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Abstract

Aerobic granular sludge (AGS) biotechnology has been extensively studied for wastewater
treatment over the past two decades, gaining increased interest due to its enhanced treatment
performance and potential for resource recovery. This research focused on optimizing curdlan
biosynthesis in the aerobic granule matrix during wastewater treatment. Using Taguchi fractional
factorial design, nine experimental runs were conducted to determine the effect of carbon-to-
nitrogen (C/N) ratio (carbon measured in form of chemical oxygen demand — COD), organic
loading rate (OLR), and feeding strategy on curdlan biosynthesis in the aerobic matrix. These
factors were tested at three levels: C/N ratios of 10, 20, and 30; OLRs of 0.8, 1.5, and 2.1 kg
COD/m?*d, and feeding strategies of 60 min feeding, 30 min feeding followed by 30 min resting
phase, as well as 10 min pulse feeding followed by 50 min resting phase. Results indicate that C/N
ratio had no effect on curdlan yield. Pearson correlation analysis revealed no correlation (r =-0.07)
between C/N ratio and curdlan yield. This result was not statistically significant at 95% confidence
level (p=0.516). The OLR was identified as the most influential factor. Curdlan yield increased
with increasing OLR, attaining an optimum yield of 74 + 6 mg curdlan/g biomass. Findings show
a significant positive correlation (r = 0.82) between OLR and curdlan yield; and this was
statistically significant at 95% confidence level (p=0.007). The feeding strategy showed minimal
effect on curdlan yield with a weak negative Pearson correlation (r = -0.25) between feeding
strategy and curdlan yield. However, this result was not statistically significant at 95% confidence
level (p = 0.852. From mean effect analysis, OLR of 2.1 kg COD/m?-d, C/N ratio of 10, and feeding
strategy of 30 min feeding followed by 30 min resting phase were optimal for curdlan production.
The AGS system achieved stability throughout the duration of the experiments as both SVIs and

SVIz0 values in all the experimental runs were in the range 16 + 2 — 43 £ 1 mL/g, and the

il



SVI130/SVIs ratio was consistently between 0.9 and 1.0. Additionally, the AGS system achieved
organic matter, ammonia-nitrogen, and phosphorus removal efficiencies reaching 99.6 + 0.6%, 97
+ 1%, and 91 + 6%, respectively. These findings look promising to enhance the sustainability of
AGS-based wastewater treatment plants contributing to the attainment of circular economy in the

wastewater management industry.
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Chapter 1 Introduction

1.1. Background and problem definition

The prospects of resource recovery from wastewater and its potential have gained attention
over the past few decades. Resource recovery from wastewater treatment systems appears to give
a promising future and offers potential collaboration between the wastewater, resource, and
manufacturing sectors. Non-renewable resources such as phosphorite are at risk of depletion due
to increasing industrial activities and population growth (Cordell et al., 2011; Chrispim et al.,
2019). In the past decade, there has been extensive research on resource recovery and the potential
for using the recovered high-value products alginate-like exopolysaccharide (ALE),
polyhydroxyalkanoate (PHAs), phosphorus and tryptophan in industrial applications (De Sanctis
etal., 2019; Karakas et al., 2020; Kehrein et al., 2020; Hamza et al., 2022). As an alternative means
of production of resources, valuable resources such as biopolymers, bioplastics, biogas, and
digestate are being extracted from wastewater to meet growing resource demands. As a result,
wastewater is no longer viewed as a pollutant but as a valuable source of resources (Amann et al.,
2018; Marti et al., 2017; De Sanctis et al., 2019; Karakas et al., 2020; Kehrein et al., 2020; Hamza
et al., 2022).

For several decades, the floc-based conventional activated sludge (CAS) process has been
the main technology used to treat municipal wastewater (Barrios-Hernandez et al., 2020).
However, CAS exhibits some notable drawbacks, including high energy consumption (CAS - 0.30
kWh per population equivalent and AGS - 0.19 kWh per population equivalent) (Ekholm et al.,
2023), poor flocs settling properties, low biomass concentration, excess waste sludge production,
and large space requirement due to the need for separate aeration tanks and clarifiers (Spinosa et

al., 2011; Nancharaiah and Kiran Kumar Reddy, 2018; Hamza et al., 2022). Aerobic granular



sludge (AGS) biotechnology was developed to overcome these drawbacks. In the AGS system,
microorganisms are self-immobilized into a matrix of compact granules that settle well, efficiently
remove pollutants, and are comparatively more space efficient (De Sousa Rollemberg et al., 2018;
Hamza et al., 2022). AGS biotechnology has garnered significant interest in the past two decades.
During this period, the sequencing batch reactor (SBR) mode of operation has been widely used
in AGS treatment systems (Nancharaiah & Kiran Kumar Reddy, 2018; Purba et al., 2020; Rosa-
Masegosa et al., 2021). However, due to limitations such as inefficiency in handling high flow
rates, the nature of continuous sewage flow in wastewater treatment plants (WWTPs) and the
restricted amount of biomass retained through volume exchange, the adoption of continuous flow
reactors (CFRs) is being explored as a promising alternative to the SBR mode of operation (Rosa-
Masegosa et al., 2021; Yuan et al., 2021). Several recent studies have focused on different designs
of CFRs for the formation of stable granules and effective wastewater treatment (Corsino et al.,
2016; Lu et al., 2016). Presently, approximately 90 full-scale AGS-based WWTPs are operational
globally, along with numerous laboratory- and pilot-scale installations (Sepulveda-Mardones et
al., 2019; Hamza et al., 2022).

Moreover, AGS shows strong potential as a resource reservoir due to its large extracellular
polymeric substances (EPS) content (Liang et al., 2010; Barrios-Hernandez et al., 2020; Zahra et
al., 2022). The EPS matrix from AGS has been extensively investigated in various studies,
revealing the presence of valuable substances such as tryptophan, polyhydroxyalkanoates (PHAs),
alginate-like exopolysaccharide (ALE), and phosphorus (Karakas et al., 2020; de Carvalho et al.,
2021; Ferreira et al., 2021; Hamza et al., 2022). Additional resources have been discovered in the
EPS matrix of AGS, including curdlan (Ferreira et al., 2021), expanding the understanding of its

chemical composition.



Curdlan is an insoluble, linear exopolysaccharide that consists of glucosyl residues
interconnected by B-1,3 glycosidic bonds (Wu et al., 2012; Ganie et al., 2021). Curdlan is
particularly valuable due to its properties such as biocompatibility, biodegradability, and
nontoxicity to humans and the environment (Shih et al., 2009). Among other properties, curdlan
is known to possess a gelling feature when heated, which improves its viscoelasticity, thermal
stability, and water-holding capacity, all of which make it serve as a good food additive (Yang et
al., 2016). In addition to its application in the food industry, curdlan and some of its derivatives
serve as drug delivery polymer, as immune recognition sites of dectin-1, and as anti-AIDS agents
to prevent HIV infection (Yang et al., 2016).

Considering the increasing areas of application of curdlan, it is inevitable for its demand to
be on the rise. Currently, the global market value of curdlan is over 37 million US dollars, which
is projected to grow to 57 million US dollars by 2030, at a Compound Annual Growth Rate
(CAGR) of 7.3% during the forecast period (QY Research, 2024). However, the low conversion
rate of glucose in curdlan production increases its overall production costs (Yuan et al., 2021). For
instance, the fermentative production method for curdlan requires a minimum of 50 g/L of
monomer sugars, which significantly increases the cost of production (Rofeal et al., 2023). Hence,
an imperative need to recover curdlan from biosolids. AGS biotechnology has been identified as a
promising avenue for the recovery of curdlan (Felz et al., 2020). This could create a system for
integrating biorefinery into wastewater treatment systems. However, due to minimal research on
this, issues regarding recovery techniques, quantification, optimization of production, and large-
scale applications remain subjects of concern. Therefore, this research explores the potential of
recovering curdlan from AGS treatment systems, aiming for future contributions to the curdlan

market.



1.2.  Research rationale and questions
The wide variety of exopolysaccharides that have been discovered in the aerobic granule
matrix are currently being explored for more knowledge of their properties, efficient methods for
extraction from the system, and purification protocols for the recovered products. As a result of
the rheological and thermal properties, curdlan has gained increased interest, particularly due to
the variety of industrial applications and the resulting high market demand. The commercial
production of curdlan through microbial fermentation has been adopted extensively for decades.
However, its recovery from AGS systems is yet to be explored. An important area that requires
exploration is the optimization of key operational parameters and conditions such as feast-famine
period ratio, carbon source, carbon-to-nitrogen (C/N) ratio, organic loading rate (OLR), hydraulic
retention time (HRT), and feeding strategy for increased biosynthesis of curdlan in the granule
matrix while maintaining the treatment performance of AGS-based wastewater treatment systems
as well as maintaining granule stability. It will be worthwhile exploring how these parameters
influence curdlan production by microorganisms and AGS bioreactor operational stability.
Therefore, the research project sought to answer the following research questions:
a) How does the C/N ratio (carbon measured in form of chemical oxygen demand — COD)
impact the biosynthesis of curdlan in AGS treatment systems?
b) What is the impact of different feeding strategies on curdlan biosynthesis in AGS
wastewater treatment systems?
c) Does varying organic loading rates influence the rate of curdlan biosynthesis in AGS

wastewater treatment systems?



1.3. Research aim and objectives
This research project aimed to recovery curdlan from aerobic granule matrix while
maintaining efficient wastewater treatment in AGS-based wastewater treatment systems. To
achieve the aim, the specific objectives of the project were:
a) To determine the effect of C/N ratio on the biosynthesis of curdlan in AGS treatment
systems.
b) To determine the impact of different feeding strategies on curdlan biosynthesis in AGS
systems.
¢) To determine the impact of varying organic loading rates on the rate of curdlan

biosynthesis in AGS treatment systems.

1.4.  Organization of thesis

This thesis is structured into five chapters:

Chapter 1, the current chapter, introduces the background of the resource recovery from
wastewater and problem definition, the potential of curdlan recovery from AGS, discusses the

research questions and rationale and concludes with the objectives of the research.

Chapter 2 covers an in-depth literature review of resource recovery and circular economy
in the wastewater treatment sector, focusing on the potential of curdlan recovery from AGS. In
this chapter, the properties, biosynthesis and microbial sources of curdlan were reviewed while
identifying any research gaps. To understand the impact of various operational factors on curdlan

biosynthesis, specific factors affecting the biosynthesis of curdlan were discussed in this chapter.

Chapter 3 outlines the experimental procedures for extracting curdlan from AGS systems,

including bioreactor performance and biomass tests. The chapter details the use of Taguchi



orthogonal arrays in the experimental design to understand the relationships between variables and
their effects on resource recovery. Pearson correlation analysis was also used to highlight the
various correlations between each factor and curdlan biosynthesis. This combined approach aims

to identify optimal conditions for resource recovery for further optimization studies.

Chapter 4 describes the results of biomass characteristics, performance of each experiment
and the effects of C/N ratio, feeding strategy and OLR on curdlan recovery from AGS. The
biomass characteristics focused on discussing the settling properties and biomass concentration in
each experiment. The performance of each experiment was discussed to understand the removal
efficiency trends over the experimental period and what factors may influence these results. The
identification of the extracted biopolymer was discussed in this chapter. The various relationships
between the studied factors (OLR, C/N ratio and feeding strategy) and curdlan biosynthesis were
discussed to understand the trend of recovered curdlan. The factors and operational parameters
that may have influenced these results were discussed in detail. The results of the statistical
analysis (Taguchi and Pearson correlation analysis) were discussed and compared with previous

studies.

Chapter 5 summarizes the research findings on the impact of each experimental factor on
curdlan biosynthesis. This chapter compares the previous studies on resource recovery and AGS
performance with this study and it concludes with recommendations for future research directions.

The references supporting this thesis are listed at the end.



