacted the partial nitrification step during the Anammox process.
However, chabazite-Na reactor exhibited high Anammox bacteria population due to
accelerated bacteria biofilm formation and growth. Upon spiking the feed media with
different K* concentrations that ranged from 0 to 5.12 meg/L, it was determined that the
effect of NH4™-1X on partial nitrification was mitigated at increased K* concentration in

chabazite-Na leading to high NH4"and NOz" utilization rates than chabazite-Ca reactor.

Vi
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Introduction

Nitrogen discharged into open waterways from wastewater treatment plants
(WWTPs) has become a widespread problem because most conventional WWTPs are
running out of capacity to comply with the decreasing discharge limits (Sushetana et al.,
2017; Fux et al., 2002). Excess nitrogen discharged into waterways lead to eutrophication,
hypoxia, and oceanic red tide that threaten public and environmental health (Park et al.,
2010). The USEPA recognizes the pragmatic challenges related to site specific nutrient
(ammonia) criteria establishment (USEPA, 2013). In efforts to establish more widely
acceptable criteria, the USEPA is seeking to develop total ammonia nitrogen (TAN) criteria
based on best available science. In 2013, USEPA updated the freshwater ammonia aquatic
life ambient water criteria, in accordance with the provisions of section 304(a) of the Clean
Water Act (CWA), to revise the Ambient Water Quality Criteria (AWQC) to 17 mg TAN/L
and 1.9 mg TAN/L for acute (1-hr average) and chronic (30-day rolling average),
respectively, based on pH=7 and temperature = 20°C (USEPA, 2013).

California regulates ammonia (as N) from WWTPs’ secondary effluent based on
treatment technology but provides a range of 6-18 mg/L for typical domestic wastewater
treatment, which became effective in September 2014 (SWRCB, 2014). Even by using
performance-based standards in California, several WWTPs are experiencing increasingly
high ammonia concentrations averaging 45mg/L (Cruz et al., 2018) and reduced flows in
the influent (DeZeller and Maier, 1980) due to the increasing population and climate
change that has further led to rampant drought conditions and more stringent water

conservation measures (Zouboulis and Tolkou, 2015).



Historically, most WWTPs have relied on conventional nitrogen removal (N-
removal) processes to meet the compliance demands amidst more stringent regulations. In
doing so, conventional N-removal processes use externally applied air and organic carbon
to support microbial growth, making the process both energy intensive and anthropogenic
source of U.S. greenhouse gas (GHG) emissions (U.S EPA, 2016). With stringent
regulations on nutrient (ammonia) and GHG discharge from WWTPs, conventional N-
removal process maybe unfavorable to treat high-strength ammonia wastewater.

The use of a combined partial-nitrification and anaerobic ammonium oxidation
process (Anammox) is a relatively new alternative for ammonia removal from wastewaters
with low carbon to nitrogen ratio (Kim et al., 2008). Compared to the conventional multi-
stage nitrification-denitrification nitrogen (N) removal process, the Anammox process
utilizes less energy and eliminates the need for organic carbon additives in wastewater
treatment plants. The first full-scale reactor was installed in Rotterdam, Netherlands (Van
der Star et al., 2007).

Beyond that system, however, to date, less than 100 large-scale processes have been
developed worldwide; and less than 10 full-scale processes have been adopted in the U.S
(Lackner et al., 2014). Widespread utilization of the process has operational drawbacks
that impede its acceptance as a practical treatment alternative. Foremost among these
challenges is the very slow growth rate of the Anammox bacteria, which necessitates long
start-up times before high nitrogen removal efficiencies can be obtained on a steady-state
basis. Attempts to reduce start-up time are challenged by inadequate seed biomass and

bacteria washout during operation.



Efforts to improve start-up and long-term process stability have not been successful
due to inadequate mass of Anammox bacteria, difficulty to grow the bacteria, and
subsequent retention of the bacteria in the treatment reactors (Sliekers et al., 2003). Initial
seed biomass concentration is critical to the process as it is strongly linked to the abundance
and diversity of Anammox bacteria during and after start-up. However, since the bacteria
thrive under strict anoxic condition and require an approximate steady concentration ratio
of NH4*/NO, = 1.32 to grow (Lotti et al., 2012), it is very difficult to attain the ideal feed
substrate ratios in a one-stage process, which makes it more difficult to start the Anammox
process (Kanders et al., 2014).

Furthermore, due to the low growth rates and potential washouts, it is further
challenging to retain the bacteria in the reactor as they remain suspended during culture
development in bioreactors (Sliekers et al., 2003). This problem is further challenged by
inadequate information on the various Anammox bacteria retention methods (Chen et al.,
2010) and amendment materials (Chen et al., 2015) for selective colonization and growth
of Anammox bacteria. As such, efforts are needed to promote faster bacterial growth and
system retention.

One approach is to amend bioreactors with materials that have beneficial surface
and chemical properties that are capable of concentrating growth factors (e.g., ammonium,
NH4"), while enabling selective colonization of Anammox bacteria on the materials’
surfaces. This strategy could reduce start-up time and biomass wasting.

In the first portion of this research (Chapter 2), studies were conducted to evaluate

the feasibility of using thermophilic anaerobic digester (TAD) mixed-sludge to enhance



Anammox culture development, to improve performance, and to reduce process start-up
time. The objectives of this part of the research were to:
e Assess the potential to use TAD mixed-sludge to improve Anammox activities,
process start-up time, and Anammox bacteria population.
e Determine the effect of feed substrates ratio (NH4*/ NO~) and alkalinity (HCO3")
concentrations on ammonium oxidation rate.

Anammox culture was developed from atypical thermophilic anaerobic digester
(TAD) mixed-sludge added proportionately in three bench-scale reactors. All the reactors
showed phenotypic Anammox activities at approximately 90% total nitrogen removal with
varying start-up times. Start-up time is the time taken to attain maximum specific
Anammox activity (SAA™) at maximum and stable nitrogen loading rate (NLR). Reactor
3 which was augmented with the highest proportion of TAD mixed-sludge had the fasted
start-up time, 59 days, and attained the highest specific anammox activity (SAA) at highest
nitrogen loading rate. Reactor 2 which was augmented with 25% (v/v) of TAD mixed-
sludge had the highest Anammox bacteria gene copy numbers after two consecutive
doubling times.

The Anammox bacteria species in the reactors was identified as “Candidatus
Brocadia sinica.” The high abundance of gene copy numbers was attributed to less
competition among bacteria during start-up because reactor 2 was augmented with possible
optimum proportions of both active Anammox biomass and TAD mixed sludge that
mitigated the potential effect of the bacteria mediating the partial nitrification process out-

competing the Anammox bacteria in utilizing the available NH4* for metabolic activities



and growth. To determine the effect of feed characteristics on Anammox rates, highest
value of 0.07 g NH4* L day™ was achieved at an optimum HCOs™ concentration value of
541.4 mg/L as CaCOg, which is lower than typical reported value of 1039.4 mg/L as CaCOs
for Anammaox systems (Trukhina et al., 2011). The highest specific anammox rate of 0.16
g NgVvSS'Day ! was realized at 3.0 g VSS L* biomass concentration. The findings in this
part of the research imply that thermophilic anaerobic digester (TAD) effluent mixed liquor
may be a potential inoculum source with an advantageous application in Anammox process
start-up to remove excess ammonium from wastewater.

In chapter 3, chabazite zeolite was used as a strategy to retain bacteria in the
treatment reactor to enhance the development of the Anammox culture. It was
hypothesized that Anammox culture development can be enhanced using Chabazite
mineral particles as process amendment material. The objectives of this part of the research
were to:

e Assess the feasibility of using chabazite to enhance Anammox culture
development.

e Assess whether Anammox process start-up time is reduced by using chabazite
material to amend the process.

To study the feasibility of using Chabazite particles to enhance Anammox culture
development and activities, two 3-L sequencing batch reactors were seeded with fresh
return activated sludge (RAS) obtained from Los Angeles — Glendale WWTP owned by

the City of Los Angeles.



Chabazite particles obtained from St. Cloud Mining Company (New Mexico, U.S.)
was added in one reactor (amended) while the other reactor was operated without chabazite
addition and acted as the control.

Chabazite addition in the reactor had minimal influence on the Anammox process
start-up time because both the amended (with chabazite) and non-amended reactors
exhibited evidence of Anammox activity after 69 days. However, at increased feed
variability, the control reactor experienced reduced nitrate production, increased NH4* and
NO; effluent concentration, and reduced nitrogen removal efficiency (NRE) from 95% to
86% while the amended reactor’s NRE remained constant above 95%.

Chabazite material mitigated the effect of high feed variability resulting in optimum
feed concentration needed by the Anammox bacteria. The amended reactor also exhibited
quicker recovery than the control reactor at high substrate concentrations, which was
attributed to chabazite sorption of NH4* on the surface leading to increased Anammox
bacteria population in the amended reactor.

The results in this part reveal that even though there is minimal influence on
Anammox process start-up time, addition of chabazite enhanced Anammox culture
development at high feed variability.

Based on the second portion of this research, and relying on the tested chabazite
form, it was determined that chabazite has minimal influence in Anammox process start-
up time. However, chabazite is categorized into four types based on the dominant non-

framework cation, chabazite-Ca, chabazite-K, chabazite-Na, and chabazite-Sr (Coombs et



al., 1998; Erdem et al., 2004; Sprynskyy et al., 2005). Among the mentioned chabazite
types, chabazite-Ca and —Na are the most commonly used (Aponte-Morales et al., 2016).

Breck (1974) suggested the likely cation selectivity order and was later modified
by Lahav et al. (1998). Following both Breck and Lahav cation selectivity orders, it could
be speculated that cation prominence on chabazite material may have an impact on
ammonium oxidation rate. As revealed by Lahav et al. (1998), Na* is a less competitive
cation than both NH4" and Ca* and could easily be exchanged with NH4* faster than Ca™.
In relation, a comparative study was conducted to determine the effective chabazite sub-
specie for Anammox process amendment in Chapter 4. The objectives of this part of the
research were to:

e Determine whether chabazite-Na has the highest ammonium removal efficiency
compared to other chabazite types in the Anammox process.

e Determine how Anammox bacteria population is impacted by the amendment of
different chabazite types.

The different chabazite types employed in the study included the Bowie chabazite
AZUB (Na/Ca), AZLB-Na, and AZLB-Ca obtained from St. Cloud Mining Company in
New Mexico, U.S.

The order of chabazite-amended bioreactor performance in terms of NH4* removal
efficiencies was found to be reactors amended with chabazite-Ca > Na/Ca > Na > non-
amended (sand control).

Among the chabazite amended bioreactors, the reactor amended with chabazite-Na

was the most impacted in terms of nitrogen removal efficiency at high feed concentrations,



while the reactor amended with chabazite-Ca was least impacted depicting a decrease in
the ammonium removal efficiencies from > 95% to 53.5% and > 95% to 88%, respectively.

High ammonium removal efficiency observed in chabazite-Ca reactor was
attributed to high NH4" ion-exchange rate compared to other chabazite types. Effect of
chabazite sub-specie on ammonium removal depended on the extent to which NH4* ion-
exchange impacted the partial nitrification step of the Anammox process that is mediated
by the ammonium oxidizing bacteria. Despite lower reactor performance than chabazite-
Ca reactor, the total specific bacteria population was highest in the chabazite-Na reactor
among all the reactors.

The high bacteria population in the chabazite-Na reactor resulted from a higher
NH4* ion-exchange rate that accelerated bacteria biofilm formation and growth over a
prolonged period.

The findings from this part of the research imply that while chabazite-Ca greatly
mitigates the effect of high feed variability on Anammox activities compared to other
chabazite sub-species, chabazite-Na exhibits high bacteria population attributed to high
NH4* ion-exchange rate, which is significant in developing Anammox biomass retention
strategies for process utilization.

In Chapter 5, the effect of a competing cation on ammonium oxidation rate was
studied. It was hypothesized that the rate of Anammox ammonium oxidation is influenced
by the concentrations of a target and competing cation. The concentration of a competing
cation, especially in the feed and reactor aqueous solution would affect NH4* ion-exchange

which would further impact the Anammox process amended using chabazite material.



Among the possible cations in the feed media, K* is the most important competing
cation compared to NH4", Ca*, and Na*; that is, K* could favorably exchange chabazite
cations (Ca*and Na*) faster than NH4" as inferred from the cation selectivity order.

The objectives of this part of the research were to:

e Determine the effect of competing cation (K*) on ammonium oxidation rate.

e Determine the effect of competing cation (K*) on feed substrates (NHs" & NO>)
utilization rates in Anammox processes amended with different chabazite sub-
species.

Sequencing batch reactors with active Anammox biomass were amended with
appropriate doses of chabazite-Na, chabazite-Ca, and non-amended (control). Upon
spiking the feed media with different K* concentrations that ranged from 0 to 5.12 meg/L,
it was determined that NH4* and NO- utilization rates were higher in chabazite-Na reactor
compared to chabazite-Ca reactor at high K* concentration. The rates determined in
chabazite-Na reactor for NH4* and NO> were approximately 1.1 and 1.4 times higher than
the rates in chabazite-Ca reactor, respectively.

It was determined that the effect of NH4" ion-exchange on partial nitrification was
mitigated at increased K* concentration, which led to improved substrates utilization by
increased Anammox bacteria population resulting in higher Anammox removal rates in
chabazite-Na reactor than chabazite-Ca reactor. The results reveal that chabazite-Na
mitigates the effect of competing cations (K*) during chabazite-amended Anammox
process which is significant in developing Anammox biomass retention strategies for

enhanced culture development.



From this research, thermophilic anaerobic digester (TAD) effluent mixed-sludge
was determined as a potential inoculum source with an advantageous application in
Anammox process start-up to remove excess ammonium from wastewater. In employing
chabazite to enhance Anammox culture development, it was determined that even though
there is minimal influence on Anammox process start-up time, addition of chabazite
enhances Anammox culture development at high feed variability. In addition, amending
the Anammox process with chabazite-Na could lead to higher development of bacteria
population compared to other chabazite sub-species, which was attributed to high NH4*
ion-exchange rate that, in effect, accelerates bacteria biofilm formation and growth over a
prolonged period. Of the chabazite types, chabazite-Na was found to mitigate the effect of
competing cations (K*) in a chabazite-amended Anammox process leading to improved

substrates utilization by the Anammox bacteria.
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Chapter 1 : Background

1.1.  The Anammox process and benefits

Wastewater treatment plants (WWTPs) often employ conventional nitrogen
removal (N-removal) processes. In doing so, conventional N-removal processes rely on
externally applied air and organic carbon to support microbial growth making the process
energy intensive (Shoener et al., 2014). Bolles et al (2006) reported that the aeration
systems utilized in conventional N-removal process represents 45 to 60% of the treatment
plant’s energy consumption. In addition, nitrous oxide emitted from conventional N-
removal processes account for approximately 5% of the total U.S. greenhouse gas (GHG)
emissions (U.S EPA, 2016). With increasing stringent regulation on nutrient (ammonia)
and GHG discharge from WWTPs, under the US EPA’s National Pollutant Discharge
Elimination System (NPDES), conventional N-removal process maybe unfavorable to treat
high-strength ammonia wastewater.

The use of a combined partial-nitrification and anaerobic ammonium oxidation
process or Anammox is a relatively new alternative for ammonia removal from
wastewaters with low carbon to nitrogen ratio (Kim et al., 2008). Anammox activity was
first discovered in a denitrifying fluidized bed reactor treating effluent from a
methanogenic reactor (Mulder et al., 1995) following an earlier theoretical study in which
Broda et al (1977) concluded that ammonium (NH4™) could be used as an electron (e-)
donor and nitrate (NO3” as an e- acceptor under strict anoxic environment. Later, Van der
Graaf et al (1995) reported that nitrite (NO2") was indeed the e-acceptor with hydrazine

(Kartal et al., 2011) as an intermediate.
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During the Anammox reaction, ammonium and nitrite are converted to N2 as shown
in Equation 1-1 (Van der Graaf et al., 1995). The process utilizes HCOs as the sole carbon

source and NO~ as the electron acceptor for ammonium oxidation (Mulder et al., 1995).

NHs" + 1.32 NO2™ + 0.066 HCOs™ + 0.13 H* — 1.02 N2 + 0.26 NOs™ + 0.066 CH200.5No.15 + 2.03 Hz

Equation 1-1: Anammox chemical equation.

The bacteria mediating the process are slow growers of the order Planctomycetales
with approximate doubling times of 10 to 12 days (Strous et al., 1998), which is higher
than 0.6 and 4 days associated with activated sludge bacteria and methanogens,
respectively (Seviour et al., 2010; Ferry, 1993).

The Anammox biochemical pathway has not been widely investigated, but Kartal
et al (2011) suggests a likely pathway with hydrazine (N2H4) and nitric oxide (NO) as
intermediates (Kartal et al., 2012).

Due to the low biomass yield (Jetten et al., 1997), reduced O> demand, zero
addition of external carbon source, and reduced N2O emissions (Wrage et al., 2001), the
process is more favorable to remove nitrogen (as ammonium) from high-strength ammonia
wastewater than the conventional process.

1.2. Problems associated with the Anammox process

The first full-scale reactor was installed in Rotterdam, Netherlands (\Van der Star et
al., 2007). Beyond that system, however, to date, less than 100 large-scale processes have
been developed worldwide; and less than 10 full-scale processes have been adopted in the

U.S (Lackner et al., 2014).
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Widespread utilization of the process has operational drawbacks that impede its
acceptance as a practical treatment alternative including very slow bacteria growth,
bacterial washouts during operation, and the risk of process instabilities from inhibition
factors such as influent salinity (Abma et al., 2007).

Efforts to improve start-up and long-term process stability have not been successful
due to inadequate mass of Anammox bacteria (Van der Star et al., 2007), difficulty to grow
the bacteria (Strous et al., 1998), and subsequent retention of the bacteria in the treatment
reactors (Sliekers et al., 2003).

Initial seed biomass concentration is critical to the process as it is strongly linked
to the abundance and diversity of Anammox bacteria during and after start-up (Park et al.,
2010). However, since the bacteria thrive under strict anoxic condition and an approximate
steady NH4* /NO; ratio of 1.32 to grow (Lotti et al., 2012), it is very difficult to attain the
ideal feed substrate ratios in a one-stage process and makes it difficult to start the
Anammox process (Kanders et al., 2014).

