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ABSTRACT

Microalgae have emerged as a promising platform for carbon capture for simultaneously
producing renewable chemical feedstocks and biofuels to address the escalating challenge
of human-induced climate change. The economic feasibility of microalgae-based systems
hinges on addressing the high costs of cultivation, harvesting, and water reuse. This thesis
explores strategies to optimise microalgae growth and harvesting efficiency. Results
indicate that balancing CO: input (850 mg/L) and light intensity (1089 pumol/m?*/s)
significantly enhances microalgae growth rates and carbon fixation, reaching up to 4.2
g/L. Additionally, the study highlights key differences in sulphate assimilation and the
impact of initial pH on two freshwater microalgae species for carbon capture from
industrial sulphur-rich and acidic flue gas. Scenedesmus sp. utilises nicotinamide adenine
dinucleotide phosphate as an electron donor, whereas C. vulgaris relies on ferredoxin. pH
fluctuations were found to impair enzymatic functions, thereby affecting microalgal
growth. Optimising micro- and macronutrient availability, along with carbon supply,
allows for precise control over microalgal biomass composition, enhancing its suitability
for biofuel production. Harvesting efficiency was improved using ceramic microfiltration
membranes to preconcentrate microalgae solutions before polymer-based harvesting.
These membranes demonstrated species-specific performance, minimal fouling
(mitigated through aeration), and effective permeate water reuse, facilitating sustainable
cultivation cycles. A novel cationic polymer, poly(3-acrylamidopropyl)
trimethylammonium chloride (PAPTAC), was synthesised and optimised for microalgae
harvesting. PAPTAC achieved 90-99% flocculation efficiency across various species by

leveraging charge neutralisation and bridging mechanisms, ensuring stable aggregation

Xviii



without compromising biomass quality. It outperformed commercially available
polymers, underscoring its potential for scalable and cost-effective applications. The
thesis advances microalgae-based systems for greenhouse gas mitigation and biofuel
production by optimising cultivation conditions, enhancing harvesting technologies, and
promoting sustainable water reuse. Findings in this thesis work contribute to the

development of cost-effective and environmentally sustainable microalgae applications.
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CHAPTER 1. INTRODUCTION
1.1.Research background

Greenhouse gas emissions have increased significantly in the past decades. One
of the major contributing factors is industrialisation, which creates critical environmental
issues worldwide. While some industrialised nations have developed advanced emission
control technologies, these solutions are often expensive. In contrast, many developing
countries struggle to afford such technologies to mitigate their emissions. This problem
also impacts neighbouring countries, as it can quickly spread across borders. Notably,
pollutants like carbon dioxide (CO;) and sulphur dioxide (SO:) have severe health
consequences when inhaled continuously over long periods.

Trees represent a sustainable solution for mitigating air pollution by converting
toxic chemicals into beneficial products like oxygen and biomass. However, trees require
arable land and take a long time to grow. Interestingly, most of the oxygen we breathe
today is actually produced by microalgae.

Microalgae are autotroph organisms utilising light energy to synthesise various
high-value bioactive compounds while capturing CO,. Due to their fast growth rate and
capability to survive in harsh environments, microalgae are currently applied in various
industrial areas. Biomass from microalgae can be utilised for various applications,
including biochemical production, animal feed, fertiliser, and biofuel. Microalgal cells
are small (1-100 um) and negatively charged, which allows them to maintain a stable
colloidal suspension in water for photosynthesis. Despite their potential, the high cost of
microalgae cultivation and harvesting is a major hurdle to industrial-scale microalgae
cultivation and algae-based bioproducts. For example, during the cultivation process,
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maintaining optimal growth conditions is critical. An imbalance in growth factors such
as light intensity, nutrient levels, or CO2 concentration can negatively affect the growth
and productivity of microalgae. For example, an imbalance between nutrient supply and
light intensity can reduce their capacity to capture carbon and alter their metabolic
processes. This can cause stress, leading to cell damage or death. Understanding these
basic principles is essential, as failure to control these factors can result in high costs to
recover the system. Monitoring of cultivation conditions is necessary to ensure cost-
effective production and achieve the desired byproducts.

Harvesting microalgae is another challenge, given the size of individual
microalgae cells is several micrometres and negatively charged to a suspension in water.
Harvesting is an important step in microalgal biomass production, serving as an essential
link between the cultivation phase and downstream applications. One common method is
centrifugation, which uses hydraulic pressure to separate microalgae cells from large
volumes of water. However, this method is inefficient and expensive, with harvesting
costs accounting for more than 50% of the total production cost of microalgae [1].
Additionally, the harvesting process can dictate the potential applications of the produced
biomass. For example, nutraceuticals, cosmetic products, and food ingredients can be
derived from microalgae; however, these uses may be inapplicable if the microalgae
composition is damaged during harvesting. For instance, the centrifugation harvesting
method uses physical force, which negatively impacts on the biomass composition and
quality.

There have been several recent and dedicated works to develop efficient and cost-

effective methods for harvesting microalgae. Among these methods, membrane filtration



and flocculation have shown the potential for efficient biomass recovery, low cost, and
no secondary contamination. Membrane filtration for harvesting is an efficient method
since it retains all intact cells while allowing nutrients to pass through to the permeate
water. This permeate water is nutrient-rich water which can be used for further
cultivation. However, the issue with membrane filtration is membrane fouling, where the
microalgae cells clog the membrane pores and reduce the filtration efficiency. This will
require frequent cleaning for maintenance or replacement and increase the total cost. On
the other hand, in the flocculation process, a small amount of flocculants (usually cationic
polymers) is added to the microalgae solution to neutralise the negatively charged
individual cells and aggregate them for separation by gravity or air floatation [2]. It is
essential to minimise the flocculant dosage, which can reduce the cost of flocculation
harvesting [3].

This thesis aims to enhance the efficiency of an integrated microalgae system,
focusing on capturing CO> and SO, methods, improving cultivation and harvesting
methods, and promoting water reuse. This thesis explains the interplay between light
intensity, CO» input, pH, and total carbon uptake to analyse the underlying mechanisms
and maximise microalgae growth. This thesis also investigates the growth response to
elevated sulphate concentrations and pH variation. Additionally, this thesis elucidates the
interplay between carbon and nutrient input to achieve the desired microalgae biomass
composition. Before harvesting microalgae biomass, this thesis evaluates ceramic
membrane filtration to preconcentrate microalgae solution and recycle the permeate water
for further microalgae cultivation. Furthermore, it explores a series of newly synthesised

cationic polymers to determine the optimal dosage and UV power, comparing them to



commercially available flocculants. The findings of this study contribute to the
development of efficient and inexpensive large-scale microalgae cultivation and

harvesting.
1.2. Problem statement

Greenhouse gas emission, particularly CO,, remains a serious problem.
Microalgae have demonstrated the ability to absorb these pollutants, offering a potential
solution. However, an efficient and cost-effective integrated microalgae system has not
been systematically explored, and several technical challenges prevent its large-scale

implementation.

The challenges include the techniques of introducing CO; into microalgae (such
as using diffusers, spargers, and bicarbonate addition). The conventional technique of
CO sparging showed significant CO; loss to the atmosphere and unstable and limited
mass transfer to the water phase. The growth response to elevated sodium sulphate
concentration should also be analysed to optimise the system. The other challenge is the
interplay between cultivation parameters, the interplay between nutrients to enhance
lipids and protein, and the underlying mechanism, which has not been systematically

discussed.

Additionally, cost-effective harvesting methods need further development,
particularly regarding how to prevent membrane fouling during membrane filtration.
There is also a need to explore methods for synthesising the flocculants and comparing

their effectiveness across different microalgae species. Finally, the reusability of



permeate water after harvesting, as well as the quality of biomass, must be evaluated to

understand the system's overall efficiency and impact.
1.3.Research objectives

This study aims to develop a comprehensive understanding of integrated

microalgae systems. The project objectives are to:

Elucidate carbon and sulphur metabolism by microalgae, specifically to describe

the interplay between key parameters (such as light intensity, pH, feeding rate and

duration), and analyses the underlying mechanisms.

= Demonstrate and evaluate ceramic membrane filtration to preconcentrate
microalgae solution.

= Determine the flocculation efficiency of different types of flocculants and newly

synthesised flocculants in freshwater and seawater microalgae.

= Determine the biomass quality and the reusability of water
1.4.Thesis outline

The structure of this thesis is schematically presented in Figure 1 The thesis
consists of eight chapters, as outlined below. Chapter 1 introduces the research
background, focusing on the role of microalgae as a sustainable solution for mitigating
greenhouse gas emissions. Chapter 2 provides a comprehensive literature review,
summarising the recent studies on microalgae and their biomass application. Chapter 3
explores methods to maximise microalgae growth rates by optimising CO: input and light
intensity. Chapter 4 investigates and elucidates the growth response to elevated sulphate

concentrations and pH variation on C. vulgatis and Scenedesms. Chapter 5 focuses on



tuning carbon and nutrient ratios to optimise biomass yield and enhance lipid and protein
production, contributing to microalgal resource valorisation. Chapter 6 evaluates
microalgae enrichment processes for biomass harvesting and water reuse, highlighting
their potential for resource recovery in environmental applications. Chapter 7 evaluates
microalgae harvesting efficiency using cationic flocculants, particularly PAPTAC, as a
sustainable and scalable approach. Finally, Chapter 8 concludes the key findings of the
thesis and recommendations for future research and industrial applications of microalgae-
based systems. This structured approach provides a clear progression from optimising
microalgae growth to practical applications in biomass production and environmental

management.

Chapter 1
Introduction

Chapter 2
Literature Review

A 4 \ 4 1

Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 7
Maximising Effect of Tuning carbon Microalgae Microalgae
microalgae Sulphur in and nutrient enrichment for harvesting using
growth rate by C.vulgaris and ratio for biomass cationic
balancing CO> Scenedesmus sp. biomass, lipid, harvesting and flocculant
input and light and protein water reuse (PAPTAC)
intensity production
[ ' ¢ |
Chapter 8
Conclusion and recommendation

Figure 1. Schematic structure of the thesis



CHAPTER 2. Literature review

Part of this chapter has been published as the following journal article:

L Aditya, TMI Mahlia, LN Nguyen, HP Vu, LD Nghiem, Microalgae-bacteria
consortium for wastewater treatment and biomass production. 2022. Science of The Total

Environment 838, 155871.

2.1.Microalgae characteristics

Microalgae and photosynthesis bacteria (or cyanobacteria) can be found in all
habitats, including water and sediment columns in freshwater and marine environments.
Through photosynthesis, microalgae utilise energy from sunlight and CO; from the
atmosphere. Then, it is used to synthesise biomass as a source of chemical energy for the
overall ecosystem. Blue-green algae (or cyanobacteria) are strictly bacteria with

photosynthesis capability. Thus, they function as microalgae in the ecosystem.

2.1.1.Pigment content and habitats

Colour is a convenient visual identification to classify microalgae. Most
microalgae derive their primary colouration from Chlorophylls that are green.
Chlorophyll a converts light (photons) to chemical energy. Other Chlorophylls (e.g., b,
ci, ¢2, and d) and non-chlorophyll pigments are accessory pigments to absorb a broader
light spectrum. The energy is then transferred to Chlorophyll a for chemical energy
conversion. Figure 2 shows the wavelength of light absorbance of several classes of
microalgae. Carotenoids have yellow-red colours. Lutein and other primary carotenoids
act as non-chlorophyll accessory pigments, while secondary carotenoids (astaxanthin and

canthaxanthin) are important in cell defence processes. Primary carotenoids are tightly



tied to structural and functional components in the cellular photosynthetic machinery. By
contrast, secondary carotenoids are produced in large quantities as oily droplets or a
coating layer to protect microalgal cells from oxidative stress or intense illumination [4,
5]. Carotenoids are beneficial antioxidants to improve the immune system. Microalgae
contain a much wider diversity of carotenoids than terrestrial plants. Microalgae are

known to produce more than 40 type of carotenes and xanthophylls [6].

Phycobilin (e.g. Phycoerythrin, phycocyanin, and allophycocyanin) is another
group of non-chlorophyll accessory pigment. Unlike chlorophyll and carotenoids,
phycobilin is water-soluble. Cyanobacteria (or blue-green algae), glaucophytes, red
algae, and cryptophytes can all generate phycobilin. Phycobilin absorbs light in the
blueish to the red range, which is beyond the range of most chlorophyll. Phycoerythrin
captures light energy and directs it to the reaction site through the phycobiliproteins and
phycocyanin. Phycocyanin is used as a pharmaceutical agent because of its antioxidant,

anti-inflammatory, neuroprotective, and hepatoprotective properties [7].
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Figure 2. The microalgae pigment absorbance spectrum of light.

The production of microalgal pigments depends on environmental conditions. For
example, low light intensity presents higher biomass pigment content. The light intensity
of 27 mol photon/m?/sec produced a chlorophyll content of 14.7 mg/g, while the light
intensity of 54 mol photon/m?/sec produced a chlorophyll content of 11.6 mg/g [4]. High
salinity causes cell shrinkage and decreases the content of the pigment. The optimum
temperature for S. Platensis chlorophylls and phycocyanin were 25 °C and 28 °C,

respectively, while carotenoids remained reactive at up to 60 °C in N. Gaditana [8-10].

Bacteria do not carry out photosynthesis (with the exception of cyanobacteria),
and thus, they can produce a broader range of pigments such as melanin, violacein, and

prodigiosin. Melanin can potentially be used to visualise the in vivo interaction in the
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consortia system. Melanised bacteria are also responsible for the anaerobic degradation
of the organic compound trinitrotoluene in digested sewage [11]. Violacein toxin may
protect microalgae from omnivorous grazers [12]. Despite the potential advantages of
violacein pigment, its application for protecting microalgae cultivation still needs further
investigation [13]. By contrast, prodigiosin is a natural algicide [14, 15]. Thus, bacteria

producing prodigiosin pigment are not compatible with the microalgae-bacteria system.

Microalgae can thrive in both fresh and saltwater habitats. On the other hand,
bacteria can only thrive mostly in a low saline environment. This is because some
microalgae can regulate and exchange ions with the environment. Saline water
microalgae contain more ion transporters for photosynthetic machinery, nuclear,
organellar, and cellular membrane activities than freshwater species [16]. Saline water
microalgae tend to have a high content of lysine, which is an amino acid for regulating
ions in algal cells. In most cases, lysine content in saline water microalgae is double than

in freshwater species [16].
2.1.2. Taxonomy

Microalgae can be either prokaryotic or eukaryotic microorganisms. Prokaryotic
microalgae are essentially cyanobacteria, which can be strictly classified as bacteria.
Eukaryotic microalgae include green algae (Chlorophyta/Charophyta), Euglenophyta,
Haptophyta,  Dinoflagellates  (Dinophyceae), diatoms  (Bacillariophyceae),

Eustigmatophyceae, and red algae (Rhodophyta).

Cyanobacteria have chlorophyll a and complexes with light-activated enzymes.

They are the only prokaryotic organisms that can undergo oxygenic photosynthesis.
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Cyanobacteria can be found in some of the most hostile and strangest habitats. For
instance, after Mount Krakatau’s (Indonesia) volcanic activity, cyanobacteria (Anabaena

and Tolypothrix) were observed at the surface of volcanic ash [17].

A notable example of the Chlorophyta phylum is Chlorella, which is spherical or
ellipsoidal, with diameters ranging from 2 to 15 pm. It contains chlorophyll a and b, as
well as starch for reserve material. Among Chlorophyta, C. Vulgaris is a highly utilised

strain with high biomass production [18].

Euglenophyta is unicellular, motile, free-living microalgae typically found in
freshwater. Due to the absence of chloroplasts, about two-thirds of Euglenophyta are
heterotrophic. The energy storage product is arranged outside the chloroplasts. An
example of this genus is Euglena. It has been recognised as a promising source of

valuable biotechnological metabolites processes, like paramylon. [19].

The Haptophyta are primarily found in marine environments, with lower numbers
found in freshwater and terrestrial environments. Isochrysis aff. Galbana is a well-known
example of Haptophyta. Many are characterised by calcite (calcium carbonate) scales

covering the cell (coccoliths).

Dinoflagellates (Dinophyceae) are unicellular biflagellate organisms that live in
various habitats and are often found in ocean or brackish water. Only half of this taxa can
carry out photosynthesis. The rest lives in symbiosis with reef-building corals and is
critical in forming coral reef systems. An example of this genus is Gonyaulax. Gonyaulax

belongs to red dinoflagellates and commonly causes red tides [20].
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The diatoms or Bacillariophyceae organisms can be either unicellular or colonial.
The wall of this genus is made up of two valves that overlap and are constructed with
silicon oxide. The vast majority of diatoms species is benthic microorganisms. P.

Tricornutum is the most well-known diatom [21].

The Eustigmatophyceae cells are spherical or irregularly shaped coccoid unicells.
They grow individually, but they can also grow in a colony in some cases.
Nannochloropsis is an example of a species that has drawn economic and academic

interest due to its potential [22].

The red algae are a morphologically varied group that lives primarily in marine
environments. These microalgae are spherical. They do not have flagella and can form
loose colonies in a mucilaginous matrix. This genus species have arachidonic acid and

pigments (phycobiliprotein and phycoerythrin) [23].

2.1.3. Growth forms

Microalgae tend to grow as individual cells a suspension, while bacteria tend to
grow in colonies of aggregated cells as biofilm or aggregated flocs. Although less
common, some microalgae can also grow in colonies, and some bacteria can grow as
individual cells. Some microalgae can grow in a suspension to a certain size and then
form a colony. Examples include Collodaria, Chlorococcum sp., and C. Meneghini.
Collodaria is unicellular microalgae that develop in single cells (up to I mm in size) or
in colonies of a few centimetres in length [24]. Chlorococcum sp. Is a single green
microalga that does not establish a colony [25]. C. Meneghini lives as solitary cells or in

temporary groups of indefinite form without a mucilaginous envelope [26]. Colonial
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forms are constructed from mucilage cells bound physically and connecting the cells. The
method of colony development and the kind of colony creation is used to split joined cells

by mucilage (Figure 3).

Cell division and cell adhesion are the two processes that allow colonies to
develop. Cells in cell division stay connected after binary fission, while single cells in
culture cling to each other in cell adhesion. The ratio of total biomass to cell number,
growth rate, bound extracellular polymeric substances (bEPS), zooplankton effects, and
species were all found to be significant variations between these two methods [27]. In the
cell division process, the cell has an additional bound-extracellular polymeric substance
surrounding the cells [28]. Meanwhile, no correlation was found between colony
formation by cell adhesion. It can be interpreted that the adhesive polymers in the bEPS
coating of a single cell can possibly be activated. Activation of this adhesion implies
intercellular communication by a mechanism that has not yet been identified [27]. Cell
adhesion and cell division mechanisms toward zooplankton resulted in different effects.
The direct threat posed by zooplankton grazing leads to colony formation by cell
adhesion. This response appears as a self-defence mechanism by microalgae cells because
zooplankton has difficulties consuming the colonies [29, 30]. On the other hand,
zooplankton filtrate causes colony formation through cell division [31, 32]. The

distinction between cell division and cell adhesion is illustrated in Figure 3.
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Figure 3. Cell division and cell adhesion mechanisms of microalgae colony formation.

The kind of microalgae species has an impact on the colony development process.
For example, M. Ichthyoblabe colony formation is mostly based on cell division, while
M. Wesenbergii colony formation is primarily based on cell adhesion [33]. It is possible
that cell division and cell adhesion may be stimulated by either environmental stress or a
direct danger. For example, colony formation in M. Aeruginosa was triggered by
Ochromonas sp, the grazing zooplankton. When microalgae form larger colonies than

single cells, zooplankton's ability to graze was diminished [34].

The type of colony formation can be divided into two types: amorphous and

coenobium. In the amorphous colony, the cell number, size, or shape can vary. All cells

14



are independent and fulfil all functions of an individual. Cyanophyta, Chlorophyta, and
Rhodophyta are the microalgae division belonging to this colony. Coenobium is a stalk,
most of them can be found in Chlorophyta division, in which the cell has a structured
arrangement with a specified number of cells. An exemplar of this conformation is in S.
Quadriculata colon-forming. The strain may have 2, 4, 8, 16, or 32 cells arranged linearly
inside the umbilicus, with lengths ranging from 8.2 to 9.6 um and widths varying from
2.4 to 8.2 um [35]. A new bacteria phenotyping technique allows the identification with
an accuracy above 99.4%. This method can be used to examine the form of the colony in

the microalgae-bacteria consortium system [36].
2.2. Microalgae-bacteria consortium for wastewater treatment

Wastewater discharge is a major pathway for nutrients (i.e. Phosphorus and
nitrogen) depletion in ocean water [37]. Each year, around 1 million tonnes of phosphorus
and 7.7 million tonnes of nitrogen are released into natural water bodies via wastewater
discharge. It causes eutrophication and environmental degradation [38]. Microalgae
based wastewater treatment can recover nutrients toward a circular bioeconomy [39-41].
To make microalgae work optimally and efficiently, the combination of internal and
external parameters of microalgae should be explored. It includes every aspect from
nutrient concentration ratio, percentage of CO2 supply, the level of pH, the temperature
of the growth medium, light intensity to metabolic engineering. Biochemical triggering
is another way to stimulate microalgae metabolism. For example, phytohormones and
substances, which modify biosynthetic pathways or function straightforwardly as
metabolic precursors. Most of these growth-promoting substances can be generated by
specific bacteria. A comprehensive understanding of the interaction between microalgae
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and bacteria is essential to improve the treatment performance, such as increasing the
total nutrition removal. Microalgae and bacteria interact in various ways, from symbiotic
to competition (mutualism to antagonism). The interactions between microalgal and
bacterial communities are based on energy and nutrition exchange, signal transduction,
and gene transfer. Key interactions between microalgae and bacteria in the system are

summarised in Figure 4.
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Figure 4. A generic framework for microalgae and bacteria interaction modalities

Figure 4 illustrates the exchange of carbon, energy, and key chemicals between
microalgae and bacteria. For simplicity, Figure 4 is presented as a lagoon microalgae-
bacteria system that is subjected to a day and night solar cycle. Several co-factors that are
important for metabolic processes by microalgae and bacteria are shown in Figure 4. For

example, microalgae produce O: for bacteria to utilise as an electron acceptor and energy
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source to break down organic matter, while microalgae utilise CO> bacterial transpiration
as the carbon source [42, 43]. The antagonism effect may also occur in a dark condition
when microalgae compete for oxygen with bacteria for respiratory (conversion of
biomass to energy when energy from photosynthesis is not available) and due to the

decomposition of dead cells.

Vitamin B plays a vital role in the symbiotic relationship between microalgae and
bacteria [44]. The bacterium A. Brasilense produces vitamin B, (riboflavin and
lumichrome), plant growth stimulants during the fermentation process. These two
substances impacted C. Sorokiniana's development and metabolism [45]. Vitamin B> is
produced by bacteria either in the aerobic or anaerobic pathways. Vitamin Bi2 helps
control microalgae development and community composition. Photosynthesis by
microalgae resulted in an increase in pH (daytime), whereas bacteria metabolism

produces organic acid to lower the pH (nighttime).

Nitrogen removal by conventional wastewater is governed by a slow kinetic
process involving two stages: nitrification by ammonia-oxidizing bacteria and
denitrification by nitrite-oxidizing bacteria and denitrifying bacteria [46, 47]. Anammox
is an alternative process that is faster and more efficient. Still, the anammox process itself
cannot remove dissolved organic carbon and must also be integrated with a conventional
wastewater process. On the other hand, microalgae assimilate nitrogen by using
intracellular nitrate reductase enzymes, nitrate trans-membrane transporters, etc. The
main advantage of the consortium system is the combined synergistic metabolism.
Microalgae assimilate ammonia and produce oxygen through photosynthesis in the
combined synergistic metabolism. Bacteria use oxygen to convert ammonia and nitrite
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while secreting CO2 [48]. In comparison to a single microalgae system, the consortium
system removed 13.6% more ammonia, it was also 44% more than activated sludge
systems [49]. This synergetic interaction also led to a rapid nitrification process [50]. To
remove 60-80% of ammonia, the consortium system only required 1 to 2 days of hydraulic
retention time, whereas pure-microalgae systems required 2 to 5 days [51]. Inadequate
nitrogen leads to an antagonism effect (competition). It would lead to cell death and the

release of intracellular ammonium [48, 49].

A microalgae-bacteria consortium system can use two distinct mechanisms for
phosphorus removal: microalgae treatment after the enhanced biological phosphorus
removal process and phosphate precipitation. In the microalgae treatment after the
enhanced biological phosphorus removal process, the orthophosphate and CO; produced
by bacteria can be converted to oxygen by microalgae [52]. Phosphate precipitation
occurs during the daytime due to microalgae photosynthesis [53]. Microalgae
photosynthesis changes the pH of the culture. Each nitrate ion creates one OH™ ion as it
degrades to ammonia [54]. It allows bacteria to release algaecides. Algaecides have an
antagonistic effect on microalgae, causing them to secrete extracellular polymeric
substances. This situation encouraged the precipitation of phosphorus in extracellular

polymeric molecules [55].

Most bacteria associated with microalgae enhanced microalgal bio-flocculation
by producing polysaccharides or proteins, making the harvesting process more efficient
and cost-effective [42]. Microalgae provide bacteria with organic carbon and oxygen,
whereas bacteria provide fixed nitrogen, micronutrients and stimulate microalgal
development [56]. On the other hand, microalgae can produce a wide range of inhibitory
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compounds that can interfere with bacteria's growth. For example, microalgae can
produce extracellular proteins such as dissolved amino acids and antibiotics, which inhibit
bacterial growth [57]. By contrast, algicidal bacteria can produce harmful microbial
substances like cellulase to disintegrate the cell wall of microalgae cells and lyse them

[58, 59].

It is essential to select suitable species for the microalgae-bacteria symbiotic
system. Some microalgae have a higher level of bacterial interaction than others—for
example, the cell-to-cell exchange comparison of elements between the microalgae P.
Tricornutum-bacteria and N. Salina-bacteria. In P. Tricornutum, 92-98% of cells were
attached with bacteria and fixed 64% carbon, while in N. Salina, only 42-63% of cells

had attached with bacteria and fixed just 10% carbon [60].

The nutrient removal efficiency comparison between an integrated microalgae-
bacteria system and single microalgae is described in each type of wastewater origin
section, namely domestic wastewater, industrial wastewater, agro-industrial wastewater,
and landfill leachate. Studies on microalgae-bacteria interactions have mainly been
conducted on the lab-scale since it is more restricted and less contaminated, and the
results are easier to interpret. Table 1 summarises and compares nutrient removal and

biomass production by a microalgae-bacteria consortium.
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1  Table 1. Comparison of nutrient removal and biomass production by microalgal-bacteria consortium on various types of wastewaters (TN:
2 total nitrogen; TP: total phosphorus)
Wastewater ~ Wastewater Microalgae Bacteria Initial Duration T Nutrient Biomass Biochemical Ref.
type source concentration (days) (°C) removal yield composition
efficiency  (g/L)
Beibei Chlorella, Oscillatoria sp. NH4"-N: 40 mg/L 8 22 NH4*-N: 1.5 Urocanic [61]
0, id-
wastewater chroococcus sp. POSP: 10 mg/L 99% acid: 19.45
treatment And PO.-P: 2 pg/L
plant, Scenedesmus sp. N o
. 100%
Chongqing
Trento Nord Chlorella and Filamentous NH4"-N: 50 mg/L 182 22.8 TN:12.6 ~0.8 - [62]
. . 0
treat.rr}ent diatoms cyanobactema.and NOs-N: 1.2 mg/L %
o) facility heterotrophic TKN-
< : 3-_p. :
= bacteria PO4-P: 2.8 mg/L 979%
§ TP: 47%
f;: Primary treated  C. Sorokiniana Activated sludge =~ NH4*-N: 34.1 mg/L 22 24 NH4*-N: 0.3 - [63]
Q 0,
= wastewater (Rhodobacteraceae N 71.4%
8 from and Rhizobiaceae NOs-N: 1.2 mg/L PO.-P:
University Rey family) PO4*-P: 4.9 mg/L 4 o)
68.3%
Juan Carlos
(Spain)
Local WWTP S. Obliquus Activated sludge TN: 26 mg/L 30 24 TN:20% 9.3 - [64]
1 0, 0
in Kuala (17%) (83%) TP: 6.2 mg/L NOs-N:
Lumpur, o
. 72%
Malaysia
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TP: 5%

WB3

LBZ municipal C. Sarokiniana, Activated sludge NH4"-N: 25 mg/L 30 25  NH4*-N: 2.5 - [65]
; 0
W \}YW]S’}; (Nitrosomonas and PO,*-P: 3 mg/L 98%
uhar, LAaina Dechloromonas) PO4*-P:
96%
Textile C.sorokiniana D K NH4*-N: 119 mg/L 7 30 TN:71% 0.67 - [66]
Industry BW(C2, Pneum()]nlje ORWB NOs-N: 110 mg/L PO--P:
b . )
Chlorella sp Calcoaceticus OR ~ PO4*-P: 53.2 mg/L 100%
WB3
Textile Wild sample ofa ~ Wild sample of a TN: 74.1 mg/L 5 37 TN:53% 0.1-0.5 - [67]
Industry mixed algae mixed bacteria TP: 86.4 mg/L TP: 50%
g Vinegar Chlorella sp B. Fluminensis TN: 20.5 mg/L TN: 5.55 Notable effect [68]
. . .
= production TP: 7.4 mg/L 78.7% on fatty .a.01d
*g wastewater TP: compos1tloq
E 74.8% rather than oil
= content
=
é Beer brewing C.vulgaris Native bacteria TN: 60 mg/L 3 24 TN: - Total H, [69]
=} K0 LR
= factory MACC360 from §ludge (beer TP: 11 mg/L 75% production:
brewing factory) TP 65%
~75%
Paper Industry  C.sorokiniana D K NH4*-N: 303 mg/L 7 30 TN: 2.97 The yield of  [66]
7 0 10- il
BWC2, Pneumoniae ORWB NOs-N: 187 mg/L 89.3% bio-crude oil:
Chlorella sp LA PO4*-P: 15% (wiw)
Calcoaceticus OR ~ PO4*-P: 77.7 mg/L 100% '
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PO4*~-P: 44 mg/L

Leather C.sorokiniana D K. NH4"-N: 89.9 mg/L 7 30 TN: 0.48 - [66]
; o
Industry BW(C2, Pneumolmje ORWB NO3-N: 162 mg/L 55.6%
b . 3—_ .
Chlorella sp Calcoaceticus OR ~ PO4*-P: 48.3 mg/L PO OP'
100%
WB3
Unsterilized Scenedesmus sp.  Anaerobic bacteria TN: ~190 mg/L 30 TN: 92% - Actinomycetes [70]
palm oil mill TP: ~142 mg/L TP: 70% percentage
effluent increased
Potato C. Sorokiniana M. Capsulatus NH4"-N: 19 mg/L 1 37  TN:67% 0.21 32% [71]
proclesstlng POSP: 14 mg/L TP: 43% carbohydrates
B pran 34.5% lipid
<
2 Dairy Some of T. Elongatus, M. NOs-N: 139 mg/L 14 25  NOs-N: - 18% protein  [72]
2 wastewater Chlorophyceae, Aeruginosa, N 93% 0/ Ti
E from Gomati C. Variabilis, P. Nostocales, NH4™-N: 16 mg/L NH."-N: 42% lipid
g Cooperative Kessleri, P. Naviculales, PO4*-P: 63 mg/L 1 040(y ' 55%
g Milk Tricornutum, Oscillatoriales, 0 carbohydrates
E Producers’ Chlamydomonas Stramenopiles, PO,-P:
© Union, India. Synechocystis Trebouxiophyceae, 97%
j,:” sp., Chroococcales,
along with
potential bacterial
bioremediate
Dairy Farm  C. Sorokiniana K. Pneumoniae NOs-N: 1730 mg/L 7 30 NOs-N: 2.87 - [73]
wastewater DBWC2 and ORWRBI and A. 84.7%

22



Chlorella sp. Calcoaceticus PO4-P:
DBWC7 ORWB3. 100%
Piggery C. Vulgaris R. Sphaeroides NH4*-N: 385 mg/L 7 28  NH4*-N: 4.09 The combined [74]
0,
wastewater TN: 469 mg/L 100% content of
TN: 95% carbohydrate,
TP: 55 mg/L ’ lipid, and
TP: 96% protein was
higher than
85%
Piggery S. Almeriensis Nitrospira, and NOs3-N: 137 mg/L 4 NOs-N: - [75]
wastewater Nitrobacter P 90%
20% PO4-P: 26 mg/L
( 0) PO43'-P1
100%
Starch C. Vulgaris R. Sphaeroides NH4"-N: 878 mg/L 7 28  NH4*-N: 0.96 - [74]
o
wastewater TN: 1492 mg/L 100%
. o
TP: 154 mg/L TN:95%
TP: 96%
20% Erin C. Vulgaris Nitrosomonas N-NH3: 491 mg/L 8 N-NH3: 2-fold Increased [76]
. o .
" Landfill site, POSP: 320 mg/L 99.2% total organic
= Chesterfield, 3 B, carbon
£ UK PO4"-P: degradation
3 100% g
= 10% lagoon Chlorophyceae Cyanobacteria NH4"-N: 256 mg/L 14 18  NH4"-N: - The relative  [77]
= . Lo . , , o .
g in Nicosia species (Mzgrocys.tzs sp, NO3-N: 874.8 mg/L 99.8% toxicity of the
2 (Chlorella sp, Oscillatoria sp), TN: 99.1 leachate was
Scenesdesmus PO43--P: 97.5 mg/L O reduced in
mg/L .
sp, relation to the
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Stigeoclonium PO4*-P: phenol
sp) 98.8% removal.
Sandtown Lan  Wild sample ofa ~ Wild sample of a NH4*-N: 5.1 mg/L 366 NH4*-N: - - [78]
dfill in Felton, mixed algae mixed bacteria 83%
DE.
30% dumpsites  C. Pyrenoidosa Bacterial nitrogen TN: 228.4 mg/L 20 26 TN:70% 2.8 - [79]
landfill fixation PO-P: 31.6 mg/L PO-P:
89%

Chennai, India

24


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/landfills
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/landfills
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/landfills

2.3.1. Domestic wastewater

Domestic wastewater is a nutrient-rich resource. The concentration of nutrients in
residential wastewater varies depending on climate, socioeconomic conditions, and
several other factors. Untreated domestic wastewater, on average, contains 59-653 mg/L

of total nitrogen and 10-16 mg/L of phosphate [80, 81].

A key benefit of the microalgae-bacteria consortium system over a single system
is higher efficiency and faster nutrient removal. The photosynthetic activity of C. vulgaris
provided sufficient dissolved oxygen for nitrifying bacteria, which boosted the ammonia
removal rate. Ammonium removal was mostly accomplished by nitrifying bacteria with
support from microalgae. As a result, the ammonia removal rate was higher than algae

and bacteria monocultures [82].

The other advantages of the consortium system are flocculation and aeration. An
enclosed culture system of microalgae-bacteria to treat municipal wastewater had been
reported by Foladori et al., [62] at a plant of 100,000 person equivalents in capacity at
Trento Nord in Italy. Even though real wastewater had significant changes in influent
concentrations, this microalgae-bacteria consortium maintained high and stable removal
efficiency [83]. Furthermore, dense flocs might be produced by a combination of
Chlorella, Diatoms, tfilamentous cyanobacteria, and heterotrophic bacteria. This system
resulted in a self-sustaining therapeutic approach and may not necessitate extra aeration
[83]. This behaviour differed significantly from wastewater treatment using pure
Chlorella. Without adequate mixing, pure microalgae might settle to the bottom and

gradually perish, impacting nutrient removal efficiency [84, 85].

Species selection must be considered for optimal performance. For example, S.

Obliguus and activated sludge bacteria were utilised to treat local wastewater treatment
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plants in Kuala Lumpur, Malaysia [64]. However, it could only remove 20% of total
nitrogen after 30 days. Previous results suggest that C. Sorokiniana microalgae is more
compatible with Rhodobacteraceae and Rhizobiaceae family than with the Nitrosomonas
or Dechloromonas in activated sludge. The C. Sorokiniana and activated sludge
(Rhodobacteraceae and Rhizobiaceae family) removed 98% of nitrogen and 96% of
phosphorus within 7 hours [63]. While, C. Sorokiniana and activated sludge
(Nitrosomonas and Dechloromonas) were only able to remove 71.4% of ammonia
nitrogen in 14 days, since the microbial needed about 9 days to achieve steady-state
condition [65]. This comparison indicated that species selection is one of the prerequisites
for the effectiveness of treatment, and each species has a different survival rate. The
species selection is also important for obtaining the required biomass quality for further

use.

2.3.2. Industrial wastewater

Microalgae-bacteria remediation of industrial-derived wastewater is an alternative
treatment method for removing nutrients with reduced chemicals and energy
consumption. Industrial wastewater can have a high concentration of specific
contaminants. Thus, an axenic (pure) microalgae culture system may not be sufficiently
resilient to thrive in industrial wastewater [86]. Factors such as extreme pH and toxicity
from specific contaminants in industrial wastewater can inhibit an axenic microalgae
system. In the microalgae-bacteria consortium system, the bacteria could support the
microalgae. For example, microalgae used bacteria-produced siderophores as iron
replacements in iron-deficient environments. Gaseous exchange (CO2-O;) between
microalgae and bacteria also helps the consortium to be more resilient to unfavourable

environmental conditions [66]. The microalgae-bacterial consortium was also more
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compact than the combination of each individual system [68]. Their interconnections can
share metabolites and the ability to endure periods of nutrient limitation, combating
invasion by other species and maintaining microorganism stability, providing robustness

to environmental oscillations.
2.3.3. Agro-industrial wastewater

Agro-industrial wastewater tends to have higher nitrogen and phosphorus
concentrations than domestic wastewater [70, 72, 73]. Botanical food processing effluent
differs depending on the fruit or vegetable used—for example, palm oil mill effluent
(POME) wastewater was treated with three native microalgae (Coelastrella sp. UKMA4,
Chlamydomonas sp. UKM6, and Scenedesmus sp. UKM9) [70]. The raw POME
contained  Actinobacteria,  Bacteroidetes, = Planctomycetes, = Firmicutes  and
Proteobacteria. Over 80% of nitrogen was removed from both sterilised and raw POME.
A sterilised POME could only remove 10% of the phosphorus, whereas a raw POME
could remove up to 70% [70]. Bacteria were eliminated in the sterilised POME, which
explained the 60% difference in phosphorus removal efficiency. Botanical food
processing wastewater is the most environmentally friendly, and it may be utilised as
fertiliser, animal feed, and biofuel. The biomass of P. Purpureum that flourished in
POME was rich in essential minerals, including Fe, K, and N. These are crucial nutrients
for plant development. Thus, this biomass was appropriate for conversion to biofertilizer
[87]. After sage and potato processing wastewater treatment, the consortium biomass
could be used as animal feed [71, 88]. The biomass from coffee processing effluent boosts
methane yield by up to 87% and could be easily converted into biofuel [89].

Dairy wastewater tends to have higher nitrate content than most other wastewater

[72, 73]. Pure microalgae work slowly on this type of wastewater [90, 91]. It is possibly
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because the ratio between nutrients was insufficient for its metabolism. The pure
microalgae culture could only remove about 65% of nitrate (from the initial concentration
of 62.7 mg/L) after 6 days of treatment [92]. On the other hand, the microalgae-bacteria
consortium removed more than 85% of 1730 mg/L [73]. The presence of nitrate-reducing
bacteria helps higher nutrient removal. The lipid content of the microalgae-bacteria
consortium biomass was more than 45%. This could be due to the nitrogen present mostly
in the form of amino acids. It also had a high lactose content. Overconsumption of lactose
would be stored as fats. This biomass is a viable candidate for protein supplements for
animal feed, biofertilizers and defatted biomass as feedstock for bioethanol production
[93, 94].

