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ABSTRACT

Decentralized source-diverted blackwater resource recovery represents an attractive wastewater
management approach. Source-diverted blackwater refers to toilet wastewater, with or without
kitchen wastewater, containing over half of the domestic biochemical oxygen demand (BOD) load
and over 90% of PO4-P and NHas-N contents. Blackwater has strong buffering capacity as a result
of high alkalinity and high pH close to 9. Without the addition of waste streams collected from
laundry, washing, showering, and other household wastewaters (i.e., grey water), source-diverted
blackwater, especially concentrated blackwater collected from low-flush vacuum toilet systems, is
ideal for nutrient and energy recovery. In particular, phosphorus (P) recovery from blackwater
helps relieve the dependence on phosphate rock reserves, which is becoming crucial for sustainable
waste management in the context of both environment protection and future availability of P.
Biogas recovery from blackwater represents a source of renewable energy, which helps increase
energy security, reduce the reliance on non-renewable energy, and reduce greenhouse gas emission

from non-renewable energy utilization.

This thesis aims to evaluate, develop, and optimize biological and chemical processes to
achieve enhanced P and biomethane recovery from source-diverted blackwater. Specifically, this
thesis focuses on three aspects: (i) assessing and developing cost-effective and efficient P recovery
from raw blackwater without chemical addition, (ii) evaluating and modelling the role of
bioreactor microbiome on biomethane recovery from blackwater; and (iii) developing and

optimizing bioreactors for simultaneous P and biomethane recovery from blackwater.

This thesis successfully demonstrated the feasibility of P recovery through high-quality
struvite precipitation from raw concentrated blackwater, which achieved >90% P recovery without
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any alkali addition. Operational conditions for blackwater biomethane recovery from upflow
anaerobic sludge blanket (UASB) reactors were optimized, and the importance of low-abundance
microorganisms in UASB reactors was demonstrated. Lastly, simultaneous P and biomethane
recovery from source-diverted blackwater was demonstrated, and the mechanisms involved in P
precipitation in bioreactors were clarified. Overall, this research developed and optimized
blackwater P and biomethane recovery technologies and contributed to the development of more

sustainable resource recovery-based wastewater management.
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Chapter 1 summarizes the research background, research objectives, and thesis structure.
Chapter 2 presents the literature review. Chapter 10 summarizes the conclusions reached in this
thesis as well as the recommendations for future research. Chapters 1, 2 and 10 are originally

written by Huijuan Sun and have never been published elsewhere.
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CHAPTER 1 INTRODUCTION AND RESEARCH OBJECTIVES

1.1 Background and Motivations

In cities, household wastewater is usually collected and treated at centralized wastewater treatment
plants using a range of physiochemical and biological treatment processes. The treated water is
then discharged to the environment. Centralized wastewater treatment plants are essential for
protecting public health and the environment by ensuring that wastewater is properly treated and
managed before being released. However, the capital cost, operating and maintenance cost, and
energy consumption of these centralized wastewater treatment systems are extremely high (Maurer
et al., 2015). These conventional systems consume a large amount of energy in the long
underground collection systems and the biological treatment processes accompanied by sludge
generation and post treatment requirements. To provide a sense of scale, wastewater collection and
treatment contribute to at 1% of each nation’s energy cost (Gao, 2020). To tackle these challenges,
water reclamation and resource recovery from wastewater are important steps to develop more

sustainable wastewater services and contribute to the circular economy.

Source separation at the household level has been recognized as one of the most promising
new sanitation concepts to rebuild the balance of carbon, nutrients, and water cycles (Tervahauta
et al., 2013; Gao et al., 2019; Capodaglio, 2020). Under this concept, blackwater and greywater
are the two main categories of household wastewater. Blackwater, collected from flush toilets,
consists of urine, feces, and optionally organic kitchen waste. Blackwater is considered as high-

strength wastewater which is rich in organics [5,000 — 93,000 mg/L of chemical oxygen demand



(COD)] and nutrients [e.g., 1,500 — 16,000 mg/L of nitrogen (N) and 500 — 3,000 mg/L of
phosphorus (P)] (Capodaglio, 2020). Greywater, collected from hand basins, washing machines,
showers, and baths, however, has large water volume, low COD, and low nutrients. Different
characteristics between blackwater and greywater make them suitable for different treatment

processes, in order to maximize energy and nutrient recovery and water reuse.

Compared to traditional centralized wastewater management, source separation and
decentralized treatment systems allow for maximized local resource recovery and help save cost
and energy associated with wastewater collection and conveyance networks. For instance, co-
digesting source-diverted concentrated blackwater and wet organic wastes can recover
approximately 90% of the N, 74% of the P, and 79% of the potassium (K) (Moges et al., 2018).
By virtue of the source separation system, blackwater may provide not only a source of variable

valuable resources, but also multiple benefits to society (Wang et al., 2023).

Among the resources, P is an essential element to sustain all forms of life on Earth. For
instance, P is fundamental for fruit and crop growth because it takes part in major processes such
as photosynthesis, energy transfer, cell division, and cell growth. P is a building block of DNA,
RNA, and energy storage ATP in animals. It also helps build strong bones and teeth and is related
to mineral metabolism as well (Theregowda et al., 2019). As the global population grows, the
increased agricultural demand is an imminent threat to the world’s P supply (Cordell et al., 2009;
Daneshagr et al., 2018). Commercial phosphate fertilizers mainly come from natural phosphate
rock (Samreen and Kausar, 2019), but phosphate rock reserves are limited around the world, and
they distribute unevenly (Daneshgar et al., 2018). The quality and accessibility of currently
available phosphate rock reserves are declining, while the costs associated with mining, refining,

storage, and transportation are rising (International Energy Agency, 2021). One strategy for
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relieving the dependence on phosphate rock reserves is to recover P from various waste sources,
which is becoming crucial for sustainable waste management in the context of both environment
protection and future availability of P (Egle et al., 2016; Cunha et al., 2018). Although many
technologies are available for P recovery from wastewater, the requirement of chemical addition
makes the P recovery in an up-scaled process costly. Economical strategies for P recovery from
wastewater are required for sustainable wastewater management. Source-diverted blackwater

could provide a solution to efficient and economical resource recovery.

In addition to P recovery, bioenergy recovery in the form of biomethane from blackwater
could serve as another core component to re-establish the balance of energy production and
consumption for the decentralized sanitation system. The most effective approach is to produce
bioenergy from blackwater through anaerobic digestion (AD) that converts biodegradable organics
into biogas (mainly contains CH4 of higher than 70% and CO2). AD has been widely applied to
treat wastewater due to the bioenergy recovery, the small amount of sludge production, and the
small footprint. Over the past years, Dr. Liu's group has made significant efforts in developing
bioenergy recovery technology from source-diverted blackwater (Florentino et al., 2019; Gao et
al., 2019a; Gao et al., 2019b; Zhang et al., 2019; Gao, 2020; Yu et al., 2020; Guo et al., 2021;
Huang et al., 2021; Boiocchi et al., 2022; Dang et al., 2022; Zhang et al., 2022), while a deeper
understanding of bioreactor design, operational condition selection, reaction mechanisms, and AD
process limitation is still required. New AD processes (developed by Dr. Liu's group) (Zhang et
al., 2021a; 2021b) that can achieve simultaneous biomethane and P recovery will significantly
improve process simplicity, reduce operating costs, and achieve great environmental benefits. The

new AD processes should be further studied.



1.2 Research Objectives and Approaches

The main objectives of this thesis were to achieve P and biomethane recovery from blackwater
through chemical and biological processes. The specific objectives and approaches are described

as follows.

Objective 1. To develop and optimize P recovery processes from blackwater

P recovery from blackwater is still limited. These limited studies mainly focused on P recovery
from anaerobically digested blackwater (ADBW), and none studied P recovery from raw
blackwater. ADBW has similar phosphate-phosphorus (PO4-P) concentration as raw blackwater
before AD, but with a relatively lower pH value (commonly around neutral pH), hence pH
adjustment by adding alkali is required for efficient P recovery. To reduce the chemical cost
associated with pH adjustment, recovering P directly from raw blackwater before AD can be an
option. Source-diverted blackwater, especially concentrated blackwater collected from vacuum
toilet systems, typically has moderate PO4-P content, high ammonia-nitrogen (NH4-N) content,
strong buffering capacity as a result of high alkalinity, and a high pH value close to 9.0. It was
hypothesized that concentrated blackwater is a potentially good source for P recovery through

struvite precipitation without pH adjustment.

Objective 1.1 To assess the feasibility of P recovery from raw blackwater through struvite

precipitation

The feasibility of producing high-quality struvite directly from raw concentrated
blackwater without pH adjustment was examined by conducting batch experiments. Three types

of raw blackwater flushed with 0.5 L, 1.0 L, and 5.0 L tap water per flush were used. Anaerobically



digested blackwater flushed with 1.0 L tap water per flush was also used to compare its P recovery

potential with that of raw blackwater.

Obijective 1.2 To evaluate the role of blackwater solids in P recovery effectiveness

In addition to pH, blackwater solid content was identified as one major operation parameter
for the struvite precipitation directly from blackwater. Therefore, the role of blackwater solids in
struvite production was further evaluated. Specifically, the P recovery efficiency and struvite

purity and size were assessed at different blackwater solid concentrations.

Objective 2. To assess and develop biomethane recovery processes from blackwater

Dr. Liu's group has investigated biomethane recovery from source-diverted blackwater using a
range of bioreactor types, blackwater sources and operational conditions (Gao et al., 2019a; Gao
et al., 2019b; Zhang et al., 2019; Yu et al., 2020; Huang et al., 2021; Zhang et al., 2022). One
operational condition, effluent recirculation, in an upflow anaerobic sludge blanket (UASB)
reactor is a commonly used strategy to improve both mixing and upflow velocity of the reactor.
Although it is considered as an important strategy, the benefits to bioreactor performance of mixing
depend on bioreactor design, substrate characteristics, operational conditions, and the ratio
between recirculation volume and influent volume. It was hypothesized that although mixing can
improve sludge mixing and substrate uptake by microorganisms, mixing will also lead to the
disturbance of the localized syntrophic interactions and thus negatively impact the biomethane
yield. Further, additional studies are needed to link AD microbial community dynamics and
bioreactor treatment efficiency, and another hypothesis was that a non-steady-state mass balance

model can be developed to better evaluate the role of bioreactor microbes.

Obijective 2.1 To reveal the role of UASB reactor mixing condition in biomethane recovery




One of the most important operation parameters for UASB reactor operation is the mixing
condition, which can impact the contact between microorganisms/enzymes and substrates. The
impact of effluent recirculation on biomethane production from a UASB reactor treating substrates

of different solid contents was assessed.

Obijective 2.2 To evaluate and model the role of UASB microbial community during blackwater

biomethane recovery

Bioreactors are often subject to various physical, chemical, and biological disturbances,
such as operational condition changes. The adaptation of the microbial community to disturbances
(rather than recovery to the original state) determines the stability of wastewater treatment
performance. An ecology model, based on the non-steady-state mass balance (16S rRNA MiSeq
reads normalized by volatile suspended solids), was proposed to quantify microbiome responses
to disturbances in wastewater bioreactors. Rather than focusing on the most abundant microbial
groups commonly used in the literature, the model helps to identify the role of active species within

the community.

Objective 2.3 To demonstrate the impact of low-abundance microorganisms in UASB reactor on

biomethane recovery

The novel non-steady-state mass balance model developed in Objective 2.2 was applied to
identify active low-abundance species that responded to an operational disturbance, which was
induced by turning on-or-off effluent recirculation in UASB reactors (based on the experiments in

Objective 2.1).

Objective 3. To develop and enhance simultaneous P and biomethane recovery processes

from blackwater



The biological process offers the strongest promise for economical P recovery. The previous
studies in Dr. Liu’s group found calcium phosphate (CaP) precipitation in the UASB reactor
treating blackwater (Zhang et al., 2021a; 2021b). How the characteristics of blackwater (other than
chemical conditions) affect the CaP formation was not clear. It was hypothesized that proteins in

blackwater contribute to the CaP precipitation and impact the biomethane generation as well.

Obijective 3.1 To assess the feasibility of simultaneous P and biomethane recovery from blackwater

Blackwater contains about 40% proteins; the hydrolysis of proteins in AD causes the OH-
generation. The produced OH- could help build a localized supersaturation environment to
facilitate the CaP precipitation. This study was designed to demonstrate the feasibility of

simultaneous P and biomethane recovery with the presence of proteins as the carbon source.

Objective 3.2 To explore the role of protein content in P and biomethane recovery from blackwater

The impact of feedwater protein content on CaP and biomethane production was further
examined in the UASB reactors. This study aimed to evaluate the role of protein contents (a series
of protein: carbohydrate ratios) in the efficiency of blackwater P and biomethane recovery. It also

determined the optimum feedwater protein content for maximized CaP and biomethane production.

1.3 Thesis Structure

This thesis is a paper-based thesis. A total of ten chapters are presented and organized as follows.

Fig. 1-1 shows the overview of the thesis structure.



Cost-effective and efficient resource recovery from blackwater

P recovery Bioenergy recovery

Struvite precipitation without alkali addition ; The role of mixing in biomethane recovery
v Feasibility assessment Model development for the community evolution
v' Impact of TSS on struvite quality ' Importance of low-abundance microorganisms

¢

CaP precipitation and biomethane production
v’ Feasibility evaluation
v Proteins’ role
v" Mechanistic study

Figure 1-1. Overview of the thesis structure.

Chapter 1 introduces the research background, motivations, objectives, and approaches.
The importance of resource recovery from blackwater in decentralized sanitation systems was

emphasized.

Chapter 2 presents a literature review on P and bioenergy recovery from blackwater.
Typically, this chapter summarized the important factors affecting the P recovery through struvite
precipitation and CaP precipitation, respectively. This chapter highlighted the research

achievements and research challenges/gaps in the P and bioenergy recovery from blackwater.

Chapter 3 assesses the feasibility of recovering P through struvite precipitation from raw

concentrated blackwater via batch experiments. The quality of produced struvite in terms of purity,



Mg/P/N ratio, and heavy-metal content was examined. This chapter demonstrated the feasibility

of high-quality struvite production from raw blackwater without alkali addition.

Further, Chapter 4 evaluates the impact of blackwater TSS on struvite quality. A fluidized
bed reactor (FBR) was operated in a batch mode. An optimum Mg/P molar ratio and operating
time of the FBR were determined. The influence of blackwater TSS level (120 mg/L—1,600 mg/L)
and upflow velocity of the FBR (18-90 m/h) on P recovery efficiency and struvite purity and size
was studied. The impact of TSS concentration on struvite growth was discussed. The hypothesis

in Objective 1 is verified by the work in Chapter 3 and Chapter 4.

Chapter 5 examines the impact of effluent recirculation on biomethane production of the
UASB reactors fed with substrates of high and low solid contents. The layered microbial
communities were identified. The effects of mixing due to effluent recirculation on community
structure, hydrolysis efficiency of particulate organic matter, and biomethane inhibition were
clarified. This chapter could provide guidance on how to select an operational strategy for a UASB

reactor treating wastewater containing solids.

Chapter 6 describes a novel non-steady-state mass balance model used to quantify the
microbial responses to the operational disturbance applied to a wastewater bioreactor. The model
incorporated the temporal changes of operational taxonomic units following a disturbance, through
considering the density and type of genotypes in the influent entering the bioreactor, in the effluent
leaving the bioreactor, growing in the bioreactor, and in the waste sludge discharged from the
bioreactor continuously or instantaneously, as well as the prior microbial community and the
sludge characteristics. This model provided a solution to calculate the individual microbe growth

rate during the community evolution.



Based on the experiments carried out in Chapter 5 and the methodology developed in
Chapter 6, Chapter 7 highlights the importance of low-abundance microbial species in response to
an operational disturbance applied to a bioreactor to maintain the biosystem stability. Objective 2

is completed in Chapter5, Chapter 6, and Chapter 7.

Chapter 8 assesses the feasibility of simultaneous CaP and biomethane production from
blackwater in a UASB reactor. The requirements of CaP nucleation from a solution were clarified.
The role of proteins in CaP formation was elucidated. The well-developed microbial community

for a stabilized local pH environment was analyzed.

Chapter 9 further explores the role of protein contents in CaP and biomethane production
under a low supersaturation condition. The influence of protein content (0%—100%) on Ca and P
removals was examined. Two mechanisms underlying the CaP precipitation induced by the protein
degradation were highlighted. The microbial communities built in the UASB reactors in the
presence of different-content proteins were identified. An optimum protein content that was

favorable to the methanogenesis was found. Objective 3 is fulfilled by Chapter 8 and Chapter 9.

Finally, Chapter 10 highlights the conclusions drawn from this thesis and provides the

recommendations for future research.
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CHAPTER 2 LITERATURE REVIEW ON PHOSPHORUS AND

BIOENERGY RECOVERY FROM BLACKWATER

As mentioned in Chapter 1, source-diverted blackwater, especially concentrated blackwater
collected from vacuum toilet systems, has moderate PO4-P content, high NH4-N content, strong
buffering capacity as a result of high alkalinity, and high pH close to 9. Blackwater is also high
strength wastewater that has high concentration of biochemical oxygen demand (BOD). These
characteristics make blackwater to be a good source for P and biomethane recovery. Chapter 2
mainly reviews: (i) P recovery from blackwater through struvite precipitation, (ii) biomethane
recovery from blackwater through anaerobic digestion (AD), and (iii) simultaneous P and

biomethane recovery from blackwater through AD.

2.1 P Recovery from Blackwater through Struvite Precipitation

Due to the political, economic, geographical, climate change, and world population growth, people
are facing a P resource crisis in the future. P recovery from wastewater provides a way to relieve

the dependence on phosphate rock reserves and to increase the future P availability.

P can be recovered as various forms like struvite (NHsMgPO4-6H20), K-struvite
(KMgPO4-6H20), calcium phosphate (CaP), aluminum phosphate, iron phosphate, phosphoric
acid, elemental P, and polyphosphates depending on the waste source, recovery process, and target

product.

Among the products, struvite (NH4sMgPO4-6H20, also as MAP) is a competitive form
which is produced through chemical precipitation (illustrated in Fig. 2—1). Struvite precipitation is

a promising strategy due to its low energy requirement and high P recovery efficiency
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(Theregowda et al., 2019). Moreover, struvite represents a valuable multi-nutrient slow-release
fertilizer. Many efforts have been made on struvite precipitation from various waste sources, such

as domestic wastewater, animal manures, sludge liquor, and sewage sludge ash.
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Figure 2-1. Schematic of struvite precipitation from wastewater.

2.1.1 Requirements for P product precipitation

The precipitation of a P product [Eq. (2—1)] must meet two requirements: (i), a supersaturation
index [SI, calculated by Eq. (2-2)] above 0 based on the water quality to satisfy the thermodynamic
requirement; and (i1), a higher SI to overcome the activation energy barrier and to trigger the

nucleation.

aA + bB + cC & dD (2-1)
IAP

SI = log - (2-2)

IAP = {A}*{B}"{C}* (2-3)
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For a precipitation reaction shown in Eq. (2—-1), S/ is the supersaturation index to be
determined, /AP is the ion activity product which can be calculated by Eq. (2-3), Ky is the

equilibrium constant of the Precipitate D, and {} is the activity of a target species.

The wastewater matrix determines whether the first requirement is met or not, which can
usually be satistied for the wastewater to be treated. To meet the second requirement, engineers
usually increase pH, add ions like Ca or Mg that are needed for the precipitation, or choose a waste
stream with a high P concentration. For instance, for the struvite production from blackwater, pH
adjustment and Mg supplementation are commonly applied to achieve the second requirement
(Zeeman et al., 2008; de Graaff et al., 2010; Alp, 2010; de Graaff et al., 2011; Gell et al., 2011;

Yee et al., 2019).

2.1.2 Potential for struvite precipitation from blackwater

Domestic wastewater is a rich source of P, with a theoretical capacity of replacing 40—50% of the
mineral P fertilizer consumed annually by the agriculture industry (Egle et al., 2016). In particular,
household blackwater (i.e., toilet wastewater containing urine and feces) contributes 70-90% of P
in domestic wastewater (Kujawa-Roeleveld and Zeeman, 2006; Meinzinger and Oldenburg, 2009;
Todt et al., 2015). Decentralized source-diverted blackwater treatment has been suggested as an
alternative to centralized wastewater treatment. Without the addition of other waste streams,
source-diverted blackwater, especially concentrated blackwater collected from low-flush vacuum
toilet systems, has an increased potential to recover energy and nutrients (de Graaff et al. 2011;
Gao et al. 2019a). AD of blackwater is a commonly applied technique to recover energy, but POa-
P and NHs-N concentrations in the effluent are usually high. In this regard, this anaerobically

digested blackwater (ADBW) can be further treated to recover nutrients like P and N.
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The initial PO4-P concentration of blackwater is an important parameter influencing the
economically feasibility and efficiency of P recovery. An economically feasible P recovery
requires the PO4-P concentration of at least 50 mg/L in waste streams (Cornel and Schaum, 2009).
The POs-P concentration in raw blackwater collected from low flush vacuum toilets can reach 53.3
mg/L (Alp, 2010) or 79 mg/L (de Graaff et al., 2010), and that in ADBW is slightly higher, for
instance, 92 mg/L (de Graaff et al., 2010). Raw blackwater collected from low flush vacuum toilets
satisfies the requirement of economical P recovery. However, this type of blackwater with
relatively low PO4* concentration does not benefit the supersaturation ratio [Egs. (2-2) and (2—
3)]. Nevertheless, the POs* concentration is not the only factor affecting the IAP; the NH4*
concentration, Mg?" concentration, and pH should be taken into account together with the PO4*-

concentration.

Among the factors affecting the /4P, pH is the most important factor due to its ability to
change the free concentrations of Mg?*, NH4*, and PO4*". The concentrations of free Mg?" and
NH4" decrease with the increase in pH as a result of the formation of magnesium hydroxide
complexes and volatilization in the form of gaseous NHs3, respectively (Uludag-Demirer and
Othman, 2009). In addition, pH controls the solubility of struvite, which is the minimum within
the range 0f 9.0-11.7 (Nelson et al., 2003). It has been demonstrated that even a waste stream with
a low PO4-P concentration was able to achieve P recovery efficiency of 90% at an appropriate
condition (Alp et al., 2010; Uludag-Demirer and Othman, 2009). If the initial PO4-P concentration
in blackwater is too low, one way to increase it can be the use of combined technologies such as
biological processes (Campos et al., 2019). Apart from inorganic P, blackwater also contains large

content of organic P which is not suitable for direct chemical precipitation. The release of organic
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P and its conversion into inorganic P by virtue of pre-treatment techniques before chemical

precipitation will enhance the struvite production.

Although struvite can precipitate in a wide range of pH values, an optimum pH level
usually falls into the range of 9.0-9.5 (de Graaff et al., 2010; Alp, 2010; Yee et al., 2019). One
fact is that pH will drop during the reaction of struvite precipitation due to the release of protons.
Therefore, an external alkali source is usually required to maintain an optimum pH level if the
waste stream to be treated does not have an appropriate initial pH value or adequate buffer capacity.
Blackwater collected from low flush vacuum toilets (1 L water per flush) after the anaerobic
treatment has high PO4-P and NH4-N concentrations, but its pH value is usually lower than 8.0 (de
Graaff et al., 2010; Zeeman et al., 2008). The alkali source is often added to increase the pH level
of anaerobically digested blackwater for enhanced P recovery (Gell et al., 2011; de Graaff et al.,
2011; Yee et al., 2019). The use of alkali will increase the operating cost. For instance, de Graaff
et al. (2011) examined P recovery as struvite from ADBW. In the study, with sodium hydroxide
(NaOH; for pH adjustment) and magnesium chloride (MgClz; to achieve target Mg/P molar ratios)
additions, the optimal P recovery efficiency of 90% was achieved with a pH value of 9.0 and a

Mg/P molar ratio of 1.3.

From the perspectives of both environmental sustainability and economy, raw concentrated
blackwater collected from low-flush vacuum toilets has a pH value in the range of 8.6-9.0 (de
Graaff et al. 2010; Knerr et al. 2011; Gao et al. 2019b) and is potentially ideal for struvite
production due to the free use of alkali for pH adjustment. To date, there are only a few studies
(Alp 2010; Gell et al. 2011; de Graaff etal. 2011; Yee et al. 2019) pertinent to struvite precipitation
from blackwater (including both raw blackwater and ADBW), with PO4-P concentration ranging

from 53.3 to 92 mg/L (shown in Table 2—1). Only one study was reported to recover P from raw
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blackwater. By using raw blackwater collected from low-flush vacuum toilets (0.7 L/per flush),
Alp (2010) conducted batch experiments to determine the optimum conditions for P recovery
through struvite precipitation. It was found that the highest P removal was achieved at a pH value
0f 9.5 (NaOH was used to adjust pH) and a Mg/P molar ratio of 1.3 (magnesium oxide, MgO, was
used as the external source for Mg supplementation). However, whether struvite can be produced
from raw blackwater with high purity, reasonable Mg/P/N mass ratio, and low heavy-metal

contents is still unknown.

2.1.3 Challenges for struvite precipitation from blackwater

For specific blackwater having complex characteristics, a big challenge can be to ensure both
production purity and enhanced P recovery efficiency. The presence of other cations, such as Ca*",
K* and AI**, and anions like HCO3/CO3?* in blackwater will interfere with struvite precipitation
by competing for Mg?* and PO4*" to from different species. These coprecipitations such as calcium
phosphate and magnesium carbonate will affect the purity of produced struvite. Other heavy metals
such as Fe, Zn, Cu, and Cr may also be found in produced struvite. The ratio of Mg?": NH4": PO4*>
at different pH levels and the ratio between other cations (such as Ca?") and Mg?* should be studied
to determine their influences on both P recovery efficiency and struvite purity. Generally, Mg?*
concentration in blackwater is as low as 10 mg/L; an external Mg source is usually added to
achieve a higher supersaturation index. However, the Mg supplementation will greatly increase
the operating cost of struvite precipitation. The use of low-cost Mg source such as industrial grade
MgO or Mg(OH)2, seawater or bittern instead of expensive MgClz can significantly reduce the

operating cost (Campos et al., 2019).
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Blackwater also has high levels of total suspended solids (TSS) and complex species. High
TSS concentration in raw blackwater can be a challenge for high-quality struvite production, and
its general impact has not been well understood or agreed upon by the scientific community. For
instance, Ping et al. (2016) found that the TSS concentration above 153 mg/L negatively affected
the struvite pellet growth. Tarragé et al. (2018) found that even at high solid concentrations (e.g.,
TSS concentration of 1,000-3,000 mg/L), more than 95% of P was recovered as struvite. The
authors also proposed that solids facilitated struvite crystallization, acting as nuclei favoring
heterogeneous nucleation. Hence, prior to the use of raw blackwater as a potential waste source

for struvite production, the role of blackwater TSS in struvite production also needs to be addressed.

The safety of struvite product from blackwater can be one concern for its agricultural use
as fertilizer. Based on one previous study (Gell et al., 2011), the heavy metal and pathogen contents
in struvite recovered from anaerobically treated blackwater did not exceed the Dutch regulation
limits. But for struvite produced from raw blackwater, it still needs to examine the heavy metal

and pathogen contents.
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Table 2-1. Previous studies relevant to struvite production from source-diverted blackwater.