Furthermore, due to low growth rates and potential washouts, it is challenging to
retain the bacteria in the reactor as they typically remain suspended in the culture
development bioreactors (Sliekers et al., 2003). This problem is further challenged by
inadequate information on the various Anammox bacteria retention methods (Chen et al.,
2010) and amendment materials (Chen et al., 2015) for selective colonization and growth
of Anammox bacteria. As such, a method or strategy of retaining the bacteria in the

treatment reactor is needed to enhance the development of the Anammox culture.
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1.3.  Improving biological treatment processes

Biological wastewater treatment processes have previously been augmented with
desired materials to improve treatment. Materials with unique chemical and physical
properties (e.g., the ability to catalyze a process reaction and/or to provide bacteria
immobilization surface (Armentano et al., 2014)) are often employed in sequencing batch
reactors (hybrid systems) to increase bacteria growth rates to enhance systems’
performance (Gai and Kim, 2008).

Hybrid systems have previously been used to remove pollutants from wastewater;
for instance, Yu et al. (2006) reported that by employing Zero-Valent Iron (ZV1) to reduce
perchlorate using autotrophic culture, the biomass density was increased and
correspondingly led to a 4-fold increase in the rate of perchlorate reduction. Jung et al.
(2004) also determined that methanogenesis and nitrification rates were enhanced by
reducing NH4* concentration levels that caused inhibition when cation exchange materials
were added to the bioreactors treating anaerobic wastewater.

1.4.  Chabazite characteristics and application to enhance the Anammox Process

Zeolite materials, because of their high cation exchange capacity (CEC) and
ammonium ion exchange (NH.s" IX) rates, have gained much attention to remove
ammonium from wastewater (Booker et al., 1996). He et al. (2004) used powder zeolite
to amend a biological nitrogen removal (BNR) process treating municipal wastewater with
a total nitrogen concentration of 54 mg-N L™ and reported that the nitrification rate

increased by a factor of two compared to the non-zeolite amended process. Fernandez et
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al. (2008) further reported an improved enrichment of Anammox biomass and reduction
of washout to values as low as 3 mg VSS L™

Natural zeolites are hydrated aluminosilicates with three-dimensional structure and
high adsorption capacity (Erdem et al., 2004). There are approximately 82 variants of
zeolite, which are further categorized into different sub-groups (Coombs et al., 1998).
Clinoptilolite (zeolite, group 7) is the
most abundant and used zeolite

species; thus, frequently referred to as

the ‘natural zeolite’ (Sprynskyy et al.,

2005).

A zeolite’s high CEC is

@ NHS @ NaorCa* @® vo-

dependent on the presence of either

Figure 1-1: Anammox bacteria forming a biofilm

.4+ 3+ - - -
Si*"or A" in the mineral lattice. The layer on an ammonium-rich chabazite particle.

substitution of Si** by AI** increases the negative charge, which is balanced by the readily
available cations (e.g. Na*) in the aqueous solution. The balanced cations (e.g. Na*) can
subsequently be exchanged with other cations e.g. NH4* (Erdem et al., 2004; Langwaldlt,
2008). While focus has been on ‘natural zeolite’ (clintoptilolite) as an amendment material
to enhance biological wastewater treatment, there is recent evidence of higher a CEC
zeolite with better NH4™ X rates compared clintoptilolite (Karmen et al., 2013; Langwaldt,
2008). Chabazite (zeolite, group 4) may a better alternative for ammonium removal from
wastewater. Chabazite has lower Si** to AI** ratio than clinoptilolite (Erdem et al., 2004;

Langwaldt, 2008) that could potentially increase the mineral negative charge for cation
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substitution leading to increased CEC. In addition, because of its metaphysical and
structural properties, chabazite pore cavities could act as anoxic microenvironments for
growth of anoxic bacteria (Erdem et al., 2004; Sprynskyy et al., 2005). Moreover, NH4*
adsorption and bio-regeneration could be increased because of the negative charge
resulting from the high composition of AI** content within the framework (Lahav et al.,
2000). These properties could favor development of anoxic bacteria such as Anammox
bacteria. Since Anammox bacteria grow under high ammonia (Hu et al., 2011) and low
organic carbon (Dalsgaard and Thamdrup, 2002) conditions; and with relatively higher
CEC and NH4" IX capacity than clinoptilolite, chabazite mineral could possibly attain high
surface concentrations of ammonium to create a naturally selective environment for
proliferation and retention of Anammox bacteria as shown in Figure 1-1. It was
hypothesized that Anammox culture development could be enhanced by using Chabazite
mineral particles as process amendment material.
1.5.  Influence of chabazite sub-specie on ammonium oxidation rate

Chabazite is further categorized into four individual sub-species or types, based on
the dominant non-framework cation, chabazite-Ca, chabazite-K, chabazite-Na, and
chabazite-Sr (Coombs et al., 1998; Erdem et al., 2004; Sprynskyy et al., 2005). Chabazite-
Ca and —Na are the most commonly used types (Aponte-Morales et al., 2016). Breck
(1974) suggested a likely cation selectivity order, later modified by Lahav et al. (1998) as

shown in Equation 1-2.
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Ti* > K* > Ag* > Rb* > NH4* > Pb?* > Na* = Ba?* > Sr?* > Ca?* > Li* (Breck, 1974)
K* > Ca?* > NH4* > > Na* > Mg?* (Lahav et al., 1998)

Equation 1-2: Cation selectivity order.

Based on the Breck and Lahav cation selectivity orders, it could be speculated that
cation prominence on chabazite material may have an impact on ammonium oxidation rate.
As revealed by Lahav et al. (1998), Na* is a less competitive cation than both NH4* and
Ca" and could easily be exchanged with NH4* faster than Ca*. To address whether the type
of chabazite affect the ammonium oxidation rate, it was also hypothesized that chabazite-
Na has a higher ammonium removal rate than chabazite-Ca in a one-stage Anammox
process (Hypothesis 3).

1.6.  The effect of competing and target cations on substrate utilization rate

During ion-exchange (IX), non-framework cations are exchanged with the target
cation (NH4*) and released into the water column. Depending on the concentration of
cations in the feed, the released cation could impact the Anammox substrate utilization
rate. Sanchez et al. (2004) previously reported a decrease in nitrification rate during IX
process in the presence of Na* at approximately 2000 mg/L.

In addition, the presence of competing cations (e.g. K*) could further inhibit the
process. Referring to the cation selectivity orders, K potentially out-compete NH4*, Ca™,
and Na* (Langwaldt, 2008) for the exchange sites on chabazite particles. Therefore, NH4*
and K* concentration in the bulk solution could affect NH4™ IX. As such, it was further
hypothesized that the rate of substrate utilization is affected by the concentrations of target

(NH4") and competing cation (K*) (Hypothesis 4).
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Chapter 2 : Start-up and performance of Anaerobic Ammonium

Oxidation process from atypical Thermophilic Digester Effluent
2.1. Abstract

Unique and favorable characteristics coupled with the affirmation of a syntrophic
association between anaerobic ammonium oxidizing (Anammox) bacteria and denitrifying
anaerobic methane oxidizers (DAMO), offer thermophilic anaerobic digesters (TAD)
mixed-sludge a niche to improve Anammox culture development.

This study assessed the feasibility of using TAD mixed-sludge to enhance
Anammox culture development to improve performance and to reduce process start-up
time. The effect of initial feed substrate ratio, initial biomass, and inorganic carbon
concentrations on Anammox activity were also investigated. Anammox cultures seeded
with different amounts of TAD mixed-sludge were developed in 3 bench-scale reactors.
Reactors 1 (R1) was seeded with active Anammox mixed liquor while Reactor 2 (R2) and
Reactor 3 (R3) were augmented with 25% (v/v) and 50% (v/v) of TAD mixed-sludge,
respectively.

All three reactors showed phenotypic Anammox activities and attained maximum
nitrogen removal efficiencies above 95%. R3 was the fastest to start, 59 days, followed by
R2, 85 days, and R1, after 153 days. In addition to having a faster start-up time, R3 also
attained the highest maximum Specific Anammox Activity (SAA™®) at maximum nitrogen
loading rate (NLR). The Anammox bacteria species in all the reactors was identified as

“Candidatus Brocadia sinica.”
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Despite having a slower start-up time than R3; R2 attained the highest specific
Anammox bacteria population after 44 days to depict approximately 4 generations of the
Anammox bacteria assuming each doubling time is 11 days ((Strous et al., 1998). The
high Anammox bacteria gene copy numbers determined in R2 was attributed to possible
mitigated effect of the bacteria mediating the partial nitrification process out-competing
the Anammox bacteria in utilizing the available NH4* for metabolic activities and growth
experienced during start-up time.

In assessing the effect of feed characteristics on Anammox rates, the highest rate
value of 0.07 g NHs* L? day™® was attained at 12.5mM HCOs3™ concentration, while the
highest specific Anammox rate of 0.16 g NgVSS™Day* was determined at 3.0 g VSS L™
biomass concentration. The results imply that TAD mixed-sludge has potential application

in Anammox process start-up to remove excess ammonium from wastewater.
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2.2. Introduction and Background

Wastewater treatment plants (WWTPs) mostly use multi-stage conventional
nitrification and denitrification (NDN) processes to remove nitrogen (as ammonia) from
municipal wastewater (Sun et al., 2010). The multi-stage nitrification and denitrification
processes rely on externally applied air (as Oz) and carbon (as COz) to support microbial
growth making the process energy intensive (Shoener et al., 2014). Bolles et al (2006)
reported that the biological aeration systems utilized in the conventional NDN process
accounts for between 45 and 60% of the total plant’s energy consumption. In addition,
nitrous oxide emitted from conventional nitrogen removal processes accounts for about 5%
of the total U.S. greenhouse gas (GHG) emissions (U.S EPA, 2016). With increasing
stringent regulation on nutrient (as ammonia) discharged from WWTPs to waterways,
conventional NDN processes has been dimed unfavorable to treat high-strength ammonia
wastewater (Third et al., 2001).

A two-step process that involves partial-nitrification (step 1) and anaerobic
ammonium oxidation (Anammaox) (step 2), in a single-stage reactor, has been reported as
a better alternative to remove ammonia from wastewater with low carbon to nitrogen (C/N)
ratio than the conventional multi-stage NDN process (Kim et al., 2008).

The first step partially oxidizes NH4" to NO~; in the presence of the available O
(Kalvelage et al., 2011). The Anammox process utilizes alkalinity (HCO3") as the sole
carbon source and NO~ as the electron acceptor for ammonium oxidation producing
dinitrogen (N2) gas (Mulder et al., 1995) as shown in Equation 1-1 (Van der Graaf et al.,

1995).

24



The bacteria mediating the process (Anammox bacteria) have characteristically low
growth rates because they primarily grow due to inorganic ammonium oxidation coupled
to nitrite reduction using HCOz" as the carbon source (Kalvelage et al., 2011).

Anammox bacteria are of the order Planctomycetales with approximately 10- to
12-day doubling times (Strous et al., 1998), which is higher than the 0.6- and 4-day
doubling times commonly associated with activated sludge bacteria and mesophilic
methanogens, respectively (Seviour et al., 2010; Ferry, 1993).

Kartal et al (2011) reported the likely biochemical pathway for the Anammox
process and reported hydrazine (N2H4) and nitric oxide (NO) as the likely intermediates.

The Anammox process is more suitable in removing nitrogen (as ammonium) from
high-strength ammonia wastewater than the conventional process because it produces less
sludge, utilizes low O, requires zero addition of external carbon source, and have
negligible emissions of N2O (Jetten et al., 1997; Wrage et al., 2001).

Even with the Anammox process advantages over the multi-stage NDN process,
the process has not received widespread utilization in mainstream wastewater treatment
because of pragmatic operational challenges associated with the Anammox process (Li et
al., 2018). One of the primary challenges is the slow growth rate of Anammox bacteria,
which extends process start-up time (Abma et al., 2007).

Further, slow bacteria growth rates result in low biomass yield and long start-up
times. To overcome this challenge, recent work has focused on developing strategies to
improve biomass yield and retention (Manonmani and Joseph, 2018). However, efforts to

improve start-up time and long-term process stability have not been successful due to
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inaccessibility of Anammox seed biomass (seed) (Van der Star et al., 2007). Seed biomass
selection has been shown to be critical in improving biomass yield because the initial seed
is strongly linked to the abundance and diversity of Anammox bacteria during and after
start-up period (Park et al., 2010).

Nonetheless, selection of seed sources is much difficult as there is inadequate
information on the ecological, environmental, and microbial community characteristics on
the different types of seed (Tao et al., 2013; Erguder et al., 2009). Hu et al., (2011) noted
the importance of understanding seed-sludge characteristics and suggested that process
start-up and long-term stability could be improved by inoculation if the conditions for
competition between the different bacteria were known. As such, selecting a seed source
with favorable characteristics is important to develop an Anammox culture (Tao et al.,
2013).

With most Anammox processes being seeded and started from conventional sludge
sources such as the return activated sludge (RAS) that is characterize with high abundance
of nitrifying bacteria (Ye et al., 2018; Tomar et al., 2016; Tomar et al., 2016), competition
among other unknown bacteria during acclimatization pose additional challenges in
determining optimum operational conditions (Jia et al., 2014).

The Anammox reaction is a tightly coupled cyclic catabolic process, which further
makes it vulnerable to disturbances (Kartal et al., 2012).

These challenges, taken together, hinder the enrichment of Anammox culture.
Therefore, it is important to explore different strategies to improve the applicability of the

Anammox process, which can potentially be achieved through the selection of good seeds
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(Li and Yang, 2007; Tomar et al., 2016) to reduce process start-up time and improve
performance.

Anammox bacteria are ubiquitous in marine and terrestrial environments (Park et
al., 2010), and have widely been shown to grow under high ammonia (Hu et al., 2011) —
low organic carbon (Dalsgaard and Thamdrup, 2002) —psychrophilic (Guo et al., 2015) and
—mesophilic conditions (Jaeschke et al., 2009). Anammaox bacteria have also been detected
in extremophilic conditions such as thermophilic and halophilic environments (Erguder et
al., 2009; Li et al., 2010; Yoshie et al., 2006). The detection of Anammox bacteria in
California and Nevada hot-springs (Jaeschke et al., 2009) proves that the bacteria can
possible grow under thermophilic conditions (Byrne et al., 2008). Moreover, recent report
on metagenomic studies reveal that Anammox bacteria have a mutualistic coexistence with
denitrifying anaerobic methane oxidizing (DAMO) bacteria (Hu et al., 2015) and are
considered key players in methane production (Zhu et al., 2011; Ding et al., 2016).

Similar conditions can be found in thermophilic anaerobic digesters (Desmottes et
al., 2015). Thermophilic anaerobic digester mixed sludge (TAD mixed-sludge) being rich
in ammonium with proportions of DAMO (Ding et al., 2014) could offer a new seeding
source for the process. Mixing proportions of active Anammox biomass with TAD mixed-
sludge may be ideal to seed and start the process. Mixing or augmenting active Anammox
culture and TAD mixed-sludge may also mitigate the effect of increased nonviable
bacteria, which are considered a potential source of organic carbon that necessitates the
growth of other competitive autotrophs (Hu et al., 2010). The presence of proportions of

Anammox bacteria and the unique characteristics of TAD mixed sludge (Suvilampi and
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Rintala, 2003) may improve Anammox activity and enhance Anammox culture
development.

Long start-up time has also been reported to hinder the application of the process
(Uyanik et al., 2011). Since TAD mixed-sludge could potentially enhance Anammox
culture development, it may also be true that using high proportions of TAD mixed-sludge
to augment the mixed inoculum sludge may further reduce the process start-up time leading
to better Anammox culture development.

Process instability is another bottleneck towards Anammox process adoption (Jin
et al.,, 2008). The process may experience instability caused by variable feed
characteristics (Kanders et al., 2014). Understanding the effect of the variability of feed
substrates ratio and alkalinity concentrations on the rate of Anammox ammonium oxidation
is therefore significant in determining the process stability.

To investigate these hypotheses, this study aimed [1] to assess the potential to use
TAD mixed-sludge to improve Anammox activities, process start-up time, and Anammox
bacteria population; and, [2] to determine the effect of feed substrates ratio (NH4*/ NO?)
and alkalinity (HCO3") concentrations on ammonium oxidation rate. If reduced Anammox
start-up time and enhanced Anammox culture development is attained, this research
contribution will have significant impact towards widespread application of the Anammox

process and assist to mitigate ammonium exposure to aquatic environment.
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2.3. Materials and Methods

2.3.1. Reactor configuration and operation

Three-liter (3L) Sequencing Batch Reactors (SBRs) were assembled and used to

develop the Anammox cultures as shown in Figure 2-8 in the Appendix. The reactors were

seeded with thermophilic anaerobic digester mixed liquor from the City of Los Angeles -

Hyperion Water Reclamation Plant (HWRP). The seeding mixed liquor characteristics are

shown in Table 2-1.

Table 2-1: [A] HWRP thermophilic anaerobic digester mixed sludge characteristics (Desmottes
et al., 2015). [B] Other volatile compounds found in HWRP thermophilic anaerobic digester

mixed sludge
Parameters mg/L Parameters PPMV
A pH >8 B Carbon Disulfide 0.24
Alkalinity, as CaCOs3 1310-4020 Carbonyl Sulfide 1.43
TtCOD 859-3130 Dimethyl Disulfide 2.38
TsCOD 322-2094 Dimethyl Sulfide 0.61
NHs-N 367-1120 Methyl Mercaptan 0.25
NO2-N 0.2-1 Hydrogen Sulfide 117.04
NOs-N 0.2-2 Isopropyl Mercaptan  0.26
TKN 345-1160 Methane 62.29
COD/TKN 1.2-5.6 Methyl Mercaptan 1.66
CO; 37.10 N-Propyl Mercaptan ~ 0.32
S042 (Dissolved) 5.94
Volatile Acids 291.99
Volatile Suspended Particles 64.73
(VSP)
Total Suspended Particles (TSP) 1.96

The reactors were stirred using magnetic stirrers set at 60 rpm to achieve complete mixing.