S. Almeriensis, Nitrospira, and Nitrobacter removed 90% nitrogen from animal
effluent in 2 days [75]. In contrast, pure microalgae (Scenedesmus sp.) Required 9 days
to remove 83% of nitrogen [95]. The addition of bacteria to the system improved nutrient
removal and duration efficiency. However, ammonium toxicity is the main drawback of
microalgal growth in piggery wastewater [74]. Pre-treatment, such as dilution, filtration,
and the addition of chemical solutions, is required to minimise the high-strength
ammonium. An integrated system can help build a circular economy in the future. The
process begins with the nutrient-rich faeces from animals treated using anaerobic
digestion and microalgae. The microalgae biomass are then harvested and fed to the

animals [96].
2.3.4. Landfill leachate

The main components of landfill leachate, which may harm the environment, are
ammonium toxicity and xenobiotics [77]. Microalgae could be killed immediately if

ammonia concentrations exceed 80 mg/L [97]. Due to their high toxicity, lengthy
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persistence, and low biodegradability, many xenobiotic chemicals negatively influence
microalgae. The addition of denitrifying bacteria and phenol-degrading bacteria aided the
microalgae's adaptation. The denitrifying bacteria consume nitrogen, whereas microalgae
consume phosphorus. As a result, the removal efficiency was higher than pure microalgae
treatment [76, 98].

In recent decades, the landfill leachate has been diluted to be treated effectively.
Landfill leachate has high turbidity and thus low light penetration. A novel tubular photo-
bioreactor using a rotating optical reflector has been proposed by Porto et al. (2021). This
technique improved removal efficiency by over 21% compared to conventional photo-
bioreactors [98]. The summary comparison of the consortium and pure microalgae system

can be seen in Table 2.

Table 2. A comparison of the culture efficacy for wastewater treatment of microalgae
and a microalgal-bacteria consortium.

Parameter Pure microalgae treatment Microalgal-bacteria
consortium treatment
N removal 58% [99] 99% [61]
(of 40-50 mg/L NH4"-N)
P removal 10% [70] 70% [70]
(of 60 mg/L PO4*-P)
Dissolved oxygen (mg/L) <31[70] <2170]
Duration 9 days [95] 2 days [100]
(to remove >83% of 137
mg/L NH4*-N)
Biomass production 2 fold [70] 4 fold [70]
Lipid productivity 17% [101] 42% [72]
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Operation cost Need additional aeration and  Costless (may not necessitate

More space because the extra acration) [83]

water level must be
maintained below 15 cm [84]

2.3. Microalgae-bacteria consortium biomass utilisation

Biomass from the microalgae-bacteria consortium can be utilised for various
applications, including biochemical production, animal feed, biofertilizer, and biofuel
[40, 102, 103]. The cultivation process ultimately dictates potential applications of the
produced biomass. Nutraceuticals, cosmetic products, and food ingredients can be made
from microalgae; however, these applications are unsuitable for a consortium system due
to wastewater input and the bacterial component. Thus, only compatible applications are

discussed below when considering the type of microalgae for each desirable end-product.
2.3.5. Biochemicals

Microalgae can be an excellent source of biochemicals, given the high content of
lipids, carbohydrates, proteins, and other specific biochemicals. Some microalgae contain
up to 40% of their overall mass in fatty acids, such as C. Reinhardtii 49.9% [104] and 1.
Galbana 47% [105]. These fatty acids might be used for nutritional and therapeutic
purposes [106]. C. Stigmatophora (~55%) and C. vulgaris (>52%) are examples of
microalgae with high carbohydrate contents [107]. Carbohydrates from microalgae, apart
from alcohol, could be converted to bioplastic and can be produced using wastewater
[108]. Cyanobacteria also produce exopolysaccharides which could be utilised as a
gelling agent, thickening, stabilising agent, bio-lubricants, and anti-inflammatory agents
[43, 106]. Protein in microalgae is generally found in the form of amino acids. S. Maxima

and S. Platensis had all the necessary amino acids in quantities acceptable for diabetes
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and obesity treatment [109, 110]. Cholecystokinin may be activated by proteins from
microalgae or plants, which can lower cholesterol levels. They also play an important role
in the human enzymatic process [104]. Figure 5 compares the biochemical composition

of common microalgae strains [111-114].
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Figure 5. Macromolecule organic compounds composition in common microalgae.

Adding bacteria to microalgae culture changes the biochemical composition
significantly. Microalgae-bacteria consortium of A. Brasilense Cd and A. Protothecoides
UTEX 2341 improved the protein up to 40-60% [115]. The consortium system of M.
Capsulatus and C. Sorokiniana enhanced carbohydrates by 42% and lipid by 15% [71].

The pigment levels also increased rapidly [116]. However, due to the interaction with
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bacteria, the lipid enhancement could be in the form of extracellular polymeric

compounds.
2.3.6. Animal feed

Microalgae is a treasure trove for dietary supplements for aquaculture and live
stocking. For instance, feeding ornamental goldfish (Carassius auratus) with microalgae
had improved colouration [117]. Nannochloropsis sp. Used in finfish hatcheries had
showed enhanced DPA/EPA levels. When poultry birds (chickens, ducks, turkeys, and
quail) were fed microalgae, their body weight rose dramatically [118-120]. When
chickens were given H. Pluvilais, N. Gaditana, and Spirulina sp., they had more muscle
pigmentation, antioxidant components in the liver, and carotenoid colouration in egg
yolks [121]. Astaxanthin is a red pigment that contains antioxidants and other health
advantages [122]. It helps treat various cancers, prevent heart disease, and many others.
Astaxanthin is found in many sea species, such as lobsters, salmons, shrimps, and crabs.
In fact, sea species such as wild salmons have pink flesh as they eat plankton containing
astaxanthin. Farmed salmon has a light flesh which is appealing to customers. In the past,
synthetic astaxanthin was fed to farmed salmon to recreate the natural pink colouration
similar to wild fish. Synthetic astaxanthin contains impurities that may pose a health
problem to the consumers; thus, they are banned in several countries such as Australia
and New Zealand. Here, the H. Pluvialis microalgae can offer a perfect solution to farmed
salmon. They offer a natural source of astaxanthin to farmed salmon. They were 90 times
more effective at providing the pink colour to salmon flesh than synthetic astaxanthin
without any toxicity effect. Additionally, the microalgae-bacteria consortium system can
produce stronger aromas than pure culture, enhancing its attractiveness as a feed for

animals [123]. The consortium system, however, frequently occurs in flocs. Hence, using
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such flocs as feed could harm the animals' health by obstructing shrimp gills and even
cause death. Agro-industrial wastewater is the most suitable wastewater for producing

animal feed using the microalgae-bacteria consortium.
2.3.7. Biofertilizers

Microalgae cultivated in wastewater can be used as a biofertilizer or soil additive
[124]. Soil nitrogen and phosphorus levels and several other plant-required trace elements
(Ca, K, Fe, and Mn) can be improved by microalgal biomass. When combined with soil
phosphorus solubilising organisms, microalgal fertilisers exhibited a greater phosphorus
release in non-sterile soil [125]. The biomass derived from landfill leachate can be
directly converted into biofertilizer. The biomass should be blended with palm oil to be

used as a biofuel, since this biomass contains low monounsaturated acids [77].

Microalgae (including cyanobacteria) application to tomato plants showed a
considerable increase in the biochemical and metabolomics connected to the plant’s
defence systems [126-128]. Another research found that utilising filamentous microalgae
strain as bio-fertilizers enhanced the dry weight of wheat plants by 30% and its
biochemical composition [129, 130]. The symbiotic system between microalgae and
bacteria can easily transform organic and inorganic chemicals into plant-digestible

molecules, making them efficient biofertilizers [131].
2.3.8. Biofuel

It is widely accepted that the third generation of biofuel is a fuel produced from
microalgal biomass. Microalgae cultivation does not compete with the production of food
on arable land. Microalgae grow much faster than land-based energy crops and can double
their biomass within a few hours [132]. Microalgae lipid yield is 15-300 times greater

than traditional oil crops, and since it is an aquatic plant, it does not compete for land with
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food crops [133]. Around 0.7-30.6% of free fatty acids and 4.1-77.5% of triglycerides
were contained in microalgae lipid [134, 135]. Microalgae also contain unsaponifiable
matter (0.4-20.9% of hydrocarbons, 0-83.2% of phytol, and 7.8-90.0% of sterols) and
Chlorophyllides (5.8—-16.8%) [135]. This unsaponifiable matter can be readily converted
to biodiesel and aviation fuel [136, 137]. Biodiesel production from microalgae to blend
with or completely replace jet fuel has been demonstrated in recent years [137]. The
addition of bacteria can double lipid content and productivity by the indole-3-acetic acid
released by plant growth-promoting bacteria [49]. The high lipid content may also relate
to nutritional deficiency caused by microbial competition between microalgae and
bacteria. This technique is advantageous for large-scale biofuel production [72].
Domestic wastewater is a viable option for microbial biofuel production since it can be

grown continuously on a large scale.

Sustainable aviation fuel from microalgal lipids can be produced
by transesterification and hydro-processing. The lipid quality depends on microalgae
strains. For example, 7. Maculata had a less than 4.5% total lipid concentration. In
contrast, Schizochytrium sp. Had a total lipid content of more than 80% [136], The
unmodified biofuel Chlorella sp. NT8a could meet several aircraft fuel standards [137].
The current method of converting microalgae to jet fuel costs 2 to 8 times more than
regular jet fuel. Although several technological innovations have been created, they have
not been able to significantly reduce the aviation industry’s carbon footprint [138, 139].
In the future, proper planning optimisation and simulation are required to reduce
operational expenses. Immediate reductions can be achieved via improving multi-
stakeholder collaboration, including biofuel producers, aircraft manufacturers, operators,

and the government.
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2.4.Summary

Data corroborated from this review highlights the potential of the microalgae-
bacteria consortium for wastewater treatment and nutrient recovery. The review
consolidates the current understanding of microalgae characteristics and their interactions
with bacteria in a consortium system. Microalgae and bacteria can thrive in a variety of
conditions, and interact in various ways, from mutualism to parasitism. This review
discusses the comparison of recent studies on the practical implementation of pure and
consortium systems in various wastewater treatments (domestic, industrial, agro-
industrial, and landfill leachate wastewater). It highlights the ability of a microalgae-
bacteria consortium to utilise nutrients from wastewater and produce valuable
microalgae-based products. This review also discusses the potential of wastewater-
derived microalgal biomass as a promising feedstock for animal feed, biofertilizers,
biofuel, and many valuable biochemicals. The applications of wastewater-derived
microalgal biomass are discussed, and examples are presented in this study. This review

also examines major challenges and future developmental research recommendations.
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CHAPTER 3. Role of culture solution pH in balancing CO: input and light

intensity for maximising microalgae growth rate
Part of this chapter has been published as the following journal article:

L Aditya, HP Vu, MAH Johir, TMI Mabhlia, AS Silitonga, X Zhang, Q Liu, L.D. 2023.
Role of culture solution pH in balancing CO> input and light intensity for maximising

microalgae growth rate. Chemosphere 343, 140255.

3.1. Research objectives

This study aimed to maximise the CO» capture by microalgae and to elucidate the
interplay between light intensity and CO> input to maximise microalgae growth rate and
CO, uptake. The effects of light intensity and CO» concentration in the culture solution
on microalgae growth were systematically assessed and delineated. This study also
examined the relationship between four key parameters, namely growth rate, solution pH,
CO: uptake, and organic carbon release, to reveal physiological mechanisms underlying
the interplay between light intensity and CO; input. New insights from this study could
be used to guide the design and intensification of photobioreactors for water treatment,

microalgal biomass production, and CO»> fixation.
3.2. Material and method

The freshwater algal strain Scenedesmus sp. (UTS-LD) isolated by the University
of Technology Sydney was used in this study. Stock culture was maintained at the Algae
Production Facility at the University of Technology Sydney, using MaxiGro as the
growth medium. This Scenedesmus sp. (UTS-LD) is a fast-growing strain of green algae

and has been described in detail in a previous study [140].
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The Scenedesmus sp. (UTS-LD) was cultivated in a series of 10 L enclosed
transparent plastic carboy reactors with platinum-cured silicone screw caps (Figure 6).
The cap had two access ports. Two flexible tubes were inserted into these ports under
airtight conditions, one was used to deliver the liquid with a peristaltic pump, and the
other was used for sample collection. A Masterflex Peristaltic pump (Cole-Parmer, USA)
was used to supply microalgae feeding medium and carbonated water. The reactors were
placed on a magnetic rotary stirrer at 750 rpm for mixing. The reactors were continuously
illuminated by Arlec LED strip (ALD1042) lights with the light on for 14 hours and dark
for 10 hours. An Aarke carbonator machine equipped with a PET bottle was used to

produce carbonated water of up to 850 mg/L of CO; in concentration.
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Figure 6. The schematic diagram of Scenedesmus sp. Cultivation in 10 L reactor.

Preliminary experiments were conducted to determine suitable techniques to
introduce CO» to the cultivation solution and the range of key parameters such as feeding
rate. The conventional technique of CO; sparging showed significant CO> loss to the
atmosphere as well as unstable and limited mass transfer to the water phase. By contrast,

introducing CO; to microalgae cultivation via carbonated water produced more reliable
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results. In addition, CO> loss can be eliminated using enclosed photobioreactors. Thus,
carbonated water was used to introduce CO; to the microalgae solution in this study. The
range of CO; concentration in carbonated water and rate of carbonated water have been
optimized based on preliminary experimental data.

All cultivation experiments were started at the same microalgae biomass
concentration of ODsgo of 0.1 (corresponding to 0.08 mg/ml). Light intensity was set to
specific values at 250 and 1089 pmol/m?/s. Either MaxiGro (General Hydroponics, USA)
or Cell Hi F2P (Fresh by Design, Australia) was used as the cultivation media and was
added to the carbonated water at 0.4 and 0.5 g/L, respectively.

The photobioreactors were kept in an air-conditioned room to maintain cultivation
solution temperature at 25 °C. Every day, 50 ml of sample was withdrawn from each
replicate reactors for determining the biomass concentration, pH, inorganic carbon, and
total organic carbon. All experiments were performed for 14 days. Carbonated water was
supplied to the photobioreactor in two different modes: (1) intermittent CO; transfer every
2" day and (2) continuous CO; transfer. In mode 1, carbonated water was transferred to
the photobioreactor at 0.6 ml/min for 24 hours (first day) and no CO, was transferred to
the photobioreactor on the second day. This cyclic pattern allows for a high CO» transfer
rate and time for the microalgae culture to uptake the dissolved CO». In mode 2,
carbonated water was continuously transferred to the photobioreactor at 0.6 ml/min. In
both modes of operation, CO> concentration of the carbonated water was in the range
from 30 to 850 mg/L.

The concentration of microalgal biomass was evaluated by measuring optical
density (OD) after establishing a connection between dry biomass content and OD as
stated in a previous study [19]. The OD of the microalgal solution was measured with a

UV spectrophotometer (UV 6000 Shimadzu; Australia) at a wavelength of 680 nm in a
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Quartz Glass Cuvette. The dry weight was determined by filtering 100 ml of microalgae
solution through a 1.1 um glass filter paper. The filter paper was then oven-dried for 24
hours at 60°C. The pH was measured using Hach HQ40d Multi Portable Multi-Probe
Meter. Light intensity was measured using a LI-250A Light Meter equipped with a
quantum sensor LI-190SA. Inorganic and organic carbon content of the cultivation
solution was measured using a multi-N/C UV TOC analyser Analytic Jena. The carbon
fixation rate is calculated using the following equation based on biomass production and

biomass carbon content:

Bi) e,

Rco,= 15(C,+Ci = Cian) (Byyy =
(1
Where R, Is the carbon fixation rate (mg/L.d); Cg Is the carbon content in
supplied carbonated water (g/L); C; Is the initial carbon content in microalgae solution
(g/L); Cy41 Is the carbon content in microalgae solution the following day (g/L); 44 is the
molecular weight of CO»; 12 is the molecular weight of carbon; By Is the initial biomass
dry weight (mg/L/d); By, Is the biomass dry weight in the following day (mg/L/d). The

microalgae biomass dry weight was calculated considering a volume increase of 28.8%

per day.

3.3. Result and discussion

3.3.1.pH regulation to optimise carbon fixation
Biomass production is governed by CO» concentration of the culture solution and
light intensity in all experiments. Microalgae growth rate increased as CO; concentration
and light intensity increased. Importantly, the results also show the need for balancing
CO; input between light intensity. CO> is an acidic gas; thus, the dissolution of CO»

causes a decrease in pH. On the other hand, photosynthesis consumes proton to result in
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an increase in pH [141]. In the microalgae system, photosynthesis is mediated by rubisco
enzyme, which has an active range between pH 6 and 10 [142, 143]. Beyond this pH
range, photosynthesis by microalgae can be inhibited. Thus, the balance between CO>
addition and light intensity is critical for regulating the culture solution pH, which in turn

governs biomass growth and CO, uptake.

Compared to continuous transfer, intermittent CO; transfer resulted in half of the
CO; input to the culture solution as described in section 2.4. However, intermittent CO»
transfer (Figure 7A and Figure 7C) shows higher biomass production compared to
continuous CO» transfer (Figure 8 A and Figure 8C). The difference in microalgae growth
rate is due to CO; accumulation and acidification of the culture solution, affecting the
efficiency of biomass production by microalgae. Results from Figure 8 suggest that
excessive CO; input to the culture solution is counter-productive against microalgae
growth [144, 145]. On the other hand, with intermittent CO; transfer, the culture solution

pH can be adjusted to a balanced value for optimum microalgae growth (Figure 7).

At above pH 10, rubisco enzyme denaturation can occur, causing microalgae to
aggregate [142, 143, 146]. This is evidenced when high light intensity 1089 umol/m?/s
was used (Figure 2B). The microalgae culture solution pH increased to above 10, and
agglomerated cells were observed on day 14. The results from this study indicate that the

alkalinisation of microalgal solutions is due to cellular H™ assimilation [147].
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Figure 7. Biomass content in dry-weight and pH of the culture as a function of time
(growing media = MaxiGro. Experimental condition: intermittent CO> transfer, at 0.6
ml/min feeding rate of carbonated water of CO; concentrations from 30 to 850 mg/L).

The error bar represents the standard deviation from two replicate experiments.

In continuous CO> transfer mode (Figure 8), the microalgae solutions could not

maintain equilibrium. For instance, when a high light intensity is applied to a CO> transfer

with a high CO» concentration, the rate of photon collision with chlorophyll molecules

increases, resulting in a faster rate of resonance excitation energy transfer to the reaction

centres. It caused an imbalance in the photochemical reaction between the electron in

photosystem II and the available H" (as a result of CO> dissolution). This reaction either

slowed down or halted the electron transfer chain. This phenomenon causes severe

obstruction of the opening of the photosynthetic reaction centres. This causes a pH

difference between trans-thylakoids.
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microalgae prevented it by inactivating photosystem II reaction centres. Like its function,
zeaxanthin or carotenoids will self-assemble to protect chlorophyll from light-induced
damage and convert an excess excitation energy into heat. This constant reaction causes
microalgae to progressively turn yellow and die. As shown in Figure 8, in light intensity
1089 umol/m?/s, it is indicated by a gradual decrease in pH 1-2 days prior to a decline in
biomass production. A similar reaction of imbalance in photochemical reaction also
occurs in CO; transfer with the lowest concentration. Microalgae with very low CO»
concentrations will take longer to enter the early apoptosis phase as opposed to dying
progressively. Indeed, the growth curves of microalgae with the lowest CO, concentration
were flat (Figure 8). In other words, microalgae growth was insignificant at the lowest

COz input.
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Figure 8. Biomass content in dry-weight and pH of the culture as a function of time
(light intensity of 1089 and 250 pmol/m?%s, growing media = MaxiGro, Experimental
condition: continuous CO» transfer, at 0.6 ml/min feeding rate of carbonated water of
CO> concentrations of 30 and 850 mg/L). The error bar represents the standard

deviation from two replicate experiments.

3.3.2. Regulation of carbon assimilation

Figure 9 and Figure 10 show the residue CO> concentration in the cultivation

solution overtime during intermittent and continuous CO; transfer, respectively. The

cyclic pattern of CO; concentration in Figure 9 and 10 corresponds to intermittent CO»

transfer of one day on and one day off. In the intermittent CO> transfer mode (Figure 9E),

CO; accumulation in the culture solution was observed at the end of the cultivation

experiment when light intensity was low (250 umol/m?%/s), and CO; transfer was high

(850 mg/L) possibly due to self-shading. By contrast, when high light intensity was
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applied, CO2 accumulation was not observed. Results from Figure 9 and 10 reaffirm that

CO; uptake is dependent on light intensity [148].