Chapter 2 Literature Review

2.1.  Circular economy in wastewater management

The concept of a circular economy revolves around maximizing the lifespan of products and
raw materials and minimizing waste by recognizing them as valuable secondary resources that can
be reintegrated into the economy (Ghisellini et al., 2016; Neczaj and Grosser, 2018; Alhola et al.,
2019). A major driver of this is resource depletion, scarcity and population growth. For instance,
phosphorus recovery from WWTPs can reduce the dependence on phosphorite phosphate rock,
which is a finite resource. The increasing world population and the corresponding increased
demand for food make phosphorite depletion imminent (Cordell et al., 2011; Chrispim et al.,
2019). The growing need for phosphorus in various industries, including fertilizer, textile, rubber,
leather etc., underscores its need for recovery (Denning et al., 2014; Lu et al., 2016). Projections
suggest that the global phosphorus reserve may be exhausted between 2070 and 2099 (Egle et al.,
2016). Therefore, circular economy is acknowledged as a crucial element of sustainable
development (Geissdoerfer et al., 2017). Within this framework, incorporating resource recovery
can play a pivotal role in enhancing the value chain within the waste management industry and

bolstering cost recovery (Kehrein et al., 2020).

Similarly, biorefinery aims to sustainably mine resources from wastewater, offering the
opportunity to obtain high-value products from wastewater treatment systems (Iorhemen and
Ukaigwe, 2023). This approach has made wastewater a valuable source of renewable energy, clean
water, and, more importantly, raw materials. It also reduces the overall environmental impact of

wastewater treatment by minimizing the release of pollutants into the environment and promoting



the reuse of valuable products. Moreover, biorefineries can promote economic viability, as the

recovered products can generate revenues or offset the operational costs of treatment facilities.

Considering the significant benefits of a circular economy, all stakeholders have embraced
the concept to primarily reduce dependence on raw materials and contribute to the United Nations'
water and sanitation sustainable development objectives (Blomsma and Brennan, 2017; van
Leeuwen et al., 2018; Campbell-Johnston et al., 2020). Adopting the biorefinery paradigm in

wastewater management enhances sustainability and moves towards a circular economy.

2.2. Curdlan

Curdlan is an exopolysaccharide of high molecular weight residual sugar polymers secreted
by different strains of non-pathogenic microorganisms, such as bacteria, yeast, and fungi. It is an
insoluble, linear exopolysaccharide that consists of glucosyl residues interconnected by B-1,3
glycosidic bonds (Wu et al., 2012; Ganie et al., 2021). Curdlan was first synthesized from
Alcaligenes faecalis var myxogenes 10C3 through glucose fermentation in 1966 (Zhan et al.,
2012), but its demand increased over the years. Other strains including Agrobacterium,
Cellulomonas, and Bacillus have also been selected for curdlan production (Martinez et al., 2015;
Yu et al., 2011; Kalyanasundaram et al., 2012; Verma et al., 2020). Curdlan biosynthesis results
from microbial response to nitrogen deficiency, leading to altering enzyme synthesis (Zhang et al.,
2010). Curdlan biosynthesis can also be done through transmembrane proteins (synthases), but the
process requires substantial energy and nutrient availability (Karnezis et al., 2003; Zhang et al.,
2020). The industrial demand for curdlan has influenced the requirement for increased large-scale
production. A major concern of curdlan production is the economic sustainability of the processes,

primarily influenced by the raw materials, nitrogen, and carbon sources (Zhang and Nishinari,



2009; Salah et al., 2011; Verma et al., 2020). It is important to develop an efficient production
method to ensure sustainable availability and continuously meet the demand for curdlan for

industrial applications (Martinez et al., 2015).

2.3.Properties of curdlan

Curdlan is characterized by various properties that are important for its application and
extraction protocol. It is a water-insoluble linear homopolysaccharide that consists of d-glucose-
linked with repeated units of B-(1,3)-glucan (Chen and Wang, 2020; Yuan et al., 2021). The unique
structure, solubility, rheological, and thermal gelling properties of curdlan make it suitable for
various applications in the food and pharmaceutical industries (Martinez et al., 2015). Curdlan is
a high molecular weight substance with a general chemical formula (CsH10Os)n (Mclntosh et al.,
2005; Kalyanasundaram et al., 2012; Verma et al., 2020). Curdlan consists of 90% carbohydrate,
non-acidic, with numerous glucose subunits linked by B-bonds between the first and third carbon
atoms of the ring (Liang et al., 2021). The d-glucose in curdlan is similar to that of cellulose
although the chemical bonds are different (Harrison et al., 2023). Curdlan obtained from bacterial
species is composed of glucose with a molecular weight that ranges between 5.3 x 10* Da and 5.8
x 10° Da in a 0.3 M alkaline solution (Kalyanasundaram et al., 2012). From fungal species, the
molecular weight of curdlan obtained ranges between 2.06 x 10* Da to 5.0 x 10° Da (Verma et al.,
2020). The B-arrangement gel in the infrared spectrum of curdlan exhibit a single peak at around
890/cm of the spectra (Kalyanasundaram et al., 2012).

The important properties of curdlan that make it particularly applicable in the food industry
include thermal stability, gel syneresis, and freezing and thawing stability (Verma et al., 2020).
Curdlan can form a thermo-reversible gel by heating its aqueous suspension to about 60 °C with

subsequent cooling. A thermo-irreversible gel can also be formed by heating curdlan's aqueous



suspension to 80 °C with subsequent cooling (Zhang et al., 2002; Nishinari and Zhang, 2004;
Chaudhari et al., 2021). The high-set curdlan (thermos-irreversible gel) is characterized by a triple
helical structure through hydrophobic interactions, which is vital for the pharmaceutical industry
in producing grafting co-polymers (Brodnjak, 2017) and drugs such as salbutamol sulfate,
indomethacin, and prednisolone (Ichiyama et al., 2013). Meanwhile, the low-set curdlan (thermos-
reversible gel) is characterized by a single helical structure through hydrogen bonds (Yan et al.,
2020). Besides the high thermal stability, curdlan exhibits high freezing stability, making it
commonly used in frozen foods (Chaudhari et al., 2021).

Curdlan is highly biodegradable and non-toxic to the environment and humans, making it
widely used in different industries (Aquinas et al., 2022). It is a colorless, tasteless, and odorless
compound with an appearance similar to white powder and shows stability in a wide pH range (3—
9) (Shih et al., 2009; Verma et al., 2020; Harrison et al., 2023). Curdlan is a gelatinous and viscous
substance with high tolerance to high temperatures and it is insoluble in water below 54 °C
temperature (Jindal and Singh Khattar, 2018), as well as other organic solvents such as alcohol
and acids. However, due to the ionization of hydrogen bonds, curdlan is soluble in alkaline
solutions at pH 12, such as sodium hydroxide and trisodium phosphate (Dominguez-Martinez et
al., 2017; West, 2020; Jia et al., 2021; Harrison et al., 2023).

2.4. Microbial sources of curdlan

Various microorganisms, including bacteria, yeast, fungi, mold, and algae secrete curdlan.
While curdlan was first discovered in Alcaligene faecalis as one of the extracellular exogenous
sugars produced (Prakash et al., 2018), the genus Agrobacterium secrets the highest amount of
curdlan, particularly the linear 3-1 glucan (Venkatachalam et al., 2020). El-Sayed et al. (2016)

reported that the media components, especially pH and temperature are primary factors for
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optimizing curdlan production. These factors resulted in a yield of 2.34—4.82 g/L of curdlan from
Paenibacillus sp. NBR-10.

The first curdlan-producing microorganism (Alcaligene faecalis) is found in soil, water,
and human faeces. Alcaligene faecalis produces up to 72 g/L curdlan by feeding on ammonium
phosphate and minimal nitrogen concentration (Wu et al., 2008). Agrobacterium radiobacter, first
isolated from Australian soil, is another significant curdlan-producing bacterium used in
commercial production (Verma et al., 2020). 4. radiobacter produces curdlan in growth media
using both continuous and batch methods with limited nitrogen (Dai et al., 2015; West, 2015;
Verma et al., 2020). The strain - Agrobacterium sp. ATCC 31,749 produced the highest amount
of curdlan when cultivated in a growth medium containing solids-hydrolysate and 2,2 mM
ammonium phosphate as a nitrogen source (West, 2015). Additionally, when cultured in a growth
medium containing whole hydrolysate and 3,3 mM ammonium phosphate, the curdlan produced
was high. To improve the production of curdlan, Ying Liang et al. (2017) reported the strategy of
combining a fungal strain (Trichoderma harzianum GIM 3.442) and Agrobacterium sp. ATCC
31,749 in a fermentation system to produce curdlan with low molecular weight. The system
achieved the highest level of curdlan production by using wheat bran as a nitrogen source,
significantly reducing the cost of biosynthesis of this curdlan.

Furthermore, the non-pathogenic gram-negative, rod-shaped Agrobacterium sp. is
commonly utilized to produce curdlan. For commercial production purposes, curdlan is primarily
generated on a large scale by two mutants, namely Agrobacterium sp. ATCC 31749 and
Agrobacterium sp. ATCC 31750, with the latter being a variant of the former (Yu et al., 2015).

Paenibacillus polymyxa is another bacterium used for producing curdlan (Rafigh et al.,

2014). For optimal curdlan yield, P. polymyxa is incubated at a temperature of 50 °C for 96 h and
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a pH of 7. The culture media used contains 100 g/L of glucose and 3 g/L of yeast extract, giving a
curdlan yield of about 6.89 g/LL (Rafigh et al., 2014).

Date palm juice showed potential as a carbon source for curdlan production by Rhizobium
radiobacter strain (Besbes et al., 2009). The bacteria demonstrated a strong ability to utilize the
substrate in the culture media, producing 22.83 g/L of curdlan biopolymer under optimized
conditions. These conditions included a culture media containing 2 g/L. of ammonium sulfate, 120
mL/L of date glucose juice concentration, a pH of 7.0, a temperature of 30 °C, a shaking incubator
speed of 180 rpm, and a fermentation time of 51 h, with curdlan of a molecular weight of 180 kDa
(Salah et al., 2011). Additionally, Wang et al. (2016) found that the cell density of the bacteria
increased with the total concentration of (NH4);HPOj4 in the medium. Furthermore, adding a
nitrogen source increased cell growth and curdlan production, particularly in the early fermentation
stage.

Previous studies have investigated the microbial community in AGS systems and its impact
on EPS composition and granule formation (Xia et al., 2018; Filho et al., 2019; Ekholm et al.,
2024). The genus Agrobacterium has been identified as a significant producer of EPS in AGS
systems. In a study by Shoda and Ishikawa (2014), Alcaligene faecalis, a functional heterotrophic
nitrification and aerobic denitrification strain capable of removing high-strength ammonium, was
found in freshwater wastewater treatment facilities. Furthermore, a bacterium belonging to the
genus Rhizobium was isolated from CAS (Zhang et al., 2011). Based on phylogenetic analysis
using the 16S rRNA gene sequence, it was discovered that the closest relative was Rhizobium
radiobacter LMG 140T. Since these species have been detected in various wastewater treatment
systems, particularly in floccular and granular sludge, further research is necessary to investigate

their role in curdlan biosynthesis in AGS systems.
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2.5.  Factors affecting curdlan biosynthesis

The biosynthesis of curdlan is influenced by factors such as carbon source, pH,
temperature, type of fermentation, and size of the bacterial inoculum (Jin et al., 2008; Pan et al.,
2020; Gao et al., 2021). In Zhan et al. (2012), energy efficiency was the primary limiting factor
affecting the high yield of curdlan biosynthesis using Agrobacterium species. This suggests the
increase in glucose uptake as a primary method of optimization of curdlan production (Figure 2.1)
(Zheng et al., 2007; Zhan et al., 2012). The most appropriate condition for enhancing curdlan
biosynthesis was found to be when Agrobacterium sp. ATCC is exposed to sucrose as the carbon
source at a concentration of 140 g/L, resulting in a curdlan yield of 32 g/L. (Jiang, 2013). About
28.2 g/L curdlan yield was achieved when exposed to urea as the nitrogen source, while 15.2 g/L
curdlan was produced with exposure to ammonium chloride after an incubation period of 95 h.

Additionally, the use of dried orange peels as the fermentation substrate in A. faecalis
significantly influences curdlan production (Mohsin et al., 2019). In this study, the maximum sugar
release of 72.3 g/L, with 95-98% removal of phenolics was achieved by drying orange peels at
120 °C after saccharification and detoxification, resulting in the production of 23.2 g/L curdlan

under kinetic surveillance.
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Figure 2. 1. Illustration of the metabolic pathway of curdlan biosynthesis

2.5.1. Carbon source

In the biosynthesis of curdlan, the selection of an appropriate carbon source is critical as it
significantly influences both yield and quality. Studies have indicated that using dextrin as the
carbon source can enhance the production of curdlan in A. tumefaciens ATCC31749 (Wan et al.,
2022). Notably, the recombinant strain sp-AmyAXCC, which expresses IPTG-inducible o-
amylase from Xanthomonas campestris, achieved a curdlan titer of 66.7 g/ with a yield of 0.56
g/g when dextrin was utilized, highlighting the substantial impact of the carbon source on curdlan
production (Wan et al., 2022).

Additionally, research by Yu et al. (2024) examined the effects of various carbon sources,

including maltose, glucose, maltodextrin, and hydrolysates of cassava starch treated with different
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enzymes (o-amylase, f-amylase, and a combination of B-amylase and pullulanase). The findings
revealed that maltose provided the highest curdlan yield of 32.5 g/L, while maltodextrin resulted
in the lowest yield. With cassava starch hydrolysate at an initial sugar concentration of 90 g/L,
curdlan production reached 28.4 g/L, yielding 0.79 g/g of consumed sugar and a molecular weight
of 1.26 x 10° Da after 96 h.

The presence of specific carbon sources in the growth medium stimulates the secretion of
enzymes crucial for curdlan biosynthesis (Al-Rmedh et al., 2023). Glucose enhances the activity
of enzymes responsible for converting glucose to curdlan (Al-Rmedh et al., 2023). Furthermore,
the increased expression of ATP-binding cassette transporters improves glucose uptake and its
integration into the curdlan synthesis pathway (West, 2020). This indicates that the type of carbon
source can significantly influence the metabolic pathways and enzyme activities involved in

curdlan production.

2.5.2. Temperature

Temperature is a crucial factor for the biosynthesis of curdlan. Studies have indicated that
the optimal temperature for curdlan production is about 30°C (El-Sehemy et al., 2012; West, 2020;
Aquinas et al., 2024). At this temperature, the production of curdlan is maximized, likely due to
the optimal enzymatic activities involved in its biosynthesis. When the temperature is increased
beyond this optimal range, the production rate decreases, attributed to the denaturation of these
enzymes and the destabilization of cellular processes. Additionally, temperature influences the
gelling properties of curdlan. The heating of curdlan suspension to about 60°C results in the
formation of a weak, thermo-reversible gel, which melts upon reheating (Zhan et al., 2012).
However, when the temperature increases over 80°C, a strong, thermo-irreversible gel is formed.

This temperature-induced gelation is essential for various applications of curdlan in the food
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industry and biomedicine (Zhan et al., 2012). The precise control of temperature during the
fermentation and gelation processes is therefore critical for optimizing curdlan production and its

functional properties.

2.5.3. pH

Curdlan biosynthesis is influenced by the pH of the environment (Pan et al., 2020), which
affects the activity of key enzymes involved in its production. For instance, at pH 5.5, the activity
of the catalytic subunit of B-1,3-glucan synthase (crdS) is significantly higher compared to pH 7.0,
with an increase of about 10-fold (Jin et al., 2008). Additionally, UTP-glucose-1-phosphate
uridylyltransferase and phosphoglucomutase, which are essential for curdlan biosynthesis, resulted
in more than 3 and 17 times respectively in an acidic pH of 5.5 (Jin et al., 2008; Yu et al., 2015).
In an acidic environment, the metabolic pathways involving UTP-glucose and UDP-glucose are
upregulated, ultimately increasing the yield of curdlan produced. Similarly, enzymes such as UTP-
glucose-1-phosphate uridylytransferase and phosphoglucomutase also show increased activity at
lower pH levels. This suggests that maintaining an optimal pH is essential for maximizing curdlan
production. The biosynthesis of curdlan is likely controlled by a regulatory protein that modulates
the expression of genes involved in its production. The activity of this regulatory protein is pH-
dependent, with optimal activity observed at a specific pH level of 2. Studies have shown that the
CrdR regulatory protein, which controls the expression of curdlan biosynthesis genes, functions
more efficiently at lower pH levels (Lee et al., 1999; Jin et al., 2008; Yu et al., 2015). This pH-
dependent regulation ensures that curdlan production is optimized under favorable conditions. In
addition to the impact of pH on the quantity of curdlan synthesized, pH influences the quality of
curdlan produced (West, 2020). Curdlan synthesized at different pH levels exhibits variations in

its molecular weight and gelling properties. A lower pH indicated a higher molecular weight of
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curdlan produced with stronger gelling properties compared to curdlan produced at a neutral pH
(West, 2020).
2.5.4. Fermentation

The fermentation process employed plays a critical role in determining both the yield and
quality of curdlan. Batch fermentation, where nutrients are supplied only at the beginning, often
leads to lower curdlan yield due to nutrient depletion over time (Saudagar & Singhal, 2004).
Meanwhile, fed-batch fermentation, which involves the periodic addition of nutrients, sustains
microbial growth and enhances curdlan production. Studies indicate that fed-batch fermentation
can increase curdlan yield compared to batch fermentation (Saudagar & Singhal, 2004; Zheng et
al., 2014).

In the attempt to improve the fermentation process of curdlan, an optimized two-stage
dissolved oxygen (DO) control based on the metabolic characterization of Agrobacterium sp.
ATCC 31749 (Zhang et al. 2011) was used. In this study, a constant DO within the range of 5—
75% was maintained during batch fermentation of curdlan, which was observed to influence the
curdlan produced, the conversion efficiency of glucose to curdlan, and intracellular nucleotide
concentrations. When compared with 15% DO, the optimal DO levels for curdlan fermentation
ranged between 45 to 60%, resulting in an 80% improvement of average curdlan yield, 66%
curdlan productivity and 32% glucose to curdlan conversion efficiency (Zhang et al., 2011).
Additionally, enhancing the oxygen levels during aerobic fermentation significantly enhances
curdlan production, as aerobic conditions are conducive to both microbial growth and curdlan
biosynthesis. In contrast, anaerobic conditions may alter these processes. Additionally, while
enhancing oxygen levels in aerobic fermentation can greatly improve curdlan production,

anaerobic conditions may alter microbial growth and curdlan biosynthesis. (Dhivya et al., 2014).
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2.5.5. Size of the bacterial inoculum

The size of the bacterial inoculum directly influences curdlan production yields, with larger
inoculum sizes leading to increased curdlan yields due to a higher number of microbial cells
capable of synthesizing the biopolymer (Davis et al., 2005). In a study by Aquinas et al. (2024), it
was demonstrated that an inoculum size of 10% (v/v) resulted in a maximum curdlan yield of 0.31
g/L after 96 h of fermentation. This finding indicates the importance of optimizing inoculum size
to maximize curdlan production.

Furthermore, the size of the inoculum influences the growth kinetics of microorganisms
responsible for curdlan biosynthesis. A larger inoculum accelerates the initial growth phase,
leading to a quicker transition to the stationary phase, where curdlan production reaches its
maximum (Aquinas et al., 2024). This accelerated growth improves the efficiency of the
fermentation process, thereby increasing the total curdlan yield within a set period. Additionally,
a larger inoculum enhances the metabolic activity of bacterial cells, resulting in more efficient
substrate conversion into curdlan, which leads to higher yields and better biopolymer quality
(Aquinas et al., 2024). Therefore, managing the inoculum size is essential for optimizing both the
quantity and quality of curdlan produced.

2.6. Curdlan from wastewater

One of the major components of EPS is homopolysaccharides, a group of biopolymers
including curdlan (More et al., 2014). In biofilm processes, curdlan was identified as part of the
microbial EPS that is useful for biomedical applications (Mehta et al., 2017). Recently, curdlan
has been identified in the aerobic granule matrix (Ferreira et al., 2021). Furthermore, microbial

communities such as the genus Agrobacterium, Rhizobium, and Alcaligene sp., associated with

18



curdlan biosynthesis, have also been identified in the aerobic granule matrix (Zhang et al., 2011;
Shoda and Ishikawa, 2014; Filho et al., 2019).

Apart from Agrobacterium, Rhizobium, and Alcaligene spp., other bacteria known to
produce curdlan is Paenibacillus species (Liang et al., 2014). These species have been reported to
be attractive for their interesting biotechnology potential in wastewater treatment (Rafigh et al.,
2014). Curdlan forms a part of the naturally forming EPS, a primary by-product of the aerobic
granule matrix, existing as a blend with gellan gum, glucomannan, or deoxycholic acid (Hussain
etal., 2017). A total of 1083 high-quality metagenome-assembled genomes (MAGs) were obtained
from 23 WWTPs (Dueholm et al., 2023). Putative gene clusters associated with the biosynthesis
of various biopolymers, including curdlan, were identified and linked to some MAGs. This
provides insight into the genome-resolved potential for curdlan and a better understanding of EPS
composition in wastewater treatment systems.

Meanwhile, studies have shown that enzymes such as glycosyltransferases, polymerase,
and transporter proteins determine the structural and functional diversity of the EPS (Vandana et
al., 2023). In operons, these enzymes are encoded by specific genes, one of which is crd, a curdlan
synthesizing gene, in microbes such as Agrobacterium. In the crdASC operon, curdlan
biosynthesis is regulated (Yu et al., 2015). Hence, it can be deduced that the presence of these
enzymes within the EPS of wastewater indicates the presence of curdlan synthesizing genes in
wastewater treatment systems. This suggests that the recovery of curdlan from AGS biofilms is
plausible (Figure 2.2). Given the presence of curdlan in the EPS of biological wastewater treatment
systems and curdlan-producing microorganisms, it is worthwhile exploring the quantity of curdlan

that can be obtained from AGS treatment systems.
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Figure 2. 2. Illustration of curdlan recovery from municipal wastewater using AGS treatment

In summary, the concept of a circular economy emphasizes the reuse of products and raw
materials, reducing waste by treating it as a valuable resource. This approach is driven by resource
depletion, scarcity, and population growth. The identification of curdlan in the AGS matrix gives
an opportunity for curdlan recovery, however, this is yet to be explored. The efficiency of curdlan
recovery from these systems is not well understood. Additionally, the role of specific microbial
communities in curdlan biosynthesis in AGS systems requires further investigation. Addressing
these gaps could enhance the feasibility of curdlan production from wastewater, contributing to a

circular economy and sustainable development.
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Chapter 3 Materials and Methods

3.1. Seed sludge

The AGS bioreactor was seeded with waste-activated sludge obtained from a WWTP in
Western Canada. The sludge settling properties are presented as sludge volume index (SVI), which
represents the amount of sludge that settles in 5 min and 30 min. The seed sludge had initial settling
properties, SVIzo of 222 + 20 mL/g and SVIs of 361 £ 11 mL/g and a mixed liquor suspended
solids (MLSS) concentration of 23 + 3 mg/L. The waste-activated sludge was acclimated for 10 d
in batch mode before starting the system.
3.2. Feed wastewater

Synthetic wastewater was used for all the experiments. The synthetic wastewater was
prepared using sodium acetate (NaAc) and sodium propionate (NaPr) as carbon sources and
ammonium chloride (NH4Cl) as a nitrogen source. Monobasic potassium phosphate (KH2PO4) and
dibasic potassium phosphate (K;HPO4) were used to provide phosphorus. The composition of the
wastewater for COD concentration of 2000 mg/L was as follows: NaAc anhydrous, 1.876 g/L;
NaPr anhydrous, 0.417 g/L; NH4Cl, 0.382 g/L; KoHPO4, 0.03 g/L; KHoPO4, 0.026 g/L;
CaCl,-2H20, 0.03 g/L; MgS04-7H20, 0.025 mg/L; FeSO4-7H20, 0.02 mg/L; and micronutrients
stock solution of 1 mL/L. A micronutrients stock solution containing (in g/L): H3;BO3, 0.05; ZnClo,
0.05; CuCly, 0.03; MnSO4.H>O(NHa4)s, 0.05; M07024.4H>0, 0.05; AlICl3, 0.05; CoCl>.6H-0, 0.05
and NiCl, 0.05, was used (Tay et al., 2003). The COD:N:P ratio was fixed at 100:5:1. This ratio
was adjusted accordingly throughout the experiments.
3.3. Experimental design

Optimization studies were performed using the combination of Taguchi — orthogonal array

(L9) and Pearson correlation analysis in Minitab 21 software. This determined the effect of
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independent variables (C-to-N ratio — factor 1, feeding strategy — factor 2, and OLR — factor 3) on
curdlan biosynthesis in the aerobic granule matrix. The responses or dependent variables were
curdlan concentration (mass of curdlan in biomass, measured in mg/g), and wastewater treatment
performance. The Taguchi design combination that was performed is shown in Table 3.1. The
experimental runs and their corresponding operational conditions (C/N ratio, feeding strategy, and
OLR) performed in the current study are summarized in Table 3.1

Table 3.1. Combinations of experimental factors for each run using Taguchi design.