The pH in the reactors was controlled between 7.2 and 7.5 by adding 0.5M of HCL to the

feed medium. Anoxic conditions in the reactors were maintained by flushing feed media

with nitrogen gas. The reactors were fed interchangeably between 1 and 2 days. During

feeding, the reactors could settle for 30 min and effluent withdrawn for 10 min.
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2.3.2. Feeding composition

The feed medium had the following composition per liter of deionized water: 0.059
~0.177g (NH4)2S04, 0.0121 — 0.0304g NaNOz, 1.25g KHCOs, 0.0259 KH2PO., 0.3g
CaCl2.2H20, 0.2g MgS0.4.7H.0, 0.00625g FeSO4, 0.00625g EDTA, and 1.25mL trace
elements solution as prepared by (Zhang et al., 2008). The reactors were fed by carefully
increasing the NO2" concentrations in the feed media to achieve appropriate NH4*/NO2™
stoichiometric ratio without NO>™ inhibiting the process because NO.™ concentration as low
as 20 mg/L can upset the process during process start-up. (Strous et al., 1998).
2.3.3. Analytical methods

Ammonium (NHs*), nitrite (NO2), and nitrate (NO3z’) were analyzed using
colorimetric methods according to standard methods of water and wastewater analysis
(Albertson, 2000). Biomass concentrations were measured as mixed liquor volatile
suspended solids (MLVSS) using standard method. Briefly, to determine MLVSS, dry
weight was determined after drying the sample at 105°C for at least 1 hour, and ashed in a
furnace (550°C) for 30 min. Dissolved oxygen (DO) concentrations and pH were
monitored with selective electrodes. To monitor settling rates, the sludge settling velocity
(S.V) and volumetric index (SVI) were occasionally determined following the standard

methods.
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2.3.4. Molecular assay
2.3.4.1.Nucleic acid extraction

Genomic DNA was extracted from samples of enriched biomass using the Qiagen
kit. The quality and quantity of extracted DNA was measured by agarose gel
electrophoresis and spectrophotometry. The final extracted samples were diluted to
between 5 and 10 ng ul? for use as PCR template.
2.3.4.2.Denaturing gradient gel electrophoresis (DGGE)

All samples were PCR amplified with Anammox bacteria-specific primers
(Amx368f/Amx820r) targeting the 16S rRNA gene. The PCR approach for detecting
Anammox bacteria followed previously published protocol by Sonthiphand and Neufeld
(2013). All PCR amplifications were carried out at initial denaturation temperature of 95°C
for 5 min, followed by primer-set-specific thermal cycling conditions with a total of 30 to
35 cycles and a final extension of 72°C for 10 min to complete the reaction (Sonthiphand
et al., 2013). Final PCR products were verified after amplification via agarose gel
electrophoresis to confirm amplicon size using 8% acrylamide gels, and with 30% to 70%
denaturing gradients. DGGE gels were also run following the same procedure. Briefly, the
DGGE gels were stained with SYBR green and scanned with a Pharos FXTM Plus
Molecular Imager. Final representative PCR products were sent to UCR Institute for

Integrated Genome Biology for sequencing.
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2.3.4.3.Quantitative real-time PCR (qPCR)

The total Anammox bacterial population was investigated following Bipin et al.
(2007) protocol. The Anammox bacteria standard curves were constructed from
Escherichia coli genomic DNA (Sonthiphand et al., 2013). Each constructed E. coli PCR
product was purified using a MinElute kit (Qiagen, USA) and quantified using Nano-Drop
Spectrophotometer. Ten-fold serial dilutions were applied to the standard DNA PCR
product template to create qPCR standard curves with efficiencies > 90% and coefficients
of determination (R?) >0.996 for all standard curves. The agarose gel electrophoresis was
employed on all products after each run to confirm the specificity of the gPCR
amplification. The gPCR master mix used contained 5 ml of SsoAdvanced SYBR Green
Supermix, 0.03 ml of each primer (100 mM stocks), 0.02 ml of bovine serum albumin (10
mg ml* stock) and 1 ml of genomic DNA template (5-10 ng stock) in a total volume of 10
ml. All gPCR amplifications were performed in duplicate on a CFX96 real-time system
(Bio-Rad, USA).
2.3.4.4.Batch assays

Batch assay of known biomass concentrations (gVSS L) was employed following
the procedure to evaluate specific anammox activity (SAA) as described by Buys et al
(2000). Briefly, the specific ammonium removal rate was determined from the maximum
slope of the curve describing the ammonium removal per time divided by the biomass
concentration and the volume of the reactor.

Volumetric nitrogen removal (g-N L day) and specific Anammox activity (SAA,

either mg-N g VSS™? day? or g-N g VSS? day?) rates were employed as basic tools to
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assess the effects of substrate ratio (limiting substrate (NO2") to target ion (NH4")) and
biomass concentration (cell density, g VSS L), and alkalinity on ammonium oxidation
rates.

To determine the effect of alkalinity concentration on ammonium oxidation rates,
batch experiment with systematic range of KHCO3 concentrations between 0 to 24 mM
was conducted. Trukhina et al (2011) reported that optimum bicarbonate concentration on
a modified deamox process is 24mM. Therefore, significant effect on ammonium
oxidation rate would be observed at KHCO3 concentrations between 0 and 24 mM.

To estimate Anammox transient turnover rate, samples were taken from the batch
reactors at appropriate time intervals.  Synthetic mineral medium with known
concentrations of NH4*, NO2", and de-oxygenated with N2 gas was used for this experiment.
2.4. Results and Discussion
2.4.1. Reactor performances and start-up

The three bench-scale sequencing batch reactors were monitored for start-up time
and performance. Reactor 1 (R1), which was the control reactor, was seeded with active
Anammox biomass to accelerate Anammox bacteria growth. The other two reactors were
augmented with varying proportions of active Anammox biomass and TAD mixed sludge
obtained from Hyperion Wastewater Treatment Plant’s (City of Los Angeles) anaerobic
digester side-stream. Reactor 2 (R2) and reactor 3 (R3) were augmented with 25% (v/v)
and 50% (v/v) of TAD mixed sludge.

The reactors were fed at incremental nitrogen loading rates (NLR) to a maximum

value of 35.0 0 mg-N L™ Day * (Figure 2-1) and were simultaneously monitored for
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changes in NH4*, NO2", and total nitrogen (NHs" + NOy") as shown in Figure 2-7 in the
Appendix. Alkalinity and biomass (MLVSS) concentrations were also quantified while
monitoring changes in temperature, pH, and dissolve oxygen (DO). All the three reactors
showed phenotypic Anammox activities and attained maximum nitrogen removal
efficiencies greater than 95% at stable state. The proportion of nitrate produced in all the
reactors was determined to as 15% of the total nitrogen consumed (result not shown), which

is close to 11% that was theoretically determined following Equation 1-1 by Zhang et al.

(2008).
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Figure 2-1: Reactors characteristic differences during each Anammaox culture
development stage

Based on the results depicted in Figure 2-1, the nitrogen removal efficiency and
NLR profiles could be divided into four distinct stages (Wang et al., 2016; Yu et al., 2013;

Tang et al.,, 2009; Chamchoi et al., 2007). Stage | (approximately 60 days) is the
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acclimatization stage that is characterized with average low nitrogen removal efficiencies
at 28.6% and 34.0% for R1 and R2, respectively. Conversely, R3’s high nitrogen efficiency
at 84.4% was attributed to fast Anammox process start -up time. Because of presumed
faster start-up time than both R1 and R2, R3 exhibiting phenotypic Anammox activities
characterized with high nitrogen removal efficiency at increased nitrogen loading (Figure
2-2). Generally, during Stage I, the ammonium effluent concentrations were relatively
higher in R1 and R2 (Figure 2-7, in the Appendix) because the change in environment of
the seed sludge might have potentially caused bacteria turnover. That is, the dormant
bacteria were killed causing cell lysis and breakdown of organic nitrogen to ammonium
leading to increased ammonium effluent concentration even at low nitrogen loading rate
(NLR). This assertion can also be supported by the low specific anammox activity depicted
as a result of low nitrogen removal and MLVSS concentration in the system (Chamchoi et
al., 2007). The Specific Anammox Activities (SAA) were not determined at Stage |
because it was assumed that most bacteria during this period of development comprised of
the nitrifying and denitrifying bacteria that favorably compete for metabolic substrates and

grow faster than the Anammaox bacteria (Yu et al., 2013).
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Figure 2-2: Differential nitrogen removal efficiencies with increasing nitrogen loading
rates (NLR).

The second stage, Stage Il (approximately between 60 -123 days), is the instability
stage characterized with near exhaustion of organic substrate from cell lysis and fluctuation
of nitrogen removal efficiencies due to coexistence of denitrifying and low populated
Anammox bacteria as seen in R1 (Yu et al., 2013; Chamchoi et al., 2007). However, due
to faster start-up time than R1, R2 exhibited increased nitrogen removal efficiency and
SAA at 87.9% and 7.29E-02 g-N g-VSS™ Day 2, respectively, due to increased Anammox
bacteria population (Tang et al., 2009).

Stage Il (Transition stage) was from approximately 123 to 199 days. During this
stage, R3 had already attained a stable nitrogen removal efficiency above 95% and R2’s
nitrogen removal efficiency was slightly below 95%. However, R1 depicted an increased
nitrogen removal efficiency from 47.0% to 87.5%. Despite lower than maximum nitrogen
removal efficiencies, Stage Il is characterized with improved efficiencies with low
accumulation of NH4* and NO2", and generation of NO3". Because R1 start-up time
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presumably falls within Stage 11l period, like R2 and R3, the increased nitrogen removal
efficiency was as a result of the Anammox activities characterized with high nitrogen
removal efficiency. However, due to the sensitivity of Anammox bacteria to exogenous
factors such as high nitrite concentration (Jin, et al., 2012) during the transition stage (Yu
et al., 2013; Tang et al., 2009; Chamchoi et al., 2007), both R1 and R2 were upset and
consequently exhibited decreased nitrogen removal efficiencies from 87.5% to 64.7% and
93.6% to 87.8% for R1 and R2, respectively, when the NLR was drastically increased to
approximately 23.0 mg-N L Day . In contrast, R3 nitrogen removal efficiency was not
impacted and remained stable above 95% even at high NLR, which is evidence of a fully
developed Anammox culture that is often characterized with high resiliency to exogenous
and endogenous factors (Egli, et al., 2001; Jin, et al., 2012).

The final stage is the Stable and Effective stage (Stage V), which is characterized
with simultaneous NHs" and NO2 removal leading to increased and stable nitrogen
removal efficiency (Figure 2-1). During this stage, the removal efficiencies were at
maximum values for each of the three test reactors indicating that Anammox process
became the major pathway responsible for ammonium removal in each of the reactors (Yu
etal., 2013). Based on the provided conditions, the maximum attained removal efficiencies
for all the reactors were above 95%. However, during this stage, there may be deviations
of performance in terms of nitrogen removal efficiencies that is dependent on different
concentrations of feed substrates and the uniqueness of each developed Anammox culture

developed (Chamchoi et al., 2007) as summarized in Table 2-2.
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Table 2-2: Summary of reactors performance and activity during Anammox culture development
stages

Anammox Performance & Activity

Start-up
Reactor Performance (SAAMAXL fime
Parameter v
Nitrogen
removal (%) 286 470 875 972
Rt 4.2 153
SAA?) x 10°
( 2) - 5.7 4.1 4.2
Nitrogen
removal (%) 340 879 936 972
R2 9.6 85
(SAA?) x 10°
2 - 7.3 9.6 572
Nitrogen
removal (%) 727 958 98.2 96.5
RS 15.7 59
(SAA?) x 10°
2 - 4.7 15.7 15.7

At each stage of Anammox culture development, the test reactors in the study
simultaneously exhibited varying nitrogen removal efficiencies and SAA (Table 2-2).
Reactor 3 attained stable nitrogen removal efficiencies faster than both R1 and R2, while
R2 reached stable nitrogen efficiency faster than R1 as shown in Figure 2-2. It can be
deduced that maximum nitrogen removal efficiency corresponds to the time at which the
reactors attained maximum specific anammox activity (SAA ™) that further correlates to

the reactors start-up time, which was defined as the time taken to attain SAA™ at

! Maximum Specific Anammox rate at after start-up, SAAMAX (g-N g-VSS - Day %)
2 Specific Anammox Activity, SAA (g-N g-VSS - Day )
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maximum NLR (Dapena-Mora et al., 2007). The reactors SAA™ were determined as
4.19E-02, 9.55E-02, and 1.57E-01 g-N g-VSS* Day!, which corresponded to 153, 85, and
59 days start-up times for R1, R2, and R3, respectively. Based on the improved start-up
time and performance exhibited by R2 and R3 under the conditions tested, it can be
concluded that TAD mixed-sludge enhanced the Anammox culture development

(Zabranska et al., 2000; Kumar et al., 2010).

2.4.2. Molecular detection and quantification of Anammox bacteria

Agarose gel electrophoresis was employed on PCR products to confirm the
specificity of the qPCR amplification. The gel image shown in Figure 2-3 reveals that most
bacteria detected were presumably Anammox active bacteria (A+) because the negative
controls (NTC, -W-1, and —Ad-1) were not amplified. Using gel 100 bp ladder as a
reference, the amplicon size was estimated to be 700-bp, which is similar to Penton et al
(2006) reported amplicon size of approximately 700-bp 16S rRNA gene that was
determined while detecting Anammox bacteria in freshwater and marine sediments.
Penton et al (2006) designed a new primer set that was 100% specific to recover about 700-
bp 16S rRNA gene sequences with greater than 96% homology to the “Candidatus
Scalindua” group of Anammox bacteria. A search for a potential match on our sequenced
data was conducted and the Anammox bacteria specie, “Candidatus Brocadia sinica,” was
found to have the best match at 99% identity and O E-value. The identification of the
specific Anammox bacteria plus the observed reactor activities strongly confirm successful

enrichment and start-up of the Anammox process from TAD mixed-sludge liquor.

39



11 11

100bp ladder | +A-1 | -W-1 | -Ad-1 | NTC |

~700 bp

LR
|

Figure 2-3: Gel image showing bacteria detected
as presumably Anammox

To quantify the bacteria population in the reactors, active Anammox biomass
samples were collected after 44 days to depict approximately 4 generations of the
Anammox bacteria. Figure 2-4 shows that the gene copy numbers (GCN) increased more
than 2-fold after 44 days in all the reactors, with the highest increase observed in reactor
R2. High population of Anammox bacteria in R2 can be attributed to the optimum amount
of fresh active Anammox biomass augmented and blended with the right proportion of
TAD mixed-sludge that mitigated the effect of competition between the bacteria mediating
the two-step process (Kumar et al., 2010) in utilizing available NH4* substrate for
metabolic activities and growth. The upsurge in Anammox bacteria population over time
further confirmed successful growth and enrichment of Anammox bacteria in the

bioreactors from TAD mixed-sludge.
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Figure 2-4: Quantified Anammox bacteria in the three reactors.
R1 (Control), R2 (25% v/v Chab), and R3 (25% v/v Chab)

2.4.3. Effect of inorganic carbon (HCO3’) on Anammox rate

Alkalinity is a significant parameter in the enrichment of Anammox culture. Not
only is HCOgz™ reported as the carbon source in the Anammox process, but it is also
important in maintaining the suitable pH conditions in the reactor (Karcher et al., 1975) for
Anammox culture development. In this study, the maximum Anammox volumetric rate was
determined to be 0.07 g NH." L day™* at 12.5mM HCOj3™ concentration, but decreased to
0.06 g NH4* L day? at 20 mM HCOj3™ concentration when free ammonia accumulation

increased from 0.03 mg/L to 0.04 mg/L as shown in Figure 2-5.
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Figure 2-5: Anammox volumetric rate and free ammonia (F.A.) concentration simultaneously
increases as HCOg is increased to 20.0 mM. However, sustained accumulation of F.A. > 0.035
mg/L decreases the volumetric rate.

Trukhina et al. (2011) reported that the activities of a modified deamox process
were negatively impacted at 24mM HCOs concentration which is close to our results.
Based on our batch test findings, it can be revealed that the optimum HCOs concentration
during the Anammox process was approximately 12.5mM at a total nitrogen removal rate
of approximately 0.072 g NH4* L Day™. Figure 2-5 further shows that the concentration
of HCOs™ below the determined optimum concentration resulted in decreased volumetric
ammonium removal rate. To explain the volumetric rate decrease, low influent HCO3
concentration led to decreased pH value in the reactors that increased the systems potential
to accumulate nitrite and free nitrous acid (FNA), which have both been reported to acutely
inhibit the Anammox process (Strous et al., 1998).

At higher HCOz3™ concentration above the determined optimum value, a slight

inhibition from HCO3" shock potentially occurred that impacted the Anammox rate when
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the HCO3 concentration was increased to 20mM. The decrease in Anammox rate at high
HCOg3™ concentration is most likely attributed to two factors. First, the abrupt increase in
HCOg3™ concentration probably and potentially shocked the active Anammox culture that
resulted in a slight loss of Anammox activity. Secondly, high HCO3™ concentrations led to
free ammonia (NHs) accumulation as can be observed in Figure 2-5 showing a linear
correlation between HCO3  and free ammonia (FA) concentration. The FA concentration
in the batch reactors increased from 0.02 to 0.04 mg/L as the HCOz3™ concentration increased
from 2.5 to 20 mM. It had previously been reported that free ammonia (NHs) inhibits
activities of other autotrophs such as Nitrosomonas and Nitrobacter (Jaroszynski et al.,
2012), which are key bacteria species mediating the nitrification process. During this
study, the free ammonia concentration in the batch reactors was estimated following the
expression proposed by Ford et al. (1980). In comparison, Belmonte et al (2017) similarly
reported the effect of alkalinity on partial nitrification process and determined that the
decrease of the inlet total alkalinity concentrations increased nitrite accumulation which
in-turn contributed to the decrease in pH inside the reactor and further promoted the
inhibitory effect of free nitrous acid (FNA) and free ammonia (F.A) on the bacteria
mediating the process.
2.4.4. Effect of substrate ratio on Anammox rate

Optimum feed substrate ratio (NO2/NH4") is another significant parameter to be
considered while enriching the Anammaox culture. Figure 2-6 shows that NO2/NH,4" ratio
positively correlates with nitrite removal but only slightly impacts the ammonium removal

rate. The sharp drop in the rate of NH4" removal is related to inhibition of the partial-
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nitrification (P/N) step of the combined two-step process. As earlier noted, during the P/N
step, NH4" is partially oxidized to NO2™ by the Ammonium oxidizing bacteria (AOB)
utilizing the available Og; after which, the remaining NH4" is further oxidized to N2 by the

Anammox bacteria, without Oz, while NO2" is reduced and N2 produced.
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Figure 2-6: (Top) Effect of initial biomass concentrations on specific biomass N-
removal rate. (Bottom) Effect of substrate ratio on volumetric N-removal rate

The decreased rate of nitrogen (ammonium) removal at increased biomass

concentration is probably the result of the competition among the bacteria mediating the
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two-step process. To explain further, at increased initial biomass concentration, the
Anammox bacteria are seldom enriched and, as such, the AOB are in abundance compared
to the Anammox bacteria. The high AOB population and activities, in-turn, out-competed
the Anammox bacteria metabolic activities in utilizing the available NH4* resulting in
reduced NH4" removal rate at high initial biomass concentrations.