The continuous CO; transfer mode resulted in significant CO2 accumulation in the
microalgae solution (Figure 10), resulting in an acidic condition that may inhibit
microalgal growth. High light intensity can improve CO: assimilation. However, in
continuous CO> transfer, CO> accumulation was observed even at the high light intensity

and lower CO> concentration (Figure 10B).

Apart from the pH in microalgae, it is worth noting that the CO2 molecule itself
has an effect on microalgae. According to a recent study, the inhibitory effect of excessive
CO> concentration persists even when the pH is adjusted. This is demonstrated by the
lack of a strict numerical relationship between apoptosis percentage and intracellular pH
[149]. This is also consistent with the findings in this study. The impact of remaining CO»
concentrations above 100-120 mg/L results in the death of microalgae. After the CO»
concentration reached 100 mg/L, the pH of microalgae began to decline gradually the
following day, followed by their death a few days later. The remaining CO> concentration
in microalgal solution with light intensity 1089 umol/m?/s, is restricted to a range, below

30 mg/L and above 160 mg/L (Figure 9).

44



100

o
=]

A. Medium:30 mgCO,/L B. Medium:110 mgCO,/L

- )
3 ES
D 80 £ 804
E s
< 2
S 604 ®
g 2
E ~ [
S 404 2
o
5 | o
[ ~
e - o)
g o * o 3
© R oo .o

00

C. Medium:330 mgCO,/L D. Feed solution:550 mgCO,/L

g g LI:250 ymol/m?/s
= d
= 807 g 807 W\W
c <
2 S
: ° ,l/.\\ ././7'\- g 60‘
c _ om c
§ 404 — § 401 LI1:1089 pmol/m
Q - N <) l N
g, N /Q \‘ o o o« LN ° %/ oo AN et /. 9
N . ; . S 20 "/ +
Q 201 g ¢ - e 9 g2 .’ o
Y
0 T T T T T T T T T T T T T 0 T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 1 12 13 14 1 2 3 4 5 6 7 8 9 10 1 12 13 14
days days
100

E. Medium:850 mgCO,/L

g _—
Ea 80| e e am
s e
S 60
g . i
§ 40- /I °_o 9
c
o
8204 \
g ®
0 -

T T T T T T

9 10 11 12 13 14

o
-
N
w
N
o
o
~
o

= L1:250 ymolim?/s e LI:1089 pmol/m?¥s|

Figure 9. Residue CO> concentration in the cultivation solution as a function of time
(light intensity of 1089 and 250 pmol/m?%s, growing media = MaxiGro, Experimental
condition: Intermittent CO> transfer, at 0.6 mL/min feeding rate of carbonated water of
CO; concentrations from 30 to 850 mg/L). The error bar represents the standard
deviation from two replicate experiments.
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Figure 10. Residue CO» concentration in the cultivation solution as a function of time
(light intensity of 1089 and 250 pmol/m?/s, growing media = MaxiGro, Experimental
condition: Continuous CO; transfer, at 0.6 mL/min feeding rate of carbonated water of
CO; concentrations from 30 to 850 mg/L). The error bar represents the standard
deviation from two replicate experiments.

Total CO, fixation by Scenedesmus sp over 14 days of cultivation is shown in
Figure 11. The highest total fixation was observed with the intermittent CO; transfer
mode at light intensity of 1089 pmol/m?/s. The continuous CO> transfer mode resulted in
significantly lower CO; fixation rate. There is no significant difference between high and
low light intensity (Figure 11). This is due to the fact that continuous CO> transfer will
continuously transmit H* to the microalgae solution. This disrupts the redox equilibrium
in chloroplast thioredoxin systems [150]. Thereby causing the disruption of RuBisCo's
activities [151-153]. The over-expression of RuBisCo consequently leads to disrupting
stomatal closure and opening processes and resulted in a lower rate of CO; fixation.
Microalgae prefer intermittent rather than continuous CO» transfer, as demonstrated by
previous work [154]. However, other advanced study resulted that the transcriptome of

microalgae indicates that the majority of genes are not regulated in sync when microalgal
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growth is severely inhibited by pH or CO» [155].Therefore, the direct inhibitory effect on

the physiological and metabolic mechanisms of microalgal cells, independent of pH

alterations, is still unclear.
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Figure 11. Total CO2 fixation by Scenedesmus sp over 14 days of cultivation (light
intensity of 1089 and 250 pmol/m?%/s, growing media = MaxiGro, in Mode 1 and Mode
2, at 0.6 mL/min feeding rate of carbonated water of CO, concentrations from 30 to 850
mg/L). The error bar represents the standard deviation from two replicate experiments.

Intermittent CO» transfer mode produces more organic carbon than the continuous

transfer mode. This is correlated to the quantity of CO, utilised and biomass produced
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(Figure 12). Several previous studies [156, 157] have also reported enhanced organic
carbon release by microalgae due to high light intensity and high CO> concentration.
Results from this study are also consistent with microalgal COz-uptake mechanisms.
Microalgae absorb inorganic carbon from the culture solution using carbonic anhydrase
enzyme to maintain a high level of intracellular inorganic carbon for carboxylation. When
converting inorganic carbon into organic carbon, the carboxylation process consumes
proton (H") and also requires photon energy. Thus, the carboxylation process is governed
by bicarbonate availability and photon absorption rate. These photons are obtained from
the light source, where they are progressively absorbed by the microalgal cells' pigments
[158]. In the carboxylation process, inadequate lighting would lead to photon scarcity and
lengthen the lag time. As a result, in intermittent CO> transfer mode at light intensity of
1089 pumol/m%s (Figure 12) produces more organic carbon. While in the continuous
transfer mode (Figure 13) were unable to achieve a balanced state of H' in transtylakoid

membrane and adjusted pH for optimum microalgae growth.
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Figure 12. Total organic carbon in the culture solution (light intensity of 1089 and 250
umol/m?/s, growing media = MaxiGro, Experimental condition: Intermittent CO,
transfer, at 0.6 mL/min feeding rate of carbonated water of CO> concentrations from 30
to 850 mg/L). The error bar represents the standard deviation from two replicate
experiments.
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Figure 13. Total organic carbon in the culture solution (light intensity of 1089 and 250
umol/m?/s, growing media = MaxiGro, Experimental condition: Continuous CO»
transfer, at 0.6 mL/min feeding rate of carbonated water of CO, concentrations from 30
to 850 mg/L). The error bar represents the standard deviation from two replicate
experiments.

3.3.3. Impact of growth media
The effect of CO2 concentration is medium-independent (Figure 14). The small
difference in the quantity of produced biomass was possibility due to different
micronutrients in these growth media. Results in Figure 14 also confirm that once
nutrients are sufficient, growth media (or nutrient composition) do not significantly
govern the growth rate of microalgae. In an engineering system, microalgae growth rate

is governed primarily by light (photon energy) and CO; input.
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Figure 14. Comparison of Scenedesmus sp growth in MaxiGro and Cell-Hi F2P media
(light intensity of 250 pmol/m?%/s in intermittent CO transfer, at 0.6 mL/min feeding
rate. CO2 concentrations ranging from 30 to 550 mg/L. The error bar represents the

standard deviation from two replicate experiments.

3.4. Summary

I
12 1

Results from this study affirm an increase in microalgae growth rate at high light

intensity and CO: input. The results also show the interplay between light intensity and

CO; input. Excessive CO: concentration can inhibit microalgae growth due to

acidification. More importantly, light intensity and CO> input have opposing effects on

the culture solution pH which is essential to microalgae growth. Microalgae

photosynthesis is mediated by the RuBisCo enzyme that can only work in a specific pH

range. CO: dissolution in the culture solution leads to acidification. On the other hand,

the carboxylation process consumes proton and increases the solution pH. Results in this

study show that by balancing light intensity and CO> input, high-rate microalgae growth

and CO; fixation can be achieved. Under the intermittent CO, transfer mode, at the
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optimal condition of 850 mg/L CO, and 1089 pumol/m?/s, the highest microalgae growth

rate and carbon fixation of 4.2 g/L was achieved.

CHAPTER 4. Sulphate assimilation and growth response of Scenedesmus sp and

Chlorella vulgaris to elevated sodium sulphate concentrations
Part of this chapter has been submitted as the following journal article:

L Aditya, MA Kalam, U Kuzhiumparambil, PJ Ralph, MAH Johir, TMI Mahlia, LD
Nghiem. Sulphate Assimilation and Growth Response of Scenedesmus sp and C.vulgaris
to FElevated Sodium Sulphate Concentrations. 2025. Environmental Chemical

Engineering.
4.1.Research objectives

This study explores how two freshwater microalgae, Scenedesmus sp. and
C.vulgaris, respond to elevated sodium sulphate concentrations and pH variation,
focusing on their growth parameters and biochemical composition. The investigation
compares the growth patterns of the two species and the underlying mechanism.
Moreover, this study also evaluates the impact of sulphate and pH separately to anticipate
the impact of sulphur dioxide in flue gas on algae growth and their content. Elevated
sulphate levels often induce pH fluctuations in microalgal cultures, which can further
induce stress and impair growth. This study also evaluates the effects of high sulphate
concentrations on the production of fatty acid methyl esters (FAME), lipids, and proteins.
These biomolecules are critical for applications such as biofuel production and the

development of sustainable bioproducts.

By examining the interplay between sulphate concentration, microalgal growth,

and pH, this study aims to enhance the growth of microalgae to elevated sulphate

52



concentration and pH. The findings provide valuable insights into microalgae adaptation
to sulphate stress and to identify strategies for optimising their performance in FAME

production.

4.2.Material and methods

4.2.1. Microalgae and associated equipment

This study utilised two strains of freshwater green microalgae namely Scenedesmus
sp. (UTS-LD) and C.vulgaris (CS-41). Scenedesmus sp. (UTS-LD), initially isolated in
Australia by the University of Technology Sydney, and C.vulgaris (CS-41), obtained
from the Australian National Algae Culture Collection at CSIRO Microalgae Research in
Hobart, Tasmania. Scenedesmus sp typically appears in coenobium, appearing in this
study as crescent-shaped colonies with four cells, with 12 pm in length and 3—5 pm in
width. By contrast, C.vulgaris consists of individual spherical cells ranging from 2 to 10
pum in diameter. Both strains were cultivated in Erlenmeyer with a light intensity of 1031
umol/m?/s. The growth media included either MaxiGro (from General Hydroponics,
USA) or Cell Hi HP (from Fresh by Design, Australia), with sodium bicarbonate serving

as the carbon source.

4.2.2. Experimental protocol
All cultivation experiments were initiated with 250 mL solution at the same
microalgae concentration of ODsgo of 0.1 in 500 mL Schott glass bottle reactors. The
reactors were continuously mixed using a shaker, uncapped to allow gas exchange with
the atmosphere, and illuminated by LED lighting (Arlec) at 1031 pmol/m?/s. The growth
medium consisted of MaxiGro and 0.6 g/LL NaHCOs3 (Sigma-Aldrich). Na;SOy4 in the
range from 3 to 45 mM was added to individual reactors. All experiments were conducted

in two replicates in a hydroponic tent at 27.0+1 °C. The pH was adjusted to the desired
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level using 1 M NaOH or 1 M HCI. 1 M NaOH was prepared by dissolving pellets in
Milli-Q water, while 1 M HCI was prepared by diluting 32% HCI in Milli-Q water. The
humidity probe of the digital meter was placed inside the mouth of the reactors without
contacting the water surface. The measurement was recorded once the displayed values
stabilised. Similarly, temperature was measured using a glass rod thermometer, which

was inserted into the reactors.

4.2.3. Analytical methods
The growth of microalgal biomass was evaluated by measuring the optical density
(OD) using a previously established correlation between dry biomass content and OD, as
described in a prior study [140]. OD measurements of the microalgal solution were
conducted using a UV spectrophotometer (UV 6000 Shimadzu; Australia) at a
wavelength of 680 nm, with a 4 mL Quartz Glass Cuvette. Dry weight was determined
by filtering 100 mL of the microalgae solution through 1.1 um glass filter paper, followed

by drying the filter paper in an oven at 60 °C for 24 hours.

Light intensity was measured with a Light Meter (LI-250A li-cor USA) using a
quantum sensor (LI-190SA). Humidity and temperature were monitored using an Ozito
0-100%RH -20 to 60°C Digital Humidity and Temperature Meter and a glass rod

thermometer.

FAME analysis was performed using a GC-MS (QP2020 Shimadzu Corporation,
Kyoto, Japan) equipped with an autosampler (AOC-20is Shimadzu Corporation). The
column used was an SH-Rxi-5Sil MS fused silica capillary column (30.0 m x 0.25 mm X
0.25 um), operating in electron impact mode at 70 eV. Helium served as the carrier gas
at a constant flow rate of 1.0 mL min™', with an injection volume of 2 puL, an injector
temperature of 280 °C, and an ion source temperature of 230 °C. The oven temperature
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followed a gradient: 50 °C (for 2 minutes) to 220 °C (4 °C/min), then to 300°C (60°C/min)
for 3 minutes. FAME peaks were identified by comparing retention times with authentic

standards and quantified through area normalisation and response factors.

Total lipid content was determined gravimetrically, with nonadecanoic acid
(C19:0) serving as the internal standard. Dried lipids were treated with 1 mL of 1% NaOH
in methanol and heated at 55 °C for 15 minutes, followed by the addition of 2 mL of 5%
methanolic HCI and a subsequent 15-minute heating at 55 °C. After adding 1 mL of Milli-
Q water, FAMEs were extracted using hexane (3 x 1 mL), evaporated to dryness under
nitrogen, redissolved in 200 pL of hexane, and stored at —20 °C in glass vials until GC-
MS analysis. This approach facilitated the simultaneous production of carotenoids and

chemical building block precursors from chlorophytes microalgae.

4.3.Result and discussion

4.3.1. Growth response to elevated sodium sulphate concentrations

Results from this study show a clear relationship between microalgae growth and
sulphate content of the culture solution (Figure 15). Growth response to sulphate
concentration is also species-specific. Scenedesmus sp. and C. vulgaris cultures both
show similar initial growth rates. Then by day 6, cultures with sulphate concentrations
above 21 mM began to change to yellow. After 12 days, both species showed growth
patterns distinctive from each other. Scenedesmus sp. transitioned through different
growth phases depending on sulphate concentration (Figure 15A), while C. vulgaris
maintained an exponential growth phase except at sulphate concentrations above 21 mM
(Figure 15B). Growth rates increased across all sulphate concentrations during the initial
days, consistent with metabolic activity that alkalinised the culture solution (Figure 15C
and D). By day 4, pH levels in both cultures had risen above 9.5 in all reactors. However,
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starting on day 6, a decline in pH were observed in both cultures. This pH reduction
correlates with a transition to the declining growth phases, indicating that the microalgae
no longer actively perform ion exchange during photosynthesis, marking the end of the
culture's life. For instance, Figure 15C and D show that the most significant pH decreases
were observed at 27 mM and 30 mM sulphate concentrations, aligning with subsequent
drops in growth rate in the following days. Humidity patterns also revealed differing
osmotic stress tolerance between the two species (Figure 15E and 1F). Scenedesmus sp

showed a relatively stable pattern, whereas C. vulgaris fluctuated over time.
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The optimal sulphate concentration for Scenedesmus sp growth was within the
lower-to-moderate sulphate concentration range (Figure 16). Scenedesmus sp showed a
significant reduction in growth at 0 mM sulphate concentration compared to cultures
exposed to sulphate. This indicates that some sulphate is necessary for optimal growth.
Moreover, beyond a certain point, increasing sulphate concentrations led to a decline in
biomass (Figure 16A). Meanwhile, C. vulgaris showed the optimal concentration at a
relatively lower sulphate before gradually declining with further increases in sulphate
(Figure 16B). This suggests that C. vulgaris is less tolerant to higher sulphate levels.
These differences highlight the differences in sulphate metabolism pathways between the

two species.
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Figure 16. Average biomass production of Scenedesmus sp (A) and C. vulgaris (B) was
taken after 10 days under varying sodium sulphate concentrations (0-30 mM). Error
bars indicate standard deviation from two replicate experiments.

The results are consistent with previous studies, highlighting differences in sulphur

assimilation mechanisms between Scenedesmus sp and C. vulgaris [159-162].
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Scenedesmus sp relies on eukaryotic-specific pathways, while C. vulgaris employs
bacterial-like sulphate transport systems, including prokaryotic-like plastid sulphate
transporters on chloroplast membranes [159]. To participate in microalgal metabolic
processes, sulphate must be activated via ATP sulfurylase, which converts sulphate to
adenosine 5'-phosphosulfate (APS). Although both species depend on ATP sulfurylase
activity, their metabolisms differ during sulphite reduction to sulphide by sulphite
reductase enzymes. Scenedesmus sp utilises a eukaryotic-type sulphite reductase that can
use nicotinamide adenine dinucleotide phosphate (NADPH) as electron donors, whereas
C. vulgaris employs a ferredoxin-dependent sulphite reductase, relying on electrons from

reduced ferredoxin generated during photosynthesis (Figure 17) [159-162].

This variation also explains the optimal sulphate concentration for each species.
Scenedesmus sp. require sulphate when nitrogen is available and utilise NADPH for
amino acid synthesis [163, 164]. Nitrogen is essential for protein synthesis, and it depends
on sulphur-containing amino acids. For example, cysteine-dependent enzymes crucial for
nitrogen metabolism become less active under sulphur deprivation [165, 166].
Consequently, proper nitrogen concentrations are necessary for efficient protein synthesis
in Scenedesmus sp [161, 167]. Additionally, sulphur limitation reduces sulphur-
containing compounds involved in RNA synthesis and obstructs DNA replication,

ultimately inhibiting cell division [168, 169].

The reduced growth rate at higher sulphate concentrations may result from an
imbalance between nitrogen and sulphate availability. Sulphur transport is an energy-
dependent process in eukaryotic-type sulphite reductase. Sulphur deficiency decreases
the energy allocated for sulphate transport while increasing energy use in alternative

biological pathways when other nutrients are abundant [170, 171]. This shift can slow
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amino acid synthesis, particularly of cysteine and methionine, leading to an accumulation

of unassimilated sulphide, which may become toxic to Scenedesmus sp [161].

Unlike Scenedesmus sp, C. vulgaris relies on ferredoxin, a chloroplast's key electron
carrier for sulphate assimilation. This process depends on light availability and
photosynthetic activity, as ferredoxin receives its electrons from Photosystem I [168].
When other nutrients are abundant, ferredoxin may be redirected towards other metabolic
processes, such as nitrite reduction, thereby reducing sulphate assimilation efficiency
[168, 172]. Since both nitrogen and sulphate metabolism require ferredoxin as an electron
donor, they are interdependent [164]. As a result, higher sulphate assimilation in C.
vulgaris was achieved under nitrogen-limited conditions [173, 174] which explained this
study result that C. vulgaris exhibited higher growth at the lowest sulphate concentration,
while increasing sulphate concentrations led to reduced growth rates. It also has been
reported that without sulphur, Rubisco and PSI and PSII proteins in a photoautotrophic
culture level decreased, which aligned with this study result of decreasing growth rate in

0 mM C.vulgaris culture [175, 176].

The yellowing of the culture at sulphate concentrations above 21 mM in both cultures
has also been reported in previous studies [177, 178]. Chlorophyll levels reduced with
increasing sulphate concentrations due to the formation of reactive species, such as
superoxide anions and hydrogen peroxide, during the conversion of bisulphite to sulphate.
This oxidative stress led to membrane lipid peroxidation and chlorophyll degradation,
inhibiting algal growth [177]. Additionally, plasmolysis and organelle decomposition,
including chloroplast and nucleus breakdown, were observed in cultures with elevated

sulphate levels [178].
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The morphological differences between the species also influence their responses
to nutrient absorption, particularly sodium ions, which can disrupt photosynthesis at high
concentrations [179]. Scenedesmus sp has a thicker, more robust cell wall that may
provide enhanced protection against ionic stress [180, 181]. Additionally, Scenedesmus
sp 1s known to form colonies, potentially buffering environmental stress. These
adaptations may enable Scenedesmus sp to maintain photosystem stability and regulate
intracellular Na* levels under moderate sodium sulphate stress. Conversely, C. vulgaris
has a thinner cell wall, rendering it more susceptible to environmental stressors such as
salinity [182]. As a unicellular alga, C. vulgaris lacks the advantage of colony formation,
resulting in direct exposure to stress under high salinity conditions. While Scenedesmus
sp exhibits stable growth and photosynthetic efficiency at intermediate sulphate

concentrations, high concentrations can induce stress, reducing growth or activity. In
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contrast, C. vulgaris is more sensitive to disruptions in photosynthesis, with growth and
pigment content declining at lower stress thresholds [168]. This lower tolerance to
osmotic stress in C. vulgaris at elevated sulphate levels results in an earlier reduction in

growth.