Experimental Runs (C/N ratio) (Feeding strategy) (OLR - kg
COD/m?-d)

R1 20 60 min feeding 2.1

R2 30 60 min feeding 1.5

R3 10 30 min feeding; 30 2.1

min resting phase

R4 30 10 min pulse 2.1
feeding; 50 min
resting phase

RS 10 10 min pulse 1.5
feeding; 50 min

resting phase

R6 20 30 min feeding; 30 1.5
min resting phase

R7 10 60 min feeding 0.8

R8 20 10 min pulse 0.8

feeding; 50 min
resting phase
R9 30 30 min feeding; 30 0.8

min resting phase
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3.4. Experimental set-up and operation

In this experiment, R1, R3, R5 and R7 (Table 3.1) were run in one bioreactor one at a time,
while R2, R4, R6 and R8 were run in another bioreactor one at a time. Meanwhile, R9 was run in
a separate bioreactor. At the beginning of the experiment, the SVI3p and SVIs of R1, R3, RS, and
R7 mixed liquor were 35 £ 1 mL/g and 37 + 1 mL/g, while the SVI3p and SVIs of R2, R4, R6, and
R8 mixed liquor were 41 + 1 mL/g and 43 + 1 mL/g respectively. The experiments were conducted
at room temperature (21 + 2°C).

The experiments were performed in three 5 L AGS bioreactors with a working volume of
4.5 L. The bioreactors were run for 30 weeks: 13 weeks for granule cultivation and maturation,
and 17 weeks for optimization of curdlan biosynthesis experiments. For granule formation, the
AGS bioreactors were seeded with waste-activated sludge from a municipal WWTP in Western
Canada. Before the experimental runs began, the bioreactors were operated at an airflow velocity
of 1.98 cm/s, starting with a 6-h cycles (to form granules) comprising 5 phases: feeding period of
60 min, aeration period of 4 h 20 min, settling time of 30 min (gradually reduced to 25 min, 20
min and 10 min as granules matured), decanting time of 8 min, and idle time of 2 min. For
granulation and maturation of granules, the synthetic feed was formulated to achieve a COD
concentration of 2000 mg/L, ammonia-nitrogen (NH3-N) of 100 mg/L and phosphate (PO4-P) of
20 mg/L. Over this period, COD, nitrogen and phosphorus removal performance profile and
biomass performance were monitored. The schematic representation of AGS bioreactor set-up is

shown in Figure 3.1 and the laboratory set-up is presented in Figure 3.2.
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Figure 3. 2. Schematic representation of AGS bioreactor set-up.

Figure 3. 3. An experimental set-up of AGS bioreactor in the laboratory. a) during aeration and
b) during settling phase
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Some indications of granulation and AGS stability are when the SVIs is closer to the SVI3o
(de Kreuk et al., 2005; Nancharaiah and Raddy, 2018) and mature granules have SVI3o between
30 and 80 mL/g (Derlon et al., 2016). Once stable granules were cultivated, the cycle time was
changed to 4 h comprising 5 phases: feeding period of 60 min (changed for every experiment to
10, 20 or 60 min), aeration period of 2 h 40 min, settling time of 10 min, decanting time of 8 min,
and idle time of 2 min. The optimization experiments for curdlan biosynthesis were performed
using the selected factors: C/N ratio — factor 1, feeding strategy — factor 2 and OLR — factor 3. The
organic carbon, phosphorus and ammonia concentrations in SWW influent for each experiment
are given in Table 3.2. These factors are crucial in AGS treatment systems because of their direct
impact on microbial growth (Peng et al., 2022), granule stability (Vicente et al., 2021) and overall
performance for nutrient and carbon removal (Kim et al., 2021). Using Taguchi design, three levels
of the three factors were selected including C/N ratios of 10, 20 and 30, OLR of 0.8, 1.5, and 2.1
kg COD/m*-d, and feeding strategy of 60 min feeding, 30 min feeding and 30 min resting phase,

and 10 min pulse feeding and 50 min resting phase.
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Table 3. 2. COD, ammonia and phosphorus concentration in SWW influent for each experiment.

Experimental run COD (mg/L) NH3-N (mg/L) PO4*-P (mg/L)
(OLR/C/N

ratio/Feeding)

R1 (2.1/20/60) 800 40 8
R2 (1.5/30/60) 550 27 6
R3 (2.1/10/30) 800 80 8
R4 (2.1/30/10) 800 27 8
R5 (1.5/10/10) 550 55 6
R6 (1.5/20/30) 550 27 6
R7 (0.8/10/60) 300 30 6
R8 (0.8/20/10) 300 15 3
R9 (0.8/30/30) 300 10 2

*QLR: Organic loading rate (2.1, 1.5 and 0.8 kg COD/m?-d); C/N ration: Carbon-to-Nitrogen ratio (10, 20,
30); Feeding: feeding strategy (60 min, 30 min feeding and 30 min resting phase, and 10 min pulse feeding
and 50 min resting phase).

3.5. Analytical methods

Performance testing was conducted twice per week, including COD, ammonia nitrogen
(NH3-N), nitrite-nitrogen (NO2-N), nitrate-nitrogen (NO3-N), and phosphate-phosphorus (PO4>—
P) to determine the removal efficiency of organic matter and nutrients during each experimental
run. The procedures are described as follows:
3.5.1. COD

A closed reflux colorimetric method (5220D) was used to determine the total COD of the
influent sample (APHA, 2023). Meanwhile, the USEPA reactor digestion method was used to

determine the total COD of effluent samples. The standard method COD solution was prepared
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for analyzing high-range COD (100 — 1500 mg/L), which is within the influent concentration for
the experiments (300 — 800 mg/L). However, the pre-made USEPA solution used was <150 mg/L
COD concentration. The chemical composition of the pre-made USEPA low-range solution was
as follows: Concentrated sulfuric acid (H2SOs), disilver (1+) salt, Chromic acid and Mercury (2+)
salt. The chemical composition of the prepared standard COD solution was as follows: Potassium
dichromate (K2Cr207), H2SOs, Silver sulphate (Ag2SO4) and Mercuric sulphate (HgSO4).

In a2 L pyrex storage glass bottle, 10.216 g 0f KoCr,07 was added to 500 mL of deionized
water. 167 mL of concentrated H2SO4 was added to the K2Cr2O7 solution. 33.3 g of HgSO4 and
allowed to dissolve at room temperature. The solution was diluted by adding deionized water to
1000 mL of the beaker. The dichromate ion (Cr,07%) in the digestion solution oxidizes the COD
in the sample. That is, the amount of oxygen needed to oxidize organic material in the given sample
is equal to the amount of Cr,07* oxidized to Cr’".

In another 2 L pyrex storage glass bottle, a catalyst solution was made by adding 10.1 g of
AgxSO4to 1 L of H2SO4. The AgaSO4 guarantees the complete oxidation of organic material, and
the H>SO4 minimizes interferences from other compounds, such as bromine, chloride, and iodide.
The solution was allowed to sit for 48 h to dissolve.

After 48 h, 1.2 mL of the K>Cr20O7 digestion solution was pipetted into several 15 mL test
tubes as needed. 2.8 mL of the H2SO4 reagent was added into the test tubes with the digestion
solution. The test tubes were tightly capped and mixed thoroughly to give a homogenous COD
digestion solution. COD standard solution (Hach, Germany) containing potassium hydrogen
phthalate was used to obtain the standard calibration. The calibration curve derived is attached in

Figure Al in the appendix.
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2 mL of SWW sample (influent and effluent) was added to the prepared COD digestion
solution vial and mixed thoroughly to give a homogenized mixture. A digester DRB 200 (Hach,
Canada) was pre-heated to a temperature of 150°C and for 120 min. The COD mixture was placed
in the pre-heated digester and heated at 150°C for 120 min. The Cr2O7* in the digestion solution
oxidizes the COD in the sample, resulting in chromium changes from the 76 hexavalent to the
trivalent state. This chemical reaction results in a color change that is measured by a
spectrophotometer at 600 nm wavelength after allowing the digester to cool to about 120°C and
placed in a rack to cool to room temperature for result consistency. The COD concentration was
calculated following the calibration standard curve which was derived from a known quantity of
deionized water and potassium hydrogen phthalate.

To determine the effluent total COD concentration using the USEPA reactor digestion
method, 2 mL of effluent sample was pipetted into the USEPA COD digestion solution test tube
and mixed thoroughly to give a homogenized mixture. The digester DRB 200 (Hach, Canada) was
pre-heated to a temperature of 150°C for 120 min. The COD mixture was placed in the pre-heated
digester and heated at 150°C for 120 min. The Cr>07* in the digestion solution oxidizes the COD
in the sample, resulting in a color change. After 120 min, the digester was allowed to cool to about
120°C and placed in a rack to cool to room temperature for result consistency. Using a
spectrophotometer single wavelength, the results were measured by a spectrophotometer at 420
nm wavelength.

3.5.2. Ammonia-nitrogen

NH; -N test was conducted using Hach Ammonia Nessler Method 8038. To achieve a

dilution factor of 50, 0.5 mL of filtered (through a 0.45 um filter) SWW sample (influent and

effluent) was added to 24.5 mL of deionized water in a 50 mL vial to reduce the concentration of
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the sample within the measuring range 0 to 2.5 mg/L. 3 drops of mineral stabilizer were added to
the sample vials to stabilize the samples for result accuracy. The solution was mixed several times.
3 drops of polyvinyl alcohol dispersing agent were added to the mixed sample vial to prevent
precipitation of interfering substances and mixed several times. Using a pipette, 1 mL of Nessler
reagent was added to the sample mixture to enable a reaction with ammonia present in the sample.
The solution was mixed several times. The mixture was allowed to react for 1 min. About 10 mL
of the reacted sample mixture was poured into a sample cell to take the result in mg/L of NH3-N

at 380 using a spectrophotometer at the wavelength of 425 nm.

3.5.3. Nitrite nitrogen

NO>-N was analyzed using Hach NitriVer®3 reagent. To achieve a dilution factor of 20,
0.5 mL of filtered effluent sample was added to 9.5 mL of deionized water in a 10 mL vial. The
content of one NitriVer 3 reagent powder pillow was added to the 10 mL vial to activate the
reaction of the nitrite present in the solution. The vial content was mixed thoroughly to dissolve
the powder pillows completely. The mixture was allowed to react for 20 min. After 20 min, the
content was poured into a sample cell, and the results were taken in mg/L of NO2-N using a
spectrophotometer at the wavelength of 507 nm.
3.5.4. Nitrate-nitrogen

NOs-N was analyzed using Hach NitraVer®5 reagent. To achieve a dilution factor of 20,
0.5 mL of filtered (through a 0.45 um) effluent sample was added to 9.5 mL of deionized water in
a 10 mL vial. The content of one NitraVer 5 reagent powder pillow was added to the 10 mL vial
to initiate the reaction with nitrate compounds present in the solution. The vial content was mixed

thoroughly to dissolve the powder pillows completely. The mixture was allowed to react for 5 min.
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After 5 min, the content was poured into a sample cell, and the results were taken in mg/L of NO3-

N using a spectrophotometer at the wavelength of 500 nm.