Previous researchers have also reported similar results (Ying-Cui et al, 2014). In
their reported study, Ying-Cui et al (2014) concluded that high mole ratio of NO2 /NH4*
negatively influence the Anammox process because it leads to high nitrite residual that
promotes the growth of nitrite oxidizing bacteria (NOB) and other denitrifying bacteria that
strongly compete with the Anammox bacteria.

2.5. Conclusion

Characterized TAD mixed sludge was obtained from the City of Los Angeles,
Hyperion Wastewater Treatment Plant, and its potential to enhance Anammox culture
development and to improve process start-up time was investigated. In addition, the effects
of inorganic carbon and substrates ration on Anammox rate were studied. Short- and long-
term reactor monitoring with and without TAD mixed-sludge augmentation indicated that
TAD mixed-sludge in the reactor significantly shortened the Anammox process start-up
time and enhanced the Anammox process. Optimum amount of TAD mixed-sludge at 25%
(v/v) used to augment the process doubled the Anammox bacteria gene copy numbers after
two doubling periods. Increased specific Anammox bacteria population was attributed to
negligible competition among the bacteria mediating the two-step partial-nitrification and

Anammox processes. High inorganic carbon concentrations and substrates ratio negatively
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impacted the Anammox rate. The Anammox volumetric rate reached its highest value of
0.07 g NHs" L't dayat 12.5mM HCOs™ but decreased to about 0.06 g NH4" L day™ at 20
mM HCOs due to decreased pH in the bioreactor. Low feed substrates ratio (NH4*/ NO)
led to lower Anammox rates but improved at an optimum ratio of approximately 1.5. High
and low initial biomass concentrations led to lower specific anammox activities that were
also attributed to bacteria competition during start-up time. High specific anammox rate
of 0.16 g N gvSS™tday? was determined at an optimum value of 3.0 g VSS L™ biomass
concentration.  Reactor performance, Anammox bacteria detection, and bacteria
quantification, taken together, confirmed the successful Anammox culture development
and enhancement using TAD mixed-sludge. In conclusion, thermophilic anaerobic
digester (TAD) effluent mixed liquor has potential applications in Anammox process start-
up to remove excess ammonium from wastewater.
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2.8. Appendix
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Influent Pump controls

Figure 2-8: Reactors set-up and configuration
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Chapter 3 : Chabazite addition enhances Anaerobic Ammonium

Oxidation (Anammox) culture development at high feed variability
3.1. Abstract

Anammox activities can be enhanced if materials that have beneficial surface and
chemical properties capable of concentrating growth factors, while enabling selective
colonization of the Anammox bacteria, were used. With evidence of higher cation
exchange capacity and better ammonium ion exchange rate than natural clinoptilolites,
chabazite could be the better amendment material contrary to previous reports.

This study aimed to assess whether chabazite addition enhances Anammox culture
development and improve process start-up time. Chabazite AZ-UB was obtained from St.
Cloud Mining Company in New Mexico, U.S. and pretreated by soaking in deionized water
followed by heating at 100°F for 24 hours to remove impurities and to improve Kinetics.
Batch assays were conducted to determine chabazite cation exchange capacity and
isotherm model. Langmuir was the most representative isotherm model with a determined
adsorption capacity of 1.18 meqg/g-chabazite that is greater than 1.15 meg/g-clinoptilolite.

Two 3-L sequencing batch reactors were started from fresh return activated sludge
(RAS) from the City of Los Angeles’ joint Los Angeles-Glendale (LAG) water reclamation
plant. Appropriate chabazite dose was added in reactor B while reactor A was operated
without chabazite addition (control). Chabazite had minimal influence on Anammox
process start-up time because both reactors exhibited evidence of Anammox activity after
69 days. However, at increased substrate concentration, reactor A experienced reduced

NOs" production and increased NH4™ and NO- effluent concentrations. Reduced NRR,
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from 95% to 86%, was also observed in reactor A while reactor B’s NRR remained constant
at 95%. Chabazite mitigated the effect of feed substrate variability and optimum substrate
concentration needed by the Anammox bacteria was determined. At increased substrate
concentration, which temporarily inhibited Anammox activities, Reactor B recovered
quicker than Reactor A. Faster recovery was attributed to the presence of chabazite
particles that concentrated NH4* on the surface leading to increased Anammox bacteria
population from 3.08 x 10° to 5.67 x 107 compared to the population in Reactor A that only
increased to 2.17 x 107 copy numbers/g VSS. The results imply that chabazite addition
enhances AnammoxX culture development and process activity during increased substrate

concentrations.
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3.2. Introduction and Background

The use of combined partial-nitrification and anaerobic ammonium oxidation
(Anammox) process is relatively new alternative for ammonia removal from wastewaters
with low carbon to nitrogen ratio (Kim et al., 2008). During the Anammox process,
ammonium (NH4") and nitrite (NO2") are converted to dinitrogen (N2) gas as shown in
Equation 1-1 (Van der Graaf et al., 1995). The process utilizes alkalinity (HCO3") as the
sole carbon source and NO™ as the electron acceptor for ammonium oxidation (Mulder et
al., 1995). The bacteria mediating the process are slow growers of the order
Planctomycetales with approximately 10-12 days doubling times (Strous et al., 1998). In
relation, the doubling times are higher than the 0.6- and 4-day doubling times commonly
associated with activated sludge process bacteria and mesophilic methanogens,
respectively (Seviour et al., 2010; Ferry, 1993).

The biochemical pathway has not been widely investigated, but Kartal et al (2011)
suggests a likely pathway with hydrazine (N2Hs) and nitric oxide (NO) as intermediates
(Kartal etal., 2012). Due to the low biomass yield (Jetten et al., 1997), reduced O, demand,
zero addition of external carbon source, and reduced N2O emissions (Wrage et al., 2001),
the process is more favorable to remove nitrogen (as ammonium) from high-strength
ammonia wastewater than the conventional process.

Despite  Anammox process advantages over the conventional multi-stage
nitrification-denitrification nitrogen (N) removal process, its widespread utilization has
operational drawbacks that impede its acceptance as a practical treatment alternative. The

drawbacks associated with the combined N-removal process include very slow Anammox
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bacteria growth, bacteria washouts during operation, and the risk of process instabilities
from inhibitory factors such as influent salinity (Abma et al., 2007).

Efforts to improve start-up and long-term process stability have not been successful
due to inadequate availability of seed Anammox bacteria (Van der Star et al., 2007),
difficulty to grow the bacteria (Strous et al., 1998), and subsequent retention of the bacteria
in the treatment reactors (Sliekers et al., 2003). Availability of initial seed biomass
concentration is critical to the process as it is strongly linked to the abundance and diversity
of Anammox bacteria during and after start-up (Park et al., 2010). However, since the
bacteria thrive under strict anoxic condition and require an approximate steady NH4"/NO;
ratio 1.32 to grow (Lotti et al., 2012), it is very difficult to attain the ideal feed substrate
ratios in a one-stage process, which also makes the process very difficult to start (Kanders
etal., 2014). Furthermore, due to the low growth rates and potential washouts, it is further
challenging to retain the bacteria in the reactor as they mostly remain suspended in
sequencing batch reactors (SBRs) (Sliekers et al., 2003). This problem is further
challenged by inadequate information on the various Anammox bacteria retention methods
(Chen et al., 2010) and amendment materials (Chen et al., 2015) for selective colonization
and growth of Anammox bacteria. As such, either a method or strategy to retain the
bacteria in the bioreactor is needed to enhance the Anammox culture development.

Biological wastewater treatment processes have previously been augmented with
various materials to improve treatment. Materials with unique chemical and physical
properties (e.g., the ability to catalyze a process reaction to provide bacteria immobilization

surface (Armentano et al., 2014; Jaroszybski et al., 2012) are often employed in sequencing
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batch reactors (hybrid systems) to increase bacteria growth rates to enhance performance
(Gai and Kim, 2008). Hybrid systems have previously been used to remove pollutants
from wastewater; for instance, Yu et al. (2006) reported that by employing Zero-Valent
Iron (ZV1) to reduce perchlorate using autotrophic culture, the biomass density was
increased and correspondingly led to a 4-fold increase in the rate of perchlorate reduction.
Jung et al. (2004) also determined that methanogenesis and nitrification rates were
enhanced by reducing NH4" concentration levels that caused inhibition when cation
exchange materials were added to the bioreactors treating anaerobic wastewater. Zeolite
materials, because of their high cation exchange capacity (CEC) and ammonium ion
exchange (NHs" IX) rates, have gained much attention to remove ammonium from
wastewater (Karadag et al., 2007; Booker et al., 1996). He et al. (2007) used powder
zeolite to amend the biological nitrogen removal (BNR) process treating municipal
wastewater with a total nitrogen concentration of 54 mg-N L™ and reported that the
nitrification rate was increased by a factor of two compared to the non-zeolite amended
process. Fernandez et al. (2008) further reported an improved enrichment of Anammox
biomass and reduction of washout to values as low as 3 mg VSS L* when zeolite was used
to amend the bioprocess.

As mentioned in Chapter 1, natural zeolites are hydrated aluminosilicates with
three-dimensional structure and high adsorption capacity (Erdem et al., 2004).
Clinoptilolite (zeolite, group 7) is the most abundant and used zeolite specie; thus,
frequently referred to as the ‘natural zeolite’ (Sprynskyy et al., 2005). Zeolite’s high CEC

is dependent on the presence of either Si** or AI** in the mineral lattice. The substitution
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of Si** by AI** increases the negative charge, which is balanced by the readily available
cations (e.g. Na*) in the aqueous bulk solution. The balanced cations (e.g. Na*) can
subsequently be exchanged with other target cations e.g. NH4* (Erdem et al., 2004;
Langwaldt, 2008). While focus has been on ‘natural zeolite’ (clintoptilolite) as an
amendment material to enhance biological wastewater treatment, recent evidence of higher
CEC and better NH4" IX rate than clintoptilolite (Karmen et al., 2013; Langwaldt, 2008)
makes Chabazite (zeolite, group 4) a better alternative for ammonium removal from
wastewater. Chabazite has lower Si** to AI** ratio than clinoptilolite (Erdem et al., 2004;
Langwaldt, 2008) that could potentially increase the mineral negative charge for cation
substitution leading to increased CEC. In addition, because of its metaphysical and
structural properties, chabazite pore cavities could act as anoxic microenvironments for
growth of anoxic bacteria (Erdem et al., 2004; Sprynskyy et al., 2005). Moreover, NH4*
adsorption and bio-regeneration could be increased because of the negative charge
resulting from the high composition of AI** content within the framework (Lahav et al.,
2000). These properties can favor the development of anoxic bacteria such as Anammox
bacteria. Since Anammox bacteria grow under high ammonia (Hu et al., 2011) and low
organic carbon (Dalsgaard and Thamdrup, 2002) conditions; and with relatively higher
CEC and NH4" IX than clinoptilolite, chabazite mineral can possibly attain high surface
concentrations of ammonium to create a natural selective environment for proliferation and

retention of Anammox bacteria.
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The aim of this study is [1] to assess the feasibility of using chabazite to enhance
Anammox culture development and [2] to assess whether Anammox process start-up time
is reduced by using chabazite material to amend the process.

3.3. Materials and methods
3.3.1. Chabazite material preparation

Chabazite material (Bowie chabazite AZ-UB, 14x40 mesh size) was obtained from
St. Cloud Mining Company (New Mexico, U.S). Chabazite AZUB-40 specifications, as
outline in the Material Safety and Data Sheet (MSDS), are outlined in Table 3-1 and Table
3-2. The surface dust on the raw material that remains after the grinding process during
mining was removed to enhance kinetics (Inglezakis et al., 2001). The material was
washed and then pretreated by soaking in deionized water (Shcherban and Ilyin, 2016),
followed by heating for 24 hours at 100°C (Ghassemi and Younesi, 2011). Soaking the
material in deionized water removes impurities (Jha and Hayashi, 2009), while heating the
material either at or above 100°C removes water molecules and organic materials to
increase pore volume and diameter for improved adsorption surface area (Inglezakis et al.,

1999).
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Table 3-1: Typical chabazite (AZ —UB) material properties

Color

Yellowish Tan (dry brightness 43)

Average Chabazite

Less than 1 micron

Crystallite

Crystallinity 50 - 60%
Density 1.73 g/cm3
Total Pore Volume 0.468 cm3/g
Surface Area 350 m2/g

Crystal Void Volume

0.47 cm3/cm3

Packing Density

Approx. 577 kg/m® (36 Ibs/ft%)

SiO,/Al,O4 Ratio

Approx. 4:1

Moisture as Packaged

Less than 12% by Weight

pH of 1% Dispersion

8.5

Stability

pH of 3 through 12

CEC

1.8 meg/g

Table 3-2: Chabazite material chemical analysis (equilibrated at 20 °C and 40% relative

humidity)
Dominant
sio, Al,0, Fe,0, Cao MgO Na,0 K0 Lol Cation
54.6 14.9 2.28 022 06 6.67 09 19.4 Ca/Na

3.3.2. Chabazite isotherm and kinetic studies

Isotherm and Kinetic studies were conducted by setting up batch experiments using

different amounts of chabazite immersed in 200 mL NHa4" solution (~ 55 [+ 5] meg/L, pH

adjusted to 7.2) in 250mL Erlenmeyer flasks. The flasks were placed in an incubated

orbital shaker maintained at 25°C and the rotation speed set at 200 rpm. The choice of

temperature was consistent with the findings of the study conducted by Lin et al. (2013)

that showed that the equilibrium adsorption capacity was not distinctively affected by
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temperature between 25 to 45°C range. Samples were taken after 24 hours and analyzed
using Dionex lon-Chromatography instrument (IC DX-120) equipped with an auto sampler
to determine the concentration of target cations remaining in the bulk-solution. The results
were fit in Langmuir (Yusof et al., 2010) and ion exchange isotherm models (Foo and
Hameed, 2010) to determine the best representative adsorption model.

3.3.3. Chabazite — Anammox hybrid reactor operation

Two 3-L Sequencing Batch Reactors (SBRs) were seeded with fresh return
activated sludge (RAS) obtained from the City of Los Angeles’ Los Angeles-Glendale
(LAG) water reclamation plant. RAS seed was used instead of TAD to assess the effect of
chabazite particles on Anammox process start-up time. Appropriate dose of chabazite
material was added in one of the reactors (B) while the other was operated without
chabazite addition and acted as the control (A).

Chabazite dose and contact time needed for effective NH4* ion-exchange was
determined using the feed medium. To determine the appropriate dose, batch assays were
carried out with varying amounts of chabazite particles in 250mL Erlenmeyer flasks.
Samples were taken and analyzed from the flasks at determined time intervals.

All the SBRs were heated using a hot plate set at temperatures between 70 and
75°F. The reactors were stirred using overhead stirrers set at 60 rpm to achieve complete
mixing. The pH in the reactors was controlled between 7.2 and 7.5 by adding 0.5M HCL
to the feed. Anoxic conditions in the reactors were maintained by flushing the feed media
with nitrogen gas. The reactors were fed interchangeably after every 2 days. During

feeding, the reactors could settle for 30 min and effluent withdrawn for 10 min.
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3.3.4. Feeding composition

The feed medium had the following composition per liter of deionized water: 1.25g
KHCOs, 0.025g KH2POs4, 0.3g CaCl2.2H20, 0.2g MgSO4.7H20, 0.00625g FeSOs,
0.00625g EDTA, and 1.25mL trace elements solution as prepared by (Zhang et al., 2008).
The reactors were fed strategically by increasing (NH4)2SO4 (as NH4") and NaNO2 (as NO2»
) concentrations to total nitrogen (NH4* + NO2") concentration of 400mg/L without abruptly
adding high NO2™ concentrations that could inhibit the process because NO2™ concentration
as low as 20 mg/L have been reported to upset the process during start-up period (Strous
et al., 1998).
3.3.5. Analytical methods

Ammonium, nitrite, and nitrate were analyzed using colorimetric methods
according to standard methods of water and wastewater analysis (Albertson, 2000).
Biomass concentrations were measured as volatile suspended solids (VSS). VSS was
determined as dry weight after drying the sample at 105°C for 1 hour then ashed in a
furnace (550°C) for 30 min. Dissolved oxygen (DO) concentrations and pH were
monitored using selective electrodes.
3.3.6. Molecular assay

Nucleic acid (genomic DNA) was extracted from enriched biomass using the

Qiagen kit. The quality and quantity of the extracted DNA samples were measured using
a Nano-Drop spectrophotometer. The final extracted DNA samples were diluted to
between 5 and10 ng ul? for use as PCR template. Bipin et al. (2007) protocol was used to

determine the total Anammox bacterial population against the developed and calibrated
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standard curve. The Anammox bacteria standard curves were constructed from
Escherichia coli genomic DNA (Sonthiphand et al., 2013). Each constructed E. coli PCR
product was purified using a MinElute kit (Qiagen, USA) and quantified by the Nano-Drop
Spectrophotometer. Ten-fold serial dilutions were applied to the standard DNA PCR
product template to create the qPCR standard curves with efficiencies > 90% and
coefficients of determination (R?) >0.996 for all the standard curves. The gPCR master
mix that was used contained 5 ml of SsoAdvanced SYBR Green Supermix, 0.03 ml of each
primer (100 mM stocks), 0.02 ml of bovine serum albumin (10 mg ml* stock) and 1 ml of
genomic DNA template (5-10 ng stock) in a total volume of 10 ml. All gPCR
amplifications were performed in duplicate using a CFX96 real-time system (Bio-Rad,
USA).

3.4. Results and discussion

3.4.1. Chabazite characterization

3.4.1.1.Batch cation exchange capacity (CEC)

Chabazite particles showed good ion-exchange capacity with Na* and Ca?* being
the main cations exchanged by NH4" as shown in Figure 3-1 below. As observed, Na*
equilibrium concentrations were higher than other cations and were inversely correlated to
NHz*concentration. It can be inferred that NH4* efficiently exchange Na* better than Ca?*
and Mg?*. According to chabazite cation selectivity order, NH4* is likely to be exchanged
by the dominant cation in the chabazite structure followed by Na*, Ca?*, and Mg**
respectively. This observation is consistent with Lahav and Green (1998) revelation that

the dominant Na* cation in chabazite particle is lower in the order of cation selection than
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NH4* resulting in high adsorption of NH4* on the particles and, consequently, reduced
NH4* concentration in the bulk solution. The four cations were selected for analysis
because of their prominence as trace metals in synthetic wastewater make-up and

significance in Anammox microbial growth and enrichment (Zhang et al., 2008).
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Figure 3-1: Equilibrium cation concentrations during NH4* uptake.