Jar test or PO+-P Mg/P molar P recovery
Waste sources concentration, pH . . References
reactor ratio efficiency
mg/L
Raw concentrated .
blackwater collected from Jar test 53.3+14.8 9'5. (with pH 1.5 87% Alp, 2010
: adjustment)
vacuum toilet systems
Anaerobically digested ~ Continuously 8.6 (with pH Not Gell et al.,
concentrated blackwater stirred tank Not reported adjustment) Not reported reported 2011
Anaerobically digested 8.0 fcmd 9.0 1.3 (pH=9.0) o de Graaff et
concentrated blackwater Jar test 920 (with pH and 1.5 > 90% al., 2011
adjustment) (pH=8.0) ?
Synthetic anaerobically 9.0 (With pH o Yeeetal.,
digested blackwater Jar test 412 adjustment) 1.5 > 83% 2019
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2.2 Biomethane Recovery from Blackwater

Biogas produced through AD is a source of energy, which helps increase energy security, reduce
the reliance on non-renewable energy, and reduce greenhouse gas emission from non-renewable
energy utilization (Maleki et al., 2018; Obileke et al., 2021). The conversion of organics into biogas
goes through four major steps including hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. An effective AD process requires a well-developed microbial community to
fulfill the four steps. Generally, biogas production through AD is affected by the substrate type
(e.g., carbohydrates, proteins, and fats), bioreactor type [e.g., batch reactor, continuous stirred tank
reactor (CSTR), and upflow anaerobic sludge blanket reactor (UASB)], and operational condition
[e.g., temperature, pH, hydraulic retention time (HRT), organic loading rate (OLR), buffering
capacity, and effluent recirculation strategy]. Bioenergy recovery from blackwater has been
extensively studied in Dr. Liu’s group (e.g., Florentino et al., 2019a; Florentino et al., 2019b; Gao
et al., 2019a; Gao et al., 2019b; Gao, 2020; Zhang et al., 2020; Huang et al., 2021; Zhang et al.,
2021a; Zhang et al., 2021b; Zhang et al., 2022). This study will not provide a detailed review on
biogas recovery from blackwater but focus on the impact of mixing on biogas recovery, which is

one research gap when treating blackwater using a UASB reactor.

Blackwater, especially concentrated blackwater collected from vacuum toilet systems,
contains high solid content. When treating a high-solid content substrate in a UASB reactor,
effluent recirculation is commonly employed to improve both mixing and upflow velocity of the
reactor (Buzzini et al., 2007; Lopez-Lopez et al., 2015; Zamanzadeh et al., 2016). Mixing, for
instance, helps reduce toxicity and volatile fatty acid (VFA) accumulation, which often lead to the
instability and deterioration of an anaerobic digester. Effluent recirculation can also create

favorable hydrodynamic conditions, facilitating heat and mass transfer in the sludge bed (Speece,
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2008; Singh et al., 2020). However, the benefits to bioreactor performance of effluent recirculation
depend on bioreactor design, substrate characteristics, operational conditions, and the ratio
between recirculation volume and influent volume. Excessive mixing due to effluent recirculation
can adversely affect biogas production due to changes in the distribution of enzymes and

microorganisms (Singh et al., 2020).

Recent studies show that the effluent recirculation applied to a UASB reactor may reduce
biomethane production (Kim et al., 2002; Zamanzadeh et al., 2016; Zhang et al., 2020). In these
studies, different types of wastewater with high solid content (e.g., dog food, food waste,
blackwater) were used as the substrates, and the effluent recirculation was thought to disturb the
close spatial associations and syntrophic relationships between microbial consortia (Stroot et al.,
2001; Zhang et al., 2020). However, the impact of effluent recirculation on the performance of a
UASB reactor treating low-solid content substrates has not been elucidated, which represent as a
key parameter on the selection of operational conditions (with or without recirculation) when

treating blackwater by UASB reactors to achieve both maximized bioenergy recovery.

2.3 Simultaneous P and Biomethane Recovery from Blackwater

Although many technologies are contributing to overcoming the challenges of P recovery from
wastewater, the biological process offers the strongest promise for economical P recovery. Recent
studies demonstrated that simultaneous bioenergy recovery and P recovery through calcium
phosphate (CaP) precipitation can be achieved in a UASB reactor (Tervahauta et al., 2014; Cunha
et al., 2018; Zhang et al., 2021a; Zhang et al., 2021b). However, the mechanisms underlying the

bio-induced CaP precipitation still need to be clarified.
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No matter recovering P through struvite precipitation from anaerobically digested
blackwater (AD followed by struvite precipitation) or recovering P from raw blackwater (struvite
precipitation followed by AD), the use of Mg supplement and/or alkali increase chemical cost, and
the two-stage design increases operational complexity and cost. Anaerobic treatment of blackwater
has been a competitive strategy due to low cost, operational simplicity, low production of sludge,
and most importantly, maximized bioenergy recovery (Chernicharo, 2006; Batstone et al., 2015;
Zhang et al., 2018). If P and bioenergy can be simultaneously recovered in an AD process without
chemical addition, the treatment process could be more compact and more economical in
comparison to the treatment design for struvite production. Recent studies (Table 2-2)
demonstrated that simultaneous bioenergy recovery in the form of biomethane and P recovery in
the form of CaP granules from blackwater can be achieved in UASB reactors with (Cunha et al.,

2018a; 2018b; 2019a; 2019b) or without Ca addition (Zhang et al., 2021a; 2021b).

2.3.1 Mechanisms for bio-induced CaP precipitation

CaP is a mixture consisting of different compositions depending on the blackwater characteristics
and the reactor operational conditions. It may contain hydroxyapatite (HAP, Caio(PO4)s(OH)2),
calcium phosphate (TCP, Ca3(POa4)2), octacalcium phosphate (OCP, Cas(HPO4)2(PO4)4), monetite
(DCP, CaHPOs4), brushite (CaHPO4:2H20), amorphous calcium phosphate (ACP,
Ca3(PO4)2-xH20), and even calcite (CaCOs3) and struvite (MgNH4PO4-6H20) (Daneshgar et al.,

2018a; Zhang et al., 2021a).
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Table 2-2. Summary of CaP precipitation in anaerobic digesters.

. Influent Ca PO+-P .
Waste source Operation o concentration, concentration, Mechanisms References
P mg/L mg/L
One 50 L UASB 1. Supersaturation of minerals caused the formation of seed
reactor (25°C) crystals.
\szf:rum black and a 2.4 m’ 8.1 62 149 2. Biofilm surrounding the granules created a micro- ;egag?)llltj
UASB  reactor environment that controlled the diffusion of ions and ?
(35°C) elevated the local pH.
1. Adding Ca increased the concentration of seed crystals
that served as initial nuclei for CaP granulation.
Vacuum  black Two 5.1 L 50 2. Adding Ca stimulated the biomass agglomeration that Cunha et
water UASB reactors 7.9 144-460 (TP: 176) strengthened the granular structure. al., 2018a;
(25°C) ’ 3. Complexation of Ca with biomass created local 2018b
conditions for CaP precipitation and subsequent formation
of CaP granules.
1. Glucose 1. The produced extracellular biopolymers contributed to
2. VFA mixture biofilm formation, trapping microorganisms, and combing
(60%  acetate, Four 2 L UASB 7.49— 112-120 100—111 CaP particles. Cunha et
20% propionate, reactors (25°C) 8.20 2. The local microbial syntrophy caused the pH gradient al., 2019a
and 20% between bulk and granule center, which was crucial to CaP
butyrate) enrichment in granules.
Vacuum black One 2 L UASB Hydrolysis of protein and urea triggered a fast pH increase, Zhang et
water reactor (52°C) 6.5-7.1 168.0-268.2 98.7-210.6 facilitating CaP precipitation. al., 2021a

Note: VFA is the abbreviation of volatile fatty acid.

TP is the abbreviation of total phosphorus.
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As mentioned above, there are two requirements for P product formation. To meet the
second kinetic requirement, Ca is usually replenished to achieve a high supersaturation level of
CaP (Cunha et al., 2018a), triggering the formation of CaP. CaP precipitation occurring in an
anaerobic reactor is thought to involve a series of bio-induced chemical reactions favored by a
local microenvironment involving the pH gradient and the extracellular polymeric substances (EPS)
(Fig. 2-2) (Tervahauta et al., 2014; Cunha et al., 2018a; Cunha et al., 2018b; Zhang et al., 2021a).
One of the CaP species, HAP, is easily supersaturated even at a low pH level of 6.0 due to the low
solubility product constant (Table 2-3), however, the precipitation of HAP is not kinetically
favorable without interventions (Cunha et al., 2018b; Daneshgar et al., 2018b). The detection of
HAP granules in anaerobic reactors (Tervahauta, 2014; Cunha et al., 2018b) indicates that the local
microenvironment built in anaerobic reactors can overcome the activation energy barrier,

triggering the formation of HAP nuclei.

However, the formation of CaP granules from blackwater was also observed below the
supersaturation requirement without any chemical addition in our group (Zhang et al., 2021b). It
was thought that a localized supersaturation condition in the vicinity of biomass must be created;
the pH level and the Ca concentration in the local environment were different from that were

observed in the effluent or in the influent.
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Table 2-3. Possible CaP species produced in the P recovery process in an anaerobic digester (Siegel, 1961; Daneshgar et al., 2018b).

Possible CaP species Reaction Produce condition pKsp (25°C)
HAP 10Ca%*+6P03 +20H Ca;(PO,) s (OH), ]S)lgvrf’Dfoma“"“ from ACP, 58.62
TCP 3Ca2t+2P03 &Ca;(PO,), Is)lg‘ggoma“‘m from ACP, 32.63
OCP 8CaZ* +2HPOZ +4P03 ©>Cag (HPO,), (PO,), E-‘g‘i‘)lym of DCPD at pH 36.48
DCP CaZ* +HPO? ->CaHPO, ]};acs;g’ma“"“ from ACP, 6.81
DCPD Ca’t+HPOZ +2H,0<CaHPO0,-2H,0 pH<7 6.6
ACP 3Ca2*+2P03 +xH,00Ca; (PO,),xH,0 pH > 6 25.46
Calcite Ca?*+C0% ©CaCo, S:;T:pf;fc irzggure 8.22-8.48
Dolomite Ca?*t+Mg?*+C0% <MgCa(C03), pH>9.7 12.53
Ca(OH) Ca**+20H —Ca(OH), pH > 9.5 5.2

Note: Ksp is the solubility product constant. pKsp=-log(Ksp).
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2.3.2 Research gaps for simultaneous P and biomethane recovery from blackwater

Blackwater is a complex mixture; its characteristics (other than Ca concentration) and operational
conditions required to develop such localized favorable microenvironment for CaP formation have
not been explored. Blackwater consists of organics including carbohydrates, lipids, proteins, and
urea. Zhang et al. (2021a) proposed that protein and urea hydrolysis promoted CaP precipitation
in the AD process. However, the impact of feedstock composition on CaP precipitation during AD

has not been elucidated.

In addition to the feedstock composition, other factors such as the reactor configuration
and the operational condition can also affect the local environment. For instance, CaP can form in
a UASB reactor, but cannot form in a CSTR. Too much mixing in the CSTR may destroy the local
environment. The reactor operational condition like recirculation, temperature, and OLR may also
affect the localized supersaturation. The maintenance and deterioration of local environment

deserve further investigation.

CaP production does not only rely on a high P concentration and/or chemical additions, an
alternative economical way can be to achieve an optimum feedstock or a propriate operational
condition to create a localized supersaturation condition, triggering the CaP precipitation at a low
or even below supersaturation requirement. Co-digestion of blackwater and other streams with
considerable P and Ca concentration and complex organic constituents is potentially feasible for
simultaneous CaP precipitation and bioenergy recovery in an efficient and economical way. For
instance, whey processing effluent and soybean protein wastewater with considerable PO4-P and
protein contents, starch processing wastewater with considerable PO4-P contents, and protein-

enriched poultry processing wastewater may be good sources for simultaneous recovery of
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biomethane and CaP. While the ratio of different sources should be further investigated for

achieving both bioenergy and P recovery efficiently and economically.
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CHAPTER 3 FEASIBILITY ASSESSMENT OF PHOSPHORUS
RECOVERY FROM SOURCE-DIVERTED BLACKWATER THROUGH

STRUVITE PRECIPITATION

A version of this chapter has been published in the Science of the Total Environment.
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3.1 Synopsis

P recovery from wastewater through struvite precipitation is becoming a promising strategy to
both mitigate eutrophication risk due to excess P discharge into water bodies and alleviate the
global P crisis by producing value-added fertilizer. However, the composition and quality of
wastewater differ among regions and home to home. Source-diverted blackwater, especially
concentrated blackwater collected from vacuum toilet systems, typically has a moderate PO4-P
content, high NH4-N content, strong buffering capacity as a result of high alkalinity, and a high
pH close to 9. Thus, concentrated blackwater is a potential source for P recovery through struvite

precipitation.

Chapter 3 aims to examine the feasibility of P recovery from raw blackwater through
struvite precipitation in terms of both P recovery efficiency and struvite characterization. In this
Chapter, P recovery efficiencies for different raw blackwater flushed with 0.5 L, 1.0 L, and 5.0 L
of tap water per flush were obtained via batch experiments. Correspondingly, ADBW flushed with
1.0 L of tap water per flush was examined to compare its P recovery potential with that of raw
blackwater. The characterization of the struvite produced from concentrated blackwater was
performed via X-ray diffraction (XRD) and scanning electron microscopy-energy dispersive X-
ray spectroscopy (SEM-EDS) techniques. The metal contents of the struvite product were analyzed
by inductively coupled plasma mass spectrometry (ICP-MS), and its purity was determined. The
feasibility study in Chapter 3 is expected to provide evidence for the efficacy of P recovery from
concentrated blackwater through struvite precipitation without any alkali addition for pH

adjustment.
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3.2 Experimental Method

3.2.1 Blackwater collection and sample preparation

Blackwater (feces and urine) samples from vacuum toilets (0.5 L and 1 L water per flush) and
dual-flush (5 L water per flush) toilets were collected from the University of Alberta (Edmonton,
Canada) campus over a two-week period. The blackwater samples were stored at 4 °C for at least
24 h to allow for a pH increase. The blackwater supernatants were examined within 12 h to ensure
that water quality was consistent between analyses. Supernatants of three types of blackwater
(categorized by flush volume), SBW-0.5, SBW-1, and SBW-5, were used in the experiments. In
addition, struvite recovery from anaerobically digested vacuum toilets (1L water per flush)
collected blackwater (ADBW-1) was examined. More information about the UASB reactor where

blackwater was digested can be found elsewhere (Gao et al., 2019a).

3.2.2 Batch experiments

The experiments were conducted using jar tests; magnetic stir bars facilitated the mixing of
blackwater sample and added reagents. All tests were carried out in triplicate at room temperature
(21 £0.5 °C) with 50 mL of each sample. NaOH (2.0 M) was used to adjust the original pH of the
selected samples for comparison. Prior to each test, MgClz (1.0 M) was used as the external
magnesium source for the samples to achieve the required Mg/P molar ratio of 1.1, 1.3, and 1.5.
The magnetic stir bar in the jar started at 200 rpm for 5 min before slowing to 60 rpm for 30 min;

the solution was then allowed to settle for at least 30 min for the collection of produced precipitates.
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3.2.3 Precipitates collection

After the 30-min settlement of the precipitates, the supernatant was transferred out of the jar.
Subsequently, the precipitates were washed by deionized (DI) water at least three times to remove
loosely attached compounds, such as NaCl and NH4Cl, from the produced precipitate surface.

Finally, the washed precipitates were dried in the fume hood at room temperature overnight.

To evaluate the kinetics associated with struvite precipitation, the supersaturation ratio

(SSR) was calculated following Egs. (3—1) and (3—2) described below.

Mg**+NH4"+H,PO4"3+6H20 — MgNH4PO4-6H20+ nH* (3-1)
+ 3-1\1/3
SSR = ({Mg2+}{lj<H4- }{P04- }> (3_2)
sp

where {} denotes the ionic activity of ionic species, and Ksp is the thermodynamic solubility
product of struvite depending on the waste source where it is produced. In this study, a value of

3.89x107!1 for digested wastewater was used for Ksp (Bhuiyan et al., 2008; Borgerding, 1972).

The activity {} can be calculated by Eq. (4-3).
{i} =nlil (3-3)

where i represents NH4", Mg?*, and POs™, respectively. y; is the activity coefficient of species i,
which can be estimated by Giintelberg approximation of the Debye-Hiickel equation when the

ionic strength is less than 0.1 M (Sawyer et al., 2003).

logy; = —0.57 (lfﬁ) (3-4)

where u is the ionic strength and z; is the charge of species i. Ionic strength can be calculated using
Eq. (3-5).
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1
H = EZ] CijZ (3_5)

where j represents all the ions in the water sample to be determined, and ¢; is the concentration of

species J.
3.2.4 Water quality analysis

Water quality of blackwater samples, defined by parameters including pH, chemical oxygen
demand (COD), PO4-P concentration, NH4-N concentration, alkalinity, total suspended solids
(TSS), and metal contents were examined. The pH value was measured by a pH meter (VWR
SympHony, Avantor Inc., Radnor, PA, USA). COD, TSS, and NHs-N concentration were
determined by standard methods (Baird et al., 2017). PO4-P concentration and alkalinity were
tested by HACH kits (HACH, Loveland, Colorado, USA). Metal contents were measured by the
ICP-MS method. The P recovery efficiency, n, was calculated based on the initial POs-P
concentration of the sample, [PO4-PJinitia, and the final PO4-P concentration after the reaction,

[PO4-P]final, as shown in Eq. (3-6).

[PO4—Plinitial—[PO4—Plfinal
= X 1009 3-6
n [PO4—Plinitial % ( )

3.2.5 Struvite purity determination

The purity of the produced struvite was determined by analyzing its NH4-N concentration. The
principle behind this method is that NH4" only participates during the reaction producing struvite,
and it is not involved in producing any other possible components that compete for phosphate ions
with struvite. The precipitates (50 mg) were dissolved in hydrochloric acid (HCI, 3.0 M), and

diluted with DI water until the meniscus was at the 250 mL mark of a volumetric flask. NHs-N
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concentration of this diluted solution was then determined by the standard method (Baird et al.,

2017). Eq. (3—7) was used to calculate the purity of the produced struvite based on weight.

Prap = %MWMAP x 100% (3-7)
p

where pyap is the purity of struvite, nyy,—n is the mole of NHs-N in the dissolved precipitates
obtained from the measurement, MWy »p is the molecular weight of struvite, and my, is the mass

of dissolved precipitates.
3.2.6 Characterizations

Heavy metal contents of blackwater supernatant samples and the produced precipitates were
characterized by the ICP-MS (Elan 6000, Perkin Elmer, Oshawa, Ontario, Canada) method. The
components of produced precipitates were detected by XRD (Ultimate IV, Rigaku Tokyo, Japan)
technique to examine the presence of the co-precipitates. The structure morphology of the
precipitates was observed by SEM (Zeiss Sigma 300 VP, FELMI-ZFE, Graz, Austria), and the

distribution of elements in the precipitates was determined by EDS (Bruker EDS system, USA).

3.3 Results
3.3.1 Characterization of raw blackwater and ADBW samples

Water quality of the blackwater samples was examined and compared with the studies reported in
the literature. As shown in Table 3—1, the pH values for BW-0.5, BW-1, BW-5, and ADBW-1 in
this study were 8.7, 8.6, 8.3, and 7.8, respectively. PO4-P concentrations for these types of

blackwater were 88.8 mg/L, 70.4 mg/L, 29.2 mg/L, and 78.8 mg/L, respectively. NHa-N

43



concentrations were 1,520 mg/L, 1,053 mg/L, 338 mg/L, and 1,280 mg/L, respectively. It can be
noted that after blackwater was anaerobically digested, total chemical oxygen demand (CODx)
decreased significantly, and its pH dropped to below 8.0. Besides, the POs-P concentration
maintained relatively stable since COD: was not associated with P. Overall, blackwater
characteristics observed in the present study were comparable to those found in the literature
(Palmquist and Hanaus, 2005; de Graaff et al., 2010; Alp, 2010; Gao et al., 2019a; Gao et al.,

2019b).
3.3.2 P recovery efficiency for blackwater collected from various flushing systems

Fig. 3—1 shows the P recovery efficiencies achieved with the supernatants of three types of
blackwater (SBW-0.5, SBW-1, and SBW-5) and the anaerobically digested blackwater (ADBW-
1). During these experiments, the pH values of all the four samples were not adjusted, and a fixed
Mg/P molar ratio of 1.3 was used to replenish the magnesium in the samples. As shown in Fig. 3—
1, the P recovery efficiencies reached 93.8% £ 0.9%, 92.4% + 2.6%, 53.3% + 1.2%, and 85.8% =

1.2% for SBW-0.5, SBW-1, SBW-5, and ADBW-1, respectively.

N

SBW-0.5 SBW-1 SBW-5 ADBW-1
Blackwater source

100

80
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40 ¢

20 |

P recovery efficiency, %

Figure 3-1. P recovery efficiency for blackwater collected from different flush systems.
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The highest P recovery efficiency was achieved for SBW-0.5 and SBW-1, which may be
attributed to the high pH of 8.6-8.7 and the high PO4-P concentration of 70.4-88.8 mg/L as
compared to other blackwater sources. Although the initial PO4-P concentration for ADBW-1 was
as high as 78.8 mg/L, its lower initial pH of 7.8 was not favorable for a high P removal. Despite
the relatively high pH of 8.3 for SBW-5, the low PO4-P concentration of 29.2 mg/L resulted in an
inefficient P removal. According to Cornel and Schaum (2009), the economically feasible P
recovery requires an aqueous phase containing POs-P higher than 50 mg/L. Hence, raw
concentrated blackwater (e.g., BW-0.5 and BW-1) with both high initial pH and high POs-P
content achieved higher P recovery efficiency than less concentrated blackwater (e.g., SBW-5)

and ADBW, enabling it to be an ideal candidate for P recovery.
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Table 3-1. Characterization of raw blackwater and ADBW samples.

(Palmquist
) de Graaffet al., (Gao et al., 2019a; Gao et (Alp,
This study ( and Haneus,
2010) al., 2019b) 2010) 2005)
BW-05 BwW-1 Bw-s “PBW  pwoyr APBW- pw Bwe APBW . BW- o pwvr
-1 VT -1 VT
?n%/%’ 12,328 9,583 3,952 913 9,800 2,400 9,492 4,710 1,190 5,461
pH 8.7 8.6 8.3 7.8 8.8 7.6 8.7 8.5 7.9 7.1
Alk., mg
CaCOs/L 2,140 914 358 2,550 5,000 5,833
PO.-P, 88.8 70.4 29.2 78.8 79 92 59.6
mg/L
Nn}qlg/-]lj’ 1,520 1,053 338 1,280 1,400 1,500 1,040 182 1,002
Na,mg/L  421.0 272.0 81.9 483.0 97.7
K, mg/L 275.0 180.0 91.7 179.0 429 75
Ca, mg/L 58.2 53.1 50.8 559 148 68.6
Mg, mg/L 6.1 14.9 21.4 10.5 111 17
Fe, mg/L 1.350 0.945 0.606 0.495 1.28
Al, mg/L 0.665 0.316 0.211 0.229 0.54
Zn, mg/L 0.598 0.419 0.270 0.085
Cu,mg/L  0.367 0.336 0.366 0.145 0.126
Mg/P/N  0.1:1.0: 0.3:1.0: 0.9:1.0: 0.2:1.0:
molar ratio 309 33.1 25.7 36.0

Note: Alk. represents alkalinity.

BW-0.5, -1, -5, and -6 represent blackwater with 0.5 L, 1 L, 5 L, and 6 L of water per flush, respectively.

VT represents blackwater collected from vacuum toilet.
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3.3.3 Effect of Mg/P molar ratio of concentrated blackwater on P recovery efficiency

The molar ratio between Mg and P is another critical factor impacting the P recovery from
blackwater; this ratio is 1 theoretically based on the reaction shown in Eq. (3—1). In practice, a
Mg/P molar ratio greater than 1 is commonly employed to increase the SSR [shown in Eq. (3-2)],

facilitating the struvite precipitation.

Fig. 3-2 shows the influence of the Mg/P molar ratio (1.1, 1.3, and 1.5) on the P recovery
efficiency for SBW-0.5, SBW-1, and ADBW-1. Similar to the results demonstrated in Section
2.3.2, SBW-0.5 achieved a higher P recovery, in comparison to SBW-1 and ADBW-1. The highest
P recovery for SBW-0.5 was achieved under a Mg/P ratio of 1.3, while the best P recovery for
SBW-1 and ADBW-1 was obtained under a Mg/P molar ratio of 1.5, which was possible due to
the great supersaturation capacity obtained. Overall, our results showed that the impact of three
Mg/P molar ratios (i.e., 1.1, 1.3, 1.5) on improving the SSR and P recovery was limited, and the

differences among P recovery efficiency for all three types of blackwater were less than 5%.
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Figure 3-2. Influence of Mg/P molar ratio on P recovery efficiency.
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Based on a specific Ksp value of 3.89x107!1 for a digested wastewater (Bhuiyan et al., 2008;
Borgerding, 1972), SSRs for the three types of blackwater at different Mg/P molar ratios can be
estimated (Table 3-2). In this study, an SSR higher than 4.0 was able to achieve a P recovery
efficiency higher than 90%. Ghosh et al. (2019) found that an SSR of 5.5-6.0 was optimum for an
efficient P removal based on an experimental study using synthetic anaerobic digestate. In raw
wastewater, the activities of NH4", Mg?*, and PO4* can be affected greatly by various ions with
various concentrations and thus should be determined accordingly. Therefore, the determination

of an optimum SSR largely depends on a specific wastewater source.

Table 3-2. SSRs of three types of blackwater.

Mg/P molar ratio Ionic strength SSR

1.1 0.0828 4.1

SBW-0.5 1.3 0.0836 4.3
1.5 0.0843 4.5

1.1 0.0544 3.7

SBW-1 1.3 0.0551 3.9
1.5 0.0557 4.1

1.1 0.0906 3.4

ADBW-1 1.3 0.0913 3.6
1.5 0.0920 3.8

3.3.4 Effect of pH of concentrated blackwater on P recovery efficiency

Fig. 3-3 shows the influence of the initial pH of blackwater on P recovery efficiency. It is shown
that a higher pH led to higher P recovery in all blackwater samples. For instance, a pH of 9.0 for
SBW-0.5 achieved the highest P recovery efficiency of 95%, and a pH of 9.0 for SBW-1 achieved
a P removal of 92%. After pH adjustment using NaOH, a pH 0f 9.0 and 9.5 for ADBW-1 achieved
a P removal of 93% and 95%, respectively. However, without pH adjustment, it was observed that

the initial pH of ADBW-1 resulted in a P removal of only 87%. It should be noted that a higher
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pH of raw concentrated blackwater can be achieved after being stored for an extended period. A
pH value of 9.0 or even higher can be achieved after 1-3 d storage of blackwater due to the
hydrolysis of proteins, lipids, creatinine, and uric acid and ammonium release (Nsavyimana et al.,
2020). Therefore, when concentrated blackwater is used to produce struvite, storage with a proper

period is ideal for achieving a maximum initial pH close to 9.0.
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Figure 3-3. Influence of initial pH on P recovery efficiency (Error bars represent the standard
deviations of the triplicated experiments).

3.3.5 Characterization of produced struvite

The XRD diffractogram in Fig. 3—4 shows the detected intensities from XRD measurements for
the struvite precipitates produced from SBW-0.5 with Mg/P molar ratios of 1.3 and initial pH
values of 9.0 after storage. In comparison to the reference powder diffraction file of pure struvite
(PDF 97-001-4269), most intensity peaks of the struvite were detected from the precipitates. A
similar observation was obtained for the struvite produced from SBW-1 under Mg/P molar ratios

of 1.3 and pH values of 9.0. No other components were detected by XRD characterization, likely
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because their contents were lower than the detection limit (1-5 wt. %), indicating the high purity
of struvite produced from concentrated blackwater. The color of the produced struvite was ivory

and can be observed in Fig. 3—4.
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Figure 3-4. XRD pattern for struvite produced from concentrated blackwater.