4.3.2. Impact of initial pH

Results in Figure 18 show a clear relationship between pH of the culture solution
and microalgal growth. An extreme pH conditions significantly affect microalgal growth.
For example, at a pH level below 4 (Figure 18A), microalgal failed to grow and the
solution bleached within two days, highlighting the detrimental effects of extreme acidity.
While a pH above 10 inhibits prolonged exponential growth period. This result aligns
with the pH-dependent behaviour of Scenedesmus sp [183], and the inhibitory effect on
high alkalinity and acidity [184-187]. For example, microalgal growth decreased by 55%
under highly acidic conditions (pH <5) and decreased by 46% under highly alkaline
conditions (pH>8), with optimal growth observed at pH 7.5—8 [184]. This is attributable

to the direct impact of pH on enzymatic activity and cellular membrane stability [178].

Microalgal enzymes are highly sensitive to pH fluctuations. Extremely acidic or
alkaline conditions can lead to protein denaturation and impaired enzyme performance.
This, in turn, disrupts the optimal uptake of nutrients [188, 189]. For instance, the activity
of ATP sulfurylase, which is crucial for ATP synthesis, is strongly influenced by the pH
of the thylakoid lumen and surrounding stroma. Non-optimal pH conditions hinder ATP
production. Similarly, APS reductase, another pH-sensitive enzyme, relies on the proper
ionisation of its functional groups to facilitate the reaction. Acidic environments inhibit
APS sulphite production, affecting the downstream synthesis of sulphur-containing

compounds [171]. Acidic conditions may also lead to an imbalance in ion exchange,
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reducing its bioavailability for cellular uptake and enzymatic reactions [184]. This
significantly disrupts sulphate assimilation and the synthesis of sulphur-containing amino
acids [188, 189]. Additionally, RuBisCo, a critical enzyme in the Calvin cycle, is
responsible for CO; fixation during photosynthesis, and this enzyme is highly pH
sensitive. Acidic pH conditions can impair RuBisCo's ability to fix CO2, negatively
affecting photosynthesis and biomass production [190, 191]. In contrast, Figure 18B
shows that higher sulphate concentrations might mitigate this effect, allowing growth to
continue in the exponential phase. This is because sulphate helps maintain ionic balance
in high-pH environments, particularly for Scenedesmus sp, that utilise NADPH for

sulphate assimilation [192-194].

Total biomass produced with initial pH adjustment (Figure 18) was slightly higher
compared to the result in Figure 18A, consistent with findings from other studies [185,
195, 196]. The cell density in the under-controlled conditions was 1.32 times higher than
when relying solely on the microalgae's natural alkalinisation ability. Therefore, pH
adjustment was concluded to enhance microalgal growth [185]. Adjusting pH to optimal

could also enhance lipid accumulation [195, 197].
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Figure 18. Impact of initial pH on the growth rate of Scenedesmus sp (A, B) and pH
variation (C, D) under sodium sulphate concentrations of 3 mM and 6 mM,
respectively. Error bars indicate the standard deviation from two replicate experiments.

Figure 19 shows that an initial pH of 8 was optimal for achieving the highest
biomass production in 3 mM and 6 mM sulphate conditions. This was followed by pH 6
and pH 10. In both sulphate concentrations, biomass production at pH 6 remained
relatively high, supporting the idea that Scenedesmus sp. can tolerate a moderate acidic
to neutral pH range [197]. Cultures at pH 10 exhibited lower biomass production than
those at pH 8 and 6, suggesting that although alkalinity is less detrimental than acidity,
excessively high pH imposes physiological stress on the cells. Cultures at pH 4 and pH 2
were completely bleached and showed no growth, indicating severe stress and cell death
under highly acidic conditions [198, 199]. This is consistent with previous studies

reporting that extreme acidity disrupts enzyme activities, leading to impaired
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photosynthesis process [190, 191]. A similar result was also reported that a pH below 4
caused detrimental effects on microalgae culture under various sulphate and sulphite
concentrations, and low pH was the main reason for sulphate toxicity [188, 189].
Additionally, biomass production was consistently higher at 6 mM (Figure 19 A)
compared to 3 mM (Figure 19B) across all cultures, further supporting our previous
discussion that Scenedesmus sp. requires sulphate to enhance its growth [199, 200]. Apart
from pH, a lower growth rate was observed in 6 mM compared to 3 mM, this is due to
sulphate itself being toxic to microalgal at elevated concentrations. High sulphate
concentrations can lead to excessive conversion of sulphate into sulphide, which is more
toxic to microalgae. Sulphide accumulation at bisulphite concentrations above 3 mM can
cause significant stress and cellular bleaching. Under these conditions, key metabolic
pathways, including those related to amino acids, peptides, carbohydrates, secondary
metabolites, organic acids, alcohols, nucleotides, lipids, hormones, and other bioactive

compounds, are downregulated [188].

This also aligns with the previous study that shows sulphate toxicity affects
microalgae by disrupting osmotic balance across the cell membrane [200]. Sulphate is
transported into cells via ATP-dependent permeases and subsequently into chloroplasts,
where it begins assimilation along with other essential nutrients like nitrates and
phosphates. Elevated sulphate levels can interfere with cellular processes by disrupting
osmotic balance and competing with nitrates and phosphates for transport and
assimilation. This competition inhibits critical enzymes involved in cellular respiration,
impairing energy production and overall cellular functionality [188, 190]. It is important

to note that each microalgal species has its own maximum pH tolerance. Generally,
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Scenedesmus sp exhibits a higher tolerance to alkaline conditions under sulphate

limitation compared to C. vulgaris [161, 187].
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Figure 19. Biomass production of Scenedesmus sp. at 3 mM (A) and 6 mM (B) after 18
days of cultivation across a pH range of 2—10. Error bars indicate the standard deviation
from two replicate experiments.

4.3.3. Lipid, protein and FAME content on elevated sulphate concentrations
Sulphate in culture solution negatively impacts lipid production by Scenedesmus
sp (Figure 20). Scenedesmus sp was selected for its higher sulphate tolerance and lipid
productivity, compared to C.vulgaris [161, 181, 201], to assess their lipid and protein
content under elevated sulphate concentration. The increase in sulphate concentration
activated redox stress adaptation, triggering the production of glutathione, which

subsequently increased protein demand and reduced lipid production [160].

Protein synthesis had the highest at 3 mM sodium sulphate and decreased as the

sulphate concentration increased (Figure 20). As the sulphate concentration rose, protein
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production progressively decreased. For example, at 12 mM, protein synthesised was 8%
lower than at 3 mM, while at 21 mM, it decreased by a further 25%. These results indicate
that Scenedesmus sp requires an optimal sulphate concentration to enhance protein
synthesis, as sulphate serves as a crucial precursor for protein formation [202]. Higher
sulphate uptake facilitated the availability of sulphur-containing amino acids
polyunsaturated fatty acid (cysteine and methionine), promoting protein synthesis [160].
However, concentrations beyond the optimal range led to osmotic stress, adversely

affecting protein synthesis [161].
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Figure 20. Total protein and lipid content of Scenedesmus sp. under sodium sulphate

concentrations of 0, 3, 12, and 21 mM. Error bars represent the standard deviation from
three replicate measurements.

An appropriate sulphate concentration enhances protein synthesis while reducing
lipid accumulation [160, 161]. This aligns with our observations, which show that protein
levels increased in cultures with 3 mM sulphate, while lipid levels decreased. During
sulphate assimilation, ATP is consumed, generating tricarboxylic acid cycle and nitrogen

metabolism, indirectly supporting protein biosynthesis [169]. The presence of sulphate
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activated the target of rapamycin signalling pathway, which promoted target of rapamycin
inhibition and inhibited microalgal lipid production [203]. Microalgae prioritised protein
synthesis over lipid storage due to the necessity of proteins for metabolic stability and

cellular resilience in a sulphate-rich environment [203].

Similar to total lipid production, FAMEs production varied based on sulphate
concentration. Without any sulphate addition, the production of some methyl ester was
the highest, these include Methyl palmitate, Methyl heptadecanoate, Methyl gamma-
linolenate, Linolelaidic acid methyl ester, cis-9-Oleic acid methyl ester, Methyl
nonadecanoate, and cis-5,8,11,14-Eicosatetraenoic acid methyl ester. Furthermore, Cis-
5,8,11,14,17-Eicosapentaenoic acid methyl ester and Methyl docosanoate, had the highest
production at 3 mM. Conversely, Methyl tetradecanoate, trans-9-Elaidic acid methyl
ester, Methyl palmitoleate, and Methyl octadecanoate production increased by 63% at 21

mM compared to 0 mM sulphate concentrations (Figure 21).
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Figure 21. FAMEs production of Scenedesmus sp under sodium sulphate concentrations
of 0, 3, 12, and 21 mM. Error bars represent the standard deviation from three replicate
measurements.

A prior study showed that low sulphate concentrations enhanced lipid
biosynthesis [160, 204, 205]. Similarly, at high sulphate concentrations, microalgae shift
metabolic activity towards protein biosynthesis, leading to a reduction in polyunsaturated
fatty acid and highly unsaturated fatty acids - derived methyl esters synthesis [160, 206].
The interplay between sulphate availability and fatty acid composition is crucial for
biodiesel quality. Understanding this metabolic shift is essential for optimising cultivation

strategies to enhance specific biochemical outputs based on industrial needs.
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4.4.Summary

This study investigated the growth responses of two freshwater microalgae,
Scenedesmus sp and C. vulgaris, at elevated sulphate concentrations. Growth response to
sulphate concentration is species-specific. Scenedesmus sp and C.vulgaris cultures show
similar initial growth rates. Then, after 12 days, both species showed growth patterns
distinctive from each other. Scenedesmus sp transitioned through different growth phases
depending on sulphate concentration, while C. vulgaris maintained an exponential growth
phase except at concentrations above 21 mM. Scenedesmus sp. can tolerate higher
sulphate concentrations than C. vulgaris, highlighting differences in sulphate assimilation
between these freshwater species. The pH and humidity patterns were also varied between
the two species. These differences were attributed to their sulphate assimilation pathways.
Scenedesmus sp relies on eukaryotic-type reductase enzymes, while C. vulgaris utilises
prokaryotic-like plastid sulphate transporters on chloroplast membranes. Elevated
sulphate levels induced toxicity and disrupted osmotic balance. Acidic conditions disrupt
sulphur metabolism and adenosine triphosphate production, impairing critical enzyme
metabolism in microalgae. These results also highlight the crucial role of sulphate in
regulating lipid and protein production. Microalgae prioritised protein synthesis over lipid
storage for metabolic stability and cellular resilience in a sulphate-rich environment. This
demonstrates that an optimal concentration is necessary to balance metabolic processes

while avoiding osmotic stress and toxicity.
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CHAPTER 5. Tuning carbon and nutrient concentration ratio for biomass, lipid,

and protein production

Part of this chapter has been submitted as the following journal article:

L Aditya, U Kuzhiumparambil, PJ Ralph, NB Hoang, MAH Johir, TMI Mahlia, LD
Nghiem. Tuning carbon and nutrient concentration ratio for biomass, lipid, and protein

production. 2025. Bioresource Technology

5.1. Research objectives

This study aimed to elucidate the interplay between carbon and nutrient input to
enhance lipid yield and biomass production. Two model microalgae species, namely
Scenedesmus sp. and Chlorella vulgaris, were cultivated using two different growth
mediums (i.e. MaxiGro and Cell Hi HP) and a range of inorganic carbon content to obtain
protein and fatty acid methyl ester (FAME) for further characterisation. Microalgae
biomass production, cell morphology, cell zeta potential, and biochemical composition

were systematically characterised.

5.2.Material and method

5.2.1. Microalgae and associated equipment

Two freshwater green microalgae species, namely Scenedesmus sp. (UTS-LD)
and Chlorella vulgaris (CS-41) were used in this study. Scenedesmus sp. (UTS-LD), was
isolated by the University of Technology Sydney from Australian water. Chlorella
vulgaris (CS-41), was from the Australian National Algae Culture Collection at CSIRO
Microalgae Research (Hobart, Australia). The microalgae stock cultures of both species

were maintained at the Centre for Technology in Water and Wastewater at the University
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of Technology Sydney. These two species differ markedly in their morphology.
Scenedesmus commonly exists as a group of cells within a larger mother wall
(coenobium). In this study, Scenedesmus exists in coenobium of four cells in a crescent-
shaped and about 12 pm in length and 3—5 pum in width. On the other hand, C. vulgaris

occurs as individual cells in the spherical shape of 2—10 pm in diameter.

Both microalgae strains were cultivated in a series of 1-litre Schott bottles. Arlec
LED cool white (ALD1042) lights were used as a light source. The cultivation media
utilised in this study were MaxiGro (General Hydroponics, USA) or Cell Hi HP (Fresh
by Design, Australia). This study used NaHCO3 (from McKenzie's Bi-Carb) as a carbon

source.

5.2.2. Experimental protocol

All cultivation experiments were started at 1-L microalgae solution at the same
microalgae biomass concentration of ODego of 0.2 (corresponding to 0.04 mg/mL). The
bottles were continuously aerated with compressed air at 1 L/min. During the cultivation
process, the bottles were left open to the atmosphere. An amount of growth medium and
NaHCO;j; ranging from 0 to 1.2 g/L was introduced into the microalgae solution. LED
lights delivered 1031 pmol/m?/s as continuous illumination (24:0h light:dark cycle). The
room temperature was 27°C. All cultivation were measured after 10 days, and each

sample had two replicates.

5.2.3. Analytical methods

The microalgal biomass concentration was assessed by quantifying the optical
density (OD) using a previously established correlation between dry biomass content and

OD, as mentioned in a prior study (Aditya et al., 2023). The microalgal solution's OD was
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determined using a UV spectrophotometer (UV 6000 Shimadzu; Australia) at a specific
wavelength of 680 nm, utilising a 4 mL Quartz Glass Cuvette. The dry weight was
obtained by filtering 100 mL of microalgae solution through 1.1 pm glass filter paper.
Subsequently, the filter paper was placed to a 24-hour drying process in an oven set at 60

°C.

Light intensity was measured using a Light Meter (LI-250A li-cor USA) with a
quantum sensor (LI-190SA). The room temperature was measured with thermometer
(Digitech QM1602) and the water temperature was measured with a glass rod
thermometer. A multi-N/C UV TOC analyser (Analytik Jena) was used to characterise
inorganic and organic carbon content of the microalgae cultivation solution. Total
nitrogen and phosphorus were measured using TNTplus vial kits with the DR3900
spectrometer (Hach Australia). An ion chromatography (Thermofisher, Australia) was
used to measure phosphate (PO4>). The system includes a Dionex AS-AP autosampler
and Dionex AS19 IC column for delivering samples in isocratic mode with the hydroxide
gradient. The Zeta potential is measured by using a zeta instrument (Zetasizer Nano ZS

Zen 3600, Malvern, UK).

FAME analysis was carried out using a GC-MS (QP2020 Shimadzu Corporation,
Kyoto Japan) equipped with an autosampler (AOC-20is Shimadzu Corporation). The
column used was an SH-Rxi-5Sil MS fused silica capillary column (30.0 m x 0.25 mm x
0.25 um) operating in electron impact mode at 70 eV. Helium was used as the carrier gas
at a constant flow of 1.0 mL min-1 and an injection volume of 1 pL, with an injector
temperature of 280 °C and an ion source temperature of 230°C. The injection volume was
2 uL. The oven temperature was programmed for a gradient of 50 °C (held for 2 min) to

220 °C (4 °C/min), 220 °C to 300 °C (60 °C/min) and held for 3 min. FAME peaks were
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identified by comparison of their retention times with authentic standards and quantified

by area normalisation and response factor.

Total lipid content was determined gravimetrically. Nonadecanoic acid (C19:0)
was used as the internal standard. Dried lipids were treated with 1 mL of 1% NaOH in
MeOH, heated for 15 min at 55 °C, followed by the addition of 5% methanolic HCI (2
mL) and heated for 15 min at 55 °C. 1 mL Milli-Q water was added, and FAMEs were
extracted by hexane (3 x 1 mL) and evaporated to dryness under nitrogen. They were
redissolved in 200 pL. of hexane and stored in —20 °C in glass vials until GC—MS analysis.
Simultaneous production of carotenoids and chemical building blocks precursors from

chlorophyte microalgae.

5.3.Result and discussion

5.3.1. Growth medium nutrient variability and microalgae responses

Detailed growth medium analysis shows marked differences in the concentration
of specific macro and micronutrients between MaxiGro and Cell Hi HP (Table 3).
Previous research has suggested that nutrient concentrations and growth medium may

influence the growth rate and biochemical composition of mature microalgae cells.

Table 3. MaxiGro and Cell Hi HP growth medium at 1 g/L concentration. The standard
deviation from two replicate measurement.

) . MaxiGro Cell Hi HP

Medium compositions
(mg/L) (mg/L)

TN 277+0.0 243+0.0
TP 65.7+0.0 52.4+0.0
PO4* - 51.64+0.2
K 145.4+1.3 272.0+0.9
Mg 21.6+1.9 7.7+0.7
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Ca 7.8%2.7 1.2+£5.9

Fe 1.7£1.0 5.4£1.4
Mn 1.0+£0.7 0.7+0.5
Zn 0.7+£0.5 0.9£0.5
Na 2.240.6 30.3+1.4

MaxiGro showed a higher concentration of total nitrogen and total phosphorus,
which has been shown to boost microalgae biomass production [207]. Orthophosphate
(PO4>") was not detectable in MaxiGro, despite a high total phosphorus content. Previous
research has shown that orthophosphate is essential for microbial activities and the lack
of phosphorus in this form may induce changes in physical properties and nucleic acid
synthesis [208, 209]. The absence of PO4>" in the MaxiGro medium may also impact the
phosphorylation processes within cells [210]. Phosphorylation, a primary energy carrier,
depends on phosphate groups derived from ATP (adenosine triphosphate). Phosphate
deficiency may lead to reduced ATP synthesis and, consequently, lower protein
production [211]. In agreement with the literature, results from this study also show lower
protein production in Scenedesmus sp. grown in MaxiGro compared to Cell Hi HP.
Additionally, phosphate limitation may cause changes in cell size, shape, and pigment
production. It was also observed that Scenedesmus sp. grown in MaxiGro developed an
elongated rod morphology, while those in Cell Hi developed towards a coccus shape,

even though both cultures were cultivated simultaneously using the same inoculum.

Magnesium and calcium concentrations in MaxiGro were three and six-fold
greater than those in Cell Hi HP, respectively. When culturing in Cell Hi HP growth
media, Scenedesmus sp. was yellowish compared to MaxiGro despite being cultivated

simultaneously. This result aligns with a prior study stating that higher calcium and
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magnesium may lead to the production of secondary metabolites. These secondary

metabolites have higher antioxidants and pigments [212, 213].

Magnesium plays a crucial role in the structure of chlorophyll, the molecule
responsible for photosynthesis in microalgae [214]. Magnesium complexes with
chlorophyll and is located at the centre of the molecule to allow for capturing light energy
and conversion to chemical energy [215]. Magnesium also acts as a cofactor in many
enzymatic reactions, including those involved in Calvin cycle for carbon fixation. It acts
as a cofactor for ATP-utilizing enzymes. Lower magnesium concentrations could explain
the observed yellowish colour in Cell Hi HP cultures, indicating chlorophyll deficiency

and, thus, less efficient photosynthesis [216].

Cell Hi HP has significantly higher potassium, iron, and sodium content than
MaxiGro. Potassium and iron support protein synthesis and improve osmotic balance in
microalgae [217, 218]. Potassium plays a critical role in maintaining the cell's osmotic
balance, since potassium manages the influx and efflux of water and other solutes, which

affects nutrient uptake and metabolite transport [219, 220].