3.4.1.2.Adsorption models

The cation exchange capacity experimental data were fitted in different isotherm
adsorption models shown in Figure 3-2 and Table 3-3. As determined, the average R?
values for all the models were greater than 0.90. In comparison, the Langmuir model was
determined to be the best representative model compared to the models that were evaluated
in this study. The determined Langmuir parameters include an R? value of 0.98, K value
of 0.0761 (<<1), and gmax (adsorption capacity) value of 1.18 meq/g-chabazite. Lin et al.
(2013) previously reported results closer to the Langmuir kinetic values determined in our
study and further concluded that the Langmuir was the best model for ammonium

adsorption on zeolite particles. The adsorption model characterization result is also similar
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to reports from other past studies such as the study reported by Lin et al. (2013). For
instance, while characterizing natural chabazite, Stakebake and Fritz (1984) used chabazite
materials collected from different geographical locations to measure nitrogen adsorption
isotherms and determined that all the evaluated isotherms also obeyed the Langmuir

adsorption model.
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Figure 3-2: Isotherm models for ammonium removal by chabazite material.

The determined adsorption capacity (qmax- value) of 1.18 meq/ g-chabazite was
higher than the gmax- value obtained from other models that were evaluated in this study
but was relatively lower than 1.8 meq/ g-chabazite gmax- value as indicated on the material
safety and data sheet (MSDS) and reported in Table 3-1. Lahav and Green (1998) while
investigating the effect of biofilm coverage on chabazite kinetic to remove ammonium
from wastewater determined a gmax- Value of 2.6 meq/ g-chabazite which is greater than

the gmax- value obtained in this study.
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Table 3-3: Isotherm exchange coefficients for chabazite AZ-UB

fme KL(L/meq) | Kr(L/meq) @ Kix(L/meq) n R?

Model (meg/g)
Langmuir 1.18 7.61E-02 - - - 0.98
Freundlich - - 2.12E-01 - 1/n=0.38 | 0.95
Modlfleq Langmuir - 2 66 7 16E.03 ) ) 055 | 0.00
Freundlich
IX Isotherm Models 0.93 - - 3.22 - 0.97
MSDS CEC 1.8 meg/g-

chabazite

The significant differences in the values of kinetic parameters obtained in our study
and the previously reported values is attributed to the variations on the source of chabazite
raw material, pretreatment conditions, and experimental conditions that have been reported
to influence chabazite kinetics (Aponte-Morales et al., 2016; Hongjian et al., 2016).
Nonetheless, the chabazite gmax- value obtained in this study is higher than the natural
clinoptilolite’s qmax- value of 1.15 meq/ g-clinoptilolite reported by Langwaldt (2008). As
characterized, the higher chabazite gmax value compared to the clinoptilolite value is
evidence that chabazite particles offer better ammonium removal alternative than natural
clinoptilolite and can be applied to enhance the Anammox process.
3.4.1.3.Mechanism of ammonium removal using chabazite

Ammonia in solution exists in un-ionized (NHz) and ionized (NH4") forms that largely
depend on the solution pH (Emerson et al., 1975). Solution pH affects both the ratio of the two
forms of ammonia in solution and the surface charge of the adsorbent (Karcher et al., 2002). In
this study, the effect of pH was investigated to attempt to elucidate the mechanism of

ammonium removal using chabazite particles because the solution pH has an important
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influence on equilibrium ammonia concentration and the ammonia removal efficiency (Gustin
and Marinsek, 2011).

Based on Figure 3-3, it can be inferred that NH4" removal was mostly observed at pH
< 9.3 because NH4* was the most abundant cation in the solution at this pH range. The pKa value
of 9.254 at 298.15K has been reported for NH4" dissociation to H* and NHz (Maeda et al.,
1995), which explains the relatively high concentration and removal of NH4* via cation
exchange at pH < 9.3. However, most NH4* removal was observed at pH < 7.2 because of high
NH." concentration and the availability of cation exchange sites on the chabazite particles. At
pH > 7.2, it can be observed that NHz began to accumulate while NH4* removal decreased. The
decrease in NH4" removal at pH > 7.2 can possibly be attributed to saturation of the cation
exchange sites that led to decreased NH4* and increased NH3 removal. In proportion, at pH <
7.2, NHs concentration accounted for less than 5% of the total ammonia in the solution and
further increased at pH > 7.2.

It was deduced that the ammonia removal mechanism at pH < 7.2 was due to cation ion
exchange while at pH 7.2-10.2, the mechanism of ammonia removal was largely attributed to
both cation exchange and molecular adsorption. Furthermore, it was observed that the solution
mostly contained molecular ammonia (NHz) at pH 10.2, which is evidence that molecular
adsorption could have been the only major contributing mechanism for NH3z removal using
chabazite particles after this pH range. Nonetheless, as the pH was further increased to pH >
10.2, negligible NHs was removed from the solution using chabazite material, which could
probably be due to the presence of other reactive radicals e.g. OH" that possibly reacted with the

available cations in the solution and the adsorbent material (chabazite) to form salt compounds
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and ligands that precipitated and, as a result, occupy the adsorption sites on the chabazite

particles leading to decreased NHs removal.
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Figure 3-3: Effect of pH on ammonium adsorption on chabazite material showing
Ammonium removal using chabazite is a pH- dependent process.

3.4.2. Reactor start-up and performance

The reactors showed phenotypic Anammox activities with approximately 95%
(removal efficiency) of total nitrogen removal as shown in Figure 3-4 (A) and (B). In the
first 30 days following start-up, the reactors were fed with zero substrates (NH4* + NO2)
concentration to enable the seed biomass from RAS to acclimatize in the lab reactors. Start-
up time was assessed by determining the concentration of nitrate produced as depicted in
Figure 3-4, which is a product of the Anammox reaction shown in Equation 1-1. In both
reactors, evidence of nitrate production was observed after 69 days (~ 2 months). After

which, the nitrate production increased in all the reactors at influent substrate concentration
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Since both reactors exhibited equal start-up time at day 69, it can be deduced that chabazite

addition had minimal influence on the Anammox process start-up time.
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Figure 3-4: Reactors’ A (control) and B (with chabazite) performance.
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However, reduced nitrate production, increased NHs* and NO; effluent
concentration, and reduced NRR with increased NLR in reactor A (control) compared to
reactor B (chabazite) after day 90, reveal the resiliency of reactor B at increased influent
substrate concentration (variability). Compared to reactor A that solely depended on
ammonium removal via the Anammox process, reactor B potentially exhibited two
mechanisms for ammonium removal, which are the cation ion-exchange and the
ammonium oxidation process via the Anammox bacteria. During ion-exchange, chabazite
possibly acted as the ‘buffer’ material against excess NH4" in the feed. The ‘buffer’
phenomenon potentially mitigates the effect of high substrate variability in the feed
resulting in optimum feed substrate concentration required by the Anammox bacteria.

When the feed substrate concentration was increased to 200mg/L, reactor A further
exhibited reduced nitrate production, increased NH4* and NO>" effluent concentration, and
a drop of the NRR to approximately 86%. In contrast, reactor B’s NRR and nitrate
production remained relatively constant as shown in Figure 3-5. The stable performance
of reactor B compared to reduced performance of reactor A is evidence that chabazite

addition enhanced Anammox activity at increased feed substrate variability.
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Figure 3-5: Nitrogen removal rate at increased nitrogen loading.

3.4.3. Anammox bacteria population

Figure 3-6 shows quantified Anammox bacteria in the reactors. Samples were
collected from the reactor every 30 days after start-up until day 120 (4 months). The
Anammox gene copy (GC) numbers were determined and normalized with the
corresponding total dry weight biomass concentration (g VSS). Specific Anammox
bacteria population (copy number/g VSS) between the two reactors were compared to
assess the effect of chabazite addition on specific bacteria population. It can be noted that
Anammox bacteria population increased steadily after 30 to 60 days when feed substrate
concentration was increased in the reactors with reactor A having low bacteria population
compared to the population in reactor B. High bacteria population in reactor B can be
attributed to the presence of chabazite material that accelerated bacteria biofilm formation

and growth.
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In addition, due to beneficial surface and chemical properties attributed to the
chabazite material, concentration of NH4", as growth factor, on the chabazite surface
enabled selective colonization of Anammox bacteria on the chabazite surfaces leading to
improved bacteria population. Increased feed substrate variability after day 60 led to a
drastic drop of the bacteria population in both reactors, which was due to increased
substrates concentration that has been reported to reversibly inhibit the Anammox process
(Strous et al., 1998). However, chabazite addition in reactor B enabled fast recovery from
the inhibition caused by high feed substrate variability leading to even increased bacteria

population and improved Anammox process.
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Figure 3-6: Chabazite - zeolite Enhances Anammox Bacteria Population.
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3.5. Conclusion

Chabazite material (chabazite) sorption properties, influence on Anammox process
start-up time, and nitrogen removal efficiency was investigated in this chapter. In assessing
chabazite sorption properties, it was determined that NH4™ more readily replaced Na* than
both Ca®* and Mg?* on chabazite following previously reported cation selectivity orders.
The Langmuir model was determined as the most representative among the evaluated
isotherm models with an adsorption capacity 1.18 meq/ g-chabazite > 1.15 meqg/ g-
clinoptilolite. However, due to factors such as differences in the source of raw materials,
pretreatment methods, and experimental conditions, 1.18 meq/ g-chabazite < 1.8 meq/ g-
chabazite. 1.8 meg/ g-chabazite is the adsorption capacity value reported in the MSDS.
Chabazite had minimal influence on Anammox process start-up time because both reactors
showed phenotypic evidence of Anammox process after 69 days. However, at increased
feed substrates concentration, reactor A (control) experienced reduced nitrate production,
increased NH4" and NO>™ effluent concentration, and reduced nitrogen removal efficiency
(NRE) from 95% to 86% while reactor B’s NRE remained constant above 95%, which was
strongly linked to chabazite presence in reactor B. Chabazite also mitigated the effect of
high feed substrate variability and, consequently, an optimum feed substrates concentration
needed by the Anammox bacteria for growth was determined. Furthermore, reactor A
exhibited low bacteria population at increased feed substrate concentrations compared to
reactor B, which was also attributed to the presence of chabazite in reactor B. Anammox
bacteria population increased in reactor B because NH4" accumulated (growth factor) on

the particles’ surface enabling selective colonization and proliferation of Anammox
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bacteria. Chabazite further aided in quick recovery from inhibition caused by high feed
substrate concentration by quenching excess NH4" in the reactor. Although there was
minimal influence on Anammox process start-up time, it can be asserted that chabazite
enhanced Anammox culture development at high feed substrate variability. This research
contribution will have immense impact towards widespread application of the Anammox
process and assist to mitigate ammonium exposure to aquatic environment.
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Chapter 4 : Comparative study of the Anaerobic Ammonium Oxidation

process amended with different types of chabazite
4.1. Abstract

The study aimed to determine whether chabazite-Na has the highest ammonium
removal efficiency compared to other types of chabazite in the Anammox process and, to
determine the effect of different types of chabazite on Anammox bacteria population. The
chabazite types employed in the study include the Bowie chabazite AZUB (Na/Ca), AZLB-
Na, and AZLB-Ca that have reported cation exchange capacities (CEC) of 1.8, 2.50, and
2.50 meq/q, respectively.

Five sequencing batch reactors (SBR) with 0.9L working volume were seeded with
active Anammox biomass and amended with appropriate doses of sand [A], chabazite-Na
(B), chabazite-Ca [C], chabazite — Na/Ca (D), and non-amended (E). Among the chabazite
amended reactors, B was greatly impacted at high feed substrate concentration while C was
least impacted at similar conditions, exhibiting a decrease in the ammonium removal
efficiencies from approximately 95% to 53.5% and 95% to 88%, respectively.

The order of ammonium removal performance was found to be, Reactor C >D > B
> E = A. High ammonium removal efficiency observed in C was attributed to high NH4*
ion-exchange rate compared to other chabazite types. Effect of chabazite type on
ammonium removal depended on the extent to which NH4* ion-exchange impacted the
initial partial nitrification step of the two-step Anammox process mediated by the

ammonium oxidizing (Anammox) bacteria.
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Despite lower performance than C, B total specific bacteria population was the
highest among all the reactors. The population in B increased to a maximum value of 2.32
x 10* copy numbers/mL compared to C that exhibited 1.20 x 10* copy numbers/mL and, D
at 1.20 x 10* copy numbers/mL. High bacteria population in B resulted from higher NH4*
ion-exchange rate that accelerated bacteria biofilm formation and growth over a prolonged
period. The results imply that while chabazite-Ca greatly mitigates the effect of high feed
substrates variability on Anammox activities compared to other chabazite sub-species,

chabazite-Na exhibits high bacteria population attributed to high NH4" ion-exchange rate,

which is significant in developing Anammox biomass retention strategies for the process.
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4.2. Introduction and Background

The anaerobic ammonium oxidation (Anammox) process is a relatively new
innovative alternative to remove nitrogen-ammonium from high strength ammonia-
wastewater (Strous, et al., 1997; Van Dongen, et al. 2001; Schmidt, et al., 2003). The
bacteria mediating the process consume ammonium (NH4") and nitrite (NO2") as substrates
to enhance growth (Dapena-Mora, et al., 2004). Briefly, during the process, alkalinity
(HCO3) is utilized as the sole carbon source and NO™, as the electron acceptor for NH4*
oxidation (Mulder et al., 1995). Because the Anammox bacteria utilizes inorganic substrate
(NH4* and NOy") for electron transfer and acceptance (He, et al., 2009; Jetten, et al., 2009;
Raven, 2009), the bacteria grow slower than commonly known bacteria employed in
conventional biological wastewater treatment processes (Schmidt, et al., 2003; Kuenen,
2008; Daims, 2009; Bassin, 2018) leading to low biomass yield and sludge production
(Khin, 2004; Ahn, 2006). The Anammaox bacteria that mediate the process are of the order
Planctomycetales with approximately 10 - 12 days doubling times (Strous et al., 1998),
which is relatively higher than about 0.6- and 4-days doubling times associated with
activated sludge process bacteria and mesophilic methanogens, respectively (Seviour et al.,
2010; Ferry, 1993). As a result, the process has significant advantages over the
conventional multi-stage nitrification and denitrifcation (NDN) process in removing
nitrogen (as ammonium) from high-strength ammonia wastewater that include low sludge
production (Jetten et al., 1997), reduced O: demand, zero addition of external carbon

source, and reduced N2O emissions (Wrage et al., 2001).
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Recent studies on Anammox process have majorly focused on various ways to
enhance Anammox biomass yield to improve the process start-up time so as to promote its
widespread utilization to replace the more expensive conventional NDN process in
mainstream wastewater treatment (van der Star, et al., 2007; Ren, et al., 2015). It is
significant to mention that despite the reported Anammox process advantages over the
conventional NDN process; Anammox process has not been widely utilized because of
significant operational drawbacks that undermine its acceptance as an alternative biological
treatment alternative to conventional NDN process (Kartal, et al., 2010; Bassin, 2018).
Some of the key drawbacks include very slow Anammox bacteria growth, bacteria
washouts during operation, and the risk of process instabilities from inhibition factors such
as unfavorable influent substrate ratio (Dapena-Mora, et al., 2007; Van der Star, et al.,
2008) and salinity (Abma et al., 2007). Slow bacterial growth undermines biomass
development to dry-mass concentrations (as a measure of biomass population) capable of
withstanding high feed substrates variability (as shock-loads) during municipal and
industrial wastewater treatment. In addition, since Anammox bacteria often remain
suspended in sequencing batch reactors (Van der Star, et al., 2008), it is likely that enriched
Anammox biomass are washed-out at low hydraulic and solids retention times (Strous, et
al., 1998). The combined effects of low biomass yield and bacteria wash-out could also
lead to process instability (Fernandez, et al., 2008). Risk of process instability due to
bacteria inhibition from exogenous factors can further be compounded with the difficulty
to achieve the ideal growth conditions and feed substrate ratio that favors enhanced

Anammox bacteria growth (Egli, et al., 2001; Jin, et al., 2012). For instance, in a one-stage
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process, the Anammox bacteria thrive under strict anoxic condition and require a steady
substrates ratio (NH4" /NO>") of approximately 1.32 (Lotti et al., 2012). However, attaining
these conditions may be very difficult during start-up period because of the competition
between the bacteria mediating the conventional NDN and the Anammox processes (Ahn,
2006). Owing to the challenges, enhancing Anammox biomass development is very
important in reducing the process start-up time and enriching resilient Anammox bacteria.
This study proposed to employ ubiquitous natural amendment materials (Bertino, 2011)
with unique properties to adsorb and retain growth factors, such as NH4*, to enable the
Anammox bacteria to selectively colonize and to proliferate. The proposed potential
strategy could enhance Anammox biomass enrichment, retention, and improve the
Anammox process widespread utilization in mainstream treatment processes.
Augmenting biological wastewater treatment processes with amendment materials
to enhance bacteria biofilm development has been employed in moving bed biofilm
reactors (MBBR) to increase biomass concentrations in conventional biological nitrogen
process (Pdegaard, 1994; @degaard, 2006). For instance, filter bed media (K1 media) has
widely been employed as an amendment to augment bioreactors to enhance biomass
development in treating ammonium (Bertino, 2011). In addition, unique natural available
materials with the ability to catalyze a reaction process and provide the bacteria with
immobilization surface (Armentano et al., 2014) has previously been used to amend
sequencing batch reactors to increase bacteria growth rates and to boost performance (Gai
and Kim, 2008). Jung et al. (2004) determined that methanogenesis and nitrification rates

were enhanced by reducing NH4" concentration levels that caused inhibition when cation
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exchange materials were added to the bioreactors treating anaerobic wastewater. Zeolite
has also been proposed as possible amendment material to enhance biological nitrogen
removal processes because of its potential to concentrate NH4* on the surface (Fernandez,
et al., 2008). The zeolite material has been reported to enhance biological ammonium and
nitrite removal in wastewater, which has been attributed to high cation exchange capacity
(CEC), ammonium ion exchange (NH4" IX) rates (Booker et al., 1996; Chen, et al. 2008;
Aiyuk, et al. 2006; Fernandez, et al., 2008), and the availability of pore-beds that possess
finite ammonium adsorption potential (Grismer, Collision, 2017). He et al. (2004) used
powder zeolite to amend a biological nitrogen removal (BNR) process treating municipal
wastewater with a total nitrogen concentration of 54 mg-N L™ and reported that the
nitrification rate was increased by a factor of two compared to the non-zeolite amended
process. In addition, enrichment of Anammox biomass was improved and a reduction of
bacteria washout to values as low as 3 mg VSS L was achieved when zeolite was used as
growth media to treat municipal wastewater as reported by Fernandez et al. (2008).