SEM images of the struvite produced from SBW-0.5 with Mg/P molar ratios of 1.3 and pH
values of 9.0 are shown in Fig. 3-5(a). Typically, the crystal structures of struvite mainly include
orthorhombic prism and tabular structures, indicating regular growth of struvite crystals. The
crystal structure of struvite is similar to that produced from synthetic ADBW (Yee et al., 2019a;
2019b). As demonstrated in the literature, at a very early growth stage, the small pyramid-shaped
crystals can often be formed, and then transformed to arrowhead-shaped crystals displaying well-
defined faces, where they grew uniformly in each direction (Manzoor et al., 2018). In the present
study, the crystals had a typical orthorhombic prism structure with different amounts of faces, as

shown in Fig. 3-5(b). Precipitated struvite crystals in the batch experiments reached lengths as

50



large as 40-50 um. The growth of the crystals, illustrated in Fig. 3—5(b), coincides with the

morphological evolution revealed by Manzoor et al. (2018).

(b)

Figure 3-5. Characterization of struvite produced from concentrated blackwater.
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The EDS technique was used to obtain the mass ratio between Mg, P, and N of the produced
struvite, and the results are shown in Table 3—3. The average mass ratio was obtained based on at
least 30 struvite samples produced from both SBW-0.5 and SBW-1. Compared to the theoretical
mass ratio of Mg/P/N of 10:12.6:5.7 for pure struvite, an average mass ratio of 10:12:4.7 based on
EDS results, confirms the high purity of the struvite produced from concentrated blackwater
(SBW-0.5 and SBW-1). The Mg/P/N mass ratio in this study is also comparable with that achieved
by using ADBW and urine as the waste source (Gell et al., 2011). Moreover, the average purity of
the struvite produced from SBW-0.5 and SBW-1, as determined by the direct NH4-N test method,

reached values as high as 94.9%.

Table 3-3. Purity of struvite produced from concentrated blackwater.

This study Theoretical value (Gell et al., 2011)
Mass ratio of Mg/P/N 10:12:4.7 10:12.6:5.7 10:10:5
Purity 94.9 £ 1.5 % 100 % —

3.3.6 Heavy-metal contents of produced struvite

The presence of heavy metals (e.g., Cu, Pb, Cr, Cd, As) in the struvite is the main concern for its
utilization as a fertilizer because they can accumulate and impose risks on animal and human health
via the food-chain or direct exposure (Li et al., 2019). However, there are currently no legislative
standards with respect to heavy-metal contents for commercial struvite produced from waste when
it is used as a fertilizer. Table 3—4 summarizes light and heavy -metal contents of the struvite
produced from concentrated blackwater (SBW-0.5 and SBW-1) in this study, and they are
compared to literature values, which include the heavy-metal contents of the struvite formed from
ADBW and urine (Gell et al., 2011). Heavy-metal contents of the struvite produced from other

waste sources can be found elsewhere (Li et al., 2019). Calcium (Ca) and potassium (K) are two
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dominant metals among all the metals being detected; nevertheless, they are present in a small
amount relative to the struvite. The heavy-metal contents of common concern (i.e., Zn, Cu, Ni, Cr,
Cd, Pb, As) were all at relatively low levels, enabling the possible use of the struvite produced
from concentrated blackwater as a fertilizer. This is consistent with the previous finding that heavy

metals in struvite precipitated from stored urine were not detected (Ronteltap et al., 2007).

Table 3-4. Metal contents in the struvite produced from concentrated blackwater.

Metal content, mg/kg This study (Gell et al., 2011)
Ca 6,444 £ 1,172 Not reported (NR)
K 2,103 £ 386 NR
Na 274.00 +21.00 NR
Fe 150.00 + 14.00 NR
Al 78.70 £32.30 NR

Mn 52.10 +10.00 NR
Zn 22.90 £3.70 <59
Rb 15.20 £5.30 NR
Ba 13.80 £1.50 NR
Cu 7.93+£3.17 134
Sr 5.96 £2.50 NR
Ni 1.42+0.37 <2
Ga 1.01 £0.16 NR
Mo 0.78 £0.32 NR
Cr 0.67+0.34 <4
Se 0.60 £0.10 NR
Ag 0.53+0.20 NR
Sn 0.12+0.01 NR
Co 0.10+0.02 NR
<Detected limitation
Cd (DL) <4
Pb <DL <59
As <DL <24

3.4 Discussion

Coprecipitates compete for magnesium and phosphate with struvite and are usually the main

concern when producing struvite from wastewater since calcium is often present in tap water; these
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compounds typically consist of calcium and include HAP [Cas(PO4)3(OH)], Ca3(POa4)2, and CaCOs3,
etc. HAP crystals have a typical spherical structure (Martinez et al., 2015), Ca3(POa4)2 crystals have
around edge (Boanini et al., 2019), and CaCOs crystal can have rhombic, needle-like, or spherical
structures (Ni and Ratner, 2008). In this study, neither the XRD technique nor the SEM technique

detected the presence of calcium compounds with significant amounts (below 5 wt. %).

Further, the formation of coprecipitates is highly dependent on the dominant factors such
as pH, Mg/P molar ratio, and Mg/Ca molar ratio (Zhang et al., 2019; Yee et al., 2019a). At a higher
pH, NH4" consumes OH- to form NH3, resulting in the potential release of NH4" from struvite and
the formation of Mg3(PO4)2 [Eq. (3—8)]. Nevertheless, this phenomenon is more significant for
wastewater containing lower NH4" content. In blackwater, NH4" concentrations are typically
greater than 1,000 mg/L, which is more than enough to precipitate PO4*- with a concentration of
approximately 100 mg/L. Meanwhile, a higher pH can break the equilibrium of triprotic phosphate,
causing the formation of Ca3(POa4)2 [Eq. (3-9)]. In addition, HCO3™ consumes OH" to generate
more CO3%, leading to the potential formation of CaCO3 [Eq. (3—10)]. As such, although alkalinity
helps maintain stable pH, too high alkalinity tends to cause undesired formation of CaCOs3. In this

study, an initial pH of close to 9.0 for concentrated blackwater effectively mitigated the formation

of impurities.
MgNH,PO, - 6H,0 + OH™ — Mg,(P0,), + NH; + 7H,0 (3-8)
HPO,*~ + 20H™ + Ca?* - Caz(PO,), + 2H,0 (3-9)
HCO,~ + OH™ + Ca?* - CaCO; + H,0 (3-10)

According to Zhang et al. (2019), calcite co-precipitation was significant when the Mg/P

molar ratio was below 1.8. Nevertheless, the Mg/P molar ratio alone is not sufficient to determine
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the tendency of coprecipitation occurrence, and the calcium concentration in the waste source must
be taken into account. In their study (Zhang et al., 2019), the calcium concentration was as high as
124.81 mg/L, and the PO4-P concentration was only 52.82 mg/L; therefore, when adding the
external magnesium source to achieve the Mg/P molar ratio of 1.8, the molar ratio of Ca/Mg was
close to 1.0. In this study, when the molar ratio of Mg/P was 1.3, the molar ratio of Ca/Mg was an
average of 0.35; this low Ca/Mg molar ratio was unfavorable to the formation of CaCOs. It was
consistent with the finding that a Ca/Mg molar ratio of higher than 0.5 contributed to the early
formation of coprecipitates (Lee et al., 2016). Mitani et al. (2003) found that the coexistence of
calcium in wastewater containing low PO4-P concentration (40 mg/L) interfered with struvite
precipitation and recommended that the Ca/Mg molar ratio should be lower than 0.25 to prevent
calctum phosphate precipitation prior to struvite precipitation. Hence, both the molar ratios of

Mg/P and Ca/Mg should be considered for estimating the co-precipitation of calcium compounds.

In addition to the formation of coprecipitates, the possible presence of pathogens and
endocrine-disrupting compounds (EDCs) in the produced struvite is another concern for its use as
the commercial fertilizer (Yee et al., 2019b). The optimization of post-precipitation treatment, such

as washing and drying, is beyond the scope of the present study.

3.5 Conclusions

The prospect of recovering P directly from source-diverted blackwater through struvite
precipitation without pH adjustment was successfully demonstrated in this chapter. Chapter 3
completed Objective 1.1. Among various blackwater sources, including concentrated blackwater

collected from vacuum toilet systems, low-dilution blackwater collected from dual-flush toilet
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systems, and low-dilution blackwater anaerobically digested by the UASB reactor, P recovery
percentage was the highest from concentrated blackwater. The moderate PO4-P concentration, high
NH4-N concentration, relatively low calcium concentration, strong buffering capacity, and ideal
pH enable concentrated blackwater to be a potential source candidate for producing struvite. When
the supersaturation ratio of struvite was maintained above 4.0, P recovery efficiency exceeding 90%
was achieved for concentrated blackwater. The produced struvite had high quality in terms of
purity (nearly 95%) and low heavy-metal concentrations. This study puts forward an economical
method for struvite production from concentrated blackwater through saving costs associated with
pH adjustment and suggests strategies to enhance nutrient recovery in decentralized wastewater

management systems.

References

Alp, O., 2010. Further treatment of digested blackwater for extraction of valuable components.

PhD Thesis, Hamburg University of Technology, Germany.

Baird, R.B., Eaton, A.D., Rice, EW., 2017. Standard Methods for the Examination of Water and

Wastewater, 23rd ed. American Public Health Association, Washington.

Bhuiyan, M.I.LH., Mavinic, D.S., Koch, F.A., 2008. Thermal decomposition of struvite and its

phase transition. Chemosphere 70 (8), 1347—1356.

Boanini, E., Gazzano, M., Nervi, C., Chierotti, M.R., Rubini, K., Gobetto, R., Bigi, A., 2019.
Strontium and zinc substitution in S-tricalcium phosphate: an X-ray diffraction, solid state NMR

and ATR-FTIR study. J. Funct. Biomater. 10 (2), 20.

56



Borgerding, J., 1972. Phosphate deposits in digestion systems. J. Water Pollut. Control Fed. 44,

813-819.

de Graaff M.S., Temmink, H., Zeeman, G., Buisman, C.J.N., 2010. Anaerobic treatment of

concentrated blackwater in a UASB reactor at a short HRT. Water 2 (1), 101-119.

Gao, M., Guo, B., Zhang, L., Zhang, Y., Liu, Y., 2019a. Microbial community dynamics in
anaerobic digesters treating conventional and vacuum toilet flushed blackwater. Water Res. 160

(1), 249-258.

Gao, M., Zhang, L., Zhang, H., Florentino, A.P., Liu, Y., 2019b. Energy recovery from municipal

wastewater: impacts of temperature and collection systems. J. Environ. Eng. Sci. 141 (1), 24-31.

Gell, K., de Ruijter, F.J., Kuntke, P., de Graaff, M., Smit, A.L., 2011. Safety and effectiveness of

struvite from black water and urine as a phosphorus fertilizer. J. Agric. Sci. 3 (3), 67-80.

Ghosh, S., Lobanov, S., Lo, V.K., 2019. Impact of supersaturation ratio on phosphorus recovery
from synthetic anaerobic digester supernatant through a struvite crystallization fluidized bed

reactor. J. Environ. Technol. 40 (15), 2000-2010.

Lee, S.-H., Kumar, R., Jeon, B.-H., 2016. Struvite precipitation under changing ionic conditions

in synthetic wastewater: experiment and modeling. J. Colloid Interface Sci. 474, 93—102.

Li, B., Boiarkina, 1., Yu, W., Huang, H., Munir, T., Wang, G., Yong, B.R., 2019. Phosphorus
recovery through struvite crystallization: challenges for future design. Sci. Total Environ. 648,

1244-1256.

57



Manzoor, M.A.P., Singh, B., Agrawal, A.K., Arun, A.B., Mujeeburahiman, M., Rekha, P.-D., 2018.
Morphological and micro-tomographic study on evolution of struvite in synthetic urine infected

with bacteria and investigation of its pathological biomineralization. PLoS One 13 (8), €0202306.

Martinez, C., La Gattina, G., Garrido, L., Gilabert, U., Ozols, A., 2015. Hydroxyapatite

microsphere production by plasma spray. Procedia Mater. Sci. 8, 319-323.

Mitani, Y., Sakai, Y., Mishina, F., Ishiduka, S., 2003. Struvite recovery from wastewater having

low phosphate concentration. J. Water Environ. Technol. 1 (1), 13—18.

Ni, M., Ratner, B.D., 2008. Differentiation of calcium carbonate polymorphs by surface analysis

techniques-an XPS and TOF-SIMS study. Surf. Interface Anal. 40 (10), 1356-1361.

Nsavyimana, G., Kaboneka, S., Bigumandondera, P., Ngahane, E.L., Ndikumana, T., Vasel, J.L.,
2020. Exploring a new approach of the population equivalent concept through a detailed

characterization of grey and black waters. [JASRE 6 (1), 32—49.

Palmquist, H., Haneus, J., 2005. Hazardous substances in separately collected grey- and

blackwater from ordinary Swedish households. Sci. Total Environ. 348 (1-3), 151-163.

Ronteltap, M., Maurer, M., Gujer, W., 2007. The behaviour of pharmaceuticals and heavy metals

during struvite precipitation in urine. Water Res. 41 (9), 1859—-1868.

Sawyer, C.N., McCarty, P.L., Parkin, G.F., 2003. Chemistry for Environmental Engineering and

Science, fifth ed., McGraw-Hill Inc.

Yee, R.A., Alessi D.S., Ashbolt, N.J., Hao, W., Konhauser, K., Liu, Y., 2019a. Nutrient recovery
from source-diverted blackwater: optimization for enhanced phosphorus recovery and reduced co-

precipitation. J. Clean. Prod. 235 (20), 417-425.

58



Yee, R.A., Leifels, M., Scott, C., Ashbolt, N.J., Liu, Y., 2019b. Evaluating microbial and chemical
hazards in commercial struvite recovered from wastewater. Environ. Sci. Technol. 53 (9), 5378—

5386.

Zhang, H., Gong, W, Luo, X., Xie, B., Li, G., Liang, H., 2019. Obtaining high-purity struvite from
anaerobically digested wastewater: effects of pH, Mg/P, and Ca?" interactions. Environ. Eng. Sci.

36 (1), 102-113.

59



CHAPTER 4 EVALUATION OF ROLE OF BLACKWATER SOLIDS

IN STRUVITE PRODUCTION EFFECTIVENESS

A version of this chapter has been published in the Journal of Environmental Engineering.
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4.1 Synopsis

In Chapter 3, source-diverted blackwater, especially concentrated blackwater collected from
vacuum toilet systems, has been demonstrated to be an ideal source for struvite production without
pH adjustment. However, the impact of total suspended solids (TSS) in blackwater towards struvite

quality are not well addressed.

Though raw blackwater has an ideal pH for struvite precipitation, it also has high levels of
TSS and complex species. High TSS concentrations in raw blackwater can be a challenge for high-
quality struvite production, and their general impacts are not well understood or agreed upon by
the scientific community. For instance, Ping et al. (2016) found that TSS concentrations above 153
mg/L negatively affected the struvite pellet growth. Tarrag6 et al. (2018) found that even at high
solids concentrations (e.g., 10003000 mg/L TSS), more than 95% of P was recovered as struvite.
The authors also proposed that solids facilitated struvite crystallization, acting as nuclei favoring
heterogeneous nucleation. Hence, prior to the use of raw blackwater as a potential waste source

for struvite production, the role of blackwater TSS in struvite production needs to be addressed.

Fluidized bed reactor (FBR) has been demonstrated as a competitive process for struvite
production due to its high mixing energy, easy particle classification, and simple process control
(Ohlinger et al. 2000; Igbal et al. 2008; Rahaman 2009; Shim et al. 2020). It is easier to achieve
crystal-size classification through the inverted telescope design of the FBR and by controlling the
upflow velocity in the FBR (Fattah et al. 2008; Fattah et al. 2012; Rahaman et al. 2014). In Chapter
4, an FBR was operated in a batch mode to examine the influence of TSS in raw concentrated
blackwater on P recovery efficiency as well as the purity and size of the produced struvite. The

impact of upflow velocity of the FBR on struvite quality was also assessed. The produced struvite
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was characterized via XRD and SEM techniques. The metal contents of the struvite product were

determined by ICP-MS.

4.2 Experimental Method

4.2.1 Preparation for blackwater samples with various TSS concentrations

Blackwater (feces and urine) from vacuum toilets (0.5—1 L water per flush) was collected from the
University of Alberta (Edmonton, Canada) campus every day over a two-week period. Upon
collection, blackwater was well-mixed and stored at 4 °C for 24 h, allowing large solids to settle
and the pH value to reach 8.5-9.0. Prior to the experiments, the supernatant of the blackwater was
then centrifuged to obtain supernatants with different TSS concentrations. Six TSS levels were
tested in this study, including 1,600 mg/L, 620 mg/L, 520 mg/L, 340 mg/L, 220 mg/L, and 120

mg/L.

4.2.2 Batch FBR experiments

The experiments were conducted in an FBR in a batch mode. All tests were carried out in triplicate
with 80 mL of each sample at room temperature (21 £ 0.5 °C). A schematic of the experimental
setup is shown in Fig. 4—1. Prior to the feeding of FBR, magnesium chloride (MgClz, 1.0 M) was
added to the blackwater sample to achieve the target Mg/P molar ratio. Subsequently, the sample
was fed into the FBR from its lower part. After the sample was pumped into the FBR, this pump
was stopped, and meanwhile, another pump in the recirculation line started to work. After the

target-period of operation, the precipitates were collected from the bottom of the FBR. The upflow
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velocity of the sample in the FBR was adjusted by tuning the flow rate of the pump in the

recirculation line. The upflow velocity, u, was calculated by Eq. (4-1).

u=Q/A (4-1)

where Q is the flow rate of the pump in recirculation line, and 4 is the cross-sectional area of FBR.

>

A 4

Recirculation

l

Struvite

Blackwater

Figure 4-1. Schematic of FBR experimental setup.

4.2.3 Drying precipitates

The produced precipitates were collected from the bottom of the FBR. Solids were washed by
deionized water at least three times to remove the loosely attached compounds, such as NaCl and
NH4Cl, from the precipitate surfaces. Finally, the washed precipitates were dried in the fume hood

at room temperature over night for further characterization.
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4.2.4 Water quality analysis

Blackwater samples were tested for pH, POs-P concentration, NH4-N concentration, TSS
concentration, and alkalinity. pH values were measured by a B40PCID pH meter (VWR
SympHony, Avantor Inc., Radnor, PA, USA). NH4-N and TSS concentrations were examined by
the Standard Methods (Baird et al., 2017). PO4-P concentration and alkalinity were determined by
HACH kits (HACH, Loveland, Colorado, USA). The P recovery efficiency (7), as shown in Eq.
(4-2), was calculated based on the initial ([PO4-Plinitial) and final PO4-P ([POa4-P]final)

concentrations, before and after operation, respectively.

[PO4—Plinitiai—[PO4—Plfinal
= X 10009 4-2
n [PO4—Plinitial % (4-2)

4.2.5 Struvite purity determination

The struvite purity of the produced precipitates was determined by analyzing the NHa-N
concentration of the precipitates. This is based on the principle that NH4" only participates in
reaction producing struvite [See Eq. (4-3)], but it does not participate in other reactions producing

possible components which compete for Mg?" and PO4* with struvite.
Mg?" + NH4" + H,PO4"3 + 6H20 — MgNH4PO4-6H20 + nH* (4-3)
The precipitates (50 mg) were dissolved in hydrochloric acid (HCL, 3.0 M) and diluted with
deionized water to obtain 250 mL solution. The NH4-N concentration of this diluted solution was

then determined by the Standard Method (Baired et al., 2017). The struvite purity of the

precipitates based on weight was calculated by Eq. (4-4).

Puap = s IMA 5 10096 (4-4)
P
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where pyp is the struvite purity, nyy,_y is the number of NHs-N moles in the dissolved
precipitates obtained from the measurement, MW), 4p is the molecular weight of struvite, and m,,

is the mass of the dissolved precipitates.
4.2.6 Characterization

Metal contents of the produced precipitates were characterized by the ICP-MS (Elan 6000, Perkin
Elmer, Oshawa, Ontario, Canada) method. The components of produced precipitates were detected
by XRD (Ultimate IV, Rigaku Tokyo, Japan) to examine the presence of coprecipitates. The
morphology structures of the precipitates were observed by SEM (Zeiss Sigma 300 VP, FELMI-

ZFE, Graz, Austria).
4.2.7 Struvite size determination

In order to measure the sizes of the struvite crystals collected from the triplicate experiments, at
least 30 SEM images were captured, and the sizes of at least 150 crystals were determined. The
average size of the struvite crystals collected from the triplicate experiments was calculated based

on the measured 150 crystal sizes.
4.2.8 Statistical analysis

Student’s t-test was performed to determine the p-value. A p-value less than 0.05 indicates

statistical difference between two groups of data.

65



4.3. Results

4.3.1 Characterization of blackwater sample

Table 4-1 shows the characteristics of the raw concentrated blackwater samples. After blackwater
was stored for 24 h, its average pH, NH4-N concentration, and alkalinity were 8.9, 1,025.5 mg/L,
and 3,145.0 mg/L, respectively. A pH value of 8.9 fell in the optimum pH range (8.5-9.5) for
struvite precipitation reported elsewhere (Alp, 2010; Shih and Yan, 2016; Daneshgar et al., 2018;
Yee et al., 2019a). This high NH4-N concentration can also contribute to a high supersaturation
ratio of struvite. The high alkalinity brought about sufficient buffer capacity, which was able to
maintain a stable pH value. In comparison to the three parameters mentioned above, the PO4-P
concentration was much more stable during the short storage time, and remained at 76.9 mg/L,
which is a typical concentration for concentrated blackwater collected from vacuum toilet system
(de Graaff et al., 2011). The metal-content analysis of the blackwater sample showed that Na, K,
and Ca were the three dominant metals. Although other metals such as Al, Fe, Zn, Cu, and Cr were
also present, their concentrations were less than 1.0 mg/L. After 24-h storage, the TSS of original
blackwater supernatant was 1,600 mg/L. Other typical composition of concentrated blackwater
such as COD, total solids (TS), and volatile solids (VS) can be found elsewhere (Kujawa-

Roeleveld and Zeeman, 2006; de Graaff et al., 2011; Gao et al., 2019).
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Table 4-1. Characteristics of blackwater samples. The results are presented as mean + standard
deviation.

Parameter Supernatant of blackwater
pH 89+0.3
1,600, 620, 520, 340, 220, 120

TSS, mg/L (obtained by centrifugation)
POs-P, mg/L 76.9 £ 14.5
NH4-N, mg/L 1,025.5 +235.5
Auéa;glgz’/’ng 3,145.0 £ 415.0

Na, mg/L 530.0 £ 80.0
K, mg/L 203.8 £23.7
Ca, mg/L 542 +4.0

Mg, mg/L 1.9+04

4.3.2 Determination of Mg/P molar ratio and operating time of FBR

The optimum Mg/P molar ratio for struvite production varies from waste source to waste source.
For this specific blackwater, a reasonable Mg/P molar ratio was determined. Fig. 4-2 shows the
influences of Mg/P molar ratio on P recovery efficiency at different operating times of FBR. When
the Mg/P molar ratio increased from 1.1 to 1.5, the P recovery efficiency increased from 87% to
94% with an operating time of 60 min. For all the five Mg/P molar ratio levels, increasing the FBR
operating time from 60 to 120 min did not significantly improve the P recovery efficiency since
the increment of P recovery efficiency was less than 2% (p value = 0.80-0.96 for Mg/P molar ratio
of 1.1-1.5). Therefore, in this study, a Mg/P molar ratio of 1.5 and an FBR operating time of 60
min were employed for all the experiments for achieving high P recovery efficiency. This Mg/P

molar ratio was consistent with that reported by Yee et al. (2019a). The authors concluded that a
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pH value of 9.0 for ADBW and a Mg/P molar ratio of 1.5 were the optimal conditions in terms of

both enhanced P recovery efficiency and minimized co-precipitation potential.
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Figure 4-2. Impacts of Mg/P molar ratio on P recovery efficiency at different FBR operating times.
Blackwater with TSS of 120 mg/L was used. Error bars represent the standard deviations of the
triplicate experiments.

Under the same upflow velocity, a lower TSS level resulted in slightly higher P recovery
efficiency, but this contribution was limited (P value = 0.24 for upflow velocity of 18—-90 m/h).
With the TSS level ranging from 200 to 1,600 mg/L, the P recovery efficiency ranged from 90.4
to 94.5% at an upflow velocity of 30 m/h. Therefore, it can be concluded that, under the premise
that the appropriate wastewater quality (e.g., pH, POs-P concentration, and NH4-N concentration)
and the operating conditions (e.g., Mg/P molar ratio and reaction time) were used, neither TSS
concentration nor FBR upflow velocity significantly affected P recovery efficiency. A similar
conclusion was also reported by Tarragé et al. (2018), who found that even at the high TSS
concentrations (1,000-3,000 mg/L), the P recovery efficiency from digested swine manure (POa-
P concentration of 328-488 mg/L) was 95%. Tarragd et al. (2018) suggested that TSS acted as

nuclei favoring heterogeneous nucleation, hence, it did not interfere with struvite formation.
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Figure 4-3. Impacts of blackwater TSS on P recovery efficiency at different FBR upflow velocities.
Error bars represent the standard deviations of the triplicate experiments.

4.3.4 Influence of blackwater TSS on struvite size

Typical struvite morphology revealed by SEM imaging is shown in Fig. 4—4. Within the upflow
velocity range studied and under the high TSS conditions (520, 620, and 1,600 mg/L), almost all
crystals exhibited an orthorhombic shape that was less than 5 pm. In comparison, the crystals
collected under the low TSS conditions (120 and 220 mg/L) were considerably larger, with more
rod-shaped crystals detected. Our observation demonstrated that although TSS did not have a
negative effect on the P recovery efficiency, it hindered the continuous growth of struvite crystals.
Similarly, Ping et al. (2016) found that the average struvite size decreased greatly with the increase
of TSS concentration (31-251 mg/L). Tarrago et al. (2018) also stated that smaller particles were

obtained when the TSS concentration was higher.

Fig. 4-5 shows the size distribution of the struvite produced from blackwater with the TSS
concentration of 120 mg/L under different FBR upflow velocities. As shown in Fig. 4-5(a), the

average crystal size was the largest at the lowest upflow velocity, i.e., 18 m/h. The results indicated
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that a higher upflow velocity was unfavorable to the agglomeration of the fine crystals and tended
to break the larger crystals. One explanation for this phenomenon is the high shear force exerted
on the struvite crystal (Wang et al., 2006). Tarragé et al. (2016) also found that the struvite size

was correlated with the upflow velocity.

Figure 4-4. Typical SEM images of struvite produced from blackwater with TSS of (a) 1,600
mg/L at upflow velocity from 18 to 90 m/h, (b) 340 mg/L at upflow velocity of 18 m/h, (¢) 220
mg/L at upflow velocity of 18 m/h, and (d) 120 mg/L at upflow velocity of 18 m/h.
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Figure 4-5. Size of struvite produced from blackwater with TSS of 120 mg/L: (a) average struvite
size, and (b) struvite size distribution.

4.3.5 Influence of blackwater TSS on struvite purity

Fig. 4-6 shows the influences of blackwater TSS concentration on purity of the produced struvite.

At the high TSS level of 1,600 mg/L, the struvite purity was only 40%. With the decrease of TSS
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concentration, the struvite purity increased. When the TSS concentration was 220 mg/L, the
struvite purity reached 81%. An even lower TSS concentration did not further increase struvite
purity (P value = 0.22). The influences of blackwater TSS concentration on struvite purity obtained
in this study coincided with that reported by Ping et al. (2016). It was found that struvite purity
was linearly related to TSS level with a negative slope when the TSS level ranged from 31 mg/L
to 251 mg/L. Although TSS provided a deposit site for struvite nucleation, the trapping of TSS in
the struvite embryo led to low-quality struvite, and the presence of TSS in the bulk phase hindered
the continuous growth of crystal. TSS is not the only factor for controlling struvite purity; co-
precipitation of other compounds plays a more important role when TSS is not a limiting factor
for struvite purity. Source-diverted blackwater has low heavy-metal contaminations (Cunha et al.,
2019; Yee et al., 2019b; Zhang et al., 2021), and calcium could be the dominant cation that
competes for PO4*- with struvite. The chemical reactions that produce possible calcium compounds

can be found in Table 4-2.
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Figure 4-6. Influence of blackwater TSS on the struvite purity. Error bars represent the standard
deviations of the triplicate experiments.
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Table 4-2. Possible calcium compounds producing in the struvite precipitation process from
blackwater (Lei et al., 2017; Daneshgar et al., 2018).