Iron plays an important role in nitrogen assimilation processes. Many enzymes
involved in nitrogen metabolism require iron, such as nitrate reductase and nitrogenase.
Since nitrogen is a key part of amino acids, which are the building blocks of proteins,
having enough iron is crucial for producing proteins effectively [221, 222]. Higher
potassium and iron in Cell Hi HP may support a more stable growth environment, since
potassium and iron help in maintaining osmoregulation and electron transport chain
[223]. On the other hand, sodium in microalgae is important for maintaining osmotic and
ionic balance, like potassium. However, its role is often less critical in freshwater species,

which tend to be more sensitive to sodium concentrations [224, 225]. High sodium
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concentrations can significantly induce changes in microalgae,
metabolism, growth, and survival [225-227]. For example, sodium can interfere with the
electron transport chain in chloroplasts, reducing the efficiency of photosynthesis and

thus decreasing the overall energy production within the cell. The severity of these effects

largely depends on the specific species of microalgae [228, 229].

5.3.2. Scenedesmus growth in MaxiGro and Cell Hi HP media
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Figure 22. Dry-weight Scenedesmus biomass content after 10 days of cultivation as a
function of NaHCO3 concentration and Maxigro (A-F) or Cell Hi HP (G-L)
concentration. Error bars represent the standard deviation from two replicate
experiments.

Tuning the nutrient composition to match the specific needs of the microalgae
species significantly improved the production of biomass and metabolite. Without any
carbon addition, both growth media show a similar growth profile, achieving
Scenedesmus optimal growth at MaxiGro or Cell Hi HP content of 1 g/L in the culture
solution (Figure 22A and Figure 22G). Without no additional carbon addition, the highest
microalgae concentration in mature solution cultivated by MaxiGro or Cell Hi HP was
2.4 and 2.6 g/L (in dry weight), respectively. Optimal growth increases when inorganic
carbon is added to the culture solution. A notable increase in microalgae growth rate from
2.4 and 2.6 (without carbon addition) to 5.5 and 4.8 (with 1 g/LL NaHCO3) is shown at
MaxiGro and Cell Hi HP growth media, respectively. Importantly, there is also a shift to

lower growth media concentration to achieve the optimum microalgae growth (Figure
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22B and Figure 22H). The highest microalgae biomass production in the stationary phase
solution is shown at 1 g/ NaHCO3 concentration and 0.6 g/ MaxiGo content, resulting

in 5.5 g/L dry weight of biomass production (Figure 22E and Figure 22K).

Overall, Figure 22 demonstrates that when the concentration of NaHCOj is
increased, the demand for growth medium decreases. This finding is consistent with
previous studies, which showed that NaHCO; significantly enhances biomass and
chlorophyll in microalgae, reducing the requirement for additional growth media
components [230, 231]. This observation is also consistent with established science in
microalgae physiology [232, 233]. Microalgae rely on multiple metabolic pathways to
support their growth. When the carbon source is restricted, microalgae prioritise the
production of light-harvesting substances such as chlorophyll and carotenoids [234].
These light-harvesting substances allow for more efficient photosynthesis and, thus, more
carbon utilisation. These pigments are mostly proteins; thus, their production also
increases the nutrient demand. Results in Figure 22 are also consistent with recent
research findings. The maximum growth of microalgae has been reported at 12 mM for
Scenedesmus sp [235] of NaHCOs. Both studies highlight the role of NaHCO3 as an
effective inorganic carbon source that enhances biomass productivity. Both studies also
affirm that exceeding the optimal level can inhibit growth due to increased pH and
excessive sodium ion concentrations, which create unfavourable conditions for
microalgae. Excessive amounts of sodium can disrupt the electron transport chain in
chloroplasts, reducing the efficiency of photosynthesis and lowering cell energy

production
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5.3.3. C. vulgaris growth in MaxiGro and Cell Hi HP media
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Figure 23. Dry-weight C.vulgaris biomass content after 10 days of cultivation as a
function of NaHCO3 concentration and Maxigro (A-F) or Cell Hi HP (G-J)
concentration. Error bars represent the standard deviation from two replicate
experiments.

C. vulgaris shows increasing growth rates as NaHCO3 concentration increases
(Figure 23). The optimal growth rate also shifts to lower growth medium concentrations
as the NaHCOj concentration increases; a similar pattern is shown in Scenedesmus sp.

biomass production (Figure 23). For example, when NaHCO3 concentration is at 0.4 g/L,
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optimal growth is achieved at 1 g/LL MaxiGro. Increasing the bicarbonate to 1.0 g/L shifts
the optimal growth to 0.6 g/L MaxiGro. This finding indicates that, as the concentration
of NaHCOs rises, less growth medium is needed. This supports previous findings showing
that the maximum C. vulgaris growth was 10 mM [224]. This also indicates that the right

balance of NaHCOs increases C. vulgaris growth rate [224, 230, 236, 237].

The results also suggest that C. vulgaris tends to increase in cell size under high
sodium concentrations, with a noticeable reduction in surface charge density. This aligns
with prior findings that high sodium concentration can lead to morphological changes in
microalgae, including the formation of cell surface charge due to the dissociation of

sodium ions coating the microalgae cell walls [238].

C. vulgaris growth rates in Cell Hi HP medium show a significant reduction,
indicating that Cell Hi HP is not a suitable growth medium for C. vulgaris. This might be
due to the high sodium concentration, which inhibits freshwater species growth (Figure
23G-J). These results show a significant impact of medium composition on microalgae
growth and physiological responses. Understanding this impact of growth media
composition and NaHCOs3 relationships further helps to optimise and tailor biomass

production of targeted algal species.

5.3.4. Effect of growth medium on cell surface charge and aggregation

Growth medium concentration and carbon concentration have a notable impact on
the surface charge of the microalgae cells. The surface charge of microalgae, indicated
by zeta potential, is significantly influenced by several factors, including the growth
condition and pH. Growth media components strongly affect these growth conditions,

particularly the aqueous medium's ionic strength [239]. The thickness of the microalgae

80



surface charge is significantly related to the ionic strength of their environment. The main
factor affecting the ionic strength of the growth medium is multivalent metal salt. Cell Hi
HP has higher multivalent metal salts from sodium, potassium, and iron; consequently,
Cell Hi HP has high ionic strength. The forces attracting opposite charges become
stronger in high ionic strength, accumulating the opposite ions on the microalgae's
surface. This makes the electrostatic behaviour of the microalgae more pronounced, thus
increasing the zeta potential value of microalgae cells [239, 240]. These results agree with
the previous finding; the increased ionic strength of the culture medium increased the zeta
potential of C. vulgaris [240]. The surface charge of Scenedesmus dimorphus shifted from

negative to positive as the ionic strength increased [241].

The surface charge is also significantly affected by pH, which can be adjusted by
altering the carbon concentration [242, 243]. Variations in NaHCO3 concentration can
alter the ionic strength and pH of the medium, thereby affecting the zeta potential of the
cells. Studies have shown that microalgae exposed to higher NaHCO3 concentrations can
exhibit changes in surface charge due to the increased uptake of bicarbonate ions or
hydrogen ions, which modify the ionic balance at the cell surface [244]. Moreover, zeta
potential of microalgae decreases as pH values increase [240] and tends to be constant
when the pH value further increases [243]. In this study, both growth media have an initial
pH below 5 at the start of the experiment. However, this does not affect the surface charge
values because the zeta potential was measured after 10 days of cultivation, when the

microalgae had transformed the acidic environment to an alkaline.

Both species show similar patterns of zeta potential value for 0.6 g/L and 1.2 g/LL
of the growth medium, suggesting that the growth medium more influences specific

metabolic pathways for surface charge than by NaHCO3 concentration (Figure 24). Zeta
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potential has critical implications for microalgae aggregation or separation. Elevated zeta
potential indicates a higher surface charge, which can cause particles to repel each other
or aggregate more easily [243, 245]. This leads to microalgae clumping or separating,
contrary to their natural behaviour in environments. Aggregated microalgae are beneficial
for harvesting since they can be collected more efficiently, reducing the cost and
complexity of harvesting [246]. Changes in the growth medium can alter how microalgae
aggregate. This dual impact of growth medium and NaHCO3 concentration highlights the
complex interplay between nutrient availability and carbon source in determining the
electrochemical properties of microalgae. Thus, tailoring growth conditions to create

specific characteristics is crucial for harvesting microalgae.

Scenedesmus sp. grown in MaxiGro developed towards an elongated rod
morphology. On the other hand, those in Cell Hi developed towards a coccus shape, even
though both were cultivated simultaneously using the same inoculum. These results align
with a prior study that shows the zeta potential of microalgae changes with different
conditions, affecting their aggregation behaviour [243] and morphology [247].
Additionally, both microalgae species grown in Cell Hi HP medium show higher zeta
potential than those grown in MaxiGro, which can be attributed to their lower growth
rates. The rapid growth rate can minimise the intercellular interaction between the cells,
resulting in a strong electronegative surface charge and significant repulsion [248]. This
finding is consistent with previous studies suggesting that lower growth rates can reduce

zeta potential in microalgae [3, 249].
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Figure 24. Scenedesmus and C. vulgaris growth after 10 days of cultivation in MaxiGro and Cell Hi HP at 0.6 and 1.2 g/L, with identical
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standard deviation from three replicate measurements.
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5.3.5. Effects of growth medium and bicarbonate input on Scenedesmus cell content
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Figure 25. Total protein and lipid content of Scenedesmus in varied culture medium (A)
concentration and varied NaHCO3 (B). Error bars represent the standard deviation from
three replicate measurements.

Growth medium and NaHCO3 concentration can also significantly impact protein
and lipid production. Protein production increases with the increased concentration of
both growth mediums (Figure 25A). Protein production is also affected by NaHCO3
concentration, showing the optimum condition at 0.4 g/l NaHCO3 (Figure 25B). The
highest protein production is achieved at 0.4 g/LL NaHCOs3 and 0.6-0.8 g/L Cell Hi HP,

reaching 37.5% w/w in Figure 25A-B.
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Lipid production decreases as the concentration of both growth mediums
increases (Figure 25). The highest lipid production occurs at 0.4 g/L MaxiGro and 0.6
g/l Cell Hi HP, achieving 19.4% and 18.5% w/w total lipid, respectively. Lipid
production remains relatively stable with varying NaHCOj3 concentrations in the MaxiGro
medium (Figure 25B). However, lipid production in the Cell Hi HP medium shows the
lowest at 0.6 g/L NaHCO3 (Figure 25B), while at a similar Cell Hi HP concentration (0.6
g/L NaHCQO3), it produces the highest protein. The highest lipid production is achieved at

0.6 g/ NaHCO3 and 0.4 g/LL MaxiGro.

These results agree with previous studies, which highlighted lipid productivity by
Scenedesmus sp. can be enhanced by balancing NaHCO3 and growth medium [250, 251].
Scenedesmus sp. grown in Cell Hi HP has slightly higher protein content due to higher
iron levels [252], while Scenedesmus grown in MaxiGro has slightly higher lipid content,
which is attributed to orthophosphate limitation [253]. Lipid content in Scenedesmus
obliquus nearly doubled when phosphorus concentration was halved [254, 255]. Results
in Figure 25B suggest that both microalgae species in this study are sensitive to high
sodium levels since they can only occur in freshwater. The impact of sodium varies
widely depending on the specific type of microalgae. Therefore, changes in sodium levels
have little impact on protein production in these freshwater species. This is also consistent
with a prior study, which demonstrated that under optimal NaHCO3 concentration,
microalgae show increased protein content, especially in amino acids such as glutamic

acid, cystine, and arginine [256].
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5.3.6. FAME content in varied growth medium concentrations

The production of fatty acid methyl esters (FAMESs) in microalgae is significantly
influenced by the growth medium and the concentration of various nutrients. In both
growth mediums, the maximum FAME production was 0.4 g/L and 0.6 g/L of MaxiGro
and Cell Hi HP, respectively. This result is similar to the highest lipid concentration
produced by both growth mediums. This is because lipids in microalgae mainly consist
of triglycerides, phospholipids, and free fatty acids. Triglycerides are the primary
precursors for FAMEs, and triglycerides react with methanol to form FAMEs and

glycerol during transesterification (converting lipids to biodiesel).

Among all the FAME results, Maxigro shows higher FAME production compared
to Cell Hi HP, except for Trans-9-Elaidic-methyl ester. Like its effect on lipid production,
the high FAME production under MaxiGro growth medium is attributed to the higher
nutrient availability in this growth medium. However, the low output of Trans-9-Elaidic-
methyl in MaxiGro can be attributed to a lack of detectable orthophosphate. Trans fatty
acids like Trans-9-Elaidic-methyl acid are typically formed through specific enzymatic
processes, including the isomerisation of cis fatty acids. Enzymes involved in these
processes require adequate energy, which is influenced by ATP's availability of phosphate

groups [247].

Among the various NaHCOj3 concentrations tested, 0.8 g/L resulted in the highest
FAME production, which probably provides the balance needed to produce maximum
FAME production. Some specific FAMEs, such as methyl pentadecanoate and methyl
palmitoleate, have less effect under different NaHCO;3 concentrations. However, this

particular FAME has significant effects under different growth mediums. It is probably
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because the NaHCOs concentration falls within a range that does not significantly impact
their biosynthesis. Conversely, the synthesis of most methyl esters such as methyl
decanoate, increased linearly with higher NaHCOj; concentrations, reaching its peak at
0.8 g/L in the MaxiGro medium. Beyond this point, at 1 g/ NaHCO3, its production
started to decline. The same pattern was also shown in Methyl Palmitate, Methyl
Heptadecanoate, Methyl Linoleate, Methyl Octadecanoic, Methyl Cis-111-Eicosenoate,
Methyl Arachidonate, Methyl Erucate, and Methyl Lignocarate. This pattern suggests that
synthesis for these methyl esters is closely related to NaHCO3 availability within the

MaxiGro medium.

The interplay between growth media and NaHCO3 concentration significantly
impacts the production of certain FAMEs, such as Methyl Gamma Linoleate (ALA) and
Methyl Heptadecanoate. This implies that both factors significantly influence the
biosynthesis of these compounds, highlighting the importance of optimising both growth

medium and carbon for specific FAME production [257].

For application purposes, such as lubricant, 0.4 g/ MaxiGro is recommended.
This concentration has the optimal production of FAMEs such as methyl laurate and cis-
9-Oleic acid methyl ester, known for their excellent lubrication properties [258]. Methyl
Tetradecanoate is also produced in significant quantities. Methyl Tetradecanoate
supports cool flow properties, making the oil more efficient under varying temperature
conditions [259, 260]. The presence of Methyl palmitate and Methyl Cis-11-Eicosenoate,
which also has the highest production at 0.4 g/ MaxiGro, supports the optimal
concentration at 0.4 g/l MaxiGro. Methyl Palmitate and Methyl Cis-11-Eicosenoate
enhance the lubricity of the lubricant, reducing friction between mechanical parts [261].
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Understanding the effects of different growth media and NaHCO3 concentrations on
FAME production is crucial for optimising microalgae cultivation for industrial

applications and biochemical production [262].
5.4. Summary

This study demonstrates the importance of optimising carbon and nutrient inputs
for enhancing lipid and protein production in microalgae. The result shows that increasing
carbon input can reduce nutrient demand for the same growth rate. Inputting excessive
nutrients or carbon can negatively impacts microalgae morphology and surface charge.
Moreover, the nutrient composition of the growth media significantly influences lipid and
protein production. MaxiGro has higher lipid production due to higher magnesium

content, and Cell Hi HP has higher protein because of higher potassium and iron levels.
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CHAPTER 6. Microalgae enrichment for biomass harvesting and water reuse by

ceramic microfiltration membranes
Part of this chapter has been published as the following journal article:

Aditya, L., Vu, H.P., Nguyen, L.N., Mahlia, T.I., Hoang, N.B., Nghiem, L.D. 2023.
Microalgae enrichment for biomass harvesting and water reuse by ceramic microfiltration

membranes. Journal of Membrane Science, 669, 121287.

6.1. Research objectives

This study aims to evaluate the efficacy of aerated membrane filtration for
microalgae enrichment and permeate reusability. This study major mechanisms
governing the membrane filtration and regrowth with the permeate water for C. Vulgaris
and Scenedesmus sp. Are discussed. Using the membrane to simultaneously concentrate
the microalgae solution and recover the clean water for reuse, significant cost savings can
be expected. This study's results contribute to optimising large-scale microalgae

cultivation harvesting and permeate reusability.

6.2. Material and method

6.2.1. Microalgae

Two microalgae strains were used, namely Chlorella vulgaris (CS-41) from the
Australian National Algae Culture Collection CSIRO Microalgae Research (Hobart,
TAS, Australia) and Scenedesmus sp. (UTS-LD) isolated from Australia by the

University of Technology Sydney. Chlorella sp. And Scenedesmus sp. Are two of the
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most studied green microalgae due to their potential for a range of industrial applications
including biofuel, bioplastics, and the production of other bioproducts. The C. Vulgaris
(CS-41) is a spherically shaped green microalga of 2-10 pm in diameter. On the other
hand, Scenedesmus sp.Is usually found in coenobium (or multicell forms). In other
words, Scenedesmus sp. Often occurs as multiple of two cells inside a parental mother
wall. Scenedesmus sp. Also has other self-defence mechanisms, including a thick cell wall
with mucilage and long bristles at each end of the individual cell. The Scenedesmus sp.
(UTS-LD) in this study occurs in a group of four cells, each cell has comb shape of about
12 pm in length and 3-5 pm in width. Stock cultures were maintained at Algae Production
Facility at the University of Technology Sydney, using MLA and f/2 media (algaboost,

Australia) for Chlorella vulgaris and Scenedesmus sp., respectively.

6.2.2. Membrane filtration system

Submerged microfiltration (MF) system was used in this study (Figure 26). The
system consisted of a flat sheet ceramic membrane module (Suzhou Dasen Electronic
Material Co., Ltd., Jiangxi, China) with a nominal pore size of 0.1 pm and 750 cm? in
total surface area. The membrane module was fully submerged in a rectangular glass
vessel of 20 cm in length, 4 cm in width, and 45 cm in height. A Masterflex Peristaltic
pump (Cole-Parmer, USA) was connected to the membrane module for clean water
extraction. The system was equipped with a digital pressure gauge data logger to monitor
the transmembrane pressure (TMP). A rectangular stone diffuser connected to an air

pump was placed at the bottom of the membrane vessel for aeration. Another Masterflex
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Peristaltic pump (Cole-Parmer, USA) was used to regularly supply new microalgae

solutions to the system when required.

6.3. Result and discussion

6.3.1. Microalgae enrichment by MF membrane filtration

TMP increase was moderate during the enrichment process in all experiments.
The observed TMP increase was due mostly to the formation of a cake layer of microalgae
cells on the membrane surface [263]. Membrane fouling was specific to each individual
microalgae species. Figure 26 shows notable fouling by C. vulgaris while Scenedesmus
sp. Only resulted in mild fouling. Membrane fouling was lower when the module was
aerated compared to non-aerated condition. Without aeration, TMP raised by over 56%
and 38% for C. vulgaris and Scenedesmus sp, respectively. Due to the microalgae cell
cake layer on the membrane surface, the permeate flux gradually decreased from the
initial set point especially when filtering the C. vulgaris solution, thus, the actual permeate
flux as a function of time is reported in Figure 26.

The difference in fouling rate between C. Vulgaris and Scenedesmus sp. Can be
attributed to their cell dimension and morphology. Characteristics of the cake layer
including porosity and compactness, are affected by cell shape and physical properties
[264]. C. vulgaris is spherical in shape and occurs as individual cells. By contrast,
Scenedesmus sp. Has a cylindrical-fusiform shape and occurs as a coenobium of four
cells. In this study, the coenobium of Scenedesmus sp. Was four times larger than C.

vulgaris in lengthy, resulting in a more porous cell cake layer and lower TMP increase as
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observed in Figure 26. Because of its morphology, it only allows Scenedesmus sp. To

adhere to membrane walls without covering the pores entirely.