When utilizing zeolite to augment biological wastewater treatment processes, much
focus has been on using zeolite clintoptilolite specie. However, recent evidence of higher
CEC and better NH4" ion-exchange (NH4" IX) rate than clintoptilolite (Karmen et al., 2013;
Langwaldt, 2008) makes zeolite chabazite a better alternative for ammonium removal from
wastewater. Chabazite has lower Si** to AI** ratio than clinoptilolite (Erdem et al., 2004;
Langwaldt, 2008) that could potentially increase the mineral negative charge for cation
substitution leading to increased CEC. Moreover, NH4" adsorption and bio-regeneration

could be increased because of the negative charge resulting from a high composition of
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AI¥* content within the mineral framework (Lahav, Green, 2000). Since Anammox bacteria
grow under high ammonia (Hu et al., 2011) and low organic carbon (Dalsgaard and
Thamdrup, 2002) conditions; and with relatively higher CEC and NHs* IX than
clinoptilolite, chabazite particles could possibly attain high surface concentrations of
ammonium to create a naturally selective environment for proliferation and retention of
Anammox bacteria. Aponte-Morales et al, 2016 showed that the rate of nitrification
increased by almost 3-folds when chabazite was added at high NH4" concentrations to a
wastewater treatment batch compared to non-amended bioreactor.

Chabazite is further categorized into individual sub-species or types and regarded
as a series of four members based on the dominant non-framework cation that include
chabazite-Ca, chabazite-K, chabazite-Na, and chabazite-Sr (Coombs et al., 1998; Erdem et
al., 2004; Sprynskyy et al., 2005). However, chabazite-Ca and —Na are the most commonly
used types of chabazite (Aponte-Morales et al., 2016). Breck (1974) suggested a likely
cation selectivity order which was later modified by Lahav et al. (1998) as shown in
Equation 1-2. Based on Breck and Lahav cation selectivity orders, it can be speculated that
cation prominences on chabazite material have an impact on ammonium oxidation rate. As
revealed by Lahav et al. (1998), Na* is a less competitive cation than both NH4* and Ca*
and could easily be exchanged with NH4* faster than Ca*. To determine the effective
chabazite sub-specie for Anammox process amendment, this study aimed to determine
whether chabazite-Na has the highest ammonium removal efficiency compared to other
types of chabazite in an anerorobic ammonium oxidation (Anammox) process and, to

determine how Anammox bacteria population is impacted by the amendment of different
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chabazite sub-species. If enhanced Anammox culture development and improved
Anammox bacteria population is attained, this research contribution will have an immense
impact towards widespread application of the Anammox process and assist to mitigate
ammonium exposure to aquatic environment.
4.3. Materials and methods
4.3.1. Chabazite preparation and characterization

Chabazite types namely the Bowie chabazite AZUB (Na/Ca), AZLB-Na, and
AZLB-Ca were obtained from St. Cloud Mining Company (New Mexico, U.S). The
materials specifications, as recorded in the material safety and data sheet (MSDS), are
included in the Appendix. The materials were pretreated to enhance kinetics as follows.
Firstly, surface dusts on the raw particles that remain after the grinding process during
mining were removed (Inglezakis et al., 2001). Secondly, the particles were washed and
soaked in deionized water (Shcherban and Ilyin, 2016) then heated for 24 hours at 100°C
(Ghassemi and Younesi, 2011). Soaking the materials remove impurities (Jha and Hayashi,
2009) while heating the material at approximately 100°C removes water molecules and
organics to increase pore volume and diameter for improved adsorption surface area
(Inglezakis et al., 1999). Isotherm and kinetic studies were conducted by setting up batch
experiments using different masses of chabazite at appropriate intervals immersed in 200
mL NHa" solution (~ 55 [+ 5] meg/L, pH adjusted to 7.2) in 250mL Erlenmeyer flasks. The
flasks were placed in an incubated orbital shaker maintained at 25°C and the rotation speed
set at 200 rpm. Temperature choice was consistent with the findings of the study conducted

by Lin et al. (2013) that showed that the equilibrium adsorption capacity was not
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distinctively affected by any temperature between the 25 to 45°C range. Samples were
taken after 24 hours and analyzed using Dionex ion chromatography instrument (IC DX-
120) equipped with an auto sampler. Isotherm model determination for chabazite material
was report earlier in the corresponding article.

4.3.2. Chabazite — Anammox hybrid reactors operation

Five 1.2-L (900 mL working volume) batch reactors, seeded with active Anammox
biomass from an ongoing Anammox culture were started (Figure 5-4 in the Chapter 5,
Appendix). The batch reactors included the reactor amended with sand [A], which acted
as the attached-control reactor, reactors amended with different chabazite types e.g.
chabazite-Na (B), chabazite-Ca [C], chabazite — Na/Ca (D), and the non-amended
(unattached) control reactor (E). Chabazite dose and contact time needed for effective
NH4* ion-exchange was determined using the feed medium.

To determine the appropriate dose, batch assays were carried out with varying
amounts of chabazite material in 250mL Erlenmeyer flasks. Samples were taken and
analyzed from the flasks at determined time intervals. All the SBRs were heated using a
hot plate set at temperatures between 70 and 75°F. The reactors were stirred using
overhead stirrers (Phipps & Bird Stirrer, Model 7790-400) set at 25 rpm to achieve
complete mixing. The pH in the reactors was controlled between 7.2 and 7.5 by adding
0.5M HClI to the feed. Anoxic conditions in the reactors were maintained by flushing feed
media with nitrogen gas. The reactors were fed interchangeably every 2 days. During
feeding, the reactors were allowed to settle for 20 min and effluent drawn from the reactors

for 10 min.
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4.3.3. Feeding composition
The feed medium had the following composition per liter of deionized water:
1.25g KHCOs, 0.025g KH2PO4, 0.3g CaCl2.2H20, 0.2g MgS0O4.7H20, 0.00625g FeSOs,
0.00625g EDTA, and 1.25mL trace elements solution as prepared by (Zhang et al., 2008).
The reactors were fed by steadily increasing the concentrations of (NH4)2SO4 (as NH4")
and NaNO: (as NOy) in the feed media every feeding period until the highest total feed
nitrogen (NH4" + NO2") concentration of 400mg/L spanning over 120 days (4 months) was
achieved. This was done to assess the reactors performance at increased feed substrates
concentrations.
4.3.4. Analytical methods
Ammonium, nitrite, and nitrate were analyzed using colorimetric methods
according to standard methods of water and wastewater analysis (Albertson, 2000).
Biomass concentrations were measured as volatile suspended solids (VSS). VSS was
determined as dry weight after drying the sample at 105°C for at least 1 hour, and then
ashed in a furnace (550°C) for 30 min. D issolved oxygen (DO) concentrations and pH
were monitored with selective electrodes.
4.3.5. Molecular assay
Nucleic acid (genomic DNA) was extracted from enriched biomass sampled every
30 days using the Qiagen kit. The quality and quantity of the extracted nucleic acid in the
samples were measured using the NanoDrop spectrophotometer. The final extracted
samples were diluted to 5-10 ng ul! for use as PCR template. Total Anammox bacteria

population was investigated following Bipin et al (2007) protocol. The Anammox bacteria
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standard curves were constructed from Escherichia coli genomic DNA (Sonthiphand et al.,
2013). Each constructed E. coli PCR product was purified using a MinElute kit (Qiagen,
USA) and quantified using a NanoDrop spectrophotometer. Ten-fold serial dilutions were
applied to the standard DNA PCR product template to create the qPCR standard curves
with efficiencies > 90% and coefficients of determination (R?) >0.996 for all standard
curves. The gPCR master mix used contained 5 ml of SsoAdvanced SYBR Green
Supermix, 0.03 ml of each primer (100 mM stocks), 0.02 ml of bovine serum albumin (10
mg ml* stock) and 1 ml of genomic DNA template (5-10 ng stock) in a total volume of 10
ml. All gPCR amplifications were performed in duplicate using a CFX96 real-time system
(Bio-Rad, USA).
4.4, Results and discussion
4.4.1. Chabazite characterization

Chabazite characterization results had been reported in the preceding chapter. In
summary, chabazite exhibited good ion-exchange capacity with Na* and Ca?* being the
main cations exchanged by NH4" cation. Na* equilibrium concentrations were higher than
other cations and were increased at similar proportion as the decrease of NH4*
concentrations in the bulk solution. It was concluded that NH4*" easily exchange Na*
compared to both Ca?* and Mg?*. The isotherm experimental data were fitted in different
isotherm adsorption models as shown in Table 3-3. All the models had an average R? value
greater than 0.90. The Langmuir model was determined to be the best representative

isotherm model compared to the other evaluated models. The determined Langmuir model
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parameters were as follows: R? value of 0.98, K value of 0.0761 (<<1), and Qmax
(adsorption capacity) value of 1.18 meq/g-chabazite.

Although the determined Langmuir gmax value was higher than the other evaluated
models, it was lower than the value reported in the material safety and data sheet (MSDS).
The gmax Value reported in the MSDS is 1.8 meqg/g-chabazite. The difference in the MSDS
reported gmax Value and the value determined in this study is strongly attributed to the
differences in experimental conditions and pretreatment methods because it has been
reported that inconsistent findings of chabazite kinetic parameters in different studies is
due to the differences in the source of chabazite raw material, pretreatment conditions, and
experimental conditions (Aponte-Morales et al., 2016; Hongjian et al., 2016). However,
despite the variation in kinetic parameters, other studies have reported similar trends with
Langmuir model being the best model for ammonium adsorption using zeolite materials
such as the study reported by Lin et al. (2013). Nonetheless, the chabazite gmax value
obtained in this study is higher than that of the natural zeolite-clinoptilolite previously
reported as 1.15 meq/g-clinoptilolite (Langwaldt, 2008). The result is strong evidence that
chabazite particles offer better ammonium removal alternative than natural clinoptilolite
and could be applied to enhance Anammox culture development
4.4.2. Reactors performance

All the reactors performed at high removal efficiencies greater than 95% NH4*
removal as shown in Error! Reference source not found.. During the first 15 days following s
tart-up, the reactors were fed at constant 12mg/L total substrate (NHi* + NO2)

concentration to enable the Anammox seed biomass to acclimatize.
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Figure 4-1: (A), (B), (C), (D) & (E) show the reactors
performance at increased feed concentrations
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Because the reactors were inoculated with active Anammox biomass, evidence of
Anammox phenotypic activities was observed in the reactors shortly after the
acclimatization stage. For instance, consistent substrates consumption at steady substrates
ratio (NH4* /NO) close to 1.32, coupled with approximate 15% nitrate production was
observed in all the reactors as shown in Error! Reference source not found.. The feed s
ubstrate concentration was then steadily and strategically increased after the
acclimatization stage, at determined time interval, until maximum total nitrogen feed (NH4*
+ NO2) concentration of 400mg/L was fed on day 115. To mention, all the reactors
exhibited similar high ammonium removal efficiency at increased substrate concentration
until after 100 days when the total influent substrate concentration was further increased to
260mg/L.

In evaluating the reactors performance as shown in Error! Reference source not f
ound., reactor A was mostly impacted at higher feed substrate concentration while reactor
C was least impacted showing a drastic drop of the ammonium removal efficiencies from
slightly over 95% to 53.5% and > 95% to 88%, respectively. In the order of ammonium
removal efficiency and performance, reactors C > D > B > E = A, corresponding to reactors
amended with chabazite-Ca, chabazite-Na/Ca, chabazite-Na, and the control reactors that
had relatively equal performance efficiencies. Reactor E (non-attached control) had the
highest NO>™ accumulation that inhibited the Anammox activity at high feed substrate
concentrations, which is consistent with previous reports that unattached Anammox
process is inhibited by NO,™ concentration as low as 20mg/L in the reactors (Strous et al.,

1998).

90



200 b O P 8080209@;66090_200 ST, 7 100
|.00§A:5 R o s 8 e Oy
—_ o o A
< 400 F o0 2 @ & ¢ ¢ A % 1 80
S ° Qo 400
g L 4 68 W A ¢ _A o’ A -
= °e a3 ® a © e\i
o A —
= 300 | & 4 et {160 €
o & A L W'Y Q
5 . M 5
e IORRZN x
S 200 | 140 S
c RS =y
> « Total Nitrogen Influent (mg/L) =
2 . A Sand [Attach. Control] z
£ 100 t IR  Chab-Na 120
0e®e906%%00 ® Chab-Ca
PUPPIN Chab-Na/Ca
0 M”,’ . . @ Control [Non-Attached] 0
0 20 40 60 80 100 120 140

Time (Days)

Figure 4-2: Percent nitrogen (ammonium + nitrite) removal for Anammox process
augmented with different types of chabazite

The high ammonium removal efficiencies observed in the chabazite amended
reactors can probably be attributed to NH4* ion-exchange process that led to accumulation
of Anammox bacteria known growth factor (NH4") on chabazite particles. This enabled
selective Anammox bacteria colonization and biofilm formation on the particles that
further resulted in accelerated Anammox culture development and overall process
performance. At high feed substrate concentration, all reactors experienced reduced
ammonium removal efficiencies with the lowest efficiency correlating to the highest feed
substrates concentration of 400mg/L fed on and after day 115. It had been hypothesized
that reactor B (amended by chabazite-Na) would exhibit the highest ammonium oxidation
rate and high Anammox activity according to the chabazite cation selective order.

However, among the reactors amended using chabazite material, it was determined that
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reactor B was the most impacted reactor in removing ammonia at high feed substrates
concentration and reactor C (amended using chabazite-Ca) was the least impacted at
similar high feed substrates concentration.

To explain the observation, the study looked at the potential role of chabazite
particles on each step of the Anammox process. As previously stated, Anammox is a two-
step process that, first, involves the partial nitrification process mediated by the aerobic
ammonium oxidizing (AOB) bacteria followed closely by the anaerobic ammonium
oxidation step mediated by the Anammaox bacteria. The high NH4" ion-exchange exhibited
by chabazite-Na potentially decreased the total NH4* concentration in the bulk solution
available for the partial nitrification step. As a result, this could have impacted the steady
substrates ratio (NH4" /NO2") of approximately 1.32 (Lotti et al., 2012) ideally required in
the second step of the Anammox process. With the negative influence of chabazite ion-
exchange on partial nitrification process, the overall NH4*" oxidation and removal mediated
by the Anammaox bacteria, in reactor B, was impacted and led to low ammonium removal
efficiency. On the other hand, the reactor amended by chabazite-Ca which had been
hypothesized to exhibit lower NH4" ion-exchange capacity than the chabazite-Na sub-
specie, may have had favorable NH4* concentration in the bulk solution available for
partial nitrification after the ion-exchange process. At favorable NHs* and NO2
concentrations after the partial nitrification step, the ammonium oxidation step via the
Anammox process would, therefore, successfully proceed and lead to high ammonium
removal efficiency. The impact of chabazite sub-specie on Anammox rate could therefore

be attributed to the influence of chabazite particles on the partial nitrification step mediated
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by the ammonium oxidizing bacteria. It should be inferred and noted that chabazite
particles enhance Anammox rate and activity at high feed substrate concentrations because
the control reactors (without chabazite) were highly impacted and experienced least
ammonium removal efficiencies at high fee substrate condition.

Compared to reactors A and E that solely depended on ammonium removal via the
Anammox process, chabazite amended reactors B, C, and D exhibited two mechanisms for
ammonium removal which are the cation ion-exchange and ammonium oxidation via the
Anammox bacteria. During the ion-exchange process, chabazite particles potentially acted
as ‘buffer’ materials against excess NH4* concentrations in the feed media. This potentially
mitigates the effect of high feed substrates variability resulting in optimum feed substrate
concentration needed by the Anammox bacteria. When feed substrate concentration was
further increased to 400mg/L, reactors A and E further exhibited reduced nitrate
production, increased NHs" and NO>™ effluent concentration, and a drastic drop of the
ammonium removal efficiency to 53.5%. The mitigated effect of high feed substrate
concentrations on the chabazite particles amended reactors is evidence that chabazite
addition enhanced Anammox activity at increased feed substrates concentration with
chabazite-Ca amended reactor experiencing the least effect. In relation, it can be concluded
that, among the chabazite sub-specie, chabazite-Ca greatly mitigate the effect of high feed
substrate variability on Anammox activities.