Precipitates Chemical reaction
Hydroxyapatite (HAP) 10Ca*" + 6PO4* + 20H- — Caio(OH)2(POa4)s
Tricalcium phosphate (TCP) 3Ca*" + 2P04* — Ca3 (PO4)2
Amorphous calcium phosphate (ACP) 3Ca?" + 2P0O4*" + xH20 — Ca3(PO4)2'xH20
Calcite Ca?" + CO3* — CaCOs

4.3.6 Quality of produced struvite

The quality of the produced struvite was further examined by the XRD technique and ICP-MS
method. The XRD pattern for the precipitates produced from blackwater with the TSS
concentration of 120 mg/L is illustrated in Fig. 4-7. As compared to the Inorganic Crystal
Structure Database (ICSD), the detected peaks aligned with crystalline struvite as indicated by the
middle panel. However, in addition to struvite, calcite (CaCO3, indicated by the bottom panel) was
detected in the precipitates. No other calcium compounds such as Ca3(POs): (TCP) or
Cas(POa4)3(OH) (HAP) were detected, likely because their contents were lower than the detection
limit (1-5 wt.%). The occurrence of coprecipitates driven by reaction kinetics is more related to
the quality of blackwater such as pH and existing species. The presence of CaCO3 was probably a
result of the high alkalinity of blackwater, which was 3,145 mg CaCO3/L in this study as shown
in Table 4-3. Dai et al. (2018) found that addition of Ca®* at high concentrations in an alkaline
environment resulted in CaCOs3 precipitation. Wei et al. (2019) pointed out that 35 mmol/L of
carbonate, i.e., 1,750 mg CaCOs3/L, could cause the formation of flocs on the struvite crystal
surfaces. In addition, the blackwater pH value of 8.9 and the low Ca/P molar ratio (0.5 in this study)
suppressed the formation of TCP and HAP. According to Yee et al. (2019a), a pH value of 9.0 was
able to minimize the occurrence of co-precipitates. Hallas et al. (2019) also demonstrated that a

pH range of 8.0-10.0 impeded the potential formation of CaHPO4:2H20 and Mg(OH)a.
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Figure 4-7. XRD pattern for the precipitate produced from blackwater with TSS of 120 mg/L.

In order to further assess the quality of the produced precipitates and to examine the metal
contents, the authors determined the contents of calcium and other metals existing in the
precipitates by applying the ICP-MS method; the results are shown in Table 4-3. Ca, K, and Na
were three dominant co-existing metals among all the metals detected. Heavy metals such as Sr,
Mn, Cu, Ti, Ba, and Sn were also present, but only in relatively small amounts. The metal contents
of the struvite produced in this study were compared with that of the commercial struvite produced

from ADBW (Yee et al.,, 2019b) in Table 4-3. It demonstrates that although high alkalinity
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resulted in the occurrence of CaCOs, the quality of the produced struvite was still comparable with

that of the commercial struvite in terms of metal contents (Yee et al., 2019b).

Table 4-3. Metal contents in the struvite produced from blackwater with TSS of 120 mg/L. The
results are presented as mean + standard deviation.

Metal, mg/kg This study Yee et al. (2019b)
Ca 24723.00 + 296.00 22100
K 2243.00 £+ 50.00 10000
Na 952.00 + 18.00 3300
Fe 600.00 = 40.00 20100
Zn 345.00 + 7.00 240
Al 121.00 = 7.00 Not reported (NR)
Sr 111.00 + 14.00 NR
Mn 86.10 + 12.90 205
Cu 80.90 £ 0.10 60
Ti 64.90 +£4.40 NR
Ba 32.80 £2.00 NR
Sn 595+£2.62 NR
Ce 5.85+0.75 NR
Rb 4.18 £0.58 NR
Ni 3.94+0.14 Not detected (ND)
Cr 2.26 +£0.43 14
Pd 1.50£0.76 NR
Mo 1.49+0.09 NR
Se 1.48 £0.25 NR
La 1.18£0.51 NR
Pb 0.93+0.17 ND
Cd 0.84 +0.02 ND
As 0.75+0.23 ND
Ga 0.58 £0.02 NR
Co 0.39+0.02 NR
Ag 0.32+0.10 NR

4.4 Discussion

4.4.1 Impact of blackwater quality on P recovery efficiency

P recovery efficiency, potential of coprecipitation, and coprecipitate species are directly related to

the reaction kinetics that are affected by a number of factors including water quality of waste (e.g.,

75



pH, PO4-P concentration, NH4-N concentration, and alkalinity) and operating conditions (e.g.,
Mg/P molar ratio and temperature). From the perspective of pH, a short-period storage of raw
concentrated blackwater allows the hydrolysis of proteins, lipids, creatinine, and the release of uric
acid and NHs, and hence, leads to an increased pH value (Nsavyimana et al., 2020). The
appropriate pH (close to 9.0) of raw concentrated blackwater contributes to the economic viability
of P recovery from blackwater due to the absence of alkali utilization. More importantly, this pH
value is favorable to high P recovery efficiency and minimized coprecipitation potential (Yee et

al., 2019a).

From the perspective of alkalinity, a higher pH value is accompanied by a higher level of
alkalinity. The release and dissolution of NH3 generated from the hydrolysis process contributes
to an increased pH value and alkalinity. Meanwhile, the dissolution of CO2 results in the
availability of CO3? in the bulk liquid phase. Although the alkalinity helps maintain a stable pH
value, high alkalinity can cause the formation of CaCOs3, decreasing the purity of the produced
struvite. Nevertheless, according to the metal-content analysis, the quality of the struvite product
in this study was comparable with the quality of the commercial struvite produced from ADBW

(Yee etal., 2019D).

4.4.2 Impact of blackwater TSS on struvite growth

The growth of struvite crystals is governed by growth kinetics, which can be expressed by various
models. Among these models, the two-step growth model is considered the most useful (Tai et al.,
1999; Bhuiyan et al., 2008). The two steps include the diffusion and reaction processes. In the
diffusion process, solute molecules are transported from the bulk fluid phase to the solid surface.

In the reaction process, the solute molecules arrange themselves into the crystal lattice driven by
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a localized supersaturation ratio. The colloidal particles of blackwater are primarily negatively-
charged (Garcia et al., 2007; Hjorth et al., 2008; Christensen et al., 2009; Capdevielle et al., 2016)
and can trap positively-charged ions like NH4" and Mg?". This process provides a localized site
which is favorable for PO4+* deposit. The presence of TSS with a high concentration can effectively
reduce the diffusion process where NH4", Mg?*, and PO4* are transported to the nucleic sites. This
is why a high TSS level does not affect the P recovery efficiency. However, the colloidal particles
can also trap other impurity ions to form complexes (Capdevielle et al., 2016), which together with

the colloidal particle itself, bring about low-quality struvite.

High TSS contents provide sufficient nucleic sites, and thus large amounts of fine crystals
are formed. According to Capdevielle et al. (2016), the agglomeration of crystals mainly includes
three steps: the collision of crystals (aggregation), the association of crystals, and the formation of
a crystalline bridge between them (agglomeration). Although aggregation is strong between small
particles, the presence of colloidal particles can also increase the fluid viscosity, which lowers
aggregation (Capdevielle et al., 2016). Hence, high TSS contents eventually hinder the continuous
growth of the struvite crystal, resulting in struvite of small size. Another possible explanation is
the repulsive force between the TSS and the struvite crystal. TSS, which is negatively-charged,
can disrupt the aggregation potential of crystals, which have a negative surface charge (Shaddel et

al., 2019).

After the induction period preceding the onset of crystallization, the growth of struvite in
an FBR is mainly transport-controlled (Bhuiyan et al., 2008); in other words, it is dependent on
hydrodynamic conditions. As stated by Tai et al. (1999), crystal growth in an FBR is independent
of superficial velocity. However, once a critical crystal size is achieved, individual crystals cannot

grow larger by themselves, and a crystal net in which particles act as linking bonds is formed to
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allow for a bigger crystalline structure, also known as agglomeration (Tarrago et al., 2018). When
TSS is not a limiting factor for struvite growth, a high superficial velocity caused by a high upflow
velocity leads to a great shear force exerted on the crystal. The shear force adversely affects the

aggregation and/or agglomeration of struvite crystals driven by the three steps mentioned above.

4.4.3 Quality of struvite produced from raw blackwater

In addition to an appropriate pH value of blackwater, the fact that source-diverted blackwater has
low heavy-metal contaminations (Cunha et al., 2019; Yee et al., 2019b; Zhang et al., 2021) makes
it an ideal source for struvite precipitation. Although calcium-related impurities are inevitably
present in the struvite producing from blackwater, the occurrence of coprecipitates could be
reduced by tuning the operating conditions including the pH value, the Mg/P molar ratio, and the

Ca/Mg molar ratio. More details can be found in Chapter 3.

4.4.4 Practical applications of producing struvite from raw blackwater

Producing struvite from ADBW has been implemented at a commercial scale (Yee et al., 2019b).
To the best of the authors’ knowledge, however, producing struvite directly from raw blackwater
at a commercial scale has never been reported. Source-diverted concentrated blackwater collected
from vacuum toilet systems has an appropriate pH value (close to 9.0) after short-period storage.
The reduced chemical cost pertinent to the elimination of the pH adjustment makes it economically
feasible to produce struvite directly from raw blackwater. The low heavy-metal contents in
blackwater help to ensure the quality of the produced struvite, making its utilization as the
commercial fertilizer viable. Producing struvite directly from raw blackwater provides an

alternative means to the P recovery in a decentralized wastewater management system.
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4.4.5 Future research directions for producing struvite from raw blackwater

As demonstrated from this study, the presence of TSS with a concentration lower than 220 mg/L
did not pose a negative influence on the struvite purity or size. As such, pre-treatment of raw
blackwater to reduce TSS contents can improve struvite quality. Further studies on continuous
operation of struvite reactors for P recovery from raw blackwater should also be conducted to

identify the operation conditions at a commercial scale.

4.5 Conclusions

Raw concentrated blackwater collected from vacuum toilet systems is an economically-viable and
environmentally-sustainable source for P recovery through struvite precipitation. The appropriate
blackwater pH of close to 9.0, which was achieved after a short storage-period, contributed to both
high P recovery efficiency and low co-precipitation potential in an economic way. A high TSS
level provided localized sites favorable to ions deposit, so it did not significantly affect the
phosphorus recovery efficiency. However, high TSS content was a limiting factor for the struvite
purity and size. At a TSS concentration lower than 220 mg/L, TSS was no longer an important
factor for the struvite purity and size, while the upflow velocity of the fluidized bed reactor showed
a direct relationship with the struvite size. A smaller upflow velocity (e.g., 18 m/h) allowed for the
agglomeration and continuous growth of the struvite crystals, and a greater upflow velocity was
unfavorable to the steady growth of the struvite crystals due to the higher shear force exerted on
them. Chapter 4 completed Objective 1.2. Chapter 3 and Chapter 4 are expected to provide the
possibility for P recovery directly from source-diverted blackwater, aiming at more sustainable

wastewater management.
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CHAPTER S THE ROLE OF EFFLUENT RECIRCULATION
APPLIED TO UPFLOW ANAEROBIC SLUDGE BLANKET

REACTORS IN BIOMETHANE RECOVERY FROM BLACKWATER

A version of this chapter has been published in the Journal of Environmental Chemical

Engineering.
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5.1 Synopsis

Sustainable waste management can be achieved using anaerobic digestion (AD). In addition to the
advantages such as low sludge yield, low energy input, and high treatment capacity, AD processes
provide the possibility for energy and resource recovery from wastes (Maleki et al., 2018; Gao et
al.,2019a; Cunha et al., 2020; Zhang et al., 2021). Biogas produced from AD processes is a source
of renewable energy, which helps increase energy security, reduce the reliance on non-renewable
energy, and reduce greenhouse gas emission from non-renewable energy utilization (Kuo and Dow,

2017; Obileke et al., 2021).

In anaerobic digesters such as continuous stirred-tank reactors (CSTR) and moving bed
biofilm reactors (MBBR), mechanical mixing is widely introduced to facilitate substrate mixing
in the digesters (Ma et al., 2019; Singh et al., 2020; Swain et al., 2022). Effluent recirculation
applied to an upflow anaerobic sludge blanket (UASB) reactor is also commonly used to improve
both mixing and upflow velocity of the reactor (Buzzini and Pires, 2007; Lopez-Lopez et al., 2015;
Zamanzadeh et al., 2016; Lukitawesa et al., 2018; Zhang et al., 2020). However, it is difficult to
make a general statement about whether effluent recirculation should be applied to a UASB reactor

operated under a specific scenario.

Chapter 5 aims to assess the impact of effluent recirculation on biomethane production of
an UASB reactor treating substrates of different solid contents, providing scientific basis on the
selection of operational conditions for an AD process. Two 2.0 L UASB reactors were operated
for 219 d under a mesophilic condition. A type of synthetic blackwater, dog food wastewater, was
used as the feeds. The high-solid content feed consisted the original dog food which was ground

followed by sieving before use. The low-solid content feed was prepared by autoclaving the high-

86



solid content feed at 121.1 °C at 30.2 psi for 90 min in a vacuum/gravity steam sterilizer to allow
for its prehydrolysis. Reactor performance, in terms of effluent pH value, effluent chemical oxygen
demand (COD) concentration, and methane production, was monitored every 2-3 d. The
hydrolysis efficiency of the substrate was calculated, and the layered microbial communities in the

sludge beds of both reactors were analyzed.

5.2 Experiments and Analysis

5.2.1 Experimental setup and reactor operation

Two UASB reactors with 2.0 L working volume, R1 and R2, were operated for 219 d under
mesophilic conditions (35 £ 2 °C) controlled by water baths. The reactors were made of
polymethyl methacrylate (PMMA) and had dimensions of 36.5 cm % 8 cm (height x diameter).
Three peristaltic pumps (BT100-2J, Longer, China) were used to feed the two reactors and
recirculate effluent in one reactor, respectively. A schematic of the two reactors can be found in

the supplementary material (Fig. 5-1).

The operation was divided into four phases: Phase I, 42 d (Day 0—Day 42), Phase II, 81 d
(Day 42-Day 123), Phase III, 51 d (Day 123—-Day 174), and Phase IV, 45 d (Day 174-Day 219).
Table 5-1 shows the operation differences among the four phases. In Phases I and II, a high-solid
content substrate (HS) was used as the substrate, and effluent recirculation was applied only to R2,
where the upflow velocity was maintained at 10 cm/h. Phase I was the start-up period when the
performances of both reactors were not stable; Phase I results were not considered in the analysis.
To validate the observations in Phase 11, effluent recirculation was switched between R1 and R2

in Phase III, with recirculation only applied to R1, where the upflow velocity was maintained at
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10 cm/h. To further demonstrate the impact of solid contents, a low-solid content substrate (LS)

was used as the substrate in both R1 and R2 in Phase IV.

Biogas T Biogas T
Effluent Effluent
@ |[o | § (®) . | S
+ —H
Top sludge port Top sludge port
5 +
= =
5 t

Bottom sludge port Bottom sludge port

Feed

Figure 5-1. Configurations of UASB reactors: (a) reactor without effluent recirculation and (b)
reactor with effluent recirculation.

The HS consisted ground dog food (Salmon and Sweet Potato Dog Food, Kirkland
Signature, USA) (11.5 g/L), urea (0.23 g/L), KH2PO4(0.11 g/L), Kz2HPO4 (0.17 g/L), Na2CO3 (0.5
g/L), and tap water. The original dog food was ground for 1 min by an electric grinder (2500 W,
50 Hz), followed by sieving before use (Fig. 5-2). The LS was prepared by autoclaving the HS at
121.1 °C at 30.2 psi for 90 min in a vacuum/gravity steam sterilizer (Model 733LS, Getinge, US)

to allow for its prehydrolysis.
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R1 and R2 were seeded with 1.5 L digested sludge collected from a stably operated
anaerobic digester with volatile suspended solid (VSS) concentration of 13.5 g/L.. Reactor feeds
were mixed using magnetic stirrers before they were added to the reactors, and reactor feeds were
replenished every 2 d. Based on previous studies treating similar high-solid content feeds
(Dgbowski et al., 2013; Gao et al., 2019b; Zhang et al., 2020), a representative organic loading
rate (OLR) was selected to be 1.9 g COD/L/d. The hydraulic retention time (HRT) was 8.0 d for
both reactors. Waste sludge was collected from the top sampling port (Fig. 5-1) to maintain the
volume of sludge in the reactor less than 1.4 L. The volume and COD concentration of waste

sludge were tested before discharge.

Table 5-1. Reactor operation in four phases.

Reactors at Effluent Without
different recirculation qfﬂuen!: HS LS
phases recirculation
R1 v v
Phase 1
R2 v v
R1 v v
Phase 11
R2 v v
Phase Rl v 4
I R2 v v
Phase R1 4 4
v R2 v v
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Figure 5-2. (a) Synthetic blackwater (original) and (b) Synthetic blackwater (ground).

Reactor performance, in terms of effluent pH value, effluent chemical oxygen demand
(COD) concentration, and methane production, was monitored every 2—3 d. During Phase II, the
hydrolysis efficiencies of the HS in R1 and R2 were calculated, and at the end of Phase II, the

layered microbial communities in the sludge beds of both reactors were analyzed.

5.2.2 Chemical analysis

Feed and effluent pH values were measured with a pH meter (SympHony B40PCID, VWR,
Radnor, US). Feed and effluent COD concentrations and sludge VSS concentrations were tested
following Standard Methods (Rice et al., 2017). Concentrations of VFAs (acetate, propionate,
butyrate) in the sludge were measured using ionic chromatography (IC) equipped with a
conductivity detector (DIONEX ICS-2100, ThermoFisher, US). All the chemical tests were
conducted in triplicate, and averages with standard deviations were presented. The biogas
generated was collected in a 10 L foil sampling bag (Chromatographic Specialties Inc., Brockville,
Canada), and its volume was measured with a syringe every 2—3 d. The biogas composition was

identified with a gas chromatograph (7890B, Agilent Technologies, Santa Clara, US). The
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methanisation rate shown in Eq. (5-1) was calculated by dividing the produced methane measured

in the reactor by the theoretical methane that can be produced from the feed (Gao et al., 2019a).

r = VCH4-,measured % 100% (5_1)

VCH4,theoretical

where r is the methanisation rate, Vcrs, measured 18 the measured CHa yield (in mL/d), and Vcwy,
theoretical 1S the theoretical methane that can be produced from the feed (in mL/d). In this study, the

theoretical methane was 395 mL/g feed COD, calculated with the standard equation of state.

Theoretically, the influent COD has three fates. First, it can be converted to methane.
Second, it is discharged in effluent. Third, it accumulates in discharged waste sludge and reactor
sludge bed. The mass balance for influent COD is shown in Eq. (5-2) (Zhang et al., 2021). The

theoretical COD mass balance was determined in Phase 1.

i=At
CODianAt = Z CODmethaneVi + CODefoAt + CODdisVdis + (CODslu,AtVAt - CODslu,OVO)

=1
(5-2)

where At is the duration of COD mass balance test in d. CODins, CODef, and CODis are the CODs
of influent, effluent, and discharged sludge in g/L. CODsu0 is the COD of sludge in the reactor
sludge bed at =0, and CODgy, p¢ 1s the COD of sludge in the reactor sludge bed at t = At.
CODmethane 1s the COD of methane in g/L. Q is the volumetric flow rate in L/d. Vi is the methane
volume in L at #=i. Vuis is the volume of discharged waste sludge in L. V,; and V0 are the volumes

of sludge in the reactor in L at ¢ = At and =0, respectively.
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5.2.3 Biomethane potential (BMP) test for high solid-content substate and low-solid content

substrate (Gao et al., 2019a)

The BMP is an important index to evaluate the ultimate biomethane potential for the feed, which
is expressed as the ratio of the produced methane COD and the feed COD (g CH4 COD/g feed
COD). The BMPs for the HS and the LS were evaluated. The BMP tests were conducted in 120
mL serum bottles being stored in a shaker incubator (120 rpm) (New Brunswick™ Innova® 44,
Eppendorf, Canada) under a dark condition. The temperature of the incubator was 35 °C. All tests
were conducted in triplicate. Each serum bottle was added in 10 mL inoculum and 10 mL feed,
followed by being flushed with nitrogen gas. After being sealed with a butyl rubber stopper and
an aluminum cap, the serum bottle was stored in the shaker incubator. Produced methane was
monitored through measuring the bottle headspace pressure with a pressure gauge (GMH 3100,
Greisinger, Germany) and the gas composition with a gas chromatography (7890B, Agilent
Technologies, Santa Clara, US). The tests were terminated when daily methane production during

three consecutive days was less than 1% of the accumulated volume of methane.

5.2.4 Specific methanogenic activity (SMA) test for sludge samples

At the end of Phase II, sludge samples were collected from the top and bottom sampling ports of

R1 and R2 (Fig. 5-1). The SMA and the sludge stability for the samples were tested.

The SMA determines the sludge capability to produce methane from a specific substrate
when the substrate availability is not limited (Hussain and Dubey, 2014). SMA is expressed as the
maximum ratio of the daily produced methane COD and the sludge VS (g CH4 COD/g sludge
VS/d). In this study, the sludge samples collected from the top and bottom sludge beds of both

reactors at the end of Phase II and the specific substrates H2/CO2 and acetate were used in the SMA
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assays. The SMA tests were conducted in 120 mL serum bottles being stored in a shaker incubator
(120 rpm) under a dark condition. The temperature of the incubator was 35°C. All tests were
conducted in triplicate. Prior to the SMA tests, the accumulated COD in the sludge samples were
consumed, and then the VS concentrations of the sludge samples were measured. For each serum
bottle, 4 mL sludge sample was added and then diluted by 16 mL deionized water. The pH of the
mixed sludge and substrate was adjusted to 7.5. When H2/CO2 was used as the substrate, a ratio of
80%/20% of H2/COz2 content was applied to flush the headspace of the bottles. When acetate was
applied, its initial COD concentration in the bottles was 1 g/L, and the bottles were flushed with
nitrogen gas. Produced methane was monitored as described in the BMP tests. The SMA test was

stopped when the maximum daily produced methane was obtained.

5.2.5 Sludge stability test for sludge samples

The sludge stability determines the amount of biodegradable substrate presented in the sludge, and
it is expressed as g CH4 COD/g sludge COD (Gao et al., 2019b). The sludge stability test was
conducted using the sludge samples collected from the top and bottom sludge beds of both reactors
at the end of Phase II. The set-up procedure for the sludge stability test was the same as that for
the BMP test, except that each 120 mL serum bottle was added in 10 mL sludge sample to be

determined. Produced methane was monitored until no more methane production can be detected.

5.2.6 Calculation of particulate COD hydrolysis efficiency in the reactor

The particulate COD hydrolysis efficiency evaluates the percentage of the feed particulate COD
that is hydrolyzed, which can be determined using Eq. (5-3) (Gao et al., 2020). The particulate

COD hydrolysis efficiency during Phase II was determined in triplicate.
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CODp4+SCOD, ff—SCOD;
== e/t % 100% (5-3)
tCODinf—SCODnf

where 7 is the hydrolysis efficiency, tCODinf, sCODinf, sCODef, and CODcr4 are the total COD in
the reactor feed, the soluble COD in the reactor feed, the soluble COD in the effluent, and the COD

converted from the produced methane (in g/d), respectively.

5.2.7 Microbial community analysis

The microbial community in the sludge samples collected at the end of Phase II were identified by
DNA extraction followed by 16S rRNA sequencing. A 2 mL sludge sample was centrifuged at
4000 g for 10 min, and the supernatant was discarded. Genomic DNA was extracted from the
retained sludge with a DNeasy Power-Soil Kit (QIAGEN, Hilden, Germany), and its concentration
was measured with NanoDrop One (ThermoFisher, Waltham, USA). 16S rRNA genes were
amplified with the universal primer pair 515F (GTGCCAGCMGCCGCGG) and 806R
(GGACTACHVGGGTWTCTAAT). Pooled PCR products were sequenced on an [llumina MiSeq
platform. Sequence analyses were performed following the DADA?2 algorithm (Callahan et al.,
2016) in the Qiime2 workflow (Caporaso et al., 2010). Operational taxonomic units (OTUs) were
clustered with 99% similarity with respect to the Greengenes database, version 13 8 (McDonald
etal., 2012; Werner et al., 2012). Heatmaps were generated using the “pheatmap” package, version
1.0.12 (Kolde, 2019) in RStudio, version 3.6.3 (R Core Team, 2020). The predicted metagenome
and functional genes were determined using the Phylogenetic Investigation of Communities by

Reconstruction of Unobserved States (PICRUSt) (Langille et al., 2013).
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5.2.8 Statistical analysis

Student’s t-test was performed to determine the p-value. A p-value less than 0.05 indicates

statistical difference between two groups of data.

5.3 Results and Discussion

5.3.1 UASB reactor performance in Phase I

Fig. 5-3 shows the reactor performance in terms of effluent pH, effluent COD concentration, and
methanisation rate during Phase I to Phase IV. During Phase II to Phase IV, compared with the
feed pH value (7.75 £+ 0.14), the effluent pH values for both reactors slightly increased (7.81 +
0.23) and did not present significant difference (p value = 0.79 > 0.05) [Fig. 5-3(a)]. The stable

effluent pH indicated that VFAs did not accumulate in either reactor.
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Figure 5-3. Performances of the two UASB reactors (R1 and R2): (a) effluent pH, (b) effluent
COD concentration, and (c) methanisation rate. The red triangles represent the performance data
for R1 without effluent recirculation in Phases I and II and with effluent recirculation in Phases III
and IV. The blue circles represent the performance data for R2 with effluent recirculation in Phases
I and II and without effluent recirculation in Phases III and I'V. High-solid content substrate (HS)
was used in Phases I, II, and III, and low-solid content substrate (LS) was used in Phase I'V.