3.5.5. Phosphorus

PO4>-P was analyzed using, the PhosVer®3 Phosphate reagent. To achieve a dilution factor
of 20, 0.5 mL of filtered (through a 0.45 um). SWW sample (influent and effluent) was added to
9.5 mL of deionized water in a 10 mL vial. The content of one PhosVer 3 reagent powder pillow
was added to the 10 mL vial to initiate the reaction with the phosphate present in the solution. The
vial content was mixed thoroughly to dissolve the powder pillows completely. The mixture was
allowed to react for 2 min. After 2 min, the content was poured into a sample cell, and the results

were taken in mg/L of PO4*-P using a spectrophotometer at the wavelength of 880 nm.

3.5.6. pH

The pH of the influent and effluent wastewater was tested twice a week. The method for
pH measurement was the standard method (APHA, 2023). The pH for wastewater influent and
effluent was monitored using a digital glass electrode pH meter. The glass electrode was used to
measure the pH range from 1 to 14, and the results were determined by estimation. In a beaker,
the wastewater was stirred thoroughly for homogeneity before measurement. The pH meter probe
was dipped in the wastewater sample in the beaker and stirred continuously until a stable reading
was reached on the digital display. The pH measurement was recorded upon stabilization of the
reading.
3.5.7. Biomass characteristics

Biomass characteristics, including sludge volume index (SVIzo, and SVIs), mixed liquor
suspended solids (MLSS), and mixed liquor volatile suspended solids (MLVSS) were conducted

using standard methods (APHA, 2023).
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The MLSS and MLVSS were conducted by taking 10 mL of mixed liquor from each
bioreactor during aeration. Using a 0.45-micron glass-fibre Millipore filter, the mixed liquor was
filtered to obtain the wet biomass. This was placed in the pre-weighed crucible and allowed to dry
in the oven for 24 h at 105° C. After 24 h, the crucible was allowed to cool at room temperature in
a desiccator and weighed. The MLSS result was calculated in mg/L using equation 3.1

MLSS (mg/L) = Filter Dry Weight (g)—Filter Tare Weight (g) X 1,000,000................... Equation 3.1
Sample Volume (mL)

MLVSS (mg/L) = Filter Dry Weight (g) — Filter Ash Weight (g) X 1,000,000................. Equation 3.2
Sample Volume (mL)

To determine the MLVSS result, the MLSS crucible was placed in a furnace for 45 min at
a temperature of 550°C. After 45 min, the crucible was allowed to cool to room temperature and
weighed. The MLVSS result was calculated in mg/L using equation 3.2. The SVIs, and SVIzo were
conducted by taking 1L of mixed liquor from each bioreactor during aeration in a measuring
cylinder. The settling biomass was timed for 5 and 30 min respectively to take the results. SVI
results were calculated in mL/g of biomass using equation 3.3.

SVI (mL/g) = Settled sludge volume (mL/L) X 1000 mg/g.............ccccccceeeeeeeeunnn... Equation 3.3
Suspended solids concentration (mg/L)

Images of sludge were taken once a week using a phone camera (48MP sensor, 2.44-micron
quad pixels, 24 mm equivalent {/1.78-aperture lens, Dual Pixel AF, OIS). About 5 mL of mixed
liquor was collected in a petri-dish and placed on a dark platform to enhance image quality. Photos

were taken once a week to assess gradual granular growth.

3.6. Curdlan recovery and quantification

For curdlan recovery, 10 mL of AGS was collected (Figure 3.3). Approximately 18 mL of

0.143 mol/L of NaOH was added and placed in an orbital shaker for 60 min to dissolve the curdlan
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gel within the granular sludge. The solution was centrifuged at 10,000 g at 4°C for 15 min to collect
the dissolved curdlan gel. The supernatant (dissolved curdlan gel) was collected, and its pH was
adjusted to 4.8 — 5.2 by adding approximately 8 mL of 1.0 mol/L of acetic acid to allow the curdlan
gel to precipitate (Laxmi et al., 2018). The solution was centrifuged at 10,000 g at 4 °C for 15 min
to collect the wet precipitate settled at the bottom of the test tube. The gel precipitate was washed
3 times using deionized water and dried for 24 h using a freeze dryer at approximately -54 degrees
and a pressure of 0.04 mbar. The amount of curdlan was measured in mg/g of the biosolids

(Mangolim et al. 2017).
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Figure 3.3. Method for curdlan extraction from AGS matrix modified from Mohsin et al. (2019)

3.6.1. Fourier transform infrared (FT-IR)
Fourier Transform Infrared (FT-IR) spectroscopy was used to acquire FT-IR spectra of
both pure curdlan sample and dry curdlan extract. This method compares the curdlan extract with

pure curdlan by analyzing the molecular vibration of both samples, generating a unique spectrum
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of curdlan. The FT-IR spectra were recorded by Brucker Alpha II spectrometer (Brucker Inc.,
Switzerland) (Figure 3.4). About 0.002 mg of the sample was placed on the diamond crystal plate.
The compression tip was released onto the sample on the diamond crystal plate to allow the infra-
red light/radiation in and out and the sample. The FT-IR acquisition parameters were: number of
scans (n = 32), scan range (4000 — 400 cm™), resolution (4 cm '), and aperture (1.5 mm). The FT-
IR spectra displayed absorption bands corresponding to the different functional groups present in
the chemical structure of curdlan. The specific scan range (4000 — 400 cm™) contained the
absorption patterns unique to curdlan. The pattern observed in the pure curdlan sample was
compared with the patterns obtained to confirm the structure of the extracted gel. The FT-IR

spectra were acquired at room temperature.

Figure 3.4. FT-IR spectrometer for identification of extracted biopolymer.
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3.6.2. Aniline blue staining

Aniline blue WS (Rochester Medical Centre, USA) solution was prepared by adding 0.05
g of dry aniline WS into 100 mL of deionized water to make an aniline stock solution. About 10
mL of the stock solution was pipetted into another 90 mL of deionized water to dilute the dye
(Mishra et al., 2024). About 0.5 mL of the diluted aniline was added to 100 mL of Thioglycollate
medium agar (Oxoid, England) after bringing the solution to a boil. The agar was prepared by
adding 2 g of dehydrated Leu broth to a conical flask with 100 mL of deionized water. This mixture
was heated on the hot plate for about 7 min while stirring with a magnetic stirrer to enable the dry
broth to dissolve completely. After the agar was dissolved, 0.5 mL of the diluted aniline was added
to the agar solution, and mixed until a homogenized solution was achieved. About 30 mL of the
warm agar solution was poured into petri dishes. Pure curdlan was sprinkled on the agar plate and
allowed to sit for about 24 h. This procedure was repeated for gel extracts 3 times (Nakanishi et

al., 1976; Wang et al., 2016).

3.6.3. Nuclear magnetic resonance (NMR) spectroscopy
The curdlan extract was compared with pure curdlan from Alcaligene faecalis (Sigma
Aldrich, USA) by using Heteronuclear Single Quantum Coherence (‘H — *C HSQC) NMR
spectroscopy to determine their similarity. The HSQC is a 2-dimensional proton-detecting
homonuclear NMR experiment that is used to provide valuable structural information on 'H - *C
chemical bonds present in a compound. This technique uses the sensitivity of proton (H) for easy
detection of carbon (Uematsu et al., 2025). The HSQC experiments were recorded using an Ascent

Evo-400 MHz spectrometer (Bruker, Switzerland) equipped with a 5 mm BBO probe.
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About 5 mg of pure curdlan and dry curdlan extract were weighed, dissolved in 0.7 mL of
deuterated dimethyl sulfoxide (DMSO-ds) and poured into separate NMR tubes. Each sample was
placed in the NMR depth cage into the spectrometer one at a time to process the HSQC spectra.
The NMR samples were equilibrated prior to acquisition at 298.0 K inside the spectrometer. The
following parameters were used for the experiment: the pulse sequence program for HSQC was
phase-sensitive hsqcedetgpsisp2.3; the number of collected data points was 2048 in F2 (H) and
256 in F1(C); the acquisition time was set to 0.195 s, and the increment delay was 60.2375 ps. The
spectrum was acquired with 32 scans on a spectra width of 16602.352 ppm and 165 ppm. The
integration of 2D peak volumes, data processing and analysis were carried out using Topspin 4.4

software for the comprehensive assignment of 'H - 1*C signals for curdlan extract and pure sample.

3.7. Statistical analysis

The method of recovery of curdlan from AGS under different conditions involves changing
one factor at a time and requires numerous experiments which may be inefficient, often leading to
low optimization efficiency. To enhance this process, a design of experiment (DOE) approach was
used to analyze the influence of independent variables and their respective responses, significantly
reducing the number of experiments required.

Taguchi DOE is a statistical tool that uses orthogonal arrays to systematically study
multiple factors and their interactions with a minimal number of experiments (Kalhori et al., 2018;
Truong et al., 2022; Hisam et al., 2024). This approach identifies the optimal arrangement for
experimental factors, ensuring the experiments are informative. It improves process performance,
yield, and productivity, and achieves this by focusing on minimizing variation and enhancing
quality (Hisam et al., 2024). Taguchi was used to determine the main effects of the independent

factors, and the factors with the most significant effect on the response. The method uses signal-
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to-noise (S/N) ratios to measure performance characteristics, assessing the effect of variables on
removal efficiency (response). The S/N response is crucial for comparing the magnitude of the
effects leading to a more accurate understanding of the specific impact of the factors on the system
(Pourali et al., 2022, Seid-Mohammadi et al., 2019). Some commonly applied types of S/N
analysis are: Smaller is better, Nominal is better, and Larger is better (Naseem and Kumar, 2017).
However, the main goal of optimization in this study was to achieve maximum curdlan yield.
Therefore, the S/N ratio for the “Larger is better” criterion was used in this experiment.

In combination with Taguchi, Pearson’s correlation analysis was performed to evaluate the
linear relationship between resource production at the different conditions and AGS stability
during operation. A p-value of <0.05 was employed to indicate the rejection of the null hypothesis
and statistical disparity between the data groups analyzed and to determine if the results obtained

from the different treatment systems differ significantly.
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Chapter 4 Results and Discussion
4.1. Treatment performance of the AGS system

4.1.1. Organic matter removal

Throughout the experimental period, the bioreactors consistently achieved COD removal
efficiencies ranging from 91 + 1% to 100 + 0% (Figure 4.1). This demonstrates that the removal
of organic matter remained notably high, regardless of variations in operational conditions. The
reactors (R1 — R9) were operated with a high aeration time (2 h 40 min), an essential parameter
for achieving high COD removal. The long aeration time ensures sufficient contact time and
interaction between the wastewater and microbial granules, facilitating effective biodegradation
of organic carbon, as corroborated by previous study (Rosman et al., 2014). The high COD
degradation observed in this study aligns with other studies on the use of AGS for wastewater
treatment (Franca et al., 2018; Iorhemen et al., 2022).

Similarly, high biomass concentration, the compact structure of aerobic granules, and good
biomass settling enhance biomass retention in AGS systems (Swigtczak and Cydzik-
Kwiatkowska, 2018). The increased biomass concentration in AGS systems boosts microbial
activity, leading to more efficient COD removal. Additionally, the dense and compact structure of
AGS granules provides a large surface area for microbial activity and creates micro-environments
for simultaneous COD and nutrient removal (Zeng et al., 2024), which facilitates the degradation

process that results in improving the overall COD removal.
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Figure 4.1. COD removal efficiency for bioreactors R1 to R9. **R[ (C/N-20, 60 min feeding, OLR-
2.1 kg COD/m*d); R2 (C/N-30, 60 min feeding, OLR-1.5 kg COD/m?d); R3 (C/N-10, 30 min feeding/30
min resting, OLR-2.1 kg COD/m*d); R4 (C/N-30, 10 min pulse feeding/50 min resting, OLR-2.1 kg
COD/m*d); R5 (C/N-10, 10 min pulse feeding/50 min resting, OLR-1.5 kg COD/m*-d); R6 (C/N-20, 30
min feeding/30 min resting, OLR-1.5 kg COD/m*-d); R7 (C/N-10; 60 min feeding, OLR-0.8 kg
COD/m*d); R8 (C/N-20; 10 min pulse feeding/50 min resting, OLR-0.8 kg COD/m>*d); R9 (C/N-30; 30
min feeding/30 min resting, OLR-0.8 kg COD/m*-d).