4.4.3. Anammox bacteria population
Quantified specific Anammox bacteria in the reactors are shown in Error! R

eference source not found.. To quantify the specific Anammox bacteria, biomass samples
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were collected from the reactors every 30 days until day 120 (4 months) of continuous
monitoring. The Anammox gene copy humbers (copy number/mL) were determined and
normalized with the corresponding total dry weight biomass concentration (g VSS).
Specific Anammox bacteria population (Copy number/ g VSS), as shown in the Supporting
Information, among the five reactors were compared to assess the effect of different types

of chabazite on specific Anammox bacteria population.
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Figure 4-3: Chabazite —Na enhances Anammox bacteria population

It can be observed that Anammox bacteria population increased steadily after start-
up time because the seed biomass used to start the processes was obtained from an active
Anammox biomass source with phenotypic evidence of the Anammox process. The initial
specific Anammox bacteria population increased steadily in all the reactors until day 30
when the total feed substrate concentration was increased to 55 mg/L that consequently led

to decreased bacteria population. The decrease in bacteria population was attributed to the
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effect of the shock initiated by the abrupt increase in substrates concentration that has been
shown to reversibly inhibit the Anammox process. The impact was especially compounded
by the effect of potentially high accumulation of NO- that has also been reported to inhibit
the Anammaox process (Strous et al., 1998). However, an increase in bacteria population
after the resultant shock effect was observed after about 60 days. In comparison, reactor
B had the highest bacteria population among the reactors amended with the chabazite
particles. The population rose steadily at continued increase in total feed substrate
concentration with reactor B depicting a higher population increase to a maximum value
of 2.32 x 10* copy numbers/mL compared to Reactor C that exhibited 1.20 x 10* copy
numbers/mL and, finally, Reactor D depicting a bacteria population of 1.20 x 10* copy
numbers/mL. Despite lower performance than Reactor C, Reactor B total specific bacteria
population was the highest among all the tested reactors. Generally, chabazite addition
enabled fast recovery from the inhibition caused by high feed substrate concentration,
which led to increased bacteria population because the control reactors showed lower
bacteria population at increased feed concentration. High bacteria population in Reactor
B can be attributed to higher NH4* ion-exchange rate compared to other chabazite amended
reactors that, in effect, accelerated Anammox bacteria biofilm formation and growth over
a prolonged period. In addition, due to the beneficial surface and chemical properties
associated with the chabazite-Na particles, higher concentration of NH4", as growth factor,
was accumulated on the particles’ surface compared to the other tested chabazite sub-
species, therefore enabling more selective colonization of Anammox bacteria and

improved overall bacteria population.
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4.5. Conclusion

The different types of chabazites namely the Bowie chabazite AZUB (Na/Ca),
AZLB-Na, and AZLB-Ca were obtained from St. Cloud Mining Company (New Mexico,
U.S) with cation exchange capacities (CEC) of 1.8 meg/g, 2.50 meqg/g, and 2.50 meq/g,
respectively. The chabazite materials were pretreated by soaking in deionized water and
heated at 100°F for 24 hours. Five sequencing batch reactors (SBR) with 0.9L working
volume, seeded with active Anammox biomass, and amended with appropriate doses of
sand [A], chabazite-Na (B), chabazite-Ca [C], chabazite — Na/Ca (D), and non-amended
(E) were started. Among the chabazite amended reactors, reactor B was greatly impacted
at high feed concentrations while C was least impacted depicting a decrease in the
ammonium removal efficiencies from > 95% to 53.5% and > 95% to 88%, respectively. In
the order of performance, reactor C > D > B > E = A. High ammonium removal efficiency
observed in the chabazite amended reactors was attributed to the NH4* ion-exchange
process. Since Anammox is a two-step process that involves the partial nitrification step
and the anaerobic oxidation step mediated by the Anammox bacteria, high NH4* ion-
exchange exhibited by chabazite-Na led to decreased total available NH4* concentration
needed for partial nitrification. This impacted the favorable ratio of substrate
concentrations needed for the Anammox process and, as result, led to decreased
ammonium removal efficiency. Reactor C experienced favorable NH4* concentration in
the bulk solution available for partial nitrification after the ion-exchange process resulting
in high ammonium removal efficiency. The impact of chabazite sub-specie on Anammox

rate was attributed to the impact on partial nitrification mediated by the ammonium
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oxidizing bacteria. Despite lower reactor performance than reactor C, reactor B total
specific bacteria population was the highest among all the reactors. The population in
reactor B increased to a maximum value of 2.32 x 10* copy numbers/mL compared to C
that exhibited 1.20 x 10* copy numbers/mL and D at 1.20 x 10* copy numbers/mL. High
bacteria population in reactor B was attributed to higher NH4* ion-exchange rate compared
to other chabazite amended reactors that, in effect, accelerated bacteria biofilm formation
and growth over a prolonged period.
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Figure 4-5: Specific Anammox bacteria population in different types of chabazite
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Chapter 5 : Effect of competing cation on ammonium oxidation rate in

a hybrid Chabazite-Anammox process
5.1. Abstract

The Anaerobic ammonium oxidation (Anammox) process amended with chabazite
particles may experience reduced NHs" removal rates due to competition for the cation-
exchange sites. During NH4"ion-exchange, the non-framework cations are replaced with NH4*
in the bulk solution while the replaced non-framework cations are simultaneously released into
the bulk solution causing a cations spike that can potentially impact the Anammox NH4*
removal rates. Among the possible cations replaced and released into the bulk solution is K*
that is the most important competing cation according to the chabazite cation selectivity order
(Lahav et al.,1998; Breck, 1974).

This study aimed to determine the effect of competing cation on specific ammonium
oxidation rate and, to determine the impact of competing cation on feed substrate (NH4")
utilization rates during the Anammox process amended with different chabazite sub-species.

The types of chabazite used in the study were the Bowie chabazite AZLB-Na and
AZLB-Ca. Three different sequencing batch reactors (SBR) with 0.9L working volume were
seeded with active Anammox biomass and amended with appropriate doses of chabazite-Na
(A), chabazite-Ca [B], and non-amended control reactor (C). The feed media was spiked with
different K™ concentrations ranging from 0 to 5.12 meg/L. Samples were taken from the
reactors at every 4-hour intervals after feeding to determine the feed substrates utilization rates
over a 24-hour period. At increased K* concentration from 0 to 1.28 meg/L, the NH4" oxidation

rate observed in reactor C decreased by approximately 2-folds from 1.83 to 1.07 mg NH4* L?
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hr. The NH4+" and NO utilization rates were higher in reactor A than in reactor B at high K*
concentration. The rates determined in reactor A for NHs" and NO2 were approximately 1.1
and 1.4 times, respectively, higher than the rates in reactor B. The effect of NH4 ion-exchange
was mitigated at increased K* concentration because K* out-competed NH4" for the cation
exchange sites leading to availability of NH4" needed for the partial-nitrification step of the
two-step Anammox process to proceed. Consequently, improved substrates utilization and
increased Anammox bacteria population was exhibited that further led to higher Anammox
removal rates in reactor A than in reactor B. The results imply that chabazite-Na mitigates the
effect of competing cation (K*) in chabazite-amended Anammox process. The findings are
significant in developing Anammox biomass retention strategies for enhanced culture

development.
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5.2. Introduction and Background

Nitrogen — which represents 78% of the atmosphere (Fields, 2004) - is an important
natural part of the atmosphere and aquatic ecosystems (Rabalais et al., 2002). When either
the proportion exceeds 78% in the atmosphere or excessively increases in waterways,
nitrogen poses major environmental and economic problems such as eutrophication in
natural open waters, groundwater contamination, and atmospheric ozone production
(Vitousek et al., 1997). These problems have diverse and far-reaching impacts on public
and environmental health (Vitousek et al., 1997). Excess nitrogen (as ammonium)
concentrations in aquatic systems and waterways originate from anthropogenic and various
industrial activities (Abdelsalam et al., 2018). One significant source of nitrogen (as
ammonium) in waterways is effluent discharged from wastewater treatment plants
(WWTPs). In composition, approximately 15-30% of nitrogen (as ammonium) contained
in WWTPs effluent comes from digester reject-water after the sludge treatment process,
while 70-85% comes from residual concentrations after the biological treatment process
(Solley, 2000). Other sources of nitrogen (as ammonium) discharged into waterways
include agricultural runoff and storm water discharges (Wakida and Lerner, 2005; Line and
White, 2007; Li and Davis, 2014).

Ammonia removal in WWTPs is achieved through biological treatment processes.
The conventional multi-staged biological nitrogen removal process is the most commonly
used process that involve the nitrification and denitrification processes (Peng and Zhu,
2006). However, removal of nitrogen via the conventional multi-stage process requires

high supply of oxygen (air), increased carbon demand (alkalinity), and increased supply of

104



chemicals to augment the process (Wiesmann et al., 1994). In addition, the traditional
biological denitrification process is only suitable for removal of relatively low ammonia
concentration with high carbon to nitrogen (C/N) ratio (Lopez et al., 2007; Kim et al.,
2008). Furthermore, the conventional process faces high demands of energy consumption
and production of excess sludge (Wei et al., 2003).

To mitigate the problems, the Anaerobic Ammonia Oxidation (AnammoX) process
has been suggested as an alternative approach to remove nitrogen (ammonia) from high
strength ammonia-wastewater at reduced cost and limited resources (Gu et al., 2018;
Guerrero et al., 2013). In comparison to the conventional process, the Anammox process
reduces O, demand (energy) by 63%, carbon demand by nearly 100%, and biomass
production by 80% (Park et al., 2010). The added advantages in adopting the Anammox
process can potentially lead to reduced carbon footprint contributed by wastewater
treatment plants (Monteith and Hugh, 2005).

Nonetheless, adoption of the Anammox process as a full-scale treatment process
has been slow because of the long start-up time associated with the slow growing
Anammox bacteria which has a doubling time of approximately 11 days (Jung et al., 2007;
Star et al. 2007; Guerrero et al., 2012). Other challenges facing the adoption of the
Anammox process include the delicate balance between the oxic and anoxic stages to attain
the required population of the different bacteria mediating the Anammox process (Schmidt
et al., 2003) and the difficult task to maintain the appropriate substrate ratio (NO2-N/NHa-
N) in the feed media to promote Anammox culture development (Chamchoi and

Nitisoravut, 2007; Lopez et al., 2007; Tomar and Gupta, 2016).
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These challenges result in long start-up time due to Anammox low biomass
development and retention (Trigo et al., 2006; Fernandez et al., 2008). To improve the
Anammox process start-up, high biomass retention is required (Fux et al., 2002; Lackner
et al., 2014) to minimize wasting. Improving biomass retention would potentially require
selection of novel bacteria carrier materials with properties to necessitate bacteria
colonization and proliferation (Star et al., 2008).

Zeolite has been proposed as a possible material to enhance biological treatment
processes because of its potential to concentrate biomass growth factors on the surface
(Fernandez et al., 2008). Specifically, zeolite material has been reported to enhance
biological ammonium and nitrite removal in wastewater, which has been attributed to high
cation exchange capacity (Chen et al., 2008; Aiyuk et al., 2006; Fernandez et al., 2008)
and the availability of pore-beds that possess finite ammonium adsorption potential
(Grismer and Collision, 2017).

In previous studies, natural zeolite has been applied to improve biological nitrogen
removal (BNR) reactor performance (He et al., 2007). He et al. (2007) used powder zeolite
to amend the biological nitrogen removal (BNR) process treating municipal wastewater
with a total nitrogen concentration of 54 mg-N L™ and reported that the nitrification rate
was increased by a factor of two compared to the non-zeolite amended process. The
improved Anammox reactor performance can also be attributed to sorption of surplus NHa-
N by zeolite particles that act as a preserving reservoir, like a buffer system, generating a

stable effluent concentration (Yapsakli et al., 2017).
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While ‘natural’ zeolite, clinoptilolite, a member of zeolite group 7, has been
reported to enhance biological wastewater treatment, chabazite, a zeolite group 4 member,
could be a better alternative for ammonium removal from wastewater (Aponte-Morales et
al., 2016) because of its higher cation exchange capacity than clinoptilolite (Ouki and
Kavannagh, 1999).

Chabazite high cation exchange capacity could be favorable in the Anammox
process as it could adsorb excess ammonium and ease nitrification inhibition. Aponte-
Morales et al. (2016) study revealed that the rate of nitrification increased almost 3 folds
when chabazite was added at high NH4" to a wastewater batch. However, in applying
chabazite to augment the nitrification process, challenges with increased competing cations
in the bulk solution released during cation exchange could significantly rise (Ouki and
Kavannagh, 1999). Similarly, Aponte-Morales observed that Na* released from chabazite
particles during NH4* ion-exchange plays a role in nitrification inhibition by reducing the
ammonium removal rates.

According to the cation selectivity order as reported by Breck (1974) and Lahav et
al. (1998) shown in Equation 1-2, NH4" preferred cations for exchange within the chabazite
framework i.e. K* and Ca?* could affect the overall ammonium oxidation rate (Lahav et
al., 1998). In addition, the presence of competing cations could further inhibit the process
as revealed in the selectivity orders. K™ is the most important competing cation compared
to NH4", Ca*, and Na* (Langwaldt, 2008); that is, K* could favorably exchange chabazite
cations (Ca* and Na*) faster than NH4". It may also be implied that the concentrations of

competing cation (K™), especially in the feed and reactor aqueous solution would affect
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NH4* ion-exchange which would further impact the Anammox process amended with
chabazite particles.

In relation, this study aimed [1] to determine the effect of two competing cations
and corresponding target cation (NH4") on specific ammonium oxidation rate and [2] to
determine the effect of competing cation (K*) on feed substrates (NHs+" and NO2)
utilization rates in Anammox processes amended with different chabazite sub-species. The
objectives would provide new information on the feasibility of using different chabazite
material to enhance Anammox culture development and, to improve the process utilization
in mainstream biological ammonium removal process.

5.3. Materials and methods
5.3.1. Chabazite preparation and characterization

Chabazite types namely the Bowie chabazite AZLB-Na and AZLB-Ca were
obtained from St. Cloud Mining Company (New Mexico, U.S). The materials
specifications reported on the material safety and data sheet (MSDS) are included in the
supporting information.

The surface dusts on the raw materials after the grinding process during mining
were removed to enhance Kinetics (Inglezakis et al., 2001). The material was washed and
soaked in deionized water (Shcherban and Ilyin, 2016), then heated for 24 hours at 100°C
(Ghassemi and Younesi, 2011). Soaking the materials has been reported to remove
impurities (Jha and Hayashi, 2009) while heating the material at above 100°C removes
water molecules and organics thereby increasing pore volume and diameter (Inglezakis et

al., 1999).
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5.3.2. Chabazite characterization and dosing

Cation exchange capacity (CEC) study was conducted by setting up batch
experiments using different masses of chabazite at appropriate intervals immersed in 200
mL NH4* solution (~ 55 [+ 5] meg/L, pH adjusted to 7.2) in 250mL Erlenmeyer flasks. The
flasks were placed in an incubated orbital shaker maintained at 25°C and the rotation speed
set at 200 rpm. The choice of temperature was consistent with the findings of the study
conducted by Lin et al. (2013) that showed that the equilibrium adsorption capacity was
not distinctively affected by temperature between 25 to 45°C range. Samples were taken
after 24 hours and analyzed using Dionex ion chromatography instrument (IC DX-120)
equipped with an auto sampler.

To determine the appropriate dose of the Chabazite - Anammox hybrid reactors
operation, batch assays were carried out with varying amounts of chabazite material in
250mL Erlenmeyer flasks. Samples were taken and analyzed from the flasks at determined
time intervals. Each SBR was heated using a hot plate set at temperatures between 70 and
75°F. Using overhead stirrers (Phipps & Bird Stirrer, Model 7790-400) set at 25 rpm each
flask achieved complete mixing. The pH in the reactors was controlled between 7.2 and
7.5 by adding 0.5M HCI to the feed. To maintain anoxic conditions in the reactors, the
feed media was purged with nitrogen gas before feeding. Chabazite-Ca, Chabazite-Na, and
Chabazite-Na/Ca were added in separate 1.2-L (0.9-L working volume) Anammox
sequencing batch reactors (SBRs). In addition, two similar unattached Anammox SBRs

were set-up to act as control reactors with and without K+ addition.
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The five reactors were stirred using overhead stirrers (Phipps & Bird Stirrer, Model
7790-400) set at 25 rpm to achieve complete mixing. Two pumps, one for influent, and
one for effluent were used to feed and discharge the effluent from the reactors.

The feed was prepared without any supplemental K* source and the only source of
K* was the concentration that was directly spiked into the reactors. Typical synthetic
wastewater reagents and solutions was used to make the feed. The substrates
concentrations (ammonium and nitrite) were prepared from (NH4)2SO4 (as NH4") and
NaNO> (as NO2). During feeding, the reactors could settle for 20 min and effluent
withdrawn for 10 min. Each was fed interchangeably after every 2 days to allow enough
time for ammonium removal.

5.3.3. Chabazite — Anammox hybrid reactors operation

Three 1.2-L (0.9 L working volume) batch reactors, seeded with active Anammox
biomass from an ongoing Anammox culture were started (Figure 5-4 in the Appendix).
The three batch reactors included reactors amended with appropriate doses of chabazite-
Na (A), chabazite-Ca [B], and non-amended control reactor (C). Chabazite dose and
contact time needed for effective NH4* ion-exchange had previously been determined using
the feed medium. To determine the appropriate dose, batch assays were carried out with
varying amounts of chabazite material in 250mL Erlenmeyer flasks. Samples were taken
and analyzed from the flasks at determined time intervals. All of the SBRs were heated
using a hot plate set at temperatures between 70 and 75°F. The reactors were stirred using
overhead stirrers (Phipps & Bird Stirrer, Model 7790-400) set at 25 rpm to achieve

complete mixing. The pH in the reactors was controlled between 7.2 and 7.5 by adding
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0.5M HClI to the feed. Anoxic conditions in the reactors were maintained by flushing feed
media with nitrogen gas. The reactors were fed interchangeably after every 2 days. During
feeding, the reactors were allowed to settle for 20 min and effluent withdrawn for 10 min.
5.3.4. Feeding composition

The feed medium had the following composition per liter of deionized water: 1.05g
NaHCOs, 0.025g NaH2PO4, 0.3g CaCl..2H20, 0.2g MgS04.7H20, 0.00625g FeSOs,
0.00625g EDTA, and 1.25mL trace elements solution as prepared by (Zhang et al., 2008).
The feed was made without additional K* source and the reactors fed at set concentrations
of (NH4)2SO04 (as NH4") and NaNO: (as NO2’). The feed media was spiked with different
concentrations of K* (made from KCI) that included 0, 1.28, 2.56, and 5.12 meg/L. Samples
were taken from the reactors at every 4-hour interval after feeding to determine the feed
substrates (NH4* and NOy") utilization rates over a 24-hour period. The experiments were
repeated three times.
5.3.5. Analytical methods

Ammonium, nitrite, and nitrate were analyzed using colorimetric methods
according to standard methods of water and wastewater analysis (Albertson, 2000). lon
concentrations during cation-exchange experiments were analyzed using a Dionex ion
chromatograph (IC DX-120) equipped with an auto sampler. Dissolved oxygen (DO)

concentrations and pH, in the reactors, were monitored with selective electrodes.
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5.4. Results and discussion
5.4.1. Chabazite characterization

Chabazite exhibited good ion exchange capacity with Na*, Ca®*, and K* being the
main cations replaced by NH4" as shown in Figure 5-1. Na* equilibrium concentrations
were higher than other cations and were increased at approximately similar proportion as
the decrease in NH4* concentrations. It can be seen from these results that NH4* more

readily replaces Na* from chabazite non-framework in comparison to Ca?* and Mg?*.
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Figure 5-1: Equilibrium cation concentrations during NH4" uptake.