Aeration could effectively reduce membrane fouling, especially when caused by

a denser cell cake layer (C. vulgaris). The decreased membrane fouling under aerated

conditions could be ascribed to the synergistic effects of buoyancy and drag force from

flowing bubbles. The impact of aeration was also species dependent. At a water recovery

of 40% without aeration, the TMP of C. Vulgaris and Scenedesmus sp. Reached 48 kPa

and 23 kPa, while in aerated condition, it was only 20 kPa and 8 kPa, respectively. In

addition to cell dimension (and thus cake layer porosity), the morphology of the cell

surface can also play a significant role, as discussed in the next section.
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Experiments were conducted at 40% water recovery. The error bar represents the
standard deviation from two measurements.

6.3.2. Backwashing efficiency

Backwashing using permeate water was efficient to restore the membrane
permeability (Figure 27). TMP was restored to the original value after backwashing in all
experiments. The backwashing efficiency was microalgae species-specific. When
enriching Scenedesmus sp., the required time and permeate volume for backwashing
assisted by aeration were 1 min and 25 ml, corresponding to about 0.25% of the produced
permeate volume (at 80% recovery). These values are about 5 times lower compared to
those used for C. vulgaris. The difference in backwashing efficiency can be ascribed to
the dimension, shape, and morphology of microalgal cells. The C. Vulgaris resulted in a
more compact cake layer compared to Scenedesmus sp due to its size and shape.

Of a particular note, while Scenedesmus sp. can be effectively backwashed, visual
inspection showed a tinge of green on the membrane surface, evidence of incomplete
removal of all microalgae cells by backwashing. By contrast, backwashing after C.
Vulgaris filtration resulted in a completely clean membrane surface without any residue
of microalgae cells (Figure 27). C. vulgaris is spherical, with rigid cell walls preventing
them from adhering to the membrane surface. Scenedesmus sp. Has a slimy outer layer
with bristles on each cell. The coenobium structure of Scenedesmus sp. May also result
in imperfectly formed cell groups. Deformed or ruptured cells can tightly adhere to the
membrane surface. A broken cell can release oil droplets that easily adhere to the cell

wall and the membrane surface. Although residue of Scenedesmus sp. was insignificant
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after one filtration cycle and the membrane permeability was still fully restored, the

results in Figure 28 highlight the need to evaluate backwashing efficiency after repetitive

filtration cycles.

Aeration could only slightly reduce membrane fouling during Scenedesmus sp.

Filtration but was important to enhance backwashing efficiency. After C. Vulgaris and

Scenedesmus sp. Filtration, 1 min of backwashing time was required with aeration. By

contrast, without aeration the backwashing time increases to 4 min to achieve the same

outcome. It is evidenced that aeration can create a turbulence condition at the membrane

surface to dislodge the microalgae cell cake layer.

Original state of
the membrane

After reaching 40%
water recovery
- w/o aeration

Jv C. Vulgaris

'l' Scenedesmus sp.

After 1 min of
backwashing at
30 LMH

After being removed from the
microalgae solution in both side

Figure 27. The ceramic membrane profile before and after backwashing of C. Vulgaris

and Scenedesmus sp.
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Figure 28. TMP profile and membrane flux (LMH) before and after backwashing for (a)
C. Vulgaris and (b) Scenedesmus sp. Water-backwash was sufficient to restore the
ceramic membrane to its original state. Experiments were conducted at 40% water
recovery. The error bar represents the standard deviation from two measurements.

6.3.3. Multi filtration cycle performance

6.3.3.1. Initial permeate flux

The effect of initial permeate flux on membrane fouling was investigated in the
range from 25 to 51 LMH under aerated conditions. T the effect of initial permeate flux
on membrane fouling was microalgae species-specific. Notable fouling was observed in
C. Vulgaris at the initial permeate flux of 50 LMH. TMP significantly increased and
permeated flux significantly decreased during the first 20 min of the filtration experiment
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with C. Vulgaris. Membrane fouling was lower when the initial permeate flux was 30
LMH. As filtration continued, a further decrease in flux was noticed in 30 and 50 LMH,
although it is substantially smaller (referred to as steady-state flux). At initial permeate
flux 25 LMH, permeate fluxes had not reached steady-state flux after 40% of water
recovery. By contrast, Scenedesmus sp. Shows no discernible fouling of the
aforementioned initial flux values. The initial flux of 51 LMH only resulted in mild
fouling. The maximum TMP reached by 51 LMH was 25 kPa. 25 and 30 LMH initial
permeate flux had a negligible effect on TMP and permeate flux. Since less membrane
fouling was observed in 25 LMH, the initial permeate flux of 25 LMH was selected for

subsequent multi-filtration cycle performance.

6.3.3.2.  Multi filtration cycle performance

Long-term performance of the membrane was demonstrated with 10 repetitive
filtration cycles. The results show a small, but discernible TMP increase when enriching
C. vulgaris solution, especially after the first 5 cycles of filtration (Figure 29a). TMP
increase was more discernible from the sixth cycle onward, resulting in about 10% higher
TMP in the tenth cycle compared to the first cycle. Correspondingly, a notable drop in
permeate flux was observable when comparing the tenth and first filtration cycles. In
addition to forming a cake layer of microalgae cells on the membrane surface, cell
membrane rupture during repetitive filtration/backwashing cycles may also contribute to
membrane fouling. C. vulgaris. Evidence of cell rupture can be observed via the change
in colour of C. vulgaris solution and the settlement of C. vulgaris biomass at the bottom

of the membrane vessel.
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By contrast to C. vulgaris, changes in TMP and permeate flux were insignificant
when enriching Scenedesmus sp. Solution (Figure 29). Discernible increase in TMP was
also observed over 10 repetitive filtration cycles. However, notwithstanding a tinge of
green of Scenedesmus sp on the membrane surface, the TMP only reached 12 kPa at the

tenth cycle. The decrease in actual water flux was insignificant (Figure 29b).
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Figure 29. Comparison of TMP and permeate flux during the dewatering microalgae
solution (a) C. Vulgaris and (b) Scenedesmus sp. In 10 repetitive filtration cycles. Water
recovery of each cycle was 40%. The membrane image was captured at the end of a
cycle.

Similar results were obtained when the water recovery from each cycle was
increased to 80% (Figure 30). The magnitude of membrane fouling was more obvious
with C. vulgaris. TMP increase beyond 50 kPa was observed at the third cycle (Figure
30a), where membrane cleaning was required to restore the flux to its original value.
Leakage of cell content to the permeate (evidenced in a slight green tint) was observed,
possibly due to excessive pressure. It is noteworthy that 2 min of backwashing could

restore the TMP value to near original value (although excessive TMP increase would be

observed again, unless the membrane was cleaned rather than backwashed).
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In good agreement with the results reported above, no discernible fouling was
observed with Scenedesmus sp. (Figure 30b). The TMP profile of Scenedesmus sp. was
unaffected by continuous operation without backwashing. After one hour, the membrane
was capable of self-cleaning and reverting to its initial value. It can be ascribed to
Scenedesmus sp's slimy outer layer and body size. It can be concluded that the size, shape,
and morphology of microalgal cells explain the variation in filtering effectiveness
between the two species. Scenedesmus sp. Solution can be enriched using ceramic

membranes, and fouling can be effectively managed.
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Figure 30. Comparison of TMP and permeate flux during the dewatering microalgae
solution in 3 repetitive filtration cycles of 80% water recovery for (a) C. Vulgaris and
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(b) Scenedesmus sp with and without backwashing, respectively. The error bar
represents the standard deviation from two measurements.

6.3.4. Permeate reusability

Results in Figure 31 shows that permeate water extracted via membrane filtration
can be reused to cultivate both C. Vulgaris and Scenedesmus sp. For both species, the
biomass content in permeate water increased gradually as a function of cultivation time.
The growth rate in permeate water was similar to or even slightly higher than that in the
feed solution. This is because microalgae cells in the feed solution were already at the
stationary growth phase, where there is a combination of cell production and mortality.
Each of the two species responds differently to permeate reusability. In fact, from day 8%,
the C. Vulgaris feed solution had reached the decaying phase, and the microalgae
population collapsed. By contrast, in the permeate solution, microalgae cells were diluted
with 60% permeate water, thus, the growth was restored to the exponential phase. On the
other hand, the growth rate of Scenedesmus sp. Was similar in both permeate and feed
solutions. MF membrane could retain the microalgae cells while allowing the micro- and
macro-nutrients to pass through to the permeate water to support microalgae growth and
eliminate the need for additional nutrient input. The findings confirm that the permeate
water can be reused as new growth media to develop a circular cultivation harvesting

cycle.
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Figure 31. The growth rate in the feed medium and permeate medium (a) C. Vulgaris
and (b) Scenedesmus sp. Growth rates were estimated through optical density
measurements. The growth rate obtained from a mixture of 60% (v/v) permeates water,
and 40% (v/v) microalgae feed solution (inoculum), which was used in membrane
filtration experiments, as compared to the growth rate in the feed solution before the
filtration experiment. The findings confirm that the permeate solutions can be reused as
new growth media.

6.4. Summary

Harvesting and water reuse are two critical issues for large-scale microalgae
cultivation. Using two representative microalgae species, namely C. vulgaris and
Scenedesmus sp., this study evaluates the performance of a ceramic microfiltration
membrane to extract clean water for reuse and pre-concentrate the microalgae solution
for subsequent harvesting. The results show that fouling was specific to each individual
microalgae species due to the difference in cell properties (e.g. size, shape, and cell

membrane). Importantly, membrane fouling could be efficiently mitigated by aeration

102



and regular backwashing without any chemical addition. Aeration reduced the
transmembrane pressure when filtering C. vulgaris and Scenedesmus sp. by 56 and 38%,
respectively. In long-term performance experiments, C. vulgaris showed considerable
membrane fouling over time; by contrast, Scenedesmus sp. showed negligible fouling.
The results reaffirmed that membrane filtration efficiency was microalgae species-
specific. Permeate water reuse for growing another batch of microalgae was also
demonstrated using both species. Results reported here suggest that ceramic
microfiltration membrane can simultaneously enrich the microalgae solution and recycle

permeated water for microalgae cultivation.
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CHAPTER 7. Synthesising cationic polymers and tuning their properties for

microalgae harvesting

Part of this chapter has been published as the following journal article:

L Aditya, HP Vu, MAH Johir, S Mao, A Ansari, Q Fu, LD Nghiem. Synthesising cationic
polymers and tuning their properties for microalgae harvesting. 2024. Science of the Total

Environment 917, 170423

7.1. Research objectives

This study aims to investigate a series of newly synthesised cationic polymers
named PAPTAC for microalgae harvesting. The PAPTAC polymers were synthesised at
various initial monomer concentrations, ranging from 60 to 360 mg/mL and at different
UV power. Three microalgae species from freshwater and marine microalgae species,
namely Scenedesmus sp. (UTS.LD), Chlorella vulgaris CS-41 (C. vulgaris), and
Porphyridium purpureum CS-25 (P. purpureum) were examined at mentioned monomer
concentrations. The flocculation harvesting efficiency of PAPTAC was evaluated to
identify the optimal dose and compared with a commercially available flocculant
(FO3801). The findings of this study could provide helpful guide for screening suitable

polymer flocculants based on the specific characteristics of microalgae.

7.2. Material and method

7.2.1. Materials

The photo-initiator lithium phenyl-2.,4,6-trimethylbenzoylphosphinate and

monomer (3-acrylamidopropyl)-trimethylammonium chloride (APTAC, 75 wt% in H>O)
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were purchased from Merck (Australia) and used without further purification. A
commercially available polymer denoted as FO3801 from SNF Pty Ltd (Australia) was
used for comparison. FO3801 is a high molecular weight and highly positively charged
polymer. According to a previous study [3], FO3801 has a molecular weight (MW) of
over 15,000 kDa and zeta potential ({ ) of 75 mV [3]. Three reference
poly(diallyldimethylammonium chloride) (PDADMAC) polymers from Merck
(Australia) were used to determine the average viscosity molecular weight of the
PAPTAC polymers synthesised in this study. The average molecular weight of these

PDADMAC reference polymers were 100 KDa, 200 — 350 KDa, and 400 — 500 KDa [2].

Scenedesmus sp. (UTS-LD) was maintained in the MaxiGro medium. This
microalgae species was previously isolated from environmental water in Australia by the
University of Technology Sydney. Chlorella vulgaris (CS-41) was obtained from
Australian National Algae Culture Collection at CSIRO Microalgae Research (Hobart,
Tasmania, Australia). The stock culture was maintained in the MLA medium (Algaboost;
Wallaroo, SA, Australia). The Porphyridium purpureum (CS-25) was obtained from the
Australian National Algae Collection at CSIRO Microalgae Research (Hobart, Tasmania,
Australia). P. purpureum is a marine microalgae species. P. purpureum was maintained
in the /2 medium at 33-35 ppm salinity. All three microalgae species were cultivated
using a 10 L photobioreactor until the stationary growth phase (maturity) and used for the
harvesting experiment. The cultivation procedure has been previously described in details
[140, 246]. At the stationary growth phase, the dried biomass contents of Scenedesmus

sp., C.vulgaris, and P. purpureum were 0.28, 0.75, and 0.70 g/L, respectively.
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7.2.2. Synthesis of polymer flocculants

Poly(3-acrylamidopropyl)trimethylammonium chloride (PAPTAC) polymers
were synthesised by UV-induced free-radical polymerisation in an aqueous solution with
a range of monomer concentrations [2]. Each reaction mixture containing the monomer
at a specific concentration ([M] = 60 - 360 mg/mL) and the photo-initiator lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (0.3 mg/mL) was sealed in a glass vial, subjected to
degassing by introducing nitrogen gas at a flow rate of 0.5 L/min and positioned on top
of a magnetic stirrer plate. The vials were irradiated by UV at Amax = 365 nm with energy
input of 36W to obtain the cationic polymers. Polymer flocculants were also produced at
energy input of 60 W (Amax = 390 nm). The photopolymerization reaction is completed

within 30 minutes. The experimental conditions were consistent with our previous study

[2].

7.2.3. Harvesting experiments

A stock solution with polymer concentration of 2.4 g/I. was prepared by
dissolving the above synthesised polymer in Milli-Q water with continuous mixing for
60 minutes using a magnetic stirrer. The stock solution was used for microalgae
harvesting within one hour to avoid any hydrolysis. A specified volume of the polymer
solution was added to 100 mL microalgae solution, thoroughly mixed, then allowed for
settling. After 1 hour of settling, the aggregated microalgal biomass was separated from
the water phase by decanting. All harvesting experiments were conducted in triplicate.
The flocculation efficacy was determined by measuring optical density at 680 nm of the

initial microalgal solution and the decanted water after harvesting as described in
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Equation (2). Optical density was measured using an UV spectrophotometer (UV 6000

Shimadzu; Australia).

0Dy /o—0Dy,

Flocculation ef ficiency (%) = x 100 2)

ODW/O

where: ODyw and ODyy, is the optical density of the culture with flocculant addition and

without flocculant addition (control), respectively.

The optimal dose of the polymer was determined by a dose—response relationship
experiment. Polymer doses added to the microalgal solution were varied from 2.5 — 100
mg-polymer/g.dry-biomass. The polymer doses were normalised relative to the dried

biomass concentration.

7.2.4.  Analytical methods

The monomer conversion was measured using nuclear magnetic resonance
spectroscopy (‘H NMR) (Varian Unity 400 MHz spectrometer). The polymers were
dissolved in DO at 10-20 mg/mL for 'H-NMR analysis. The photopolymerization
reaction is completed within 30 minutes. The experimental conditions were consistent
with our previous study [2]. The obtained 'H-NMR spectra were used to determine
monomer conversion. Specifically, the methine (g) and methylene (f'and ;) resonances of
the resulting PAPTAC were obtained from the 'H-NMR spectrum in Figure 32. In
addition, proton resonance peaks of unreacted APTAC residues were also obtained from
the "H-NMR spectrum (marked as ‘*’). The monomer conversion of the polymerization

is calculated as shown in Equation (3).
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Where As,; denotes the integral area of the protons on the ‘f, g and j* groups, and the
Amonomer 18 the sum of the integral areas of all “*’ labelled peaks.

The charges of polymers were measured using a Zetasizer nano instrument (Nano
ZS Zen 3600, Malvern, UK). Polymer rheology was measured using a Brookfield DV2T
equipped with a small sample adapter unit (Part SC4-45Y), a removable sample chamber
with embedded RTD temperature probe (SC4-13RPY), and a coaxial cylinder spindle
SC4-18. The sample chamber has a 19.05 mm diameter, a 64.77 mm depth, and an
effective volume of 16.1 mL. The spindle speed was 100 rpm. Plastic viscosity, shear
rate, shear stress, and torque were recorded for rheology analysis. The relationship
between shear stress and shear rate is described using the Bingham Plastic model.
Polymer sample acts as a Bingham plastic fluid, which indicates that the fluid will not
flow until the applied shear stress exceeds the fluid's yield stress. The equation (3) shows

The Bingham Plastic model:
T=1, 4y 4)

where: 1 is shear stress (Pa), ty is yield stress (Pa), u is plastic viscosity (Pa) and vy is the

shear rate (s™).

Both plastic viscosities were plotted against molecular weight on a logarithmic
scale. The intercept on the shear stress axis corresponds to the yield stress, while the slope
of the line corresponds to the plastic viscosity. This correlation was utilised to calculate
the viscosity average molecular weight of the PAPTAC polymers by using PDADMAC

standards.
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7.3. Result and discussion

7.3.1. Polymer characterization

The nuclear magnetic resonance ('"H NMR) spectrum of a polymer synthesised in
this study is presented in Figure 32 as evidence of successful polymerization. This NMR
analysis with protium nuclei also provides the structural evidence of PAPTAC polymer
formation. There were two main regions. The resonances for the methylene (f, -CH2-CH-)
and methine group (g, -CH>-CH-) of the PAPTAC backbone and the methylene (j, -
CH>CH>CH>-N(CHj3)3) of the pendant moiety occur at 1.10-2.45 ppm. The resonances
for the methyl (I, -N(CH3)3)) and methylene groups (i & &, -CH2CH>CH:-) of the pendant
moiety occur in the region 3.0 and 3.5 ppm. The resonance for the unique —-NH— group
(h) was observed at 8.24 ppm. The strong signal at 4.7 ppm was attributed to the solvent
H>O. In addition, proton resonance peaks of unreacted —-CH>=CH- group of APTAC

monomer (marked as ‘*’) were also observed at 5.72, 6.18 and 6.85 ppm, respectively.
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Figure 32. '"H NMR spectrum of the prepared cationic polymer PAPTAC in D,0. The
“*’ represents the signals of unreacted double bonds (-CH>=CH-) of monomer residue.

Table 4 summarises key properties of the six polymers individually synthesised
with monomer concentrations from 60 to 360 mg/mL. These polymers were denoted as
P-x, where x represents the initial monomer concentration (mg/mL). As expected,
increasing monomer concentration results in an increase in the polymer’s plastic
viscosity, which can be used to calculate the polymer molecular weight. Results in Table
1 also show that monomer conversion decreased as the monomer concentration increased.
This is due to the increase in monomer concentration leads to unreachable state of
saturation, hence impeding the initiation of polymerisation of all available monomers. In
other worlds, an increase in monomer concentration leads to an increase in viscosity and
a reduction in diffusivity. Consequently, some monomers are unable to engage in the
polymerisation process due to the excessive concentration. Likewise, an increased in UV

power leads to faster photoinitiation, which resulted in lower monomer conversion. At

110



the monomer concentration of 240 mg/mL, two UV power level of 36W and 60W were
used to produce polymer P-240-1 and P-240-2, respectively. As the UV power increased
from 36 to 60 W, at the same monomer concentration of 240 mg/mL, the plastic viscosity
increased from 60 to 100 mPa.s (or 67% increase in plastic viscosity) and the monomer
conversion decreased from 98.2% to 85.1%. Results in Table 1 are consistent with
previous studies, which reported a lower monomer concentration with lower UV power

induced showed a higher rate of monomer conversion [265].