4.1.2. Nitrogen removal

The nitrogen removal efficiency across reactors R1 to R9 is illustrated in Figure 4.2. The
NO2™-N levels remained consistently low in all reactors, measuring less than 0.7 mg/L. The NH3™-
N removal efficiency for reactors R1 to R8 ranged from 80 £ 2% to 100 + 1%, with reactor R9
(Figure 4.2) being the exception (< 60%). Notably, reactors R3, R6, and R8 exhibited the highest
NH;3™-N removal efficiencies, with ranges of 90 £ 0% - 93 + 1%, 91 £ 3% - 99 + 0%, and 94 = 2%
- 98 + 1%, respectively (Figure 4.2). These substantial removal rates suggest a complete
nitrification process by ammonia-oxidizing bacteria, as evidenced by the low NO>-N

concentrations in the effluent. This indicates a high and nearly complete conversion rate of NH3-
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N to NO>-N, followed by a successful conversion of NO>-N to NO3-N by nitrite-oxidizing
bacteria (NOB). The nitrification process within the AGS systems can be attributed to the presence
and activity of nitrifying bacteria and the 3-layered structure of the aerobic granules (aerobic,
anoxic, and anaerobic layers), particularly the aerobic layer (Iorhemen et al., 2020; Yu and Wang,
2024). The layered structure of aerobic granules allows for the simultaneous processes of
nitrification and denitrification, thereby enhancing the efficient removal of nitrogen.

Notably, reactor RS, even when operated at a low COD concentration of 300 mg/L,
demonstrated a high ammonia-N removal efficiency (94 = 2% - 98 £ 1%). This exceptional
performance can be attributed to the metabolic flexibility of nitrifying bacteria within AGS
systems, which enables them to transform from utilizing organic carbon sources (when depleted)
to inorganic carbon source (CO:) to achieve efficient NH3™-N removal (Margot et al., 2016).

Meanwhile, reactors R7 and R9 exhibited lower NH3-N removal efficiencies, with ranges
of 80 = 2% - 83 + 1% and 35 + 5% - 57 + 1%, respectively (Figure 4.2). While NO2™-N levels
remained low in all reactors, the incomplete nitrification process in reactor R9 resulted in lower
NH3™-N concentration. Furthermore, reactor R9 exhibited the lowest biomass concentration among
all reactors, with a MLSS value as low as 6 g/L. This low biomass concentration indicates reduced
biomass retention, which likely contributed to the diminished microbial population available for
performing complete nitrification of NH3-N within the system (Liu, 2024).

Notably, the high NO;-N concentrations present in all bioreactors indicate the
accumulation of NO3™-N, as the NO3™-N concentrations were occasionally higher than the NH3™-N
concentration in the SWW influent. While nitrification occurs in the aerobic layer of the granules,

denitrification of NO3™-N takes place in the anoxic layer (Yu and Wang, 2024).
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Figure 4.2. NHs-N removal efficiency for bioreactors R1 to R9. **R1 (C/N-20, 60 min feeding,
OLR-2.1 kg COD/m*-d); R2 (C/N-30, 60 min feeding, OLR-1.5 kg COD/m*d); R3 (C/N-10, 30 min
feeding/30 min resting, OLR-2.1 kg COD/m?3-d); R4 (C/N-30, 10 min pulse feeding/50 min resting, OLR-
2.1 kg COD/m3d); R5 (C/N-10, 10 min pulse feeding/50 min resting, OLR-1.5 kg COD/m?*-d); R6 (C/N-
20, 30 min feeding/30 min resting, OLR-1.5 kg COD/m?*d); R7 (C/N-10; 60 min feeding, OLR-0.8 kg
COD/m?*d); R8 (C/N-20; 10 min pulse feeding/50 min resting, OLR-0.8 kg COD/m>*d); R9 (C/N-30; 30
min feeding/30 min resting, OLR-0.8 kg COD/m?>-d)

4.1.3. Phosphorus removal

The phosphorus removal efficiency observed across the experiments reached up to 96 +
3%, particularly in reactors R3 and R5 (Figure 4.3). In R3, R5 and R6, there is a resting phase with
no oxygen supply through aeration. R3 and R6 have a resting phase of 30 min, while R5 has a
resting phase of 50 min. This period in the AGS system supports the growth and activity of
phosphate-accumulating organisms (PAQOs), which are the crucial microorganisms for phosphorus
removal. This indicates that the feeding strategy (10 min pulse feeding and 30 min feeding with
30 min resting phase), contributed to the removal of phosphorus. The presence and activity of

PAOs is important because they uptake and store phosphate as polyphosphate within their cells
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(Nancharaiah and Reddy, 2018; Purba et al., 2020). In addition, the unique structure of the aerobic
granule, including aerobic, anaerobic and anoxic layers play important role in phosphorus removal.
This granule structure provides both aerobic and anaerobic conditions for oxygen diffusion
limitation, which enables enhanced biological phosphorus removal (Iorhemen et al., 2022).
Conversely, reactors R1, R2, R4, and R9 exhibited phosphate removal efficiencies of under 50%
compared to other bioreactors (Figure 4.3). In R1 and R2, there is no resting phase (aeration begins
immediately after the feeding phase). This prevents the interaction between the granular structure
and the processes of anaerobic phosphorus release and uptake for efficient phosphorus removal.
Similarly, reactors R9 and R4 exhibited lower phosphate removal efficiency. This reduction could
be attributed to the presence of excessive glycogen-accumulating organisms (GAOs) competing
for organic carbon, which may have suppressed the PAOs and decreased phosphate removal
efficiency. This corresponds with a study on the relationship between GAOs and PAOs in
biological systems (Tsertou et al., 2024). The interaction between GAOs and PAOs may have been
influenced by the different feeding strategies employed (10-min pulse feeding with a 50-min

resting phase, 30-min feeding with a 30-min resting phase, and 60-min feeding).
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Figure 4.3. Phosphorus removal efficiency for bioreactors R1 to R9. **R1 (C/N-20, 60 min feeding,
OLR-2.1 kg COD/m3-d); R2 (C/N-30, 60 min feeding, OLR-1.5 kg COD/m?-d); R3 (C/N-10, 30 min feeding/30 min
resting, OLR-2.1 kg COD/m>-d); R4 (C/N-30, 10 min pulse feeding/50 min resting, OLR-2.1 kg COD/m3-d); RS (C/N-
10, 10 min pulse feeding/50 min resting, OLR-1.5 kg COD/m*d); R6 (C/N-20, 30 min feeding/30 min resting, OLR-
1.5 kg COD/m*d); R7 (C/N-10; 60 min feeding, OLR-0.8 kg COD/m*d); R8 (C/N-20; 10 min pulse feeding/50 min
resting, OLR-0.8 kg COD/m?*-d); R9 (C/N-30; 30 min feeding/30 min resting, OLR-0.8 kg COD/m?*d)
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4.1.4. pH profile

Throughout the experiments, the pH of both influent and effluent wastewater remained
relatively stable. The overall influent pH ranged from 7.43 to 8.03, while the effluent pH increased
to a range of 7.95 to 8.86 (Table 4.1). To achieve this pH range, certain compounds in the SWW
played crucial roles. Ammonium chloride (NH4Cl), monopotassium phosphate (KH2PO4), and
ferrous sulfate heptahydrate (FeSOa.-7H20) contributed to the acidity of the influent. Meanwhile,
sodium acetate (NaAc), dipotassium phosphate (K:HPO.), and sodium propionate (NaPr)
contributed to its alkaline properties. Typically, the suitable pH range for aerobic granules to
thrive successfully is between 7 and 9 (Ji et al., 2011; Niu et al., 2023). Maintaining the pH within
this range throughout the experiment prevented filamentous growth, thereby facilitating the rapid
formation of mature and stable granules.

The pH trend indicates that the mixed liquor in the reactors transitioned from a neutral-like
condition to an alkaline condition, which explains the alkaline effluent observed throughout the
experiment. During the nitrification process, nitrifying bacteria consume hydrogen ions (H),
leading to an increase in pH within the reactors and subsequently in the effluent compared to the
influent (De Vleeschauwer et al., 2021). Additionally, in the anoxic layer of the granules, where
denitrification occurs, the process releases nitrogen gas, which produces alkalinity and further

contributes to the increase in pH in the effluent (De Vleeschauwer et al., 2020).
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Table 4.3. Summary of SWW influent and effluent pH values for each experimental run

Experimental run Mean SWW Influent Mean SWW Effluent
R1 7.74 £ 0.10 8.7 +0.09

R2 7.64 = 0.09 8.43 +0.06

R3 7.78 £ 0.09 8.51£0.12

R4 7.75£0.11 8.7+0.16

RS 7.75+0.15 8.31+0.10

R6 7.71 £0.09 8.53+0.09

R7 7.8+0.14 8.14+0.13

R8 7.75 £ 0.07 8.31+0.03

R9 7.8+0.13 8.49 +0.12

*Number of observations — 8 per experimental run

4.2. Biomass characteristics of AGS

The bioreactors began with activated sludge biomass, whose SVI3o, SVIs, MLSS and
MLVSS were 222 +20 mL/g, 361 + 11 mL/g, 2380 + 340 mg/L and 2200 + 210 mg/L, respectively.
Figures 4.5 and 4.6 show the biomass characteristics of all 9 experiments (R1, R2, R3, R4, R5, R6,
R7, R8 and R9 reactors), including the MLSS, MLVSS, SVIs, SVI30, and SVIzo-to-SVIs ratio.
Each experiment (R1 to R9) was operated at various experimental conditions (Table 3.1). To reach
granulation (that is R1 had SVI3o — 35 + 1 mL/g; SVIs— 37 + 1 mL/g and R2 had SVIz0 41 + 1
mL/g; SVIs— 43 + 1 mL/g), the bioreactors were operated for 106 d. The experiment began from
the 107™ day of operating the bioreactors. Images comparing the bioreactors at an early stage of
operation around day 12 and around day 103 show the granule formation achieved over time

(Figure 4.4).
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Figure 4.4. Images comparing reactor sludge during aerobic granule formation. a) day 12 of
granule formation in R1. b) day 226 of granule formation in R1. ¢) day 12 of granule formation in

R2. d) day 226 of granule formation in R2.

The reactors showed varying biomass results throughout the operational period. Though
the biomass concentration of each bioreactor developed differently with time, R3, RS and R6
achieved the highest MLSS and MLVSS concentrations (Figure 4.5). The highest MLSS and
MLVSS were 17 £ 3 g/L and 13 + 2 g/L respectively in reactor R3. This was close to the results
inR5S(MLSS-16+1g/L, MLVSS — 12+ 1 g/L) and R6 (MLSS — 15+ 1 g/, MLVSS — 13 + 1
g/L). Meanwhile, reactors R9 and R7 showed the lowest MLSS and MLVSS concentrations. R9
had MLSS and MLVSS of 6 + 1 g/LL and 5 + 0 g/L respectively. R7 had MLSS and MLVSS
concentrations of 11 =2 g/L and 8 £ 2 g/L respectively. The reactors with the highest biomass
concentrations were operated at the higher OLR (2.1 and 1.5 kg COD/m?-d), which corresponds

with the previous study by Awang and Shaaban (2018). All 9 experiments were operated at a
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suitable C/N ratio (10, 20 and 30) that support granule stability. The C/N ratio in the influent
impacts the formation of stable granules, due to its effect of microbial population shift in AGS
(Zhou and Sun, 2020). A high C/N ratio has been shown to cause granular instability by
encouraging the growth of filaments in the granule. Though C/N ratio 20 and 30 are considered
too high to support stable granule development (Gan et al., 2024), this was not the case in the
experiments. In addition, the intensity of aeration may be attributed to the high biomass
concentration. All bioreactors were operated at an airflow velocity of 1.98 cm/s, which is suitable
for the appropriate hydrodynamic shear force required. The rate of oxygen transfer and shear forces
within the reactor improves microbial activity and biomass growth, leading to higher MLSS
concentrations (Adav et al., 2007). It is important to note that the observed decrease in biomass
concentration in reactors R7, R8, and R9 at the start of these experiments was a result of the
redistribution of sludge aimed at balancing the biomass levels across all bioreactors. Notably, this
adjustment did not particularly impact the settling properties of the reactors as shown by

SVI50/SVIs ratio ranging from 0.95 to 1 (Figure 4.6).
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Figure 4.5. MLSS and MLVSS measured in g/L for bioreactors R1-9. *R1 (C/N-20, 60 min feeding, OLR-2.1 kg COD/m*-d); R2 (C/N-30, 60
min feeding, OLR-1.5 kg COD/m*d); R3 (C/N-10, 30 min feeding/30 min resting, OLR-2.1 kg COD/m?*d); R4 (C/N-30, 10 min pulse feeding/50 min
resting, OLR-2.1 kg COD/m3-d); R5 (C/N-10, 10 min pulse feeding/50 min resting, OLR-1.5 kg COD/m?*d); R6 (C/N-20, 30 min feeding/30 min
resting, OLR-1.5 kg COD/m?*d); R7 (C/N-10; 60 min feeding, OLR-0.8 kg COD/m*-d); RS (C/N-20; 10 min pulse feeding/50 min resting, OLR-0.8
kg COD/m3d); R9 (C/N-30; 30 min feeding/30 min resting, OLR-0.8 kg COD/m?>-d).