In Phase II, R1 was operated without effluent recirculation, and R2 was operated with

effluent recirculation. The purpose of Phase Il was to examine the role of effluent recirculation on
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microbial community development and biogas production. Fig. 5-3(b) shows that both reactors
achieved a COD removal higher than 90% (p value = 0.38 > 0.05). Although the effluent COD
concentrations were low, the “removed” COD was not all converted to biomethane. Fig. 5—4(a)
shows the feed COD conversion in both reactors. Theoretically, the feed COD has three fates. First,
it can be converted to biomethane. Second, it is discharged in effluent. Third, it accumulates in
discharged waste sludge and reactor sludge bed. These three fates account 100% feed COD.
Practically, the feed COD and that detected in the three fates are unbalanced due to occasional
sludge washout, unknown metabolism, analytical errors, etc. Therefore, an unknown conversion
is usually introduced to compensate the unbalance between feed COD and its conversion. In Phase
II, in the absence of effluent recirculation (R1), 50% of the feed COD was converted to methane,
16% of the feed COD accumulated in the reactor sludge, 10% of the feed COD was discharged
with waste sludge, and 5% of the feed COD was discharged in the effluent. With effluent
recirculation (R2), 26% of the feed COD was converted to methane, 27% of the feed COD
accumulated in the reactor sludge, 19% of the feed COD was in the waste sludge, and 7% of the
feed COD was in the effluent. A small fraction of the feed COD was used for biomass growth
(reflected by the accumulated COD in the sludge bed); however, large amount of the feed COD
accumulating in the reactor sludge and the waste sludge was caused by the particulate COD that
cannot be hydrolyzed. It can be observed that, in comparison to R1, with effluent recirculation
(R2), larger amount of COD accumulated in the reactor sludge, which coincided with the higher
sludge stability indices of the sludge at both top and bottom of R2 [Fig. 5—4(b)]. As demonstrated
previously, a higher sludge stability index represents a higher fraction of biodegradable substrate
present in the sludge and a lower hydrolysis efficiency of particulate COD in the reactor (Gao et

al., 2020).
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To further assess the substrate hydrolysis efficiency in the reactors, the hydrolysis
efficiencies of the HS in both R1 and R2 in Phase II were calculated with Eq. (5-3) and are shown
graphically in Fig. 5-5(a). The hydrolysis efficiency reached 45.5% in R1 (without effluent
recirculation), whereas the hydrolysis efficiency reached only 22.0% in R2 (with effluent
recirculation). The lower hydrolysis efficiency in R2 was accompanied by the lower concentrations
of VFAs (acetate, propionate, and butyrate) in the R2 sludge bed [Fig. 5-5(b)]. Hydrolysis is often
the rate-limiting step in AD for substrates with high solid content (Jolis, 2008; Guo et al., 2021).
The results showed that hydrolysis deteriorated in the presence of effluent recirculation in the
UASB reactor, and insufficient VFAs could have led to a low methane yield. The average
methanisation rate in R1 without effluent recirculation was 47.9%, whereas the average

methanisation rate in R2 with effluent recirculation was as low as 25.5% [Fig. 5-3(c)].
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Figure 5-4. (a) Feed COD mass balance and (b) sludge stability in R1 (without effluent
recirculation) and R2 (with effluent recirculation) in Phase II.
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Figure 5-5. (a) Hydrolysis efficiency and (b) concentrations of VFAs in terms of acetate,
propionate, and butyrate for in R1 (without effluent recirculation) and R2 (with effluent
recirculation) in Phase II.

5.3.2 UASB reactor performance in Phase IIl and Phase IV

To validate the impact of effluent recirculation on UASB reactor performance, in particular,
methane production, effluent recirculation was switched between R1 and R2 (applied to R1 and
discontinued in R2) in Phase III. After the effluent recirculation was terminated in R2, the methane
production rose immediately (within 2 d) from 25.5% to 47.9%. Conversely, after the effluent
recirculation was imposed on R1, the methane generation dropped gradually from 47.9% to 25.5%.
The fact that effluent recirculation was unfavorable to methane production was also reported in a

recent study that treated blackwater using a thermophilic UASB reactor (Zhang et al., 2020).

To further demonstrate whether the lower methane production of the reactor with effluent
recirculation was related to inefficient hydrolysis of the substrate, reactor feed was switched to the
LS (sCODinftCODins ratio = 35.2%) in R1 and R2 in Phase IV, as compared to the HS
(sCODinfltCODins ratio = 13.5%) used in Phases I-III. It should be noted that both types of

substrates had the same BMP value (1.51 +0.24 g CH4 COD/g VSS) and total COD concentration,
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hence only soluble COD concentration of the LS was increased. The use of LS with a higher
soluble COD concentration increased the methanisation rate from 47.9% to 54.5% (a 6.6%
increase) in the reactor without effluent recirculation, but it increased the methanisation rate from
25.5% to 43.5% (a 18.0% increase) in the reactor with effluent recirculation. The results indicated
that the adverse impact of effluent recirculation on methane production was less significant for a
low-solid content substrate. Hence, once the hydrolysis inhibition was mitigated, the methane

production rose, even in the presence of effluent recirculation.

5.3.3 Microbial community analysis

Figs. 5-6(a) and (b) show the archaeal and bacterial community richness indicated by the number
of archaeal genera and bacterial genera, respectively, in the top and bottom sludge beds of R1 and
R2 at the end of Phase II. Bacterial community richness was similar in the bottom sludge beds of
R1 and R2. In comparison, bacterial community in the top sludge bed of R2 was also rich but had
significantly reduced richness in R1, which may be explained by the effluent recirculation that
increased mixing. Archaeal genera dominated in the top sludge beds of both reactors. It was noted
that archaeal community richness was significantly higher in R1 without effluent recirculation than
in R2 with effluent recirculation. Figs. 5-6(a) and (b) illustrate higher archaeal and bacterial
segregation, especially archaeal segregation, along the sludge bed of R1 in the absence of effluent

recirculation.

Figs. 5—6(c) and (d) the relative abundances of archaeal and bacterial genera in the top and
bottom sludge beds of R1 and R2 at the end of Phase II. Since archaeal species mainly grew in the
top sludge bed of both reactors, archaeal species in the bottom sludge bed were not considered

herein. In both reactors, the genera Methanosaeta (56.72% in R1 and 46.52% in R2),
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Methanospirillaceae (16.30% in R1 and 20.46% in R2), Methanobacterium (5.74% in R1 and 8.57%
in R2), and an undefined species in the family WSA42 (11.62% in R1 and 15.00% in R2), were the
major archaeal species in the top sludge bed. As compared to R2, both acetoclastic and
hydrogenotrophic methanogenesis were more active (Figs. 5-7) in the top sludge bed of R1, the

reactor without effluent recirculation.

In the bottom sludge bed of R1, Prevotella (75.36%), Veillonella (6.97%), Lactococcus
(3.32%), and Anaerovibrio (2.46%) comprised 88.11% of the total bacteria. Prevotella was
reported to play a particularly important role in the metabolism of proteins and peptides (Flint and
Stewart, 1999). Veillonella can use lactate, pyruvate, and succinate to release acetate, propionate,
and CO2 (Xu et al., 2011). Lactococcus is a homofermenter that ferments sugars, producing lactic
acid (Bartkiene et al., 2020). Anaerovibrio ferments glycerol to generate propionate, cell matter,
and H> (Schauder and Schink, 1989). In the top sludge bed of R1, Prevotella accounted for only
3.65%, and diverse species were identified (Shannon’s diversity index was 1.44 for bacteria in the
bottom sludge bed of R1 and 3.66 for bacteria in the top sludge bed of R1). 778, an undefined
genus in the order RB(046, an undefined genus in the order Bacteroidales, and an undefined genus
in the family Thermovirgaceae had relative abundances of 16.79%, 10.22%, 5.49%, and 5.15%,

respectively, in the top sludge bed of R1.
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Figure 5-6. Microbial community analysis for two UASB reactors, R1 (without effluent recirculation) and R2 (with effluent
recirculation), at the end of Phase II: (a) the richness of archaeal genera, (b) the richness of bacterial genera, (c) the relative abundances
of archaeal genera, and (d) the most abundant bacterial genera (relative abundance > 1%). Undefined genera were named using higher
taxonomic levels such as family (f ) and order (o ). “Top” means top sludge bed of one reactor, and “bottom” means bottom sludge
bed of one reactor.
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Figure 5-7. SMA tests of sludge collected from R1 (without effluent recirculation) and R2 (with effluent recirculation) at the end of
Phase II. “Bottom” means sludge sampled from the bottom sludge bed of one reactor, and “top” means sludge sampled from the top
sludge bed of one reactor.
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In the bottom sludge bed of R2, ten dominant genera (relative abundances greater than 1%)
were identified. Four genera were the same as that detected in the bottom sludge bed of R1, and
six other genera included HA73 (6.07%), an undefined species in the family Enterobacteriaceae
(2.29%), two undefined species in the orders RB046 (1.66%) and Bacteroidales (1.45%), T78
(1.45%), and vadinCA02 (1.37%). HA73 is an uncultured bacterial genus belonging to the
Synergistetes phylum. HA73 oxidizes acetate syntrophically, followed by hydrogenotrophic
methanogenesis (Ito et al., 2011; Sitthi et al., 2020). In the top sludge bed of R2, Prevotella was
present at 16.73%. Almost all other genera were more abundant in the top sludge bed of R2 than
in the bottom sludge bed of R2 (Shannon’s diversity index was 2.46 for bacteria in the bottom

sludge bed of R2 and 3.77 for bacteria in the top sludge bed of R2).

It was noticed that effluent recirculation increased sludge mixing, hence reduced the
community segregation as observed in R1, where bacteria dominated bottom sludge and archaea
dominated top sludge. Enhanced biomass transport due to the turbulence caused by effluent
recirculation may have reduced the contact time between sludge particles and microorganisms,
limiting the hydrolase accessibility to substrates and microorganisms and inhibiting the hydrolysis

of particulate organic matter.

Two models have been proposed previously to describe the hydrolysis of organic materials:
(1) microorganisms secrete enzymes in the bulk liquid, and these enzymes are adsorbed onto
organic particles or react with soluble substrates, and (2) microorganisms attach to organic
particles, produce enzymes in the vicinity of these particles, then utilize soluble products released
by enzymatic reactions (Batstone et al., 2002; Vavilin et al., 2008). Both models require the
attachment of microorganisms and/or enzymes to particles. In the reactor with effluent

recirculation, turbulent transport would decrease the contact time of microorganisms and/or
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enzymes and particles, making sludge adsorption sites less accessible to microorganisms and/or
enzymes. Considerations of particle surface area and transport phenomena would provide a deeper

understanding of hydrolysis kinetics.

The metagenome and functional genes were predicted based on the 16S rRNA gene
amplicon data for the communities in R1 and R2 at the end of Phase II. It was observed that
functional gene groups differed in the presence (R2) and absence (R1) of effluent recirculation
(Fig. 5-8). Higher metabolism was apparent in almost all substrates in the absence of effluent
recirculation (R1); carbohydrate, amino acid, lipid, and xenobiotic metabolism was higher in the
top sludge bed of both reactors, whereas vitamins, nucleotides, terpenoids, polyketides, and
enzyme metabolism were more prevalent in the bottom sludge bed of both reactors. The absence
of effluent recirculation led to more efficient genetic information, including replication and repair,
translation, folding, sorting, and degradation in the bottom sludge bed of R1, possibly due to
greater VFA concentrations (Yu et al., 2020), whereas effluent recirculation contributed to more

active cellular signaling and cell motility in R2.

5.4 Implication

Effluent recirculation strategy creates substrate-dilution and enhanced heat and mass transfer
conditions in anaerobic digesters; however, whether effluent recirculation can be employed in a
wastewater engineering process relies on various conditions. In this lab-scale study, when a
mesophilic UASB reactor treated high-solid content and high-strength wastewater, effluent
recirculation adversely affected the biomethane yield through inhibiting the particulate COD

hydrolysis. In one previous study where a thermophilic UASB reactor treated high-strength
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blackwater, effluent recirculation also reduced biomethane production (Zhang et al., 2020). We
may deduce that, under a mesophilic or thermophilic condition, the mixing in the sludge bed of a
UASB reactor due to the upflow velocity and the biogas generation is sufficient for the substrate
diffusion. Nevertheless, the impact of effluent recirculation on performance of an up-scaling

UASB reactor deserves further investigation.

5.5 Conclusions

This study assessed the impact of effluent recirculation applied to a UASB reactor on the
hydrolysis of blackwater with high and low solid contents. Effluent recirculation adversely
impacted the methane production of the reactor treating a high-solid content substrate due to the
inefficient hydrolysis of particulate organic matter. This adverse impact of effluent recirculation
became less significant for a low-solid content substrate, likely because the hydrolysis inhibition
was mitigated. Effluent recirculation increased the sludge mixing and thus reduced the microbial
community segregation in the reactor. Effluent recirculation could limit accessibility of particle
adsorption sites, through which inhibited the hydrolysis of particulate organic matter. However,
hydrolysis kinetics deserve further research with regard to particle surface and particle transport

phenomena. Chapter 5 completed Objective 2.1.

106



Carbohydrate Metabolism

Amino Acid Metabolism

Energy Metabolism

R1 Top

® R1 Bottom
R2 Top

® R2 Bottom

Metabolism of Cofactors and Vitamins

Nucleotide Metabolism

Lipid Metabolism

Metabolism Xenobiotics Biodegradation and Metabolism

Glycan Biosynthesis and Metabolism
Metabolism of Terpenoids and Polyketides
Enzyme Families
Metabolism of Other Amino Acids
— Biosynthesis of Other Secondary Metabolites
Cellular Processes and Signaling
Cell Motility

Cellular
processes Cell Growth and Death

Transport and Catabolism

Cell Communication

Replication and Repair

Genetic
information
processing Folding, Sorting and Degradation

Translation

Transcription

Environmental Membrane Transport

information Signal Transduction
processing

Signaling Molecules and Interaction

o
N
N

6 8 10 12 14
Proportion, %
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CHAPTER 6 DEVELOPING A NEW NON-STEADY-STATE MASS
BALANCE MODEL AND ITS APPLICATION FOR QUANTIFYING
MICROBIOME RESPONSES TO DISTURBANCES IN A UASB

REACTOR TREATING BLACKWATER

A version of this chapter has been published in the Journal of Environmental Management.
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6.1 Synopsis

Ecological wastewater treatment processes are subject to various physical, chemical, and
biological disturbances, such as operating-condition changes, chemical pollution, and shock flows
(Vuono et al., 2015). Disturbances play a significant role in temporal and spatial heterogeneity in
the structure and dynamics of an ecological community (Seifan et al., 2012). Faced with sudden
disturbances, an ecological community may stabilize, alternatively stabilize, or shift to a new
regime (Shade et al., 2012). The adaptation of the ecological community to disturbances (rather

than recovery to the original state) determines the stability of wastewater treatment performance.

In the microbial community analysis, scientists usually study how different
microorganisms contribute to the function of an ecosystem and compare different communities
shaped in different ecosystems (L1 et al., 2016). Under disturbances, a microbial community may
adapt to a newly built environment or deteriorate. In addition to determining individual microbe’s
abundance and community richness and diversity, understanding how a microbial community
responds to disturbances can help know better the evolution and adaptivity of the community.
Omics tools, such as shotgun metagenomic whole-genome sequencing, provide ways to determine
the functional output of the target microbiome (Shade et al., 2012). However, comparing the
functional output of a community (e.g., relative abundance) before and after disturbances alone
cannot fully describe the community dynamics in response to the disturbances, and it cannot
distinguish active populations (not prevailing populations identified by relative abundances) from

inactive species (Mei and Liu, 2019).

The neutral community model (Sloan et al., 2006; Ofitery et al., 2010), the mass balance

model (Saunders et al., 2016; Mei et al., 2016), and the mass-flow immigration model (Frigon and
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Well, 2019; Guo, 2019) have been developed to quantify population dynamics in wastewater
treatment communities. The neutral community model is employed to estimate the community-
level migration probability, and the mass-flow immigration model is used to assess the
immigration rates of specific operational taxonomic units (OTUs). The mass balance model (MBM)
is used to calculate the net (or observed) growth rates of individual microbes in bioreactors (e.g.,
activated sludge and anaerobic digestion systems) (Saunders et al., 2016; Mei et al., 2016; Ali et
al., 2019; Cheng et al., 2019). According to this MBM, an individual microbe’s net growth rate

can be calculated with Eq. (6—1) (Saunders et al., 2016; Mei et al., 2016):

0, = 1 PxinfVSSinfQins (6-1)
X SRT Px,BsVSSBsVps ’

where ux is the net growth rate (1/d), SRT is the solid retention time (d), px.inrand pxss are the
relative abundances of microbe x in all OTUs for the influent and the bioreactor system (i.e.,
activated sludge and anaerobic digestion bioreactors), respectively, VSSiy and VSSps are the
volatile suspended solid concentrations in the influent and the bioreactor system, respectively (g/L),

Qinr 1s the daily volume of the influent (L/d), and Vs is the volume (L) of the bioreactor system.

The MBM is a steady-state approach, assuming the microbial cell numbers in the bioreactor
are temporally consistent. The net growth rates of microbes calculated with Eq. (6-1) are
determined by the SRT and the cell numbers of microbes entering the bioreactor (e.g.,
immigration). The MBM has been successfully applied to describe the relative importance of
microbial immigration in engineered water systems (Mei and Liu, 2019). However, when a
bioreactor is subject to disturbances, how to quantify the community responses to the disturbances

1s still unclear.
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Chapter 6 aims to develop a methodology to quantify microbiome responses to
disturbances in wastewater bioreactors. Herein the author proposed an ecology model, based on a
non-steady-state mass balance (16S rRNA MiSeq reads normalized by volatile suspended solids),
to quantify microbiome responses to disturbances in wastewater bioreactors. Rather than focusing
on the most abundant microbial groups commonly used in the literature, the goal of the model was
to identify active species within the community. The model incorporated the temporal changes of
OTUs following a disturbance, through considering the density and type of genotypes in the
influent entering the bioreactor, in the effluent leaving the bioreactor, growing in the bioreactor,
and in the waste sludge discharged from the bioreactor continuously or instantaneously, as well as
the prior microbial community and the sludge characteristics. One application of this model
demonstrated that significant differences existed between the key populations responding to an
increasing organic loading rate (OLR) and the dominant species in a high-rate thermophilic UASB

reactor.

6.2 Non-Steady-State Mass Balance Model Development

In a bioreactor operated under a disturbance, the growth and decay of microbes are assumed to
obey the first-order kinetics (Saunders et al., 2016). The mass balance based on the cell numbers

of individual microbes in the reactor is expressed by:

dNxBs __
dt AuxNx,BS + Nyinf — Nxeff — Nxwaste> (6_2)

where Ny ssis the cell number of an individual microbe x in the bioreactor system, ¢ is the test

duration (d), nx.ins 1s the cell number of microbe x in the influent entering the system per day (1/d),
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nxef 1s the cell number of microbe x in the effluent exiting the system per day (1/d), and 7x,waste 1S

the cell number of microbe x in the sludge discharged from the system per day (1/d).

Eq. (6-2), when divided by Ny ss, can be rewritten as:

1 dNxps = u, + Nyinf  Mxeff nx,waste. (6—3)
Nx,BS dt Nx,BS Nx,BS Ny,BS

The cell concentration is assumed to be proportional to the volatile (or volatile suspended)

solid concentration (Mei et al., 2016). Therefore, for microbe x,

Nyinf _ Px,infVSSinfQinf (6-4)
Ny,Bs Dx,BsVSSBsVps

Similarly,

Nxeff _ PreffVSSeffQeff _ PxeffVSSesfQing (6-5)
Ny BS Px,BSVSSBsVBs Px,BsVSSpsVps ’

where px.efis the relative abundance of microbe x in all OTUs for the effluent, VSSesis the volatile
suspended solid concentration in the effluent (g/L), Qe is the daily volume of the effluent (L/d),

and for the continuous bioreactor, Qinf = Qefr.

If the sludge is discharged continuously from the bioreactor, the term Txwaste can be
x,BS
represented by the solid retention time (SRT) of the bioreactor, where
nx,waste — L. (6_6)
Nyps  SRT

When Egs. (6-4) — (6-6) are substituted into Eq. (6-3), Eq. (6—7) can be obtained.

1 d(px,BsVSSpsVEs) = u Pr,infVSSinfQinf  PxeffVSSeffQefr 1 (6-7)
Px,BsVSSpsVBs dt x Px,BsVSSBpsVBs Px,BsVSSBsVBs SRT
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If the sludge is not continuously removed from the bioreactor, the sludge can be discharged

at certain sludge-wasting times. During a test duration of 4, if the sludge is discharged » times, and

x,waste

the volume of the discharged sludge is Vi (i=1, 2 ... n), the term - can be calculated

x,BS

approximately with Eq. (6-8):

Ny waste __ Z?:l Px,iVSSiVi ~ Z?=1Vi (6—8)

NxBs tsX(px,BsVSSpsVEs) tsVps

Therefore, in the scenario of instantaneous sludge discharge from the bioreactor, the

microbial net growth rate can be calculated with Eq. (6-9):

1 d(px,BsVSSBsVBs) _ u + PxinfVSSinfQinf _ PxeffVSSerfQeff  TieaVi (6-9)
Px,BSVSSBsVBs dt x Px,BSVSSBsVBs Px,BsVSSpsVBs tsVps

The differential equations, Egs. (6—7) and (6-9), can be solved by MATLAB programming
to obtain the net growth rate of microbe x. The influences of the microbial community and the

sludge characteristics before the disturbance are considered in the initial condition.

6.3 Application of Non-Steady-State Mass Balance Model
6.3.1 Thermophilic UASB reactor operation

The newly developed non-steady-state MBM was applied to quantify the microbiome responses
to a disturbance due to an increased OLR in a UASB reactor. A 2 L thermophilic UASB reactor
(52 °C) was fed with high-solid content blackwater collected from the University of Alberta
(Edmonton, Canada) campus. The OLRs of the thermophilic UASB reactor were selected based

on previous blackwater treatment studies (Gao et al., 2019; Gao et al., 2020). A double OLR of
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12.4 ¢ COD/L/d was considered a disturbance (test duration of 22 d) to the current operation of
the UASB reactor at an OLR of 5.9 g COD/L/d. The OLR increase was achieved by decreasing
the hydraulic retention time (HRT) from 5 d to 2.5 d (Table 6-1). More details about the UASB
reactor setup, its performances, the chemical analysis methods, and the community analysis
method can be found in Zhang et al. (2021). The sensitivity analysis of the non-steady-state MBM
is shown in Fig. 6-1. The top four parameters, to which the non-steady-state MBM model is most
sensitive, include test duration, sludge volume, and VSS of sludge at both previous and current

stages.

Table 6-1. VSS concentrations in the influent (inf), effluent (eff), and reactor (AD) before and
after the disturbance. The results are presented as mean + standard deviation.

OLR, VSSab, VSSinf,  VSSeft,
gcop/L/id TRLA op o/l o/l
Before 5.9 5.0 39.8€1.4 114+1.6 2.1+0.0

After 12.4 2.5 38.9+0.6 13.0+1.9 1.9+0.1

Disturbance

Test duration increment

Sludge volume increment

Prior sludge VSS increment

Current sludge VSS increment

Effluent VSS increment

Current sludge genus abundance increment
Prior sludge genus abundance increment
Influnet genus abundance increment
Influent VSS increment " -5%

Volumetric flow rate increment m5%

-10 8 6 -4 -2 O 2 4 6 8 10
Net growth rate increment, %

Figure 6-1. Sensitivity analysis of the non-steady-state mass balance model.
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6.3.2 Activities of archaeal genera

The relative abundances of the archaeal genera before and after the disturbance are shown in Fig.
6-2. The activities of the archaeal genera calculated with the non-steady-state MBM and the
steady-state MBM are also shown in Fig. 6-2. Based on the 16S rRNA amplicon analysis, the
most abundant archaeal community was Methanothermobacter (increased from 65.74% to 79.83%)
and Methanosarcina (decreased from 32.71% to 15.93%) after the disturbance. However, the most
active archaeal genus identified with the non-steady-state MBM was Methanoculleus (relative
abundance of 2.55%), followed by Methanomassiliicoccus (relative abundance of 1.69%) and
Methanothermobacter (relative abundance of 79.83%). Methanoculleus had the highest net growth
rate, suggesting its active response to accommodate the stressed OLR. It was coincident with the
previous finding that Methanoculleus shows greater robustness than Methanosarcina under
stressed conditions (Wintsche et al., 2018). The most abundant Methanothermobacter with a
relatively low net growth rate indicated that a microbe with a higher relative abundance does not
always mean that it is more active, which is in agreement with previous studies (Campbell and

Kirchman, 2013; Silva et al, 2019).

The net growth rates calculated with the non-steady-state MBM and the steady-state MBM
did not agree. According to the steady-state MBM, Methanothermobacter, Methanosarcina, and
Methanoculleus were the most active genera with the same net growth rate. The steady-state MBM
does not consider the microbial community and the sludge characteristics before the disturbance.
If a specific microbe does not exist in the influent, its net growth rate is only determined by the
SRT. That is why the same growth rate was obtained for Methanothermobacter, Methanosarcina,
and Methanoculleus. Actually, Methanosarcina had a negative growth rate due to the sharp

decrease of its relative abundance after the disturbance. Therefore, the temporal changes of OTUs
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before and after the disturbance must be incorporated when quantifying the activities of microbes

in a bioreactor undergoing a disturbance.

— 0.02 008 Methanothermobacter

m‘l 15.93 -0.02 SIS Methanosarcina
032 | 2585 -s}qﬁ# Methanoculleus

070 | 168 008 001 | Methanomassilicoccus
037 | o.oo0 -Inf © -Inf pethanosphaera
0.16 | 0.00 -Inf -Anf  vadinCA11

Relative Relative Net growth  Net growth

abundances abundances rates of rates of

of microbes  of microbes  microbes microbes

before the after the calculated calculated

disturbance disturbance with the non- with the

in % in % steady-state  steady-state

MBMin 1/d MBMin 1/d

Figure 6-2. Relative abundances and net growth rates of archaeal genera. “-Inf” represents
negative infinity.

6.3.3 Activities of bacterial genera

The relative abundances of the bacterial genera before and after the disturbance (relative
abundance > 1% after the disturbance) and their net growth rates calculated with the two MBMs
are shown in Fig. 6-3(a). In terms of the relative abundances assessed by 16SrRNA amplicon
analysis, S/ and Coprothermobacter were dominant, accounting for over 40% of the bacterial
genera. However, the net growth rates of S/ and Coprothermobacter calculated with the non-
steady-state MBM were moderate. Some abundant genera (e.g., an undefined genus of the order
OPB54 and an undefined genus of the family 7/BD11) even had a negative growth rate. Fig. 6—
3(b) shows the top 10 active bacterial genera identified with the non-steady-state MBM. The

relative abundances of these 10 microbes after the disturbance ranged from 0.08% to 2.70%. Most

121



of these active bacteria perform hydrolysis of substrates, which is a rate-limiting step, especially
under high OLR conditions. For instance, Fibrobacter is a cellulolytic microbe that mainly
hydrolyzes cellulose into acetate and propionate (Lissens et al., 2004). Ruminofilibacter is capable
of hydrolyzing xylan (Weiss et al., 2011). Little information about W22 has been reported in the
literature; it could play a role in hydrolysis and acidogenesis (Jiang et al., 2019). Treponema is
likely a homoacetogen that consumes H> and CO: to produce acetate (Wang et al., 2013).
Homoacetogenesis provides an alternative pathway to consume H: under suppressed
methanogenesis (Siriwongrungson et al., 2007). Treponema is a key microbial indicator closely
related to the AD process stability (Li et al., 2016). When the UASB reactor was disturbed by a
higher OLR, the microbes that performed hydrolysis but had relatively small abundances exhibited
sharply increased activities to overcome the rate-limiting step. The active Treponema also made a

positive response to accommodate the stressed OLR, maintaining the process stability.

The steady-state MBM could not distinguish these top 10 active bacteria from each other
because their net growth rates calculated with the steady-state MBM were the same. The reason

why their net growth rates were the same is referred to Section 6.3.2.
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(b) | .00 | Inf | 0.05 |Fibrobacter
0.00 BEEESS | Inf | 0.05 | Treponema
002 | D0 0.05 | Ruminofilibacter
0.02 | 045 | 005 (o MSBLY
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Figure 6-3. (a) The most abundant bacterial genera (relative abundance > 1% after the disturbance).
(b) Top 10 active bacterial genera identified with their net growth rates calculated with the non-
steady-state MBM. “Inf” represents positive infinity. Undefined genera are named using higher
taxonomic levels such as family (f ), order (o ), and phylum (p ).

6.4 Implication of Non-Steady-State Mass Balance Model

Microorganisms can maintain their prevalence in bioreactors because of their immigration from
the bioreactor influent microbial community, their growth in the bioreactors, and/or their retention
from the seed sludge. However, not all prevalent microorganisms are active at all times, in other
words, their abundances do not always reflect their growth rates or activity (Campbell and
Kirchman, 2013; Calusinska et al., 2018; Silva et al, 2019). In bioreactors, some low abundant
microbes can exert a disproportionately large functional effect through performing a very specific
task (Calusinska et al., 2018). As a matter of fact, a substantial fraction of microbes may be

dormant or inactive at any given moment, as demonstrated in previous microbial ecology studies
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(Lennon and Jones, 2011; Shade et al., 2012). The dormancy has been shown to be important for
maintaining overall compositional stability under disturbance scenarios. Rather than only focusing
on the dominant microbial groups, the proposed non-steady-state MBM aims to identify active
species within the community through normalizing 16S rRNA MiSeq reads by volatile suspended
solids. Identifying active species improves the understanding of community dynamics and
adaptation to the disturbance exerted on the bioreactor. A microbe’s positive net growth rate
indicates that this microbe has to work actively to accommodate a stressed (or limiting) condition
caused by the disturbance. The functions of the active microbes tell what the limiting condition
could be. In comparison, a microbe’s negative net growth rate shows that this microbe cannot

adapt well to the new environment and tends to decay.

To summarize, the newly developed non-steady-state MBM builds upon the previously
steady-state MBM model by incorporating the temporal changes of OTUs following a disturbance,
through a mass balance approach (considering cell numbers of individual microbes in the influent,
effluent, bioreactor, and waste sludge, as well as the prior microbial community and sludge
characteristics). This ‘universal ecology model’ facilitates a better understanding of microbiome

dynamics and microbiome responses to disturbances in wastewater bioreactors.

6.5 Conclusions

For the first time, a universal non-steady-state MBM was developed to elucidate microbiome
responses to a disturbance exerting on a UASB reactor treating blackwater for biomethane
recovery. In particular, it can be used to identify active and inactive populations. This model was

applied in a thermophilic UASB reactor fed with source-diverted blackwater to study the
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microbiome responses to an increasing OLR. After the OLR disturbance, the microbes responsible
for hydrolysis exhibited sharply increased activities to overcome this rate-limiting step in the
anaerobic digestion, arising from the increased OLR. However, these most active species identified
with the non-steady-state MBM were not the prevailing species identified with their relative

abundances based on OTUs. Chapter 6 completed Objective 2.2.
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CHAPTER 7 IMPORTANCE OF LOW-ABUNDANCE MICROBIAL
SPECIES IN RESPONSE TO DISTURBANCES IN A UASB REACTOR

TREATING BLACKWATER

A version of this chapter has been published in the Process Safety and Environmental

Protection.
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7.1 Synopsis

Next-generation amplicon sequencing is widely employed to identify taxa within a microbial
community. Currently, there is no consensus on the classification of these taxa. Most studies
describe that a small portion of these taxa having individual relative abundances higher than 1%
is abundant; the remaining big portion having individual relative abundances less than 1% is
usually defined to be low-abundant (de Cena et al., 2021). Patterns of species abundance and
distribution can provide insights into community functions and species’ competition and predation
(Verberk, 2011). Low-abundance taxa are usually thought to be less important for major

community functions.

In recent years, scientists paid increasing attention on the importance of low-abundance
microorganisms in various ecological habitats such as human bodies (Claussen et al., 2017;
Benjamino et al., 2018; de Cena et al., 2021; Pust et al., 2022), marine environments (Jousset et
al., 2017; Stepien et al., 2021), soil (Kurm et al., 2017; Dawson et al., 2017; Bickel and Or, 2021),
and wastewater bioreactors (Liang et al., 2017; Guo et al., 2022). Low-abundance species have
been found to contribute to specific functional traits and exhibit greater sensitivity to
environmental factors than abundant species (Li et al., 2019; Bickel and Or, 2021). Detecting low-
abundant species and unravelling their yet unknown contributions may be crucial for

understanding community assembly and function comprehensively (Jousset et al., 2017).

In wastewater bioreactors, the microbial community regulates bioreactor performance.
Microbial species degrade organic matter and maintain biosystem stability. One of the most
important challenges facing the microbial community in the sludge is to adapt to changing

environments in the bioreactor due to various disturbances (De Vrieze and Verstraete, 2016;
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Santillan et al., 2019). Most studies only identify the microbial community developed in a stable
environment or compare different representative communities between different operation
conditions; however, limited efforts have been made on the microbial community evolution in
response to the disturbance at a species level. Low-abundance species are considered to be a
functional cache or a diverse source pool that responds to disturbances (Lynch and Neufeld, 2015),
which have been found to play critical roles in community-wide species interactions (Hol et al.,
2015; Dawson et al., 2017; Guo et al., 2022). When responding to a changing environment, the
low-abundance species metabolically active and numerically increased are selected by this specific
environment (Lynch and Neufeld, 2015), but the detection of these active low-abundance species

is yet to be explored (Claussen et al., 2017).

Based on the methodology developed in Chapter 6 and the experiments conducted in
Chapter 5, Chapter 7 identified active low-abundance species that responded to an operational
disturbance, which was induced by turning on-or-off effluent recirculation in UASB reactors
treating wastewater. Sludge samples were taken from the top and bottom layers of the reactors
every half hydraulic retention time (HRT) after the initiation/termination of effluent recirculation,

and the microbial community evolution was assessed.

7.2 Methodology

7.2.1 Experimental setup and reactor operation

Two 2.0 L UASB reactors, R1 and R2, were operated under mesophilic conditions (35 + 2 °C) for
over 174 d. R1 and R2 were fed with synthetic blackwater containing commercial dog food
(Salmon and Sweet Potato Dog Food, Kirkland Signature, USA) (11.5 g/L), urea (0.23 g/L),
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KH2PO4 (0.11 g/L), K2HPO4 (0.17 g/L), Na2COs3 (0.5 g/L), and tap water (hereafter DFW). The
DFW were mixed using magnetic stir bars before being added to the reactors and refilled every 2
d. The DFW had a pH value of 7.75 + 0.14, a tCOD concentration of 15.6 = 0.7 g/L, and a sCOD
concentration of 2.1 + 0.1 g/L. The HRT was 8.0 d, and the OLR was 1.9 g COD/L/d in both

reactors.

After a 42-d reactor startup period, Stage I operation was carried out for 81 d where both
R1 (without effluent recirculation) and R2 (with effluent recirculation) showed stable operation.
In Stage I1 (51 d operation), effluent recirculation was applied to R1 and meanwhile stopped in R2.
Sludge samples were taken from the top and bottom layers of sludge beds in R1 and R2 every half
HRT (i.e., every 4.0 d) from the initiation of Stage II to 3™ HRT (a total 7 samples for each layer).
Performance of the two reactors were monitored through testing effluent pH value, CH4 production,

and COD removal every 2-3 d during the reactor operation.

7.2.2 Performance analysis

Reactor influent and effluent pH values were tested with a pH meter (SympHony B40PCID, VWR,
Radnor, US). Influent and effluent COD concentrations were measured according to the Standard
Methods (Rice et al., 2017). Biogas produced from reactors was collected in a 10 L foil sampling
bag (Chromatographic Specialties Inc., Brockville, Canada), and its volume was measured every
2-3 d. The biogas composition was determined with a gas chromatograph (7890B, Agilent
Technologies, Santa Clara, US). The methanisation rate was calculated as the percentage of feed

COD that was converted to methane COD (in %).
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7.2.3 Microbial community analysis

Microbial communities in the sludge samples were identified by DNA extraction followed by 16S
rRNA sequencing. A sludge sample with a volume of 1 mL was centrifuged at 4000 g for 10 min,
and the supernatant was discarded. Genomic DNA was extracted from the retained sludge with a
DNeasy Power-Soil Kit (QIAGEN, Hilden, Germany), and its concentration was measured with
NanoDrop One (ThermoFisher, Waltham, USA). 16S rRNA genes were amplified with the
universal primer pair 515F (GTGCCAGCMGCCGCGG) and 806R
(GGACTACHVGGGTWTCTAAT). Pooled PCR products were sequenced on an [llumina MiSeq
platform. Data sets generated by 16S rRNA gene amplicon sequencing were deposited in the NCBI
Sequence Read Archive under the accession number PRINA800755. Sequence analyses were
performed following the DADA2 algorithm (Callahan et al., 2016) in the Qiime2 workflow
(Caporaso et al., 2010). Operational taxonomic units (OTUs) were clustered with 99% similarity
with reference to the Greengenes database, version 13 8 (McDonald et al., 2012; Werner et al.,
2012). Alpha diversity represented by the Shannon diversity index and beta diversity based on
principal coordinates analysis (PCoA) were calculated using the “vegan” package, version 2.5.7
(Oksanen et al., 2019). Heatmaps were generated using the “pheatmap” package, version 1.0.12

(Kolde, 2019). These analyses were performed in RStudio, version 3.6.3 (R Core Team, 2020).
7.2.4 Calculation of net growth rates

The net growth rates of individual microbes responding to the effluent recirculation application in
R1 and its termination in R2 (shift from Stage I to Stage II), were calculated based on the non-

steady-state mass balance model shown in Eq. (7-1) (also in Chapter 3):

1 d(DxrsVSSysVr) " PxinfVSSinfQinf _ PxeffVSSeffQeff  NieiVi (7-1)
Px,rsVSSrsVr dt x Px,rsVSSrsVr Px,rsVSSysVr tsVr

134



where ux is the net growth rate of microbe x (1/d), and 7 is the operation time (d). px.inf, pr.ef, and
P are the relative abundances of microbe x in OTUs for the influent, effluent, and reactor sludge,
respectively. VSSins, VSSef, and VSS:s are the volatile suspended solid concentrations of the influent,
effluent, and reactor sludge, respectively (g/L). Qinr and Qe are the daily volumes of influent and
effluent, respectively (L/d). For the continuous bioreactor, Qiny = Qef. Vr is the bioreactor volume
(L). ts is the test duration, during which the waste sludge is discharged » times, and the volume of

the discharged sludge is Vi (i=1,2 ... n).

When Eq. (7-1) was applied to calculate the net growth rates of microbes in the UASB
reactors, the community evolution during first 3 HRTs after the initiation (or termination) of
effluent recirculation was considered. The net growth rates of individual microbes during four
dynamic periods were calculated: from the disturbance initiation to first half HRT (0.5 HRT), from
first half HRT to first HRT (1 HRT), from first HRT to second HRT (2 HRT), and from second
HRT to third HRT (3 HRT). For instance, when calculating the microbial net growth rates from
the disturbance initiation to first half HRT, the community before the disturbance application (in
Stage 1) was considered as the initial condition. The differential equation was solved by means of

Matlab programming.

7.3 Results

7.3.1 UASB reactor performance in Stages I and 11

R1 and R2 performance in terms of effluent pH, COD removal efficiency, and methanisation rate
are shown in Fig. 7-1. During all stages of operation, reactor performance was stabilized within

the first 20 d. Over 30 d of stable operation was maintained in both reactor for Stages I and II. By
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comparing the results of the two reactors, it was found that UASB effluent recirculation had limited
impact on the reactor effluent pH level and COD removal. The average methanisation rates without
effluent recirculation (R1 in Stage I and R2 in Stage II) reached 47.9%, whereas that with effluent
recirculation (R2 in Stage [ and R1 in Stage II) reached only 25.5%. As found in Zhang et al. (2020)
and in Chapter 5, with effluent recirculation, a large portion of feed COD accumulated in reactor
sludge due to inefficient hydrolysis of high-strength wastewater, resulting in low methane

production.

7.3.2 Archaeal and bacterial community diversity

Fig. 7-2 shows the archaea and bacteria richness in sludge at the top and bottom layers of R1 and
R2 in Stage I. Without effluent recirculation, archaeal (especially) and bacterial communities were
segregated along the sludge bed of R1. In R1 without effluent recirculation, archaeal genera were
present mainly in the top layer of sludge, and bacterial genera dominated in the bottom layer of
sludge. In R2 with effluent recirculation, bacterial community segregation was not observed, likely
due to the mixing condition caused by effluent recirculation. Although archaeal community
stratification was observed, archaea richness was much lower than that in R1, which may be
attributed to the low VFA production caused by low hydrolysis efficiency of the synthetic

blackwater (Chapter 5).
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Figure 7-1. R1 and R2 performance in Stages I and II: (a) Effluent pH, (b) COD removal, and (c)
methanisation rate. Error bars represent standard deviations. The legend of (a) and (b) are the same
as that of (c).
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Figure 7-2. (a) Archaea and (b) bacteria in sludge at top and bottom layers of R1 and R2 in Stage
II.
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Fig. 7-3 shows the alpha diversity of archaea [Fig. 7-3(a)] and bacteria [Fig. 7-3(b)]
represented by the Shannon diversity index, which accounts for both abundance and evenness of
species present in a microbial community. Microbial communities in the sludge at both top and
bottom layers of R1 and R2 responded quickly to the application (R1) and termination (R2) of
effluent recirculation (shift from Stage I to Stage II). After the disturbance initiation in Stage II,
the microbial community became more diverse and reached the highest diversity level quickly
(within the first half HRT) in response to the changed physical environment. With an increase in
test duration, the microbial community diversity became stable. Fig. 7-3 also shows the beta
diversity of archaea [Fig. 7-3(c)] and bacteria [Fig. 7-3(d)] in terms of PCoA results, illustrating
the dissimilarity among microbial communities during community evolution in response to the
disturbances. As the layered archaeal and bacterial communities were clustered into groups during
their evolution, neither effluent recirculation application nor termination caused significant

community separation in the reactor.

7.3.3 Relative abundances of archaea and bacteria

Fig. 7-4 shows the relative abundances of archaea and bacteria present in the sludge at the top and
bottom layers of R1 and R2 from the initiation of Stage II to 3 HRT. Figs. 7-3(a) — (d) indicate
that in both reactors, Methanosaeta and an undefined genus of the family Methanospirillaceae
were the two dominant archaeal genera during microbial community evolution. Methanolinea, an
undefined genus of the family WSA2, and Methanomassiliicoccus were the second dominant
archaeal genera. The methanogenesis pathway was dependent on substrates, whereas methane

production was affected by the reactor operating conditions.
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Figure 7-3. Variation in the Shannon diversity index for archaea with test duration in sludge
sampled from the top and bottom layers of R1 and R2, (b) variation in the Shannon diversity index
for bacteria with test duration in sludge sampled from top and bottom layers of R1 and R2, (¢) beta
diversity based on PCoA for archaea in sludge sampled from top and bottom layers of R1 and R2
during community evolution, and (d) beta diversity based on PCoA for bacteria in sludge sampled
from top and bottom layers of R1 and R2 during community evolution from Stage I to Stage II.

The application/termination of effluent recirculation imposed greater influences on the
bacterial community structure and evolution than on the archaeal community structure and
evolution. An undefined genus of the order Bacteroidales in the top layer of R1 and the genus
Prevotella in the bottom layer of R1 were the most dominant bacterial genera in the sludge at
different test durations during bacterial community evolution. Species of the order Bacteroidales
have been shown to play an important role in protein and amino acid degradations (Mei et al.,
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2020). Prevotella has been reported to be involved in protein and peptide metabolism (Flint and
Stewart, 1999). An undefined genus of the order RB046 was the most abundant bacterial genus in
the sludge at the top layer of R2 with effluent recirculation, whereas the genus HA73 became
prevalent after effluent recirculation was terminated. Little information can be found for genera of
the order RB046 and the uncultured species HA73, nevertheless, HA73 belongs to the phylum
Synergistetes that utilizes acetate through syntrophic acetate oxidation (Ito et al., 2011; Sitthi et al.,
2020). An undefined genus of the phylum OP8 was the most major bacterial genus in the sludge
at the bottom layer of R2 with effluent recirculation, and the most dominant genus varied at
different test durations after the effluent recirculation termination. Within the 2" HRT and 3%
HRT of Stage II, an undefined genus of the order Clostridiales was prevalent. Microbial species
of the order Clostridiales are involved in carbohydrate hydrolysis (Xia et al., 2015). The hydrolysis
of complex organic matter is the rate-limiting step in the anaerobic digestion of high-solid content
DFW. Bacterial genera responsible for organic matter hydrolysis prevailed. The overlapping
functions of different species tends to maintain system stability (Konopka et al., 2015; Garcia-
Garcia, 2019). The disturbance induced by effluent recirculation application or termination played

an important role in bacteria selection.

140



(a) Relative abundances of archaea in R1 Top layer sludge

Methanosaeta
f _Methanospirillaceae

|| Methanolinea

1463 . 166 | 1282 | f WSA2
724 | 7.30 | 730 | 882 | 7.39 | Methanomassiliicoccus
286 | 233 | 399 | 255 | 502 o WCHD3-30
285 | 293 | 363 | 411 | 380 | Methanobacterium
[ 073 | 000 | 071 | 047 | 0.00 |Methanospirillum
| 081 | 0.78 | 0.76 | 063 | 043 |0 pGrfC26
| 047 | 028 | 0.57 | 042 | 026 | Methanobrevibacter
| 028 | 0.00 | 0.08 | 021 | 0.00 |Methanosphaera
| 010 | 027 | 021 | 023 | 0.14 | Methanomethylovorans
| 008 | 0.30 | 0.00 | 021 | 0.00 |Methanosarcina
| 000 | 120 | 026 | 132 | O .00_|{_[Methanomassilicoccaceae]
| 000 | 0.10 | npn 0.00 | 0.00 vadinCA11

e@“ﬁ“ﬁﬁﬁ“

(b) Relative abundances of archaea in R1 Bottom layer sludge

Methanosasta
1203 1374 { Methanospirillaceae
FER | 1056 | 10031 | 851 | Methanolinea
1147 | 1384 | 1315 1219 | 1082 f WSAZ
| 557 | 814 | 752 | 762 | 464 | Methanomassilicoccus
| 0.75 | 285 | 284 | 3.07 | 488 o WCHD3-30
| 744 | 445 | 441 | 834 | 675 | Methanobacterium
| 000 | 111 | 059 | 056 | 0.00 | Methanospirillum
0.00 | D60 | 055 | 022 | 0.71 |o pGriC26
474 | 23 | 004 | 484 | 546 | Methanobrevibacter
| 262 | 058 | 018 | 165 | 1.59 | Methanosphaera
| 021 | 000 | 018 | 0.34 | 034 | Methanomethylovorans
137 | 014 | 056 | 015 | 023 | Methanosarcina
357 | 029 | 184 | 0.00 | 0.00 f [Methanomassilicoccaceae)
| 116 | 0.34 | 035 | 0.00 | 0.14 |vadinCA11

ﬁﬁ@*@@

141



(c) Relative abundances of archaea in R2 Top layer sludge

F 3378 | 33.00 | 4756 | 38.66 | Methanosaeta
9.34 | 3220 | 3528 | 2223 | 3403 f Methanospirillaceae
| 147 | 553 | 606 | 735 | 6.25 |Methanolinea
| 0.27 | 1255 | 960 | 897 | 892 |f WSA2
104 | B85 | 915 | 896 | 688 | Methanomassilicoccus
539 | 215 | 211 | 1.82 | 225 |Methanobacterium
| 014 | 108 | 078 | 015 | 072 | Methanospirillum
| 0.00 | 062 | D63 | 053 | 0.24 |0 pGriC26
| 0.00 | 053 | 090 | 048 | 058 | Methanobrevibacter
| 028 | 050 | 033 | 045 | 056 | Methanosphaera
| 641 | 020 | 0.00 | 033 | 0.00 | Methanomethyloverans
| 087 | o83 | o7a | 0.26 | 050 | Methanosarcina
| 0.00 | 000 | 0.24 | 020 | 000 |f [Methanomassilicoccaceae]
| 000 | 110 | 081 | 058 | 0.32 | vadinCA11
FLLEELEL
B N A

(d) Relative abundances of archaea in R2 Bottom layer sludge
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(e) Relative abundances of bacteria in R1 Top layer sludge
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(f) Relative abundances of bacteria in R1 Bottom layer sludge
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(g) Relative abundances of bacteria in R2 Top layer sludge
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(h) Relative abundances of bacteria in R2 Bottom layer sludge
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Figure 7-4. Heatmaps for the relative abundances of (a) archaea in R1 top layer sludge, (b) archaea
in R1 bottom layer sludge, (c) archaea in R2 top layer sludge, (d) archaea in R2 bottom layer
sludge, (e) bacteria in R1 top layer sludge, (f) bacteria in R1 bottom layer sludge, (g) bacteria in
R2 top layer sludge, and (h) bacteria in R2 bottom layer sludge at the initial time (0 HRT), first
half HRT (0.5 HRT), 1%t HRT, 2" HRT, and 3" HRT after the initiation of Stage II. The unit of
relative abundance is %. Undefined genera were named using higher taxonomic levels such as
family (f ), order (0 ), class (¢ ), and phylum (p ).
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7.3.4 Net growth rates of archaea and bacteria

To identify active/inactive species when the microbial community responded to the disturbance
imposed by effluent recirculation application to R1 or effluent recirculation termination in R2 in
Stage II, Eq. (7-1) was used to calculate the net growth rates of individual microbes. In Fig. 7-5,
a positive net growth rate indicates active growth, and a negative net growth rate indicates inactive
growth. The net growth rates achieved their greatest absolute values (positive or negative) right
after effluent recirculation application/termination was initiated (e.g., first half HRT). As the test
duration increased, the absolute values of microbial net growth rates decreased as the microbial
community accommodated to the new environment. The variation in net growth rate and
community alpha diversity over the test duration illustrated that the well-developed microbial
communities were capable of making quick responses to the disturbance, maintaining reactor

stability.

In this study, microbes with relative abundances less than 1% were considered as low-
abundance species. Low-abundance microbial species presented greater net growth rates than
high-abundance microbial species. In the sludge at the top layer of R1, during the first half HRT
of Stage II, Methanosarcina was the most active archaeal genus with a net growth rate of 0.39 d-!
(Fig. 7-5(a)), but its relative abundance was low, increasing from 0.09% (Stage I) to 0.30% (first
0.5 HRT of Stage II) (Fig. 7-4(a)). Methanosarcina is a versatile methanogen, and robust toward
impairments compared with other methanogens (De Vrieze et al., 2012). Methanomethylovorans
was the second most active archaeal genus with a net growth rate of 0.34 d-'; its relative abundance
increased from 0.10% to 0.27%. The net growth rates of Methanosaeta, the most dominant
archaeal genus, were relatively small, varying from 0.05 to 0.02 d-!. When effluent recirculation

was applied to R1, substrate hydrolysis and methane production decreased (Chapter 5). Archaeal
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genera, especially robust ones, grew actively to alleviate the negative impact of the challenging
environment induced by effluent recirculation. In the sludge at the top layer of R2, during the
community shift during a test duration of first half HRT, only three archaeal genera had positive
net growth rates (Methanomassiliicoccus, Methanospirillum, and an undefined genus of the family
WSA?2); all other species presented negative growth. When effluent recirculation was terminated
in R2, the new environment in R2 was less stressful for microorganisms and more favourable for
organic matter hydrolysis and methane generation. The disturbance shaped the community
assembly and can result in fluctuations of functionally similar species (Jarzyna et al., 2021). In
spite of some inactive growing genera, the performance of R2 turned better after the disturbance
application. It should also be noted that the absolute values of the net growth rates of low-
abundance species may be “overrated” just because their lower initial abundances. Hence, further

studies should be conducted to clarify the roles of these low-abundance species.

Bacterial community evolution differed between the sludge at the top layer and the sludge
at the bottom layer in both R1 and R2 [Figs. 7-5(e) — (h)]. Many genera are still uncultured, so
their functions are not well understood. Different bacterial genera have overlapping functions and
their enrichment relies on specific conditions. Clostridiales and Bacteroidales dominated the
anaerobic digestion of complex organic matter in R1 and R2 (Fig. 7—4). Although effluent
recirculation/termination enabled more diverse bacterial genera to grow actively, these diverse
bacterial genera had low relative abundances. As the active growth of these low-abundance species
would provide a higher microbial diversity when effluent recirculation was discontinued (Fig. 7—
3), the low-abundance species played a vital role in maintaining biosystem stability and in reducing

microbial impairments due to the disturbance.
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(a) net growth rates of archaea in R1 Top layer sludge

-Inf  tethanosarcina

Methanomethylovorans
' f Methanospirillaceae
o _pGrfC28
Methanobacterium
Methanomassiliicoccus
T WSAZ

Methanolinea

Methanosaeta
o WCHD3-30
<001 Methanobrevibacter
| el ~-Inf Methanospirillum
a0, -Inf  Methanosphaera

(b) Net growth rates of archaea in R1 Bottom layer sludge
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(c) Net growth rates of archaea in R2 Top layer sludge
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(d) Net growth rates of archaea in R2 Bottom layer sludge
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(e) Net growth rates of bacteria in R1 Top layer sludge
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(g) Net growth rates of bacteria in R2 Top layer sludge
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Figure 7-5. Heatmaps for the net growth rates of (a) archaea in R1 top layer sludge, (b) archaea in
R1 bottom layer sludge, (c) archaea in R2 top layer sludge, (d) archaea in R2 bottom layer sludge,
(e) bacteria in R1 top layer sludge, (f) bacteria in R1 bottom layer sludge, (g) bacteria in R2 top
layer sludge, and (h) bacteria in R2 bottom layer sludge within first half HRT (0.5 HRT), 1* HRT,
2" HRT, and 3™ HRT after the initiation of Stage II. The unit of net growth rate is d°'. Undefined
genera were named using higher taxonomic levels such as family (f ), order (o ), class (¢ ), and
phylum (p ). “-Inf” means a negatively infinite growth rate.

7.4 Discussion

External disturbances or fluctuations during biological wastewater treatment change the
physical/chemical environment in the bioreactor. Disturbances are considered the main factors
driving variations in species diversity and microbial community structure (Shade et al., 2012),
while a deep understanding of the outcomes due to disturbances is lacking (Santillan et al., 2019).
Microbial communities respond to such disturbances in ways that preserve the stability of the
biological system (Liu et al., 2018). In this study the microbial community became more diverse
when the bioreactor faced a disturbance (initiating or discontinuing effluent recirculation),
reaching its highest diversity level directly after disturbance initiation. Microbial biodiversity
tended to stabilize over time as microbial communities adapted to the changing environment.
Linkage between biodiversity and process stability has been extensively documented in the
literature (Yan et al., 2021; Jarzyna et al., 2022). An increase in microbial biodiversity buffers
environmental stress on the biological system and helps maintain system functioning-stability

(Garcia-Garcia et al., 2019).

Studies of microbial communities in wastewater bioreactors are mainly restricted to the
identification of abundant species within the well-developed communities. However, relatively
rare or dormant species that can strongly contribute to ecosystem assembly and function (Hooper

et al., 2005; Lennon and Jones, 2011; Shade et al., 2012; Zhao et al., 2021; Guo et al., 2022) are
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often overlooked. By quantifying the activities of individual microbes within the dynamic
community in terms of their net growth rates, this study identified the low-abundance species that
actively grew during the community evolution in response to the disturbance. The metabolically
active and numerically increased low-abundance species were also detected in bioreactor
communities responding to challenging OLR and HRT conditions (Yu et al., submitted). Although
it is difficult to reveal microbial community behavior in a disturbed environment (Shade et al.,
2012), calculation of the net growth rates of individual microbes provides a way to quantify their
growth and decay during community evolution. Low-abundance microbes have been found to have
high normalized betweenness and degree based on the co-occurrence network analysis, indicating
their importance in maintaining the biosystem stability and functionality (Banerjee et al., 2018;
Guo et al., 2022; Pust and Tiimmler, 2022). Here, in response to the disturbance induced by
initiating or discontinuing effluent recirculation in a reactor treating wastewater, an increase in the
growth of some low-abundance species may have led to high biodiversity in the microbial
community. Temporal fluctuations in species abundance can help stabilize community properties
(Jarzyna et al., 2022). The role of actively growing low-abundance species in maintaining

biosystem functioning-stability deserve more comprehensive investigation.