5.4.2. Reactors Performance

The ammonium and nitrite removal rates in the control reactor without chabazite
amendment and K* addition was determined to be 1.84 mg NH4* L2 hrt and 1.41 mg NO2
L hr?, respectively. It was observed (Table 5-1) that high cation concentration (added as

K™) in the feed, decreased the Anammox rates since both ammonium and nitrite utilization
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rates decreased from 1.84 mg NH4* L™t hrt and 1.41 mg NO2 L hr to 1.07 mg NH4* L°
L hrt and 0.91 mg NO2 Lt hr?, respectively. This result is consistent with previously
reported findings which stated that high cation concentration decreases ammonium
removal rates and efficiencies in biological ammonium removal processes (Green et al.,

1996; McVeigh et al., 2008; Ham et al., 2018; Cheng et al., 2017).

Table 5-1: NH4* and NO; removal rates in reactors amended with different types of chabazite

K* concentration . . Control
(meg/L) Chabazite-Na Chabazite-Ca No Chabazite & K*
Addition
0.0 0.65° 0.84 1.84
) 0.244 0.53 141
1.19 1.07 1.27
1.28 0.25 0.46 0.39
2.56 1.33 1.34 1.07
0.62 0.91 0.91
5.12 1.48 1.37 1.37
0.93 0.68 0.68

In contrast, an opposite trend was observed in reactors amended with chabazite.
Higher K concentrations increased Anammox rates in chabazite amended reactors.
Contrary to the control reactor, in the chabazite-Na amended reactor, both ammonium and
nitrite removal rates increased from 0.65 mg NH4* L™ hr'! and 0.24 mg NO2” L hrl to

1.48 mg NH4" L't hr't and 0.93 mg NO2 Lt hr1, respectively, and from 0.84 mg NH4* L°

3 NH,* rate (mg NH4* Lt hrt)
4 NO; rate (mg NOz L hr)
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Lhrtand 0.53 mg NOz L hr1to 1.37 mg NHs* L™ hrt and 0.68 mg NO2 L™ hr in the

chabazite-Ca amended reactor (Figure 5-2) and Table 5-1.
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Figure 5-2: Effect of K* on ammonium (left) and nitrite (right) removal rate in
Anammox bioreactors amended with different types of chabazite.

It was earlier reported (Chapter 4) that cation exchange mediated by chabazite
addition in the Anammox process results in low ammonium removal rates due to the direct

impact of NH4" ion-exchange on Anammox’s partial nitrification step. From Figure 5-2, it
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can be inferred that competition between K™ and NH4* for cation-exchange in the chabazite-
amended Anammox process lowers the impact of partial nitrification. To explain, K being
higher than NH4* in the cation selectivity order (Equation 1-2) readily replaces cations in
the chabazite framework compared to NH4*, which leads to NH4" availability in the bulk
solution that, consequently, allows the partial-nitrification step to proceed. Since the
anaerobic ammonium oxidation process is a two-step process i.e. partial-nitrification
followed by ammonium oxidation process mediated by Anammox active bacteria,
Anammox optimum efficiency is likely exhibited when the two-step proceeds. Therefore,
increased K* concentration likely mitigates the potential loss of the partial-nitrification
process that leads to increased ammonium and nitrite removal rates. Further evidence is
depicted by increased nitrite utilization rates at higher K* concentrations (Figure 5-2).
Increased K* concentrations lead to low NH4* ion-exchange rates that result in favorable
NH4* concentrations required for partial nitrification. At favorable feed substrate
concentrations that is ideally 1:1.32 ratios of NH4" and NOy", the anaerobic ammonium
oxidation step mediated by the Anammox bacteria would optimally follow leading to
increased Anammox removal rates.

Comparing the two chabazite sub-species, Anammox-chabazite-Ca had higher
Anammox removal rates than Anammox-chabazite-Na at 0 meg/L of K*. However, at
increased K* concentrations, Anammox-chabazite-Na removal rates were higher than the
Anammox-chabazite-Ca rates.

To explain this finding, it can be inferred that the effect of NH4" ion-exchange on

Anammox partial-nitrification in the Anammox-chabazite-Na process was mitigated at
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increased K™ concentration because K* readily replaces Na* in the chabazite framework
compared to NH4", leading to NH4* availability in the bulk solution that allows the partial-
nitrification step of the two-step Anammox process to proceed. The Anammox-chabazite-
Na process exhibits two distinct ammonium removal mechanisms, NH4* ion-exchange due
to high chabazite-Na CEC, and the ammonium oxidation process mediated by the
Anammox bacteria as discussed in Chapter 4. In comparison, chabazite-Ca amendment
reactors ammonium reduction occurs largely due to oxidation; low NH4" ion-exchange
rates are associated with chabazite-Ca.

In addition, chabazite-Na amendment to the Anammox process was determined to
enhance Anammox bacteria population. Therefore, at increased K* concentration, the
effect of NH4" ion-exchange on Anammox process is mitigated in the Anammox-chabazite-
Na reactor leading to improved utilization of the available substrate by the Anammox
bacteria. Increased substrates utilization at reduced NH4* ion-exchange rates further lead
to higher removal rates in the Anammox-chabazite-Na compared to Anammox-chabazite-
Ca.

The results of the ammonium and nitrite removal rates across all the reactors
amended with different types of chabazite at different K* concentrations are shown in
Figure 5-3. It can be observed that at high K* concentration, initial nitrite removal rates
are very low because partial nitrification occurs as the initial step of the Anammox process.
During partial nitrification, excess ammonium is oxidized by the aerobic ammonium
oxidizing bacteria (AOB) using the available oxygen as the electron acceptor resulting in

nitrite production (limit reaction). Therefore, nitrite production after partial nitrification
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leads to increased nitrite concentration in the reactors, hence the

nitrite removal rates.
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Figure 5-3: Left to right: Control (no chabazite, no addition of K*), Chabazite-Na,
Chabazite-Ca, and Control (No chabazite with K* addition). Descending: K*
concentrations: 0, 1.28, 2.56, and 5.12 meq/L.

Since ammonium is consumed during the partial nitrification step, ammonium

removal rates increase at high K™ concentration as can be observed in Figure 5-3. It can

further be deduced that at low K* concentration, due to the effect of NH4" ion-exchange on

partial nitrification, the ammonium removal rates decrease, and the nitrite rates remain

constant until after residual favorable substrate concentrations is available that would allow

for the Anammaox process to proceed.
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It can also be observed that both ammonium and nitrite removal rates increased at
increased K* concentration in the reactor amended with chabazite-Na compared to the
reactor amended with chabazite-Ca. Figure 5-3 further reveals evidence of mitigated
impact of NH4" ion-exchange on chabazite-Na at increased K* addition. At the high K*
concentration of 5.12meq/L, nitrite removal rate increases in the reactors amended with
chabazite-Na leading to improved ammonium removal rate compared to the reactor
amended with chabazite-Ca that had higher removal rates at low K* addition.

5.5. Conclusion

Chabazite types namely the Bowie chabazite AZLB-Na and AZLB-Ca were
obtained from St. Cloud Mining Company (New Mexico, U.S) each having a cation
exchange capacity (CEC) of 2.50 meqg/g. The chabazite materials were pretreated by
soaking in deionized water and heated at 100°F for 24 hours. Three different sequencing
batch reactors (SBR) with 0.9L working volume were seeded with active Anammox
biomass and amended with appropriate doses of chabazite-Na (A), chabazite-Ca [B], and
non-amended control reactor (C). The NH4"and NO>" utilization rates in the control reactor
C were determined as 1.84 mg NHs* L hr! and 1.41 mg NO2 L hr, respectively. At
increased K* concentrations, the rates decreased to 1.07mg NH4* L™t hrt and 0.91mg NO,”
Lt hr1, respectively, revealing the negative effect of K* on Anammox rates. In the
chabazite amended reactors, the NH4" and NOg utilization rates increased from 0.65 mg
NHs* L't hrt and 0.24 mg NOz” L™ hr' to 1.48 mg NHs* LY hrt and 0.93 mg NO2 Lt hr
1, respectively, and from 0.84 mg NHs* L't hrt and 0.53mg NOz L hr1 to 1.37 mg NH4*

Lt hr! and 0.68 mg NO, L hr, respectively, in reactors A and B respectively. It was
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noted that the effect of NH4" ion-exchange on partial nitrification was mitigated at
increased K* concentration, which led to improved substrates utilization by the Anammox
bacteria. Higher substrates utilization due to increased Anammox bacterial population
resulted in higher Anammox removal rates in reactor A than B. The results imply that
chabazite-Na mitigates the effect of competing cations (K*) during chabazite-amended
Anammox process.
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5.8. Appendix

Influent

Stirrer
Influent Pump

Hot plate

Influent Pump control Effluent

Effluent Pump control

A - sand
B - chabazite-Na
C - chabazite-Ca

D - chabazite-Na/Ca
E - no amendment (Control)

Figure 5-4: Reactors set-up and configuration to investigate the effect of chabazite types and

cations on Anammox ammonium removal rate

Table 5-2: Typical chabazite (AZLB-Na) material properties

Color Reddish/ Tan (dry brightness 40)
é;/;sr; ?Iel tghabazite Less than 1 micron

Crystallinity *90%

Density 1.73 g/cm3

Total Pore Volume 0.468 cm3/g

Surface Area 520 m2/g

Crystal Void Volume | 0.47 cm3/cm3

Packing Density

Approx. (40-44 Ibs/ft3)

SiO2/AlI203 Ratio

Approx. 4:1

Moisture as Packaged

Less than 20% by Weight

pH of 1% Dispersion

8.5

Stability

pH of 3 through 12

CEC

2.50 meqg/g
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Table 5-3: Typical chabazite (AZLB-Na) chemical analysis (Anhydrous Basis)

Dominant
Sio, AlL,O, Fe,0, Ca0 MgO Na,O K,0 Cation
68.1 18.59 2.84 0.27 0.75 8.32 112 Na

*TI* >Cs* >K* >Ag* >Rb* >NH, * >Pb?*>Na* = Ba?*>Sr?*>Ca?">Li*

Table 5-4: Typical chabazite (AZLB-Ca) material properties

Color

Reddish/ Tan (dry brightness 40)

Average Chabazite

Less than 1 micron

Crystallite

Crystallinity *90%
Density 1.73 g/cm3
Total Pore Volume 0.468 cm3/g
Surface Area 460 m2/g
Crystal Void Volume 0.47 cm3/cm3

Packing Density

Approx. (40-44 Ibs/ft3)

SiO2/AlI203 Ratio

Approx. 4:1

Moisture as Packaged

Less than 20% by Weight

pH of 1% Dispersion

8.5

Stability

pH of 3 through 12

CEC

2.50 meqg/g

Table 5-5: Typical chabazite (AZLB-Ca) chemical analysis (Anhydrous Basis)

Tio Dominant
sio, AlLO, Fe,0, Ca0 MgO Na,0|  K,0 122 Cation
69.5 16,6 433 4.49 0.89 24 132 0.47 Ca

*TI* >Cs* >K* >Ag* >Rb*>NH, * >Pb?*>Na* = Ba**>Sr?*>Ca?*>Li*
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Chapter 6 : Summary

In this research, the feasibility of using atypical thermophilic anaerobic digester
(TAD) mixed-sludge to start and enhance the anaerobic ammonium oxidation (Anammox)
process was studied. In addition, chabazite was used to enhance the Anammox culture
development and improve process performance. Different types of chabazite were also
used to determine the most effective chabazite particle to enhance Anammox culture and
improve the ammonium oxidation rates. Finally, the effects of target and competing cation
concentrations on anaerobic ammonium oxidation rates were investigated.

The initial project was to assess the feasibility of using TAD mixed-sludge to
enhance Anammox culture development to improve performance and to reduce process
start-up time. The effect of initial feed substrates ratio and biomass concentration, and the
concentration of inorganic carbon on Anammox activity were also investigated. Anammox
culture was developed from atypical thermophilic anaerobic digester (TAD) mixed-sludge
added proportionately in three bench-scale reactors. All the reactors showed phenotypic
Anammox activities at approximately 90% total nitrogen removal and had varying start-up
times. Reactor 3 which was augmented with the highest proportion of TAD mixed-sludge
had the quickest start-up time after 32 days and attained the highest specific anammox
activity (SAA) at highest nitrogen loading rate. Reactor 2 augmented with 25% (v/v) of
TAD mixed-sludge depicted the highest Anammox bacteria gene copy numbers after two
consecutive doubling times. The Anammox bacteria in the reactors were identified as
“Candidatus Brocadia sinica.” The high gene population was attributed to less competition

among bacteria during start-up period.
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To determine the effect of feed characteristics on Anammox rates, highest value of
0.07 g NH4" L day* was attained at 12.5mM HCOj3", while highest specific anammox rate
of 0.16 g NgVSS™'Day* was realized at 3.0 g VSS L biomass concentration. The findings
in this part of the research imply that thermophilic anaerobic digester (TAD) effluent mixed
liquor may be a potential inoculum source with an advantageous application in Anammox
process start-up to remove excess ammonium from wastewater. Future research should
focus on understanding the bacteria diversity before and after augmentation using TAD
mixed-sludge.

Secondly, chabazite was used as a strategy to retain bacteria in the treatment reactor
to enhance the development of the Anammox culture. To accomplish the task, two 3-L
sequencing batch reactors were seeded with fresh return activated sludge (RAS) obtained
from Los Angeles — Glendale WWTP owned by the City of Los Angeles. Appropriate AZ-
UB obtained from St. Cloud Mining Company in New Mexico, U.S was added in one
reactor (amended) while another similar reactor was operated without chabazite addition
and acted as the control. Chabazite addition in the reactor had minimal influence on the
Anammox process start-up time because both the amended (with chabazite) and non-
amended reactor exhibited evidence of Anammox activity after 69 days. However, at
increased feed variability, the control reactor experienced reduced nitrate production,
increased NH4"and NO>" effluent concentration, and reduced NRR from 95% to 86% while
the amended reactor’s NRR remained constant at 95%. It was concluded that chabazite
material mitigated the effect of high feed variability resulting in optimum feed

concentration needed by the Anammox bacteria. The amended reactor also exhibited
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quicker recovery than the control reactor at very high substrate concentration, which was
attributed to chabazite property to concentrated NH4" on the surface leading to increased
Anammox bacteria population in the amended reactor. The results in this part reveal that
even though there is minimal influence on Anammox process start-up time, addition of
chabazite enhanced Anammox culture development at high feed variability.

Based on the second portion of the research, and relying on the chabazite sub-specie
tested, it was determined that chabazite has minimal influence in Anammox process start-
up time. However, chabazite is categorized into individual types or sub-species based on
the dominant non-framework cation. Among the mentioned sub-species, chabazite-Ca and
—Na are the most commonly used. As was revealed, Na* is a less competitive cation that
can easily be replaced with NH.* faster than Ca" according to the proposed cation
selectivity orders. In relation, a comparative study was conducted to determine the
effective chabazite sub-specie for Anammox process amendment. Different types of
chabazite employed in the study included the Bowie chabazite AZUB (Na/Ca), AZLB-Na,
and AZLB-Ca obtained from St. Cloud Mining Company in New Mexico, U.S. In the
order of performance in terms of NH4* percent removal, reactor amended with chabazite-
Ca > Na/Ca > Na > non-amended (control) = sand (attached control. To compare the two
most commonly used chabazite in the bioreactors, chabazite-Na reactor was greatly
impacted at high feed concentrations than the chabazite-Ca reactor with ammonium
removal efficiencies decreasing from > 95% to 53.5% and > 95% to 88%, respectively.
High ammonium removal efficiency observed in chabazite-Ca reactor was attributed to

high NH4" ion-exchange rate compared to other chabazite sub-species. Effect of chabazite
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sub-specie on ammonium removal depended on the extent to which NH4" ion-exchange
impacted the partial nitrification step of the Anammox process that is mediated by the
ammonium oxidizing bacteria. Despite lower reactor performance than chabazite-Ca
reactor, chabazite-Na reactor total specific bacteria population was the highest among all
the reactors. High bacteria population in chabazite-Na reactor resulted from higher NH4*
ion-exchange rate that accelerated bacteria biofilm formation and growth over a prolonged
period. The findings from this part of the research imply that while chabazite-Ca greatly
mitigates the effect of high feed variability on Anammox activities compared to other
chabazite sub-species, chabazite-Na exhibits high bacteria population attributed to high
NH4* ion-exchange rate, which is significant in developing Anammox biomass retention
strategies for process utilization.

Finally, the effect of competing cation on ammonium oxidation rate was studied.
The concentrations of competing cation (K*), especially in the feed and reactor aqueous
solution was hypothesized to affect NH4* ion-exchange that could further impact the
Anammox process amended by chabazite material. Among the possible cations in the feed
media, K* was considered the most important competing cation compared to NH4*, Ca™,
and Na*; that is, K could favorably exchange chabazite cations (Ca*and Na*) faster than
NH4" as inferred from the cation selectivity order. Sequencing batch reactors with active
Anammox biomass were amended with appropriate doses of chabazite-Na, chabazite-Ca,
and non-amended (control). Upon spiking the feed media with different K* concentrations
that ranged from 0 to 5.12 meg/L, it was determined that NH4" and NO utilization rates

were higher in chabazite-Na reactor compared to chabazite-Ca reactor at high K*
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concentration. The rates determined in chabazite-Na reactor for NH4*and NO-, which were
higher than the rates in chabazite-Ca reactor, were approximately 1.1 and 1.4 times,
respectively. It was determined that the effect of NH4" ion-exchange on partial nitrification
was mitigated at increased K* concentration and led to improved substrates utilization by
increased Anammox bacteria population that further resulted to higher Anammox removal
rates in chabazite-Na reactor than chabazite-Ca reactor. The results reveal that chabazite-
Na mitigates the effect of competing cations (K*) during chabazite-amended Anammox
process which is significant in developing Anammox biomass retention strategies for
enhanced culture development.

In conclusion, thermophilic anaerobic digester (TAD) effluent mixed-sludge was
determined as a potential inoculum source with an advantageous application in Anammox
process start-up to remove excess ammonium from wastewater. In employing chabazite to
enhance Anammox culture development, it was determined that even though there is
minimal influence on Anammox process start-up time, addition of chabazite enhances
Anammox culture development at high feed variability. Amending the Anammox process
with chabazite-Na led to higher bacteria population compared to other chabazite sub-
species, which was attributed to high NH4" ion-exchange rate that, in effect, accelerates
bacteria biofilm formation and growth over a prolonged period. Of the chabazite sub-
species, chabazite-Na was found to mitigate the effect of competing cations (K*) in a
chabazite-amended Anammox process leading to improved substrates utilization by the

Anammox bacteria.
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