In terms of settleability, the SVIzo and SVIs continuously reduced throughout the
experiment, although there was some fluctuation from one experiment to another. The highest
SVI3p was attained in R1 (35 £ 1 mL/g) and R2 (41 + 1 mL/g), which indicates favorable settling
performance from the start of the experiment (Figure 4.6). During the experimental period, the
sludge settling at 5 and 30 min for each reactor remained consistently similar or nearly identical
(Figure 4.7). The SVIso further decreases throughout the experiment, favoring the performance of
the reactors. This result may be attributed to the increase in granule size, as continuous growth of
EPS improves the structure and size or aerobic granules (Wang et al., 2023). Additionally, the
SVIz0-to-SVIs ratio consistently remained between the range of 0.95 to 1, another indication of

good settleability and biomass stability and performance (Setianingsih et al., 2019).
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Figure 4.6. SVI3o and SVIs measured in mL/g and SVI30-to-SVIs ratio for bioreactors R1-9. *RI (C/N-20, 60 min feeding, OLR-2.1 kg
COD/m?*d); R2 (C/N-30, 60 min feeding, OLR-1.5 kg COD/m>-d); R3 (C/N-10, 30 min feeding/30 min resting, OLR-2.1 kg COD/m*-d); R4 (C/N-30,
10 min pulse feeding/50 min resting, OLR-2.1 kg COD/m*-d); R5 (C/N-10, 10 min pulse feeding/50 min resting, OLR-1.5 kg COD/m*d); R6 (C/N-
20, 30 min feeding/30 min resting, OLR-1.5 kg COD/m*d); R7 (C/N-10; 60 min feeding, OLR-0.8 kg COD/m?*d); R8 (C/N-20; 10 min pulse

feeding/50 min resting, OLR-0.8 kg COD/m3-d); R9 (C/N-30; 30 min feeding/30 min resting, OLR-0.8 kg COD/m>-d).

48




Figure 4.7. Reactor RS settling. a) Sludge at 0 seconds b) sludge at 5 min c) sludge at 30 min.

4.3. Curdlan recovery

4.3.1. Identification of gel extract

To identify the gel extracted from AGS, a detailed analysis of its physical and chemical
properties was conducted using various methods, including aniline blue staining, NMR, and FT-
IR spectroscopy.

I Aniline blue staining

In addition to the FT-IR analysis, aniline blue staining method was employed to test the
presence of curdlan. Unlike other polysaccharides, curdlan can be stained by aniline blue solution,
resulting in a distinct blue coloration. This is as a result of the affinity aniline stain has for $-1,3-
glucan, present in curdlan structure (Stasinopoulos et al., 1999). Different from other
polysaccharides, curdlan could be stained by aniline blue solution and show a clearly blue color.
In this study, the biopolymer produced from AGS showed a positive aniline blue stain (Figure

4.18), indicating the gel extract was composed largely of B-1,3-glucosidic bond (Wood and
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Fulcher, 1984), a typical characteristic of curdlan and curdlan-type biopolymer (Harada et al.,

1968; Nakanishi et al., 1976; Wang et al., 2016).

Figure 4.8. Aniline blue staining of curdlan. a) Curdlan without aniline; b) Aniline blue
staining of commercial curdlan from Alcaligene faecalis; c¢) Aniline blue staining of curdlan gel

extracted from R7 d) Aniline blue staining of curdlan extracted from R9.

ii. FT-IR spectroscopy
FT-IR spectroscopy is a valuable tool for analyzing biopolymers. Due to the complexity of
the curdlan structure, there were multiple peaks at some regions of the spectrum - 1679.67 cm’!
(Siddique, 2024). As shown in Figure 4.17, the gel extract FT-IR spectrum displayed band
transmittance at 3275.44 cm ™! and 2926.61 cm!, corresponding to the O-H group and C-H
stretching, respectively. Additionally, an absorption band at 1025.30 cm ™! indicates the presence

of the C-O group, closely aligning with the pure curdlan spectrum used as a standard and
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corroborating previously reported findings by Martinez et al. (2015). The variation observed in the
spectra may be due to the presence of impurities in the gel extract. This may lead to the shift in the
vibrational energy levels of the sample and may introduce new peaks resulting in different

absorption characteristics observed (Kupcewicz et al., 2013; Bhokare et al., 2022).
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Figure 4.9. FT-IR spectra of commercial curdlan from Alcaligene faecalis and biopolymer

extract from AGS system.

iii. TH - 3C HSQC NMR
The HSQC analysis of curdlan extract R7i and pure curdlan revealed the presence of
correlations, as illustrated in Figure 4.10. Specifically, five distinct cross-peaks between the proton
and carbon atoms were observed, indicating a strong similarity between the two samples (Table
4.2). In the *C spectrum of pure and extracted curdlan (Figure 4.10), the chemical shift at

103.73 ppm corresponds to the anomeric carbon C1 (Tang et al., 2018). Based on the 'H-'*C
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HSQC spectrum (Figure 4.19), all chemical shifts of carbons and protons of pure curdlan were
assigned. These cross-peak positions are similar to the observed chemical shifts in Tang et al.
(2018). However, the presence of unrelated cross-peaks in the curdlan extracts suggests the
existence of impurities within the samples. These impurities likely interfered with the spectral data,
resulting in additional signals that were not present in the pure curdlan sample. Despite these
impurities, the identified correlations at cross peaks a, b, ¢, d, and e (Table 4.2) between curdlan
extract R71 and pure curdlan confirm the successful extraction of curdlan with some degree of
contamination present.

In contrast, the HSQC analysis of curdlan extract R7ii did not exhibit the expected
correlations with pure curdlan, making it difficult to interpret (Bryant et al., 2020). Rather than
corresponding with a, b, ¢, d and e, R7ii exhibited cross-peaks f and g (Figure 4.10) including
61.51 ppm '*C against 3.44 ppm 'H, as well as 61.30 ppm '3C against 3.70 ppm 'H. These cross-
peaks did not match those observed in R7i and pure curdlan. The discrepancy may be due to the
presence of excessive by-products and impurities that were not present or less in the curdlan
extract R71, which could have altered the spectral profile.

To ensure the consistency and purity of curdlan extracts, it is essential to implement
appropriate purification protocols during the recovery process. Further studies are needed to
identify and mitigate the sources of by-products, thereby improving the quality and

characterization of curdlan extracts.
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Figure 4.10. 2D 'H - 3C HSQC spectra of gel extract for AGS reactor and pure curdlan produced

by Alcaligene faecalis in DMSO-de (a); 1D 'H NMR spectra showing gel extract from AGS reactor

and pure curdlan (b).

Table 4.4. 1*C and '"H NMR data for pure and R7i curdlan extract

Cross-peak IC & 13H §
points Chemical shift (ppm) Chemical shift (ppm)
Pure curdlan Extract Pure curdlan Extract

a 103.73 103.73 4.51 4.51

b 86.99 86.99 3.46 3.47

c 76.83 77.13 3.26 3.26

d 73.24 73.84 3.28 3.28

e 69.05 69.05 3.21 3.21
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4.3.2. Effect of C/N ratio on curdlan biosynthesis

The C/N ratio in the influent has been demonstrated to significantly influence the formation
of stable granules. High C/N ratios can lead to the disintegration of AGS due to the proliferation
of filamentous bacteria within the granules, thereby compromising their spherical structure and
stability (Gan et al., 2024).

In the experiments, the C/N ratio was found to influence the production of high-quality and
stable granules. However, the biomass concentration varied across experiments due to fluctuations
in the microbial population. This variation in biomass concentration resulted in corresponding
changes in EPS and the amount of curdlan extracted, as curdlan is one of the biopolymers present
in the EPS.

To investigate the effect of the C/N ratio on curdlan biosynthesis, 9 experimental runs were
operated under different conditions. The highest curdlan yields were observed in run R3 and R4,
with yields of 74 + 6 mg curdlan/g biomass and 69 + 11 mg curdlan/g biomass, respectively, when
operated at C/N ratios of 10 and 30 on day 30 of the experiments (Figure 4.12). Notably, run R1,
R2, R3, and R4 exhibited an increasing trend in curdlan yield over days 10, 20, and 30, suggesting
a positive effect of C/N ratios of 10, 20, and 30 on curdlan production (Figure 4.11).

Conversely, run R8, R2, R7, R6, and R5 showed low curdlan yields, with values below 20
mg curdlan/g biomass. These experimental runs were operated at C/N ratios of 20, 30, 10, 20, and
10, respectively. These results did not particularly follow a trend. This indicates that the C/N ratio,
whether high or low, did not directly influence the high yield of curdlan in these experiments,
contrary to studies suggesting that EPS yield decreases with a lower C/N ratio (Cui et al., 2017;

Su et al., 2023).
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Pearson correlation analysis revealed that there is no correlation between the C/N ratio and
curdlan yield (r = -0.07) (Table 4.3). A similar observation was obtained in a study on the impact
of C/N ratio on EPS synthesis in wastewater (Erkan et al., 2016). However, this result was not
statistically significant (p = 0.852). Considering the main effects analysis, it was observed that C/N
ratio of 10 was the optimal in this experiment for curdlan yield (p < 0.05). Among all factor-levels,
C/N ratio of 10 was the third most effective factor level in the experiment (Figure 4.13). The
observation indicates that despite its low impact on curdlan production, it may be worthwhile to

study further the optimization of C/N ratio 10 for curdlan recovery.
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Figure 4.11. Curdlan gel extracted from AGS biomass for days 10, 20 and 30 of 9 experimental
runs. *R1 (C/N-20, 60 min feeding, OLR-2.1 kg COD/m?*d); R2 (C/N-30, 60 min feeding, OLR-1.5 kg COD/m?-d);
R3 (C/N-10, 30 min feeding/30 min resting, OLR-2.1 kg COD/m?d); R4 (C/N-30, 10 min pulse feeding/50 min
resting, OLR-2.1 kg COD/m*-d); R5 (C/N-10, 10 min pulse feeding/50 min resting, OLR-1.5 kg COD/m*-d); R6
(C/N-20, 30 min feeding/30 min resting, OLR-1.5 kg COD/m3-d); R7 (C/N-10; 60 min feeding, OLR-0.8 kg
COD/m?d); R8 (C/N-20; 10 min pulse feeding/50 min resting, OLR-0.8 kg COD/m?*d); R9 (C/N-30; 30 min
feeding/30 min resting, OLR-0.8 kg COD/m?>-d).
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4.3.3. Effects of OLR on curdlan biosynthesis

The OLR in this study corresponds to the concentration of organic carbon, measured as
COD, fed into the bioreactor in a day. The experimental runs were operated at OLRs of 0.8, 1.5,
and 2.1 kg COD/m?-d, which correspond to COD concentrations of 300, 550, and 800 mg/L,
respectively.

From the experiments, run R3, R4, and R1 exhibited the highest curdlan yields of 74 + 6,
69 £ 11, and 32 + 8 mg curdlan/g biomass on day 30, respectively. These experimental runs were
operated at the highest OLR of 2.1 kg COD/m?-d. Additionally, run R6, which was operated at an
OLR of 1.5 kg COD/m?*-d achieved a curdlan yield of 30 + 8§ mg curdlan/g biomass on day 30.