Microbial communities in wastewater bioreactors encompass a large diversity of poorly
characterized lineages (Farag et al.,, 2014; Kristensen et al., 2021). These uncultured
microorganisms with unknown functionality could be selected by environment. The identification
of activities of low-abundance species in response to a specific bioreactor disturbance may help

detect some species having undescribed process-critical functions.
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7.5 Conclusions

This study highlighted the importance of low-abundance species within a well-developed
microbial community in response to a changing environment in a UASB reactor for blackwater
treatment. Chapter 7 completed Objective 2.3. In response to a disturbance in a UASB reactor,
such as effluent recirculation application and termination, microbial biodiversity increased to a
high level quickly. In addition, some low-abundance species identified by the non-steady-state
mass balance model were observed to be more active than dominant species in adapting to the

changing environment.
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CHAPTER 8 FEASIBILITY ASSESSMENT OF SIMULTANEOUS
PHOSPHORUS AND BIOMETHANE RECOVERY FROM

BLACKWATER

A version of this chapter has been published in the Journal of Environmental Chemical

Engineering.
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8.1 Synopsis

Although struvite precipitation is a competitive method for P recovery from waste streams, the
biological process offers the strongest promise for economical P recovery. Our recent studies
demonstrated that simultaneous bioenergy recovery and calcium phosphate (CaP) precipitation
from blackwater can be achieved in a UASB reactor (Zhang et al., 2021a; Zhang et al., 2021Db).
Bio-induced CaP precipitation and accumulation in anaerobic digesters represent an attractive
approach to recovery P from wastewater. Typically, proteins account for 30-50% of organic
contents in domestic wastewater (Yao, 2014; Alisawi, 2020). From the literature, the impact of
proteins on CaP recovery during anaerobic digestion has not been elucidated. Factors that trigger

the CaP nucleation in anaerobic reactors have not been elucidated.

To improve our understanding on the P recovery through CaP precipitation in anaerobic
digesters, Chapter 8 aims to demonstrate the important impact of blackwater organics composition,
i.e., proteins, on the development of a favorable microenvironment for the CaP mineralization in
anaerobic digesters. Two 3.5 L UASB reactors fed with two types of synthetic wastewater were
operated under a mesophilic condition. The feed of one reactor (G reactor) had glucose as the sole
carbon source, and the feed of the other reactor (G+B reactor) had glucose (60% COD) and bovine
serum albumin (BSA, 40% COD) as the combined carbon sources. The reactor performance was
monitored during the operation. At the end of the operation, the sludge samples were characterized
using extracellular polymeric substances (EPS) extraction, zeta potential measurement, Fourier
transform infrared (FTIR) spectroscopy, and X-ray diffraction (XRD) analysis. The microbial
communities developed in the two reactors were analyzed through DNA extraction and 16S rRNA

gene sequencing.
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8.2 Experiments and Analysis Methods

8.2.1 UASB reactor operation

Two 3.5 L UASB reactors were operated at mesophilic conditions (35 = 2 °C) controlled by water
baths. The two reactors were fed with synthetic wastewater. The recipes for the two types of
synthetic wastewater and their characteristics are shown in Table 8—1. Deionized water was used
to prepare the synthetic wastewater. The trace mineral supplement stock was prepared based on
Wolfe’s formulation (ATCC, 2021). The vitamin stock contained in mg/L: 20 biotin, 100
riboflavine, 100 nicotinamide, 100 p-aminobenzoic acid, 100 thiamin, 100 panthotenic acid, 100
pyridoxamine, and 100 cyanocobalamine. One reactor (i.e., G reactor) had glucose as the sole
carbon source. The other reactor (i.e., G+B reactor) had glucose and BSA as the carbon sources.
The ratio of glucose and BSA for the feed in G+B reactor was 6:4 according to their contributions
to the COD. The feeds were stored in a fridge (4 °C) and refilled every 3 d. Both reactors were
inoculated with 2.0 L digested sludge collected from a local wastewater treatment plant (Edmonton,
Canada) containing volatile suspended solids (VSS) of 13.1 g/L. Both reactors had an HRT of 7.0
d and an OLR of 0.57 g COD/L/d. The reactors were operated under a steady state-state condition
for 60 d. Performances and feed characteristics of the reactors were monitored every 3—6 d. The

start-up stages for both reactors (24 d) were not considered in this study.

8.2.2 Chemical analysis

pH values were measured with a pH meter (SympHony B40PCID, VWR, Radnor, US). COD
concentrations, TSS concentrations, and VSS concentrations were tested following the Standard
Methods (Rice et al., 2017). NHs-N concentrations were determined using a Nessler ammonia

reagent set (Hach, Loveland, US). POs-P concentrations were measured using a Hach kit (TNT
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844, Hach, Loveland, US). Ca concentrations were determined using a Hach hardness reagent set
(Hach, Loveland, US). The produced biogas was collected in a 10 L foil sampling bag
(Chromatographic Specialties Inc., Brockville, Canada), and its volume was measured with a
syringe every 3—6 d. The biogas composition was quantified with a gas chromatography (7890B,
Agilent Technologies, Santa Clara, US). The methanisation rate was calculated based on the
amount of methane as COD that was converted from the feed COD, represented as g CH4-COD/g

feed COD (also as %).

Table 8-1. The feed recipes for the G reactor and the G+B reactor.

Chemicals Characteristics
G reactor G+B reactor
Glucose (60%)
0
Glucose (100%) BSA (40%) COD, mg/L 4000
NaH2PO4 POs-P, mg/L 60
NH4Cl NHas-N, mg/L 300
CaCl2 Ca, mg/L 100
MgClz2-6H20 Mg, mg/L 10
KCl K, mg/L 50
Alkalinity,
NaHCOs3 mg CaCO3/L 1500
Trace mineral stock, mL/L 10
Vitamin stock, mL/L 1
8.2.3 Supersaturation index (SI)
The SI can be calculated by:
SI = log(IAP/K,) (8-1)

where /4P is the ion activity of the associated lattice ions, and Ky is the thermodynamic solubility

product. When S7>0, the relevant compound has the potential to precipitate in the solution. When
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S1<0, the relevant compound is undersaturated. For the calculation of S7 in MINTEQ, only the
inorganic compounds in the synthetic feed (see Table 8-1) were considered, and the organic

compounds were not considered.

8.2.4 Sludge sampling

At the end of the reactor operation, sludge samples were collected from all sampling ports within
the sludge bed height and then mixed well. After the TSS and VSS concentrations of the mixed
sludge were determined, the sludge was divided into three parts: 5 mL sludge was used for EPS
extraction, 2 mL sludge was used for DNA extraction, and 50 mL sludge was dried overnight in a
fume hood at the room temperature (21 + 0.5 °C). The dry sludge was milled to fine particles for

zeta potential measurement, functional group detection, and XRD analysis.

8.2.5 EPS extraction

The sludge EPS was extracted following the modified formaldehyde—NaOH method (Liu and Fang,
2002). Sludge with a volume of 5 mL was collected in a 15 mL polyethylene centrifuge tube, and
0.06 mL formaldehyde (36.5 wt. %) was added in the tube. The contents were mixed, and then the
tube was stored at 4 °C for 1 h. After 1 h, 4 mL NaOH (1 N) was added in the tube, and the tube
were stored at 4 °C for 3 h. After 3 h, the tube was centrifuged at 6,000 g for 20 min, and the
supernatant was retained. The supernatant was filtered through a membrane filter with the pore
size of 0.22 um, and the filtrate was dialysed using a membrane tubing (3500 Dalton MWCO) for
24 h. The EPS polysaccharide content was quantified with the phenol-sulfuric acid method
developed by DuBois et al. (1956). The EPS protein content was determined using a Coomassie
Protein Assay Kit (Thermo Scientific, Waltham, US) (Bradford, 1976). EPS contents were tested

in triplicate.
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8.2.6 FTIR analysis

Specific functional groups present in the sludge were detected by an FTIR Spectrometer (Nicolet
1S50, Thermo Scientific, Waltham, US). The FTIR spectra (absorbance) were recorded at the

4,000-450 cm™' wavenumber region.

8.2.7 Zeta potential measurement

Zeta potential values of the sludge suspension were measured by a Zetasizer Nano apparatus
(ZEN3600, Malvern Instruments Ltd., Worcestershire, UK) at the room temperature (21 = 0.5 °C).
The sludge suspension was prepared by dispersing 1 mg fine sludge particles in 2 mL deionized

water. Zeta potential values were measured in triplicate.

8.2.8 XRD analysis

Potential chemical compositions of the sludge were identified by the XRD (Ultima IV, Rigaku,
Tokyo, Japan) analysis. The sludge was examined at room temperature over the scan range of 5°—
90° using a Cobalt tube as the radiation source. The accelerating voltage was set at 38 kV and the
current was set at 38 mA. The scan step was 0.02° and the scan speed was 2°/min. The powder
diffractometer used the Bragg—Brentano geometry. Data conversion was conducted using the Jade
MDI 9.6 software. The phase was identified using the DIFFRAC.EVA software based on the 2020

ICDD PDF 4+ and PDF 4+/Organics databases.

8.2.9 Microbial analysis

Centrifuge tube containing 2 mL sludge was centrifuged at 4,000 g for 10 min, and the supernatant
was discarded. Genomic DNA was extracted from the retained sludge with a DNeasy Power-Soil
Kit (QIAGEN, Hilden, Germany), according to the manufacturer’s protocol. Extracted DNA

167



concentrations were measured with NanoDrop One (Thermo Scientific, Waltham, USA). 16S
rRNA genes were amplified with the universal forward primer 515F (GTGCCAGCMGCCGCGG)
and the reverse primer 806R (GGACTACHVGGGTWTCTAAT), which targeted the V4 region.
Pooled PCR products were sequenced on the Illumina MiSeq platform. Sequence analyses were
performed based on the DADA?2 algorithm (Callahan et al., 2016) using the Qiime2 workflow
(Caporaso et al., 2010). OTUs were clustered with a 99% sequence identity threshold with respect
to the Greengenes database, version 138 (McDonald et al., 2012; Werner et al., 2012). Heatmaps
were generated using the “pheatmap” package, version 1.0.12 (Kolde, 2019) in RStuido, version

3.6.3 (R Core Team, 2020).

8.3 Results

8.3.1 UASB reactor performance

The stabilized performance of the two UASB reactors, i.e., G reactor and G+B reactor, are shown
in Fig. 8—1. Compared to the pH value of the feed (7.3 + 0.2), the pH value of the G reactor effluent
varied within a range of 6.7-7.6 after AD of glucose, while the pH value of the G+B reactor
effluent increased significantly (7.3—8.1) as a result of the BSA digestion [Fig. 8—1(a)]. The release
of NH3 from amino acids and its dissolution in water produced more NH4" and OH", leading to the
effluent pH increase in the G+B reactor. The NH4-N concentration variations with time for both

reactors can be found in Fig. 8-2.

As shown in Figs. 8—1(b) and (c), the COD removal efficiencies in both reactors were
higher than 90%. As compared with the G+B reactor, the G reactor achieved higher COD reduction
(P value = 0.003 < 0.05) and methanisation rates (P value = 0.0002 < 0.05); which may be
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attributed to the more appropriate pH for methanogens’ growth in the G reactor (pH range of 6.5—
7.8 has been reported to be optimum for methanogens’ growth) (Fang et al., 2014). The COD mass

balances in both reactors are shown in Fig. 8-3.

The P and Ca removals in Figs. 8—1(d) and (e) show that 16.7% POas-P and 20.7% Ca were
removed in the G+B reactor, but none was removed in the G reactor. Fig. 8—4 shows that the PO4-
P and Ca concentrations were stable in both reactor feeds. The average molar ratio of removed Ca
and POs-P for the G+B reactor was 1.68 [Fig. 8—1(f)]. Simultaneous removal of PO4-P and Ca has
been reported in previous studies where elevated pH levels in anaerobic digesters were observed
(Zhang et al., 2021a; 2021b). In these studies, high pH was thought to play a significant role in the
formation of CaP precipitates in anerobic digesters. Further mechanistic studies on the fate of POa-

P and Ca in bioreactors are introduced below.
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Figure 8-1. Performances of the two UASB reactors: (a) pH value, (b) COD concentration, (c)
methanisation rate, (d) POs-P concentration, (e) Ca concentration, and (f) removed Ca/P molar
ratio. The red triangles represent the performance data for the G reactor, and the green dots
represent the performance data for the G+B reactor. The black dash lines in (a), (b), (d), and (e)
represent the corresponding values of the feeds, and the error bars of the black dash lines represent
the standard deviations. The solid lines in (c) and (f) represent the average values of the scattered

data.
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Figure 8-2. Reactor performance: NH4-N concentration in effluent. The red triangles represent the
values for the G reactor which had glucose as the sole carbon source, and the green dots represent
the values for the G+B reactor which had glucose and BSA as the carbon sources. The black dash
line represents the average NH4-N concentration in the feeds for the G reactor and the G+B reactor.
The error bar represents the standard deviation.
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Figure 8-3. COD balance in (a) the G reactor and (b) the G+B reactor. The sludge COD includes

COD accumulated in the sludge, COD in the discharged sludge, and COD lost due to the sludge
washout.
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8.3.2 Sludge characterizations

The sludge characteristics of both reactors in terms of EPS contents, zeta potential, functional
groups, and possible CaP species are shown in Fig. 8-5. EPS are complex mixture of polymers,
and proteins and polysaccharides account for 70—-80% of the total amount of EPS organic matters
(Dignac et al., 1998). The EPS contents of the sludge in the two reactors [Fig. 8—5(a)] show that
more proteins and polysaccharides were secreted by microbes in the G+B reactor, which was
accompanied by the larger floc sizes in this reactor (Fig. 8—6). EPS secretion is often involved in

the biomass aggregation (Liu et al., 2010; Ding et al., 2015; Cunha et al., 2018), and the higher
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EPS contents in the G+B reactor may help explain the larger flocs observed. The presence of BSA

as the carbon source in the G+B reactor may be correlated to the enhanced microbial EPS secretion.

The XRD pattern in Fig. 8-5(b) demonstrated the extracellular CaP precipitation in the
G+B reactor, as well as its possible CaP species. Generally, the CaP species of interest have a Ca/P
molar ratio of 0.50-2.00 (Tung, 1998). The CaP species mainly include DCPD (CaHPO4:2H20,
Ca/P=1.00), DCP (CaHPO4, Ca/P=1.00), OCP (CasH2(PO4)s:5H20, Ca/P=1.33), TCP (Ca3(POa4)2,
Ca/P=1.50), HAP (Cas(PO4);0H, Ca/P=1.67), and ACP (Ca3(POas)2-xH20, Ca/P=1.50). The
sludge is a complex mixture, and it is difficult to identify its exact composition. Based on the molar
ratio of removed Ca and P and the peaks detected by the XRD analysis [Fig. 8-5(d)], the CaP

minerals in the G+B reactor possibly contained HAP, ACP, TCP, and CaCOs.

The impact of CaP precipitation on the sludge zeta potential is shown in Fig. 8-5(c). The
zeta potential of sludge in the G+B reactor (-19.2 mV) was less negative than that of sludge in the
G reactor (-22.1 mV), which likely arose from the neutralization of negatively charged functional

groups by Ca®" in the G+B reactor.
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Figure 8-5. Sludge characterization for the two UASB reactors: (a) EPS contents, (b) XRD pattern,
(c) zeta potential, and (d) FTIR spectra.

Figure 8-6. Flocs from (a) the G reactor and (b) the G+B reactor.

Further, as shown in Fig. 8-5(d), the sludge in both reactors shared similar FTIR spectra.
The possible stretchings including O-H (3,277 cm™), C-H (2,926 cm™!), C=0 (1,409 cm™"), C=C
(1,634 cm™), and C-O-C (1,030 cm™), and the N-H bendings (1,535 cm™!, 1,236 cm™") were
identified in both reactors (Cuetos et al., 2009; Wang et al., 2012; Liu et al., 2018; Lguirati et al.,
2005; Carchesio et al., 2014). In the G+B reactor, these stretchings and bendings exhibited higher

concentrations due to the higher peak values. It has been reported that the functional groups such
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as —OH, -COOH, —NH, —NH2, and —SH are responsible for the binding of metals (Javanbakht et
al., 2014; Liu et al., 2018; Yang et al., 2019; Deng et al., 2019). The binding of Ca?* with these
relevant functional groups was likely to enrich the localized Ca in the sludge, increasing the
localized supersaturation of CaP minerals and facilitating their nucleation. Although the sludge in
both reactors shared similar functional groups, the P and Ca removals were only found in the G+B
reactor, but not found in the G reactor. This observation may be explained by the fact that the
binding of Ca?" with the functional groups was affected by the concentration and the pH. At a
higher pH environment, the deprotonation of the functional groups created larger active surfaces
and higher availability of the groups that are able to bind Ca?*, as also reported previously

(Rogowska et al., 2018).

8.3.3 Microbial community analysis

Figs. 8—7 shows the richness and the relative abundances of archaeal and bacterial genera for both
reactors. The more complex feed of the G+B reactor led to the richer archaeal and bacterial genera
in this reactor [Figs. 8-7(a) and (b)]. Methanolinea (35.27%), Methanosaeta (29.37%), and an
undefined genus of the family WSA2 (14.62%) were the three dominant archaeal genera in the G
reactor; while Methanolinea (37.88%), Methanosaeta (16.35%), an undefined genus of the family
WSA2 (15.53%), and Methanocorpusculum (13.14%) were the four most abundance archaeal
genera in the G+B reactor. Methanolinea is a hydrogenotrophic methanogen that utilizes H2/CO2
to produce methane (Sakai et al., 2012). Methanosaeta is an obligate acetoclastic methanogen
which consumes acetate to generate methane (Smith and Ingram-Smith, 2007). The family WSA42
is reported to be restricted to methanogenesis through methylated thiol reduction (Nobu et al.,

2016). Methanocorpusculum is a versatile methanogen that can use both H2/CO2 and formate to
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produce methane (KEGG, 2020). Therefore, in both reactors, the three major methanogenesis

pathways, i.e., hydrogenotrophic, acetoclastic, and methylotrophic methanogenesis, coexisted.
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Figure 8-7. Microbial community analysis for the two UASB reactors: (a) the richness of archaeal
genera, (b) the richness of bacterial genera, (c) the relative abundance of archaeal genera, and (d)
the most abundant bacterial genera (relative abundance > 1%). Undefined genera were named
using higher taxonomic levels such as family (f ) and order (o ).
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In the bacterial genera, the microorganisms belonging to the phyla Bacteroidetes,
Proteobacteria, WWEI, Firmicutes, Spirochaetes, and Chloroflexi were abundant. An undefined
genus of the order Bacteroidales (the phylum Bacteroidetes) was the most abundant and accounted
for 13.61% in the G reactor and 16.84% in the G+B reactor, respectively. The phylum
Bacteroidetes consists of a broad group of microorganisms that are mainly responsible for the
degradation of complex organic matters, especially in the form of proteins and carbohydrates
(Thomas et al., 2011). The phyla Bacteroidetes, Firmicutes, Proteobacteria, and Chloroflexi
contain most identified species of acidogenic bacteria (Venkiteshwaran et al., 2015). Syntrophic
acetogenesis could play an important role in the two reactors since Syntrophus (4.78% in the G
reactor and 3.50% in the G+B reactor), Syntrophobacter (1.19% in the G reactor and 1.06% in the
G+B reactor), and Candidatus Cloacamonas (1.68% in the G reactor and 5.71% in the G+B reactor)
were identified in high relative abundances. The syntrophic acetogenesis is efficient to maintain a
rapid and stable anaerobic digestion process through consuming VFAs such as propionate and

butyrate and producing H> or formate (Venkiteshwaran et al., 2015; Juste-Poinapen et al., 2015).

The metagenome and functional genes that belong to the groups of metabolism, cellular
processes, genetic information processing, and environmental information processing were
predicted based on the 16S rRNA gene amplicon data. The results can be found in Fig. 8-8. It
showed that the presence of BSA in the G+B reactor promoted higher prevalence of the energy
metabolism, the nucleotide metabolism, and the genetic information processing functions. The sole
carbon source glucose in the G reactor led to higher prevalence of the cell motility, the membrane

transport, and the signal transduction.
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Figure 8-8. Predicted metagenome functions.
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8.4 Discussion

8.4.1 A local microenvironment overcomes activation energy barriers for CaP mineral

nucleation

As discussed above, the nucleation of CaP minerals must satisfy the thermodynamic and kinetic
requirements (Fig. 8-9), including (1) the thermodynamic requirement on the supersaturation of
specific CaP species (essentially same as AG, the difference of Gibbs free energies between a
product and reactants); and (2) the kinetic energy requirement to overcome activation energy

barriers for producing specific CaP species.

The supersaturation of CaP species is dependent on the chemical environment (including
Ca?"/PO4*/HPO4*>/H2PO4 concentrations and the pH). As shown in Table 8-2, all the CaP species
of interest (HAP, ACP, and TCP) had the SI values above 0 under the reactor operation conditions,
indicating that these CaP species had the potential to precipitate upon mixing. However, CaP
precipitation was observed neither in the feeding tanks (Fig. 8—4) nor in the G reactor, indicating

that activation energy barriers must be overcome to allow CaP mineral precipitation.

Table 8-2. Supersaturation index (SI) of potential precipitates calculated based on MINTEQ.

) PH
Mineral Formula 6.0 70 2.0
HAP Cas(PO4);OH 3.58 9.46 13.83
ACP Ca3(PO4)2-xH20 <0 2.16 4.57
DCP CaHPO4 <0 0.38 0.52
TCP Ca3(PO4)2 <0 2.04 4.29
Calcite CaCOs3 <0 0.42 1.35

The activation energy is the minimum energy required to form precipitation through bring

reactant molecules together and placing them in an exactly right orientation. Generally,
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accelerating the motion of molecules and increasing the frequency and force of molecule collisions
help overcome the activation energy barrier. In the G+B reactor, the activation energies may be
overcome through (i) the elevated pH and the increased availability of OH™ as a result of BSA
fermentation, and (ii) the deprotonation of the negatively charged functional groups in the EPS
due to the pH increase, which created active sites for EPS-Ca?" complexation, leading to an

increased local Ca concentration to trigger CaP nucleation.

To summarize, anaerobic digestion of BSA created a favorable environment that overcame

activation energy barriers and enabled CaP precipitation.

8.4.2 Microbial community maintains a stabilized pH environment

The stabilized CaP mineralization also relied on the well-established microbial community in the
bioreactor. The favorable pH environment can be correlated with VFA accumulation, and the
timely consumption of VFAs is critical to prevent the dissociation of CaP minerals. The VFAs
such as acetate, propionate, and butyrate are produced during the acidogenesis and acetogenesis
stages of the anaerobic digestion process. Although acetate can be directly used by acetoclastic
methanogen, other intermediates like propionate and butyrate have to be further degraded before

they can be utilized by methanogens to produce methane (Venkiteshwaran et al., 2015).

The syntrophic acetogens can utilize propionate and butyrate to produce Hz and formate
(Venkiteshwaran et al., 2015; Juste-Poinapen et al., 2015), which can be further consumed by
hydrogenotrophic methanogens to generate methane. The syntrophic bacteria and versatile
methanogens developed in the G+B reactor are important in maintaining a stabilized pH

environment for CaP mineralization.
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Figure 8-9. Schematic illustration of calcium phosphate mineralization in the UASB reactor
(Castro-Alonso et al., 2019).

8.4.3 Implication

P is non-renewable resource and is essential to feed the growing planet. To relief the reliance on
phosphate reserves, recovering P from waste sources is of particular importance. In practice, P can

be recovered through various approaches such as phosphate salts precipitation, struvite
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crystallization, and chemical phosphate leaching (Egle et al., 2016). The observations in this study
could provide an alternative approach in enhanced CaP recovery in anerobic reactors. Source-
diverted blackwater has been demonstrated to be a feasible source for CaP recovery in anaerobic
digesters (Tervahauta et al., 2014; Cunha et al., 2018; Zhang et al., 2021a; Zhang et al., 2021b).
Whey processing effluents and soybean protein wastewater with considerable PO4-P and protein
contents may be good sources for simultaneous recovery of biomethane and CaP. On the other
hand, starch processing wastewater, low in protein contents, but with considerable PO4-P contents,
could be potential sources for P recovery through CaP precipitation if it is codigested with protein-
enriched wastewater such as fishing, cheese, and poultry processing wastewater. While the ratio
of different sources should be further investigated for achieving both energy and nutrient recovery

efficiently and economically.

8.5 Conclusions

Chapter 8 demonstrated successfully the feasibility of recovering P and biomethane from
blackwater simultaneously. It completed Objective 3.1. The present study showed the importance
of protein contents on CaP mineralization in UASB reactors. In the G+B reactor, the degradation
of amino acids led to elevated pH and enriched Ca concentration in EPS, which helped overcome
the activation energy barriers for CaP nucleation. The stabilized CaP mineralization also relied on
the well-shaped microbial community in the bioreactor. The versatile methanogenesis pathways
and the presence of syntrophic acetogens could probably contribute to a stabilized pH environment
to prevent the dissociation of the produced CaP minerals. In addition, the findings in this study

could provide guidance on the selection of waste sources for CaP recovery economically.
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Codigestion of potential waste sources and adjustment of their ratios for enhanced CaP recovery

deserve further investigation.
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CHAPTER 9 THE ROLE OF PROTEIN CONTENTS IN PROMOTING
PHOSPHORUS AND BIOMETHANE RECOVERY FROM

BLACKWATER

A version of this chapter has been published in the Biomass and Bioenergy.
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9.1 Synopsis

In comparison to blackwater, food processing wastewater like those from dairy, beverage, and
fish-processing industry contains even higher protein contents (Duong et al., 2019). Protein-rich
wastewater have outstanding biogas-producing potential, but it is usually challenging to handle
protein-rich substrates in anaerobic digestion (AD) processes due to slow degradation, inefficient
hydrolysis, unbalanced C/N ratio, foaming, and biomass washout (Kovécs et al., 2013; Lin et al.,
2018; Duong et al., 2019). If these issues could be solved, protein-rich wastewater would be
extremely valuable for resource recovery because in addition to high protein content, they may

also contain large quantities of nutrients such as P and Ca.

The role of proteins in P and bioenergy recovery from wastewater has not been well
understood. Following Chapter 8, Chapter 9 aims to further examine the impact of feedwater
protein content on CaP and biomethane production in AD processes. Four 1.0 L UASB reactors
fed with different types of synthetic feeds were operated for 90 d under a mesophilic condition.
According to the contributions of carbon sources to the COD, the four feeds comprised carbon
sources of 100% glucose, 75% glucose + 25% bovine serum albumin (BSA), 50% glucose + 50%
BSA, and 100% BSA, respectively. The effects of BSA content on pH change, Ca and P removals,
and methane production were measured, and the community structures built at different BSA

contents were identified.

192



9.2 Experimental Procedure and Analysis

9.2.1 UASB reactor operation

Four 1.0 L UASB reactors (R1, R2, R3, and R4) were operated under the mesophilic condition (35
+ 2 °C) controlled by the water baths. Each reactor was fed with one of four types of synthetic
feeds based on the percentage of the organic’s COD in the feed’s total COD: R1: 100% glucose,
R2: 75% glucose + 25% BSA, R3: 50% glucose + 50% BSA, and R4: 100% BSA (Table 9-1).
Deionized water was used to prepare the synthetic feeds. The trace mineral stock in Table 9—1 was
prepared based on the Wolfe’s formulation (ATCC, 2021). The vitamin supplement in Table 9-1
contained, in mg/L: 20 biotin, 100 riboflavine, 100 nicotinamide, 100 p-aminobenzoic acid, 100
thiamin, 100 panthotenic acid, 100 pyridoxamine, and 100 cyanocobalamine. The four feeds were

stored at 4 °C and refilled every 2 d.

The digested sludge was collected from a local wastewater treatment plant (Edmonton,
Canada). The reactors were each inoculated with 0.7 L digested sludge with a volatile suspended
solid (VSS) concentration of 9.5 g/L.. The reactors had a hydraulic retention time (HRT) of 3.6 d
and an organic loading rate (OLR) of 1.1 g COD/L/d. The reactors were operated at a stabilized
state for 90 d. The feed and effluent characteristics (pH value, COD concentration, Ca
concentration, and PO4-P concentration) and the methane production were monitored every 3 d.

The startup periods (21 d) were not considered in the analysis.