Table 4. Summary of the characterization of cationic polymers

Monomer Monomer Av. plastic
Polymers concentration U(\\’A-/p Ow)er conversion’ viscosity
atts
(mg/mL) (%) (mPa.s)
P-60 60 36 99.2 10
P-90 90 36 99.3 20
P-120 120 36 99 30
P-240 240 36 98.2 60
P-360 360 36 90.3 90
P-240 240 60 85.1 100
FO3801 - - 40

¢ The monomer conversion was determined by '"H NMR analysis.
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Using the reference polymers, plastic viscosity data in Table 1 were used to
estimate the polymer molecular weight (section 2.4.1). Results in Figure 33 suggest that
desirable polymer molecular weight can be achieved by tuning the monomer
concentration. High molecular weight polymers can be obtained by increasing the
monomer concentration. This is because the increase of monomer concentration results
in a longer polymer chain being formed. The lengthening of the polymer chain is reflected

by an increase in viscosity.

Similar to molecular weight, charge density (measured by Zeta potential) of the
PAPTAC polymers is also related to monomer concentration. Surface charge density also
increased almost linearly as the monomer concentration increased within the monomer
concentration of between 60 and 120 mg/mL. As the monomer concentration increased
to 240 mg/mL, the polymer’s surface charge did not increase further. In fact, at monomer
concentration 360 mg/mL, the polymer surface charge decreased slightly compared to
monomer concentration of 120 mg/mL. This may be due to the relatively low monomer
conversion (Table 4), compromising the overall zeta-potential. In addition, the long

polymer chains may entangle to reduce their effective surface charge.
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Figure 33. Correlation between monomer concentration (A) with molecular weight and
(B) with zeta potential. The error bar represents the standard deviation from six replicate
experiments.

UV irradiation energy can significantly influence on the molecular weight and
zeta potential of the synthesised polymers. At the same monomer concentration of 240
mg/mL, by increasing the UV light energy from 36W to 60W, enhanced the molecular
weight and charge density by about 50% as shown in Figure 34. In the polymerisation
process, first, the monomers are converted to dimeric forms, then to J-aggregated forms
or oligomeric forms at increased irradiated UV power [266]. Similar to aforementioned
case of P-120 and P-240, which showed that polymer chains of high molecular weight
entangle and shield the effective charge. This observation is also consistent with
properties of the commercial polymer FO3801. As shown in Figure 34, the commercial
polymer FO3801 has a very high molecular weight of 15,000 kDa but a relatively modest

charge density of +55 mV (at pH 2.6).
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Figure 34. (A) Effect of UV power induced on polymer molecular weight and (B) zeta
potential. The error bar represents the standard deviation from six replicate experiments.

7.3.2. Role of polymer properties

In this study, the type of monomer-repeat unit that forms a polymer also has a
significant effect on polymer properties. The arrangement of monomer-repeat units along
the backbone of a polymer chain, is affected by varying UV power induced to a
monomer/polymer. It modifies polymer properties by modifying the molecular weight
distribution, branching distribution, and number of terminal double bonds. Polymer
properties play a vital role in the behavior, performance, and application of polymers in
various industries. Polymers are macromolecules consisting of repeating structural units

whose properties can be customized for specific applications. For instance, the chemical
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structure of a polymer affects its overall properties. The arrangement of the monomer
units and the presence of functional groups affect the polymer's reactivity, stability, and
compatibility with other materials. In addition, molecular weight affects the physical
properties of a polymer. High molecular weight polymers typically have higher
mechanical strength, toughness, and resistance to abrasion. On the other hand, low
molecular weight polymers may have better processability and flexibility. For instance,
when P-240 was synthesised at UV power of 60W, the polymer charge density and
molecular weight were greater than at UV power of 36W (at the same monomer

concentration of 240 mg/mL).

Flocculation is governed by surface charge neutralisation of individual microalgae
cells and polymer bridging. When cationic polymers are added to the microalgae solution,
their highly cationic charge density can neutralise the negative charge of microalgae cells
due to electrostatic attraction. This leads to a decrease in cell surface charge and biomass
aggregation. At the optimal dosage, PAPTAC polymer can effectively neutralise
microalgae cell surface charge for the highest level of aggregation and generate clear
water as the supernatant as shown in the picture Table S1-S3. When the dose of polymer
exceeds the optimum level, the excess polymer is adsorbed onto microalgae suspensions,

the microalgae cells become coated with positive surface charges leading to a reversal of
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surface charge. This reaction induces electrostatic repulsions among the cells, which

reintroduces coulombic repulsion.

7.3.3. Microalgae flocculation efficiency

Surface morphology and properties of microalgae vary from one species to
another as demonstrated by three different microalgae species in Table 5. The efficiency
of microalgae flocculation is governed by the interplay among several factors including
solution pH, cell membrane morphology, surface charge (or zeta potential). For example,
cell surface charge (or zeta potential) is a function of the solution pH and microalgae
density [3, 267]. In general, the zeta potential will become more negative as the density
of microalgae increases and the pH rises. In this study, the pH of marine species
(Porphyridium purpureum) was slightly lower, but it has a similar charge density to
Scenedesmus sp. Chlorella vulgaris has the lowest charge density. This is because

Chlorella vulgaris had a lowest dry weight than the other two species.

Table 5. Freshwater and marine microalgae properties

Mat It Zeta potential
Microalgae species a ure. cuiire Dry weight (g/L)
solution pH (mV)
Scenedesmus sp. 8.10 0.75 -232+1.3
Porphyridium 6.89 0.70 -17.3+£1.1
purpureum
Chlorella vulgaris 8.14 0.28 -99+£0.3
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Microalgae species in Table 2 were evaluated for flocculation using the PAPTAC
polymers with a range of molecular weight and charge density regulated by adjusting the
monomer concentrations and UV power during polymerisation. As discussed above,
flocculation by cationic polymers involves charge neutralisation and molecular bridging
to induce aggregation. During charge neutralisation, the negative charge of the microalgae
is neutralised by the positive charge of the polymer. Polymer with a high positive charge
have stronger attraction and helps clumping microalgae efficiently like magnetic powder

[2, 268].

On the other hand, the molecular weight of the polymer acts as a bridge to bind
the cells. Polymers with a high molecular weight may show enhanced performance, due
to their increased capacity to bridge between algae cells and enables them to generate
larger and more stable flocs. This can enhance flocculation efficiency by promoting rapid
aggregation of microalgae cells and simplifying the separation process. Efficient
microalgae harvesting requires the identification of the optimal combination from surface
charge and high molecular weight as illustrated in Figure 35. When they work together
synergistically, it is like having the perfect set of tools for efficient microalgae harvesting.
Thus, for effective microalgae harvesting, finding the optimal polymer dosage is

necessary.
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Figure 35. Illustrated polymer in different surface charge and molecular weight

The highest flocculation efficiency for Scenedesmus sp was observed at a dosage
of 25 mg-polymer/gram of dry biomass, achieving a flocculation efficiency of 80% by
using P-90. By contrast, the commercial polymer FO3801 requires a dosage four times
higher to achieve the same flocculation efficiency as presented in Figure 36. The highest
flocculation efficiency for FO3801 was 78% when using 100 mg-polymer/gram of dry
biomass. This is because FO3801 has a molecular weight 10-times higher than P-90, but
a lower charge density. Thus, additional flocculant should be used to enhance its charge
density. Consequently, this will have a negative effect on the flocculation efficiency, since
additional concentrations and costs will be required. The findings of this study also
indicate that the flocculation efficiency of PAPTAC is threefold higher than FO3801 for

Scenedesmus sp.

As discussed above, excessive polymer dose can be detrimental to flocculation

efficiency. Flocculation efficiency in Figure 36 decreased after the optimal dose of 25
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mg-polymer/gram of dry biomass was achieved. This observation aligns with prior
research that elucidated the presence of an augmented coating layer with long polymer

chains, leading to diminished flocculation efficiency [269, 270].
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Figure 36. Flocculation efficiency of cationic polymers with freshwater microalgae
Scenedesmus sp. The error bar represents the standard deviation from three replicate
experiments.

UV power can also be used to tune the polymer properties. The zeta potential and
molecular weight of the polymer (P-240) produced at UV power of 60W were

significantly higher than that produced at 36 W. Figure 37 demonstrates that higher
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molecular weight resulted in more stable flocculation efficacy. However, the optimum
flocculation efficiency of the polymer produced at 36W was slightly higher than that
produced at 60W. It was probably due to charge density of microalgae EPS. Scenedesmus
sp EPS has highly negative charge, thus it was easier to harvest at lower molecular weight
and optimum charge density polymer compared to higher molecular weight and charge
density polymer. The excessive amount of flocculant molecular weight resulted in a
charge reversal on the surfaces of microalgae cells, leading to their destabilization in

suspension. Consequently, resulted in a decrease in the efficiency of harvesting [271].
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Figure 37. Flocculation efficiency of freshwater microalgae Scenedesmus sp with
different UV power synthesised at P-240. The error bar represents the standard
deviation from three replicate experiments.

High monomer concentration is liable for the transition toward large polymer

molecular weight, thus, a more adhesive polymer. The effect is observable by the
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adherence of microalgae to the bottom flask at increased dose of polymer. This result is
in line with prior study which showed the polymer interaction alter from cohesive to

adhesive, caused by increased in molecular weight [272].

The other possibility responsible for the disparity in flocculation efficiency is the
distinct EPS types of each microalgal species. Scenedesmus sp excreted thick mucilage
as its growth and the EPS composed of long chain polysaccharides (mannose and glucose)
but lack in nucleic acid and protein [273]. The irregular shapes and charge distribution of
EPS surface, often creates a patch between regions of uncoated. The positively charged
patches can then interact with other negatively charged areas at the surface of other
Scenedesmus sp cells and connect them together [274]. In this case the key parameters
that will ensure successful flocculation are the length of the polymers, as only short chains

(lower molecular weight) can form patches at the surface of the cells [273].

PAPTAC polymer showed excellent harvesting efficiency for Scenedesmus sp.
This species is well-known for its ability to absorb CO» in high relatively concentration
compared to other species [275-277]. The biomass has been acknowledged for its high
lipid and protein content, which can be converted into essential vitamins for human or
animal fed [278, 279]. For Scenedesmus sp. Other species that has similarity to
Scenedesmus sp is Chlorgonium. This particular freshwater microalgae species has
approximately 17 um of width, this species has been well recognised as an ideal food
source for shrimp [280]. Additional species that show comparable characteristics to
Scenedesmus sp are Coelastrum Ndgeli and Cosmarium Corda. These species have a

thick mucilage in their EPS, with a size exceeding 10 um, and are commonly found in
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coenobium. The findings of this study could act as a helpful guide for selecting an

appropriate polymer based on the specific characteristics of the microalgae.

Good harvesting efficiency was also observed with the marine microalgae
P.purpureum. Due to the highly negative charge of P.purpureum cells, a small amount of
flocculant is sufficient to effectively harvest P.purpureum biomass. Figure 38 shows by
using P-90 PAPTAC achieved 93% flocculation efficiency at 25 mg-polymer/gram dry-
biomass polymer dose, while FO3801 reached >80% efficiency at 10 mg-polymer/g. dry-
biomass. However, considering its molecular weight, FO3801 required a considerably
higher concentration than PAPTAC to achieve comparable flocculation efficiency. The
production of high molecular weight polymers typically requires more demanding
reaction conditions such as high temperatures, high pressures, high purity solvents, etc.
In addition, the resulting high molecular weight polymers usually have a high viscosity,
which requires more complex processes and consumes more energy to purify.
Furthermore, as the molecular weight increases, the viscosity of the system increases
dramatically, resulting in reduced monomer conversion and increased waste of raw
materials. PAPTAC polymers, on the other hand, can be tailored to specific needs, using
water as the solvent and light as the polymerization condition, resulting in 'green'

synthesis and reduced environmental footprint.
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Figure 38. Flocculation efficiency of seven polymers with P. purpureum. The error bar
represents the standard deviation from three replicate experiment deviation from three
replicate experiments.

Despite the fact that marine water species have higher ionic strength and
polymeric coiling could occur in high ionic strength solutions to degrade polymer
properties and performance [281]. In this study marine microalgae had lower pH and the
flocculation can be inhibited when the pH microalgae is excessively high/low [282].
Interestingly, PAPTAC resulted in the large clumps formation of P. purpureum, which
indicated the stability of the polymer even in saltwater with high ionic strength. As the
concentration increases, the size of the clumps formed also increases. This makes
PAPTAC an appealing choice of flocculant because it easier to collect the biomass from
water. The flocculated biomass can be collected by stainless steel sieving. This approach

will effectively mitigate the substantial production expenses. Additionally, the
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achievement of a high level of flocculation efficiency would additionally contribute to
the viability of recycling leftover culture as a means to decrease the water footprint

associated with the production of microalgal biomass.

C. vulgaris shows different results compared to the other two species. The
PAPTAC polymer did not show any optimum doses. Instead, flocculation efficiency
increased as the polymer dose increased to 100 mg-polymer/g.dry-biomass as illustrated
in Figure 39. By contrast, an optimum dose of 25 mg-polymer/g.dry-biomass was
observed with the commercial polymer FO3801. Table 5 delineates that C. vulgaris has
a significantly lower surface charge density compared to the other two microalgae
species. Thus, it is possible that flocculation is driven mostly by molecular bridging and
sweeping rather than charge neutralisation. The former is governed by molecular weight
and thus favours the commercial polymer FO3801. There could be other underlying
reasons, and further research is necessary to explain for the different flocculation

behaviour amongst the three microalgae species in this study.

In addition to surface charge density, cell morphology especially EPS content and
type may also affect the disparity of flocculation efficiency. C.vulgaris has distinct type
of EPS compared to Scenedesmus sp. For example, it can be indicated by the relationship
between pH and zeta potential. Scenedesmus sp has a linear relationship between pH and
zeta potential [283], whereas C.vulgaris has a curve relationship between pH and zeta

potential with a peak at pH 7 [284].

124



100 +

—=— FO3801 —<«— 496 kDa 366 kDa
—v— 215 kDa —&— 140 kDa —@— 92 kDa

B (@2} [0}
o o o
1 1 1

Flocculation efficiency (%)

N
o
1

T
0 20 40 60 80 100
Dose (mg/g biomass)

Figure 39. Flocculation efficiency of seven polymers with freshwater microalgae
C.vulgaris. The error bar represents the standard deviation from three replicate
experiments.

Overall, PAPTAC demonstrates a high level of flocculation efficiency at low
dosages. Results in this study also demonstrate the ability to tune the PAPTAC polymer
molecular weight and surface charge to improve microalgae harvesting. Several factors
have been identified as potential contributors to flocculation performance but have not
been investigated in this study. Examples include such as cell membrane morphology, the
composition of the culture media [132, 271, 285]. Thus, further research is still needed to

realise polymer tuning for microalgae harvesting.
7.4. Summary

This study demonstrates a facile technique to synthesize and tune the cationic

Poly(3-acrylamidopropyl) trimethylammonium chloride (PAPTAC) polymer by UV-
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induced free-radical polymerisation. By regulating the monomer concentration and UV
energy for polymerisation, cationic PAPTAC polymer can be tuned in terms of molecular
weight and surface change for harvesting three microalgae species. The obtained
PAPTAC polymer shows excellent flocculation efficiency at low dosages. When
evaluating for harvesting Scenedesmus sp. and P.purpureum, the optimised PAPTAC
polymer has a lower optimum dosage of 25 mg-polymer/gram and higher harvesting
performance than the commercial polymer. The observed performance can be attributed
to effective neutralisation and molecular bridging by the optimised PAPTAC polymer.
However, the obtained PAPTAC polymer and polymer tuning were less effective for
harvesting C. vulgaris, possibly due to the cell morphology of this microalgae species.
Further research is still needed to identify other underlying factors that account for the

distinct flocculation behaviours observed in this study.
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CHAPTER 8. Conclusion and recommendations

8.1. Conclusion

Results from this thesis provide new insights for improving the cultivation,
harvesting, and utilisation of microalgae for simultaneously capturing CO2 and producing
valuable bioproducts. This work addresses key challenges in optimising microalgae
systems, including the interplay between light intensity and CO; concentration, the effects
of elevated sulphate levels and initial pH, and the impact of carbon-to-nutrient ratios. It
also focuses on enhancing ceramic membrane microfiltration for preconcentrating
solutions before harvesting, developing flocculants for efficient microalgae harvesting,
reclaiming water, and enhancing biomass composition. These are the keys to improving

the integrated microalgae system.

Results from this thesis show that microalgae growth rate can be optimised by
balancing between CO: input and light intensity. The result shows light intensity and CO>
input have opposing effects on the culture solution pH, which is essential to microalgae
growth. Microalgae photosynthesis is mediated by the RuBisCo enzyme, which can only
work in a specific pH range. CO; dissolution in the culture solution leads to acidification.
On the other hand, the carboxylation process consumes protons and increases the solution
pH. By balancing light intensity and CO> input, high-rate microalgae growth and CO;

fixation can be achieved.

Results from this thesis reveal that Scenedesmus sp and C.vulgaris have different
sulphate assimilation pathways. Scenedesmus sp relies on eukaryotic-type reductase

enzymes, while C. vulgaris utilises prokaryotic-like plastid sulphate transporters on
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chloroplast membranes. Elevated sulphate levels induced toxicity and disrupted osmotic
balance. Acidic conditions disrupt sulphur metabolism and adenosine triphosphate
production, impairing critical enzyme metabolism in microalgae. This demonstrates that
an optimal concentration is necessary to balance metabolic processes while avoiding

osmotic stress and toxicity.

This thesis demonstrates the importance of optimising carbon and nutrient inputs
to enhance microalgae lipid and protein production. Results show that increasing carbon
input can reduce nutrient demand for the same growth rate. Inputting excessive nutrients
or carbon can negatively impact microalgae morphology and surface charge. Moreover,
the nutrient composition of the growth media significantly influences lipid and protein

production.

In this thesis, data were presented to evaluate the performance of a ceramic
microfiltration membrane to extract clean water for reuse and pre-concentrate the
microalgae solution for subsequent harvesting. The results show that fouling was specific
to each individual microalgae species due to the difference in cell properties. Membrane
fouling could be efficiently mitigated by aeration and regular backwashing, eliminating
the need for chemical addition. Furthermore, permeate water was able to be reused for

subsequent microalgae cultivation was demonstrated for both species.

Results from this thesis also demonstrate a facile technique to synthesise and tune
the cationic Poly(3-acrylamidopropyl) trimethylammonium chloride (PAPTAC) polymer
by UV-induced free-radical polymerisation. By regulating the monomer concentration
and UV energy for polymerisation, cationic PAPTAC polymer can be tuned in terms of

molecular weight and surface change for harvesting three microalgae species. The newly
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synthesised polymer PAPTAC was also evaluated in this thesis for microalgae harvesting
efficiency, which demonstrates a high level of flocculation efficiency at low dosages and

outperforms the commercially available polymer FO3801.

Findings from this thesis underscore the potential of microalgae systems for
greenhouse gas mitigation and biofuel production. By optimising cultivation conditions,
advancing harvesting technologies, and promoting sustainable water reuse. This research
contributes to the development of cost-effective and environmentally sustainable

microalgae-based systems.
8.2. Recommendation

Greenhouse gas emission, particularly from CO., remains a serious problem.
Microalgae have demonstrated the ability to absorb these pollutants, offering a potential
sustainable solution. However, several technical challenges still need to be addressed. For
example, the method for sparging the gas into the water and an efficient feeding rate. This
study has not been able to reach an inorganic concentration higher than 200 mg/L. The
challenges related to safety issues and mass transfer. The inorganic carbon concentration
in some cases can be higher than in this study. For this reason, it is important to find a
new technology that can provide higher concentrations of inorganic carbon. The study
used ceramic membrane filtration to separate the growth medium with microalgae
biomass (Chapter 6). This study uses the uncoated membrane, and a small aeration was
placed at the bottom of the membrane. This study can be improved by coating the
membrane with metal oxide or inorganic materials. This group of materials provides
enhanced properties, such as fouling resistance, antimicrobial activity, and improved

permeability. For example, graphene oxide has been widely used in water purification
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membranes to enhance filtration efficiency to prevent microbial fouling. In Chapter 7, the
study on cationic polymer for harvesting microalgae. Further research is still needed to
identify other underlying factors that account for the distinct flocculation behaviours
observed in this study. For a better understanding of the economic aspects of this
integrated system, a cost analysis is recommended. This evaluation would be essential to
assess the commercial feasibility of implementing microalgae systems for carbon capture

and utilisation at industrial scale.
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