It is well established that high EPS production results in high curdlan yields. The high OLR
studied likely led to an increase in biomass concentration, which in turn enhanced EPS synthesis.
This increased EPS synthesis is the primary reason behind the high curdlan yields observed in
these experimental runs. Higher OLR provides more substrates for microbial growth, leading to
enhanced EPS synthesis, which subsequently increases the amount of curdlan extracted from the
AGS system. These findings are consistent with previous studies (Cydzik-Kwiatkowska, 2021;
Peng et al., 2022).

Meanwhile, lower OLR resulted in lower curdlan yields in run R2, R5, R7, RS, and R9,
with yieldsof 7+ 5,16 +2, 11 £ 8,5+ 2, and 12 + 4 mg curdlan/g biomass, respectively (Figuren
4.12). These results align with other studies on the effect of low OLR on EPS biosynthesis in AGS
systems (Traina et al., 2022). Notably, run R7, R8, and R9, operated at an OLR of 0.8 kg
COD/m?-d, showed a consistent decrease in curdlan yield from day 10 to day 30 by approximately
77%, 87%, and 81%, respectively. This observation further supports the notion that OLR

significantly influences curdlan biosynthesis in AGS systems.
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Statistical analysis revealed a significant positive correlation (p = 0.007) at 0.05 level of
siginifcance between OLR and curdlan yield, indicating that an increase in OLR promotes higher
curdlan production. This observation is supported by studies on biopolymer recovery from AGS
(Traina et al., 2022; Liu et al., 2023). These findings show the critical role of OLR in optimizing
curdlan yield in AGS systems, providing valuable insights for future research and practical
applications in wastewater treatment. Regarding the main effects analysis (Figure 4.13), it was
observed that OLR (p < 0.05) 2.1 kg COD/m?*-d was the optimal in this experiment for curdlan
yield. Though this study shows the impact of OLR on curdlan production, the factor-level of OLR
of 2.1 kg COD/m>-d stood out, making it crucical to study further on how this OLR can be

combined with other optimal factors for curdlan production optimization study.

R1 R2 R3 R4 RS R6 R7 R8 R9

Experimantal runs

80 -
70 A

DN [N
e} (e
1 1

N
S
1

\®)
e
1

—_—
(e
1

Curdlan wt (mg curdlan/g biomass)
(U]
e

(e

Figure 4.12. Curdlan gel extracted from AGS biomass on day 30 of 9 experiments. *R/ (C/N-20,
60 min feeding, OLR-2.1 kg COD/m*d); R2 (C/N-30, 60 min feeding, OLR-1.5 kg COD/m>-d); R3 (C/N-
10, 30 min feeding/30 min resting, OLR-2.1 kg COD/m>-d); R4 (C/N-30, 10 min pulse feeding/50 min
resting, OLR-2.1 kg COD/m?*d); R5 (C/N-10, 10 min pulse feeding/50 min resting, OLR-1.5 kg
COD/m?*d); R6 (C/N-20, 30 min feeding/30 min resting, OLR-1.5 kg COD/m*-d); R7 (C/N-10; 60 min
feeding, OLR-0.8 kg COD/m*d); R8 (C/N-20; 10 min pulse feeding/50 min resting, OLR-0.8 kg
COD/m*d); R9 (C/N-30; 30 min feeding/30 min resting, OLR-0.8 kg COD/m>d).
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Table 4.3. Pearson correlation analysis showing the relationship between the experimental

factors (C/N ratio, OLR, and feeding strategy) and curdlan biosynthesis in AGS.* C/N ratio (p =
0.516), OLR (p = 0.007), and feeding strategy (p = 0.852)

C/N Feeding OLR Curdlan
C/N 1
Feeding strategy * 1
OLR * * 1
Curdlan -0.07 -0.25 0.82 1

4.3.4. Effect of feeding strategy on curdlan biosynthesis

The feeding strategy in this study was measured by the time it takes to feed the bioreactors
per cycle. Considering the 9 experimental runs, the impact of feeding strategy on curdlan yield did
not particularly show a clear trend, however, it is noticeable that the slow feeding (60 min feeding
time) run R2 and R7, with the exception to R1, gave low mean curdlan yield of 7 £ 5, and 11 £8
mg curdlan/g biomass (Figure 4.12). This may be an indication of the negative effect slow feeding
has on biopolymer synthesis in AGS systems, as slow feeding rates has been associated with the
disruption of the protein-polysaccharide balance in EPS (Vicente et al., 2021). This disruption
increases protein content, leading to improved mechanical strength and stability of the granules,
however, results in drop in biopolymers in the AGS system (Vicente et al., 2021).

On the other hand, the higher curdlan yield can be associated with pulse and fairly fast (30
min) feeding strategies. For instance, R3 (74 £ 6 mg curdlan/g biomass) and R4 (69 + 11 mg
curdlan/g biomass), being the highest curdlan yielding experimental runs were operated at 30 and
10 min feeding time, allowing for a resting period, which contributes to granules stability and EPS
synthesis (Weissbrodt et al., 2012), resulting from the feast-famine regime created by 10 min pulse

feeding and 30 min feeding thereby promoting the production of EPS, in turn, curdlan production.
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Whereas, R5, R8 and R9 produced low curdlan despite their operating feeding strategy being 10
min pulse and 30 min feeding. This may be due to the influence of the combined effect of other
operating factors, leading to the drop in curdlan production. Statisitcally, there was a no correlation
(r = -0.25) between feeding strategy and curdlan yield. However, this result is not statistically
significant (p = 0.852), which agrees with a study on the impact of feeding strategy on AGS
stability (Vicente et al., 2021). In contrast, Sun et al. (2024) reported that feeding strategies play a
dominant role in shaping the structure of the microbial community and altering the properties of
the EPS, which directly affects curdlan recovery.

Furthermore, considering the mean effect analysis (Figure 4.13), it was observed that the
feeding strategy of 30 min feeding/30 min resting phase was the optimal feeding strategy in this
experiment for curdlan yield (p < 0.05). Among all factor-levels, C/N ratio of 10 was the third
most effective factor level in the experiment (Figure 4.13). The observation indicates that the 30
min feeding strategy is above the average mean of the overall effects of factors, which indicates
that 30 min feeding/30 min resting phase has the overall second highest impact on curdlan yield
in the study. Therefore, it may be worthwhile to perform further studies to optimize the feeding
strategy levels to improve the overall performance of your system. Due to the varying observations
regarding the impact of feeding strategies employed, it is crucial to explore the intrinsic
mechanisms of how feeding strategies make differences in curdlan synthesis in AGS systems. In
addition, future research should focus on investigating the combined effects of the optimal factors
identified in this study on curdlan biosynthesis within the AGS matrix. Specifically, the optimal
conditions include an OLR of 2.1 kg COD/m?-d, a C/N ratio of 10, and a feeding strategy involving
a 30 min feeding phase followed by a 30 min resting phase. By examining the interactions between

these factors, it will be possible to gain insight of their synergistic impact on curdlan production.
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Figure 4.13. Main effect analysis of experimental factors at different levels on curdlan

biosynthesis from AGS matrix
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Chapter 5 Conclusions and Recommendations

5.1. Conclusions
With the emergence of the wastewater biorefinery concept, WWTPs are now viewed as
wastewater-resource factories inserted into circular cities to achieve sustainability. The AGS
biotechnology has particularly gained increased interest in this regard due to its enhanced
wastewater treatment performance and potential for resource recovery. In the present study, the
effect of OLR, C/N ratio, and feeding strategy on the biosynthesis of curdlan in the aerobic granule
matrix during wastewater treatment in AGS-based wastewater treatment system were determined.
The main conclusions drawn from this research are outlined below:
» Curdlan was identified in the aerobic granule matrix
= The C/N ratio showed no effect on curdlan yield. Pearson correlation analysis revealed no
correlation (r =-0.07) between C/N ratio and curdlan yield. This result was not statistically
significant at 95% confidence level (p=0.516).
= The OLR was identified as the most influential factor affecting curdlan production in the
aerobic granule matrix. Curdlan yield increased with increasing OLR, attaining an
optimum yield of 74 £ 6 mg curdlan/g biomass. Pearson correlation analysis revealed a
significant positive correlation (r = 0.82) between OLR and curdlan yield; and this was
statistically significant at 95% confidence level (p=0.007). This observation highlights the
crucial role of OLR on curdlan production in AGS systems.
= The feeding strategy showed minimal effect on curdlan yield. Pearson correlation analysis
revealed a weak negative correlation (r =-0.25) between feeding strategy and curdlan yield.

However, this result was not statistically significant at 95% confidence level (p = 0.852).
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This implies that variations in the feeding regime have minimal effect on curdlan
production.

= Taguchi mean effect analysis showed that OLR of 2.1 kg COD/m3-d, C/N ratio of 10, and
feeding strategy of 30 min feeding/30 min resting phase were optimal for curdlan
production in the aerobic granule matrix.

» The AGS systems achieved COD, NH3-N, and POs*—P removal efficiencies reaching 99.6
+ 0.6%, 97 £ 1%, and 91 + 6%, respectively.

= The AGS system achieved stability throughout the experimental period as both SVIs and
SVIs0 values in all the experimental runs were in the range 16 + 2 — 43 + 1 mL/g and the
SVI30/SVIs ratio was consistently between 0.9 and 1.0 throughout the experimental

duration.
5.2. Limitations

The present study had some limitations. These include:

- This study was limited to the use of synthetic municipal wastewater in a laboratory-
controlled environment. Since the synthetic wastewater was produced using sodium acetate
and sodium propionate as the carbon sources, almost all the carbon is biodegradable which
would result in a BOD:COD ratio of about 1. In real municipal wastewater, there are some
refractory organics as well as non-biodegradable organics which would alter the
BOD:COD ratio. The presence of refractory and non-biodegradable organic matter as well
as other constituents in real wastewater may alter the EPS composition which would have
an impact of curdlan production.

- The present study focused on the effect of OLR, COD/N ratio, and feeding strategy on

curdlan production in the aerobic granule matrix. However, other key parameters such as
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substrate type, solids retention time, hydrodynamic shear force, temperature, feast-famine
period ratio, volumetric exchange ratio, and hydraulic retention time were not studied.
These factors play a crucial role in EPS production; and, they may also have a salient

impact on curdlan biosynthesis in the aerobic granule matrix.

5.3. Recommendations

Bas

ed on the results obtained from this thesis, it is imperative to conduct further research in

the following areas:

(@)

(i)

(iii)

(iv)

Future research should consider validating the findings in the present study using actual
municipal wastewater at pilot- and eventually full-scales. This will provide insights
into the impacts of a mixture of different carbon sources and different constituents as
well as variable wastewater loads on curdlan yield.

Future studies should determine the effect of other AGS operational factors such as
substrate type, solids retention time, hydrodynamic shear force, temperature, feast-
famine period ratio, volumetric exchange ratio, and hydraulic retention time on curdlan
biosynthesis in the aerobic granule matrix in AGS-based wastewater treatment systems
Further study to understand EPS production trends in AGS systems should be
conducted. It is crucial to conduct thorough monitoring using cycle tests to gain insights
into microbial interactions at different stages of the AGS process. This understanding
can lead to more targeted and effective recovery strategies, ultimately improving
overall yield and optimizing curdlan recovery.

Research should be conducted on the development of purification protocols for the

curdlan extracted from waste aerobic granules.
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V)

Based on these results, research is recommended on the optimization of curdlan
production in the aerobic granule matrix where both individual effects and interactive
effects of the different factors can be studied. Such studies should be done using

experimental designs such as central composite design.
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Appendices

Appendix A Calibration curve for COD solution
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Figure Al: Calibration curve for COD solution




Appendix B Curdlan recovery from AGS system

Figure B1. Curdlan gel precipitate at pH of 4.8 in diluted NaOH solution.

R1 & R2

R3 &R4

45 4 100 -

40 - 90
- 7w

35 A 7
: :
<
g S w4
=3 i o
Rl e
= =
& 21 3
@ £
é 20 s
: :
k: <
=15 S
5 3
[ &)

10 4

5

o

10 20 30 20
Time (days) Time (days)
mR1 =R2 = Confrol mR3 mR4 m Control

Figure B2: Bar graph of curdlan recovery from R1 - R4 with the respective control
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Figure B3: Bar graph of curdlan recovery from RS — R9 with the respective control
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