9.2.2 Chemical analysis

The feed and effluent COD concentrations and the sludge VSS concentrations in the four reactors
were tested following the Standard Methods (Rice et al., 2017). The feed and effluent Ca

concentrations were tested using a Hach hardness reagent set (Hach, Loveland, US). The feed and
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effluent pH values were measured with a pH meter (SympHony B40PCID, VWR, Radnor, US).
The feed and effluent PO4-P concentrations were determined using a Hach kit (TNT 844, Hach,
Loveland, US). The generated biogas was collected in a 10 L foil sampling bag (Chromatographic
Specialties Inc., Brockville, Canada), and its volume was measured every 3 d with a syringe. The
biogas composition was identified with a gas chromatography (7890B, Agilent Technologies,
Santa Clara, US). The methanisation rate was calculated based on the percentage of the feed’s
COD that was converted to the methane’s COD, represented as % (also as g CH4 COD/g feed

COD).

Table 9-1. The feed recipes for the four reactors (R1, R2, R3, and R4).

Chemicals o
Rl R2 R3 R4 Characteristics

Glucose, %COD 100 75 50 O 4070.6+

BSA, %COD 0 25 50 100 COPmEL sy

NaH2PO4 PO4P, 60.0+2.9
mg/L

NH4Cl NH.-N, 306.1+12.0
mg/L

CaClz Ca, mg/L 52.1£3.2

MgClz2-6H20 Mg, mg/L 10.0+0.7

KCl K, mg/L 51.3+2.2
Alkalinity,

NaHCO3 mg 990.5+74.8
CaCOs/L

Trace mineral stock, mL/L 10

Vitamin stock, mL/L
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9.2.3 Statistical analysis

All results are expressed as the mean value + standard deviation. Single factor analysis of variance
(ANOVA) was performed using Microsoft Excel® to determine the differences between the four

reactors’ effluent quality. A P-value less than 0.05 indicates statistically significant differences.

9.2.4 Sludge sampling and microbial analysis

At the end of the reactor operation, sludge samples of each reactor were collected from all sampling
ports within the sludge bed and then mixed well. The mixed sludge (1.5 mL) was centrifuged at
4000 g for 10 min, and the supernatant was discarded. Genomic DNA was extracted from the
retained sludge with a DNeasy Power-Soil Kit (QIAGEN, Hilden, Germany), according to the
manufacturer’s protocol. The extracted DNA concentrations were measured with NanoDrop One
(Thermo Scientific, Waltham, USA). 16S rRNA genes were amplified using the universal primer
pair 515F (GTGCCAGCMGCCGCGG) and 806R (GGACTACHVGGGTWTCTAAT). The
pooled PCR products were sequenced on the [llumina MiSeq platform. The data sets generated by
16S rRNA gene amplicon sequencing were deposited in the NCBI Sequence Read Archive under
the accession number PRJINA802873. Sequence analyses were performed based on the DADA?2
pipeline (Callahan et al., 2016) using the Qiime2 workflow (Caporaso et al., 2010). OTUs were
clustered with 99% similarity with reference to the Greengenes database, version 138 (McDonald
etal., 2012; Werner et al., 2012). Heatmaps were generated using the “pheatmap” package, version
1.0.12 (Kolde, 2019) in RStuido, version 3.6.3 (R Core Team, 2020). Alpha diversity represented
by the Shannon diversity index and beta diversity based on the principal coordinates analysis

(PCoA) were calculated using the “vegan” package, version 2.5.7 (Oksanen et al., 2019). Predicted
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metagenome and functional genes were determined using the Phylogenetic Investigation of

Communities by Reconstruction of Unobserved States (PICRUSt) (Langille et al., 2013).

9.3 Results

9.3.1 UASB reactor performance

The performance of the four UASB reactors (after the startup phase), R1 (0% BSA), R2 (25%
BSA), R3 (50% BSA), and R4 (100% BSA), is shown in Fig. 9—1. All reactors removed more than
90% COD (P-value = 0.01) [Fig. 9-1(a)]. A 25% BSA content in the R2 feed contributed to the
highest methanisation rate (82.7% + 5.6%). The feed COD mass balance for the four reactors can
be found in Fig. 9-2. A higher BSA content in the feed led to reduced methane production [Fig.

9-1(b)].

Compared to the feed pH value of the four reactors (7.3 + 0.3), the pH value of R1 effluent
did not change too much and varied around 7.2 (£ 0.3). In comparison, the effluent pH values
increased significantly to 7.8 £ 0.4, 7.9 + 0.3, and 8.0 + 0.2, for R2, R3, and R4, respectively (P-
value = 0) [Fig. 9-1(c)]. The pH changes from the reactor feeds to the effluents showed that, in
comparison to the feed without BSA, the presence of BSA in the feed significantly raised the
effluent pH, and an increase in the BSA content brought about a slight effluent pH increment. As
stated in previous studies (Lin et al., 2018), the release of free ammonia (NH3) from the amino
acid degradation and the dissolution of NH3 in water that produces ammonium (NH4") and OH-
may have caused the effluent pH increases in R2, R3, and R4. The effluent NH4-N concentrations
for the four reactors are shown in Fig. 9-3. In addition, the effluent pH value did not increase

linearly with the BSA content, which may be explained by H™ produced from the degradation of
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amino acids present in the BSA (represented by NxHyNO:) and the equilibrium between NH3 and

NH4", as shown in the reactions below.
N HyNO, + H,0 — CH3CO0~ + H* + NH; + CO, + H,
CO, + H,0 & HCO3 + H*
NH; + H,0 & NHf + OH~

The Ca and P removals [Figs. 9-1(d) and 9-1(e)] show that the highest CaP production
was achieved in R4, followed by R3 and R2. The Ca and P removal efficiency was positively
related to the pH increment in the reactor. Compared to the Ca concentration in the reactor feed
(52.1 +£ 3.2 mg/L), the effluent Ca concentrations of R1, R2, R3, and R4 were 50.9 + 3.3, 41.0 +
4.3, 38.0 £ 2.9, and 35.6 = 3.1 mg/L, respectively (P-value =0). The feed P concentration of the
four reactors was 60.0 = 2.9 mg/L, and the effluent P concentrations of R1, R2, R3, and R4 were
59.2+209,51.9+1.6,49.4 + 2.6, and 47.9 + 2.5 mg/L, respectively (P-value =0). A higher pH

increase brought about more Ca and P removals during the AD.

The removed Ca and P molar ratio (Ca/P) for R2, R3, and R4 was 1.1 + 0.4 (P-value =
0.998) at the current low Ca concentration (52.1 + 3.2 mg/L), shown in Figs. 9-1(f). The CaP
produced from anaerobic digesters includes Caio(PO4)s(OH)2 (HAP), Casz(PO4)2exH20 (ACP),
Ca3(POa4)2 (TCP), CaHPO4 (DCP), etc. (Daneshgar et al., 2018). The composition of produced CaP
varies with pH, Ca concentration, P concentration, and temperature. In previous studies that
produced CaP from blackwater with high Ca concentrations (100-250 mg/L) and high P
concentrations (50-210.6 mg/L) (Cunha et al., 2018; Zhang et al., 2021), the removed Ca/P varied

from 1.0 to 1.68.
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Figure 9-1. Performance of R1 (0% BSA), R2 (25% BSA), R3 (50% BSA), and R4 (100% BSA):
(a) effluent COD concentration, (b) methanisation rate, (c) pH value, (d) Ca concentration, (e)
PO4-P concentration, and (f) removed Ca/P molar ratio. The dots represent the performance data
for the effluent [(a), (c), (d) and (e)] or biogas (b). The solid lines in (c), (d) and (e) represent the
corresponding values of the feeds, and the solid line in (f) represents the average value. The error
bars of the solid lines represent the standard deviations. The legends of the six figures are the same
as shown in (a).
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Two mechanisms underlie the CaP precipitation that is induced by the protein degradation.
One mechanism is the enhanced supersaturation condition for CaP species created by the pH
elevation in the reactor. The hydrolysis of proteins brings about the pH increase. In the hydrolysis
of proteins, hydroxyl ions are generated. When a hydroxyl ion is released from a reaction as a final
product or an intermediate, it can be rapidly consumed by another reaction and not be reflected in
the effluent characteristics. The dynamic biological reaction is difficult to capture or measure,
while it helps build a local environment that facilitates the CaP precipitation. The other mechanism
is the localized supersaturation condition for CaP species arising from the enriched Ca due to the

complexation of Ca’* and extracellular polymeric substances (EPS).

100
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Figure 9-2. The feed COD mass balance for the four reactors.
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Figure 9-3. The effluent NH4-N concentrations for the four reactors.

9.3.2 Microbial community analysis

Figs. 9—4 shows the richness and the diversity of microbial communities identified in the four
reactors. As shown in Fig. 9—4(a), R2 had the richest archaeca and bacteria, which was in
accordance with the highest methane production from R2. The microbial community diversity
depends both the substrate type and the environmental factor (Hiibel et al., 2011; Wu et al., 2018).
In a low stress environment, all reactors fed with either the simple substrate (in R1 and R4) or the
complex substrate (in R2 and R3) performed well. The beta diversity calculated based on the PcoA
in Figs. 9—4(c) and 9—4(d) illustrated that the archaeal and bacterial communities were clustered
into individual groups, and the clustering pattern was in close relation with the high

methanogenesis efficiency of the four reactors (Yu et al., 2020).

Fig. 9-5 presents the relative abundances of archaeal and bacterial genera in the
communities of the four reactors. As shown in Fig. 9-5(a), Methanosaeta dominated the archaeal

communities of the four reactors, with the relative abundances of 57.61%, 81.02%, 47.06%, and
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4191% in R1, R2, R3, and R4, respectively. An undefined genus of the family
Methanospirillaceae (24.02%), Methanobacterium (12.98%), Methanocorpusculum (26.70%),
and VadinCAI1 (24.88%) were the next abundant genera in R1, R2, R3, and R4, respectively. The
acetoclastic and methylotrophic methanogenesis dominated in R1 and R4 which were fed with the
single carbon sources. The acetoclastic and hydrogenotrophic methanogenesis dominated in R2

and R3 which were fed with the mixed carbon sources.

Fig. 9-5(b) shows that although the abundant bacterial genera varied among the four
reactors, the dominant bacterial groups fell into several phyla, including Firmicutes, Bacteroidetes,
Proteobacteria, and Synergistetes [Fig. 9-5(c)]. In R1 (0% BSA), the genera belonging to the
phyla Firmicutes (30.12%), Bateroidetes (10.22%), and Proteobacteria (10.05%) were the most
prevalent. In R2 (25% BSA), the genera belonging to the phylum Synergistetes alone comprising
44.23% of the bacteria, and Proteobacteria and Firmicutes accounted 15.35% and 11.80%,
respectively. In R3 (75% BSA), members of the phylum Bacteroidetes (29.3%) were dominant,
followed by Synergistetes (14.17%) and WWEI (13.66%). In R4 (100% BSA), the most abundant
phyla were Bacteroidetes (25.48%), Proteobacteria (20.70%), and Synergistetes (17.83%).
Species of the phyla Bacteroidetes and Synergistetes are known to play prominent roles in protein
and/or amino acid degradation (Tang et al., 2005; Militon et al., 2015). Firmicutes and
Bacteroidetes communities have been found to be robust during the digestion of substrates like
casein, starch and cream in biogas-producing reactors (Kampmann et al., 2012); however, their
competition, quantified by the population abundance ratio of Firmicutes to Bacteroidetes (F/B
ratio), has been reported to be an indicator of AD process performance, such as the methane
generation (Chen et al., 2016). The prevalence of acidogenic fermentative populations of

Bacteroidetes usually indicates the volatile fatty acid accumulation and, consequently, inhibits the
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methane production. In contrast, the relative abundance of Firmicutes was positively correlated
with the methane production (Chen et al., 2016). Therefore, a higher F/B ratio would suggest
greater methane production. R2 had the highest F/B ratio (26.2) and accounted for the greatest
methane production. The F/B ratio decreased at both lower and higher BSA concentrations, leading
to lower methane production in R1, R3, and R4 compared to R2. The high methane production in
R2 was also related to the highest prevalence of Synergistetes. Synergistetes have been shown to
utilize acetate (Ito et al., 2011). The presence of Synergistetes and Methanosaeta was likely linked

to an efficient utilization of acetate to produce methane in R2.

The metagenome and functional genes involved in metabolism, cellular processes, genetic
information processing, and environmental information processing were predicted based on the
16S rRNA gene amplicon data, shown in Fig. 9—6. Fig. 9-6 indicates that BSA (present in R2, R3,
and R4) promoted a higher prevalence of almost all types of metabolism except carbohydrate
metabolism. R2 (75% glucose +25% BSA) had the highest prevalence of amino acid metabolism,

cell motility, signal transduction, and predicted methane metabolism.
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Figure 9-4. Microbial community richness and diversity for R1 (0% BSA), R2 (25% BSA), R3
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Figure 9-5. Microbial community analysis for R1 (0% BSA), R2 (25% BSA), R3 (50% BSA), and R4 (100% BSA): (a) the relative
abundances (%) of archaeal genera, (b) the most abundant bacterial genera (individual relative abundance > 1%), and (¢) bacterial groups
classified based on phylum and their percentages of the total bacterial community. Genera were named using the taxonomic levels such
as genus (g ), family (f ) order (o ), class (¢ ), and kingdom (k ).
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9.4 Implication

The Ca and P concentrations used in this study are representative for a range of wastewater types
such as blackwater (de Graaff et al., 2010; Tervahauta et al., 2014). In comparison to the studies
that focused on the CaP precipitation facilitated by the high Ca concentration (Szogi et al., 2018)
or the Ca addition (Cunha et al., 2018), this study demonstrated that the CaP precipitation is
possible even under the low Ca (52.1 mg/L) and P (60.0 mg/L) concentration conditions. The CaP
production does not only rely on a high Ca concentration or Ca addition, but also depends on the
feedstock and other factors like the operational condition and the reactor configuration. An
alternative is to achieve an optimum feedstock to create a localized supersaturation condition to
facilitate the CaP precipitation at low P and Ca concentration conditions. A bio-induced pH
elevation can trigger the CaP precipitation at a low or even below supersaturation requirement.
The reactors with higher BSA concentrations had higher protein degradation and thus higher pH
levels, therefore greater CaP production. However, due to the production of protons and the
equilibrium between free ammonia and ammonium, the pH increment is limited even for a feed

with a very high BSA content.

The total ammonia nitrogen/free ammonia nitrogen with a high concentration generated
from a high-content BSA feed might adversely impact the AD process stability and reduce the
methane production (Morozova et al., 2020). The C/N ratio of substrates has been recognized to
be one of the most important factors affecting the total ammonia nitrogen/free ammonia nitrogen
accumulation and the methane production. An optimum C/N ratio of 15-32 is usually
recommended for an AD process (Kovacs, 2013; Morozova et al., 2020; Wang et al., 2014).
According to the molecular weight of BSA (66430.3 Da) and its 583 amino acid residues

(Hirayama et al., 1990; Huang et al., 2018), the theoretical C/N ratios in R2, R3, and R4 feeds,
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calculated with Eq. (9-1), were 15.3, 7.2, and 3.2, respectively. The R2 feed, consisting of 25%
BSA and 75% glucose, had the optimum C/N ratio for maximized methane production. However,
whether the C/N ratio is very important for the biomethane yield is questionable. Previous studies
(Kovacs, 2015; Guarino et al., 2016) demonstrated that even at a wide range of the C/N ratio (e.g.,
9-50), the biomethane yield was not affected. Some other factors like the COD-based percentage
of individual organic in substrates rather than the C/N ratio alone might deserve further study.
Further analysis demonstrated that the R2 feed helped shape a microbial community favorable for
the energy recovery through efficient acetate utilization. The co-digestion of various waste streams

of different natures could potentially enhance the P recovery and maximize the biogas production.

C/N __ Walucose XCglucose T WBsaXCpsa (9_1)
WgsaXNBsa

where Wencose and Wasa were the weight of glucose and BSA (g VS), respectively. Cglucose, CBsa,
and Nsa were the organic carbon content in glucose, organic carbon content in BSA, and nitrogen

content in BSA (g/g VS), respectively.

Although the present study focused on the CaP precipitation from wastewater with low Ca
and P concentrations, the observation can be useful when evaluating the CaP precipitation from
wastewater with high Ca and P concentrations, as the localized supersaturation also exists under
these conditions. In addition to proteins, other organics such as urea (Zhang et al., 2021) can also
lead to a pH increase after the hydrolysis. CaP precipitation and energy recovery from wastewater
can be efficient and economical through the co-digestion of streams containing considerable P and
Ca and complex organic constituents. The anaerobic degradation of organics such as proteins and
urea provides a moderate to high pH, which, together with Ca?>" and PO4>/HPO4*/H2PO4", could

induce a favorable chemical environment for enhanced CaP production. The anaerobic degradation
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of organics with proportional proteins could also create a biological environment for efficient
methanogenesis. Co-digestion of targeted waste streams can provide efficient and economical P
and energy recovery and promote sustainable waste management, while the ratio of these streams

deserves further study.

9.5 Conclusions

Chapter 9 explored the role of feedwater protein content in the simultaneous biomethane
production and CaP precipitation in a UASB reactor. It completed Objective 3.2. The hydrolysis
of BSA in the reactor feed increased the pH, creating a local environment that triggered the CaP
precipitation under a low supersaturation condition; however, the pH elevation was limited even
at 100% BSA content. A BSA content of 25% created a microbial community favorable for the
methanogenesis, mainly through the acetate utilization, and led to the greatest methane production.
This study contributes to the process design and operation of anaerobic digesters for enhanced

biomethane and P recovery by clarifying the impact of feedstock characteristics.
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CHAPTER 10 CONCLUSIONS AND RECOMMENDATIONS

10.1 Overview

Nutrient such as P and N and energy recovery from wastewater is one of the targets of next-
generation wastewater treatment plant. The geological P availability, socio-economic and
environmental vulnerabilities, and future P crisis drive the P recovery from waste streams to relieve
the dependence of phosphate rock reserves (Alewell et al., 2020). P can be recovered from wastes
in different forms through chemical or bio-induced chemical precipitation. To achieve efficient P
recovery, the chemical addition is usually applied. The use of chemicals will greatly increase the
operating cost. An efficient and economical P recovery is required for sustainable wastewater

management.

Aiming at achieving efficient and economical P and bioenergy recovery from wastewater,
this thesis mainly studied the P and biomethane recovery directly from blackwater. Specifically, it
tested the feasibility of recovering P through struvite precipitation and simultaneously recovering
P through CaP precipitation and biomethane from blackwater. This thesis also studied the impact
of one important operational condition, mixing, on biomethane recovery from synthetic blackwater
in a UASB reactor. First, the feasibility of producing struvite from concentrated blackwater
without alkali addition was examined. The purity and heavy-metal contents of produced struvite
were assessed. The impact of TSS concentration of blackwater on struvite purity and size was
studied. Second, the impact of effluent recirculation strategy on biomethane production in a UASB

reactor treating synthetic blackwater of different solid contents was assessed. The hydrolysis
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efficiency of particulate organic matter was calculated. The involved microbial community’s
evolution and dynamic shift was identified. An ecology model, based on a non-steady-state mass
balance (16S rRNA MiSeq reads normalized by volatile suspended solids), was developed to
quantify microbiome responses to disturbances in the UASB reactor treating blackwater. Finally,
as a typical content in blackwater, proteins’ role in simultaneous P and bioenergy recovery was

examined.

10.2 Conclusions

The results drawn from this thesis demonstrated that raw concentrated blackwater is an
economically-viable and environmentally-sustainable waste source for P recovery through both
struvite precipitation and bio-induced CaP precipitation. The major conclusions are summarized

as follows.

Feasibility of P recovery through struvite precipitation from raw blackwater

The feasibility of P recovery through struvite precipitation from raw concentrated
blackwater was successfully demonstrated in Chapter 3. Among various blackwater sources,
including concentrated blackwater collected from vacuum toilet systems, low-dilution blackwater
collected from dual-flush toilet systems, and low-dilution blackwater anaerobically digested by
the UASB reactor, P recovery percentage was the highest from concentrated blackwater. A P
removal efficiency exceeding 90 % was achieved as a result of both an appropriate supersaturation
ratio of struvite (>4.0) and a high initial pH value (close to 9.0 after storage). The high quality of
the produced struvite was demonstrated by a purity of 94.9 %, the Mg/P/N mass ratio of 10:12:4.7
based on the EDS analysis, and low heavy-metal contents. The moderate PO4-P concentration,
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high NH4-N concentration, relatively low Ca concentration, strong buffering capacity, and ideal

pH enable concentrated blackwater to be a potential source candidate for producing struvite.

The impact of TSS concentration of blackwater on produced struvite quality was studied
in Chapter 4. A fluidized bed reactor (FBR) was operated in a batch mode. At appropriate water
quality (e.g., pH = 8.9) and operational conditions (e.g., Mg/P molar ratio = 1.5), neither
blackwater TSS nor FBR upflow velocity significantly affected the P recovery efficiency. TSS had
a significant impact on the purity and size of the struvite product. The struvite purity increased
with the decrease of TSS concentration within the studied range of 120 to 1,600 mg/L. At higher
TSS levels (520—-1,600 mg/L), the struvite crystal remained small (<5 um) with the FBR upflow
velocity ranging from 18 to 90 m/h. When the TSS concentration was lower than 220 mg/L, the
struvite crystal was able to grow continuously (up to 100 um), and its size was directly impacted
by the FBR upflow velocity. A greater upflow velocity was unfavorable to the agglomeration of
struvite crystals. The studies in Chapters 3 and 4 put forward an economical method for struvite
production from concentrated blackwater through saving the chemical cost associated with pH
adjustment and suggest strategies to enhance P recovery in decentralized wastewater management

systems.

Impact of effluent recirculation strategy on biomethane production

The impact of effluent recirculation on methane production from UASB reactors treating
substrates of different solid contents was studied in Chapter 5. Two 2.0 L UASB reactors were
operated for 219 d under a mesophilic condition. When the UASB reactors were fed with a high-
solid content substrate, effluent recirculation led to significantly reduced methanisation rate (from

47.9% without recirculation to 25.5% with recirculation) and hydrolysis efficiency of particulate
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organic matter (from 45.5% without recirculation to 22% with recirculation). In comparison to the
high-solid content substrate, a low-solid content substrate led to an increase in methanisation rate
for both UASB reactors with and without effluent recirculation, but the difference in methane
production for with and without effluent recirculation operation reduced significantly. The lower
methane production in the presence of effluent recirculation arose from the inefficient hydrolysis
of particulate organic matter, which was mitigated when the reactors were fed with a low-solid
content substrate. Turbulence due to effluent recirculation enhanced biomass transport but limited
the accessibility of adsorption sites on particulate matter. It was concluded that mixing due to
effluent recirculation caused an insufficient attachment between microorganisms/enzymes and

particles, which could have lowered the hydrolysis efficiency of particulate organic matter.

An ecology model, based on a non-steady-state mass balance (16S rRNA MiSeq reads
normalized by volatile suspended solids), to quantify microbiome responses to disturbances in
wastewater bioreactors was developed in Chapter 6. For the first time, this new model helped
identify active species (different from dominant species) responding to a changed environment

based on the calculation of individual microbe’s net growth rate during the community evolution.

Based on the model, the importance of low-abundance species in maintaining biosystem
stability in response to the effluent recirculation was demonstrated in Chapter 7. Sludge samples
were taken from the top and bottom layers of the reactors every half hydraulic retention time after
the initiation/termination of effluent recirculation, and the microbial community evolution was
assessed. Community evolution studies showed that directly following the initiation/termination
of effluent recirculation, the microbial communities reached the highest diversity. The net growth
rates of individual microbes during community evolution illustrated that low-abundance species

played a critical role in response to the disturbance induced by initiating or discontinuing effluent
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recirculation. This novel model demonstrated the role of low-abundance microorganisms in

maintaining the biosystem stability when the system is undergoing disturbances.

Role of proteins in enhanced simultaneous P and bioenergy recovery from blackwater

As a major content in blackwater, proteins’ role in the bio-induced CaP precipitation in a
UASB reactor was revealed in Chapter 8. Two UASB reactors fed with two types of synthetic
wastewater were operated under a mesophilic condition. The feed of one reactor (G reactor) had
glucose as the sole carbon source, and the feed of the other reactor (G+B reactor) had glucose (60%
COD) and BSA, (40% COD) as the combined carbon sources. P and Ca removals were only
observed in the G+B reactor. The main difference between the two reactors was the elevated pH
in the G+B reactor, which may be attributed to the degradation of amino acids. The elevated pH
caused the deprotonation of the negatively charged functional groups in the sludge, creating
available active surfaces for Ca?" complexation. The high availability of OH- and the enriched Ca
in the G+B reactor built a favorable microenvironment to overcome the activation energy barriers
hindering the CaP nucleation. The stabilized CaP mineralization largely depended on the well-
established microbial community, where the efficient hydrogenotrophic methanogens and
syntrophic acetogens may maintain a stabilized pH environment to prevent the dissociation of CaP
minerals. It was concluded that the degradation of proteins led to elevated pH and enriched Ca in
the EPS, which helped create a localized supersaturation environment to facilitate the CaP

formation even under a low supersaturation condition.

The impact of protein content on CaP and methane production in a UASB reactor was
further examined in Chapter 9. Four 1.0 L UASB reactors fed with different types of synthetic

feeds were operated for 90 d under a mesophilic condition. According to the contributions of
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carbon sources to the COD, the four feeds comprised carbon sources of 100% glucose, 75%
glucose + 25% bovine serum albumin (BSA), 50% glucose + 50% BSA, and 100% BSA,
respectively. The amino acid degradation caused pH elevation, leading to the CaP precipitation at
a low supersaturation condition, whereas compared to a lower BSA content (25% BSA), an
increase in BSA content (75% or 100% BSA) only brought about a slightly pH increase. A 25%
BSA content in feedwater helped shape a superior microbial community that contributed to the
maximized methane production (the methanisation rate of 82.7%). The high prevalence of
bacterial species of the phylum Synergistetes and the methanogen Methanosaeta demonstrated that
methane was mainly produced through the acetate utilization. In summary, a higher protein content
led to higher CaP production, while an optimum protein content existed for maximized biomethane

yield.

10.3 Recommendations

Generally, although the concept of P recovery through struvite and CaP precipitation is not new,
P recovery is still facing challenges hindering its full-scale application at a level of industrial
maturity. Moreover, shifts towards a more technologically and economically feasible P recovery

process are needed.

This thesis demonstrated the feasibility of producing struvite from raw concentrated
blackwater without alkali addition for pH adjustment. The use of raw blackwater with an
appropriate pH value rather than anaerobically digested blackwater helps save operating cost.
However, struvite production from raw blackwater in an up-scaled FBR should be further studied.

For instance, these issues should be considered carefully: the necessity of blackwater TSS
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separation, the design of the FBR for the requirement of struvite size, the safety of using struvite

produced from blackwater, and the post-treatment of produced struvite.

P recovery does not only rely on a high P concentration and a chemical addition, an
alternative economical way can be to achieve an optimum feedstock/operational condition for the
creation of a local supersaturation condition, facilitating P product production at a low or even
below supersaturation requirement. A specific wastewater composition can facilitate the bio-
induced CaP precipitation at a low supersaturation condition, which makes efficient CaP
precipitation free of Ca addition possible. Blackwater is a good waste source for simultaneous CaP
precipitation and bioenergy recovery because it contains proteins and urea and has a high COD
concentration. Co-digestion of various streams with considerable P and Ca concentration and
complex organic constituents is potentially feasible for maximized simultaneous CaP precipitation

and bioenergy recovery in an efficient and economical way, which deserves further study.

Moreover, in addition to the wastewater composition, the reactor configuration and
operational condition (e.g., recirculation, temperature, and OLR) also impact positively or
adversely the localized supersaturation environment in an anaerobic digester. The maintenance

and deterioration of localized environment deserve more efforts.
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