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Chapter 1 ®)
Introduction Check for

Increased industrialization and overexploitation of natural resources have affected
the environment adversely. Textile, municipal, dairy, pharmaceutical, swine, and
aquaculture sectors regularly produce various forms of wastewater (El-Sheekh et al.,
2023). Wastewater is high in nutrients, promoting eutrophication and posing a threat
to the ecosystem’s flora and fauna. According to a report, eutrophication generates
an annual loss of over 2 billion dollars and continues to impair real estate and fishing
industries. Wastewater comprises various undesired chemical elements and microor-
ganisms that have both acute and long-term consequences for the environment and
human health (Sathya et al., 2022). Untreated wastewater can cause gastroenteritis,
skin infections, hepatitis A, and a disease similar to leptospirosis (Pratap et al., 2023).

Additionally, the use of untreated wastewater in irrigation has also been linked
to a number of issues, including excessive vegetative growth, irregular fruit devel-
opment, and worse quality and yield. The primary goal of wastewater treatment
has traditionally been safeguarding downstream consumers from health hazards
(Taugeer et al., 2022). Generally, wastewater is treated with a combination of phys-
ical (screening, grit chambers, floatation, etc.) and chemical (neutralization, floccu-
lation, oxidation) processes. The various chemical processes for wastewater treat-
ment are expensive, frequently resulting in sludge creation and an increased danger
of secondary water pollution. Other issues with wastewater treatment include high
energy consumption (2—4% of national electric power consumption) and a shortage of
efficient and productive workers, wastewater treatment plants have an environmental
impact, and introducing new and efficient technology requires expensive steps and
replacement of the old infrastructure (Zhu et al., 2023). An additional intended goal,
resource recovery from wastewater combined with wastewater treatment technolo-
gies, has gained traction in recent decades. Studies reported the production of polyhy-
droxyalkanoates (PHAs) from various wastewater treatment facilities and proposed
that European wastewater treatment plants may provide roughly 120% of global
biopolymer output (2016). Wastewater has also been investigated to produce various
value-added products such as single-cell protein and carotenoids (Saejung et al.,
2020).
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Another crisis is the demand for global energy, mainly fossil fuels, coal, and
petroleum which has become an essential factor for economic development (Owusu
and Asumadu-Sarkodie, 2016). Yin et al. (2020) reported that energy consump-
tion will increase from 550 EJ to 865 EJ by 2040. The rapid depletion of fossil
fuel resources has raised many environmental concerns, including climate change,
CO; levels, and ecological degradation. In addition, it also provoked an interest in
producing sustainable energy sources such as biofuels. Biofuels are a promising
approach to lowering fossil fuel dependency and reducing greenhouse emissions
(Malla et al., 2023). The development of third-generation feedstock emerged as a
potential alternative to conventional energy sources, and less dependency on fossil
fuels will help maintain healthy and economic sustainability.

Oxygenated photosynthetic microalgae are prokaryotic or eukaryotic microor-
ganisms in both freshwater and marine habitat (Zhu et al., 2023). Microalgae offer
various inherent advantages as they are capable of accumulating lipids (10-70%),
capable of the production of pigments, carbohydrate, and proteins, have a high growth
rate, possess a high photosynthetic rate, utilize solar energy and CO;, and convert into
potential biomass; their robust nature makes them versatile (Fig. 1.1). The average
biofuel production from microalgae is 20-30% more than the vegetable oils and
seeds microalgae (Zhu et al., 2023).

Microalgae use in wastewater treatment is helpful since it aids in waste manage-
ment and generates bioenergy (Karray et al., 2022). Many studies have suggested
that using microalgal technology in wastewater treatment could lower wastewater
nutrient concentrations by up to 95%. Microalgae may accumulate lipids, produce
biohydrogen, and generate bioelectricity in addition to removing nutrients from
wastewater (Zhang et al., 2021). Algal biomass is used as an alternative oil source for
biodiesel production due to its high lipid content. They can be converted to biodiesel
by employing various acids, alkalis, and enzymatic catalysts via transesterification
reactions.
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Fig. 1.1 Microalgae applications in various fields
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Algal biomass can be used to make biohydrogen using modified procedures
such as growing algae in wastewater under aerobic circumstances before moving
them to an anaerobic reactor (Bhatia et al., 2021). Fresh algal biomass or residual
biomass after lipid extraction can be used immediately for bioenergy production by
dark fermentation (biohydrogen), fermentation (bio alcohols), or anaerobic digestion
(methane). Microalgae have also been used to generate bioelectricity using a method
known as photosynthetic microbial fuel cells (PhotoMFC) (Vinayak et al., 2021).
The biodiesel produced from microalgae is biodegradable and less harmful to the
environment.

Microalgal cultivation methods have been developed that are both traditional
(open and closed systems) and advanced (turf scrubber and hybrid) (Bhatia et al.,
2021). Wastewater-based algal biomass is highly affected by selecting the accu-
rate method for cultivation. Separating algal biomass from wastewater is the next
stage after successful cultivation. Microalgae harvesting has been documented using
a variety of physical, chemical, biological, and electromagnetic approaches (Singh
etal.,2014). However, there are a few roadblocks in the way to the widespread use of
this technology. Because algae have a negative charge on their surface, which prevents
them from producing big particles, harvesting algal biomass is a cost-effective tech-
nique (Vasisthaetal.,2021a,2021b). Algal biomass harvesting is predicted to account
for roughly 30% of total production expenses. Algal biomass can also be used to
make several bioproducts, including nutraceuticals, medicines, and pigments. As a
result, combining wastewater treatment with algae and bioenergy generation with
other valuable byproducts could be beneficial (Zhang et al., 2021). Despite these
potential characteristics and different applications of microalgae, its commercial
scale is challenging. The high cultivation cost and low lipid yield are significant
bottlenecks in advancing microalgae-based technology (Raj et al., 2022). Addition-
ally, the biorefinery approach is a promising concept for producing cost-effective
biomass; as aforementioned, the microalgae mass is converted into multiple products
(Krishnamoorthy et al., 2022).

This book is designed to study microalgae and their application in the broadest
sense. The book section comprehensively covers the advanced microalgae culti-
vation techniques, including three-chamber microalgae-bio-electrochemical system
designed for clean microalgae cultivation, microalgae bacterium membrane PBR,
and BIO-ALGAE simulation tool. Wastewater remediation and nutrient recovery
by microalgae, lipid extraction for biodiesel, and utilization of residual biomass for
different applications. They are further focusing on different industries and research
organizations involved in microalgae-based technology for global marketing, for
example, Sunchlorella, Cellana, algosource, etc., which is the most significant feature
of this book.

Moreover, significant inconsistencies which have been explored in microalgae
technology are microalgae cultivation, lipid extraction, and further utilization of
residual biomass, which affect the economic viability. Acknowledging these chal-
lenges, the limitation, outcome, and economic aspects are discussed. Hence, this
book summarizes the current state of microalgae-based biorefinery techniques to
establish a long-term and cost-effective process.
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Chapter 2 ®)
Wastewater-Mediated Microalgae oo
Isolation and Culturing Techniques

Microalgae are a diverse group of organisms that can be found in various environ-
ments. They differ according to their habitats and metabolite synthesis. Microalgae
isolation and purification are critical steps in their biotechnological uses. The goal
of algae isolation and purification is to obtain axenic cultures or viable cultures of a
single species free of contaminants (Singh et al., 2015). Any contaminant can have a
significant financial impact, result in the loss of a batch, or drastically alter the final
product’s composition.

2.1 Pre-isolation Techniques

Prior to isolation, several procedures are performed; attaining the axenic cultures
will be aided by the collection, proliferation, and separation into smaller groups.

2.1.1 Sample Collection From Wastewater

The collection of axenic culture is a critical step of the process. Failure occurs when
algal cells are damaged during harvesting. While sampling an unknown environ-
ment or target organism, multiple collection methods should be considered. Syringe
sampling, scraping, brushing, and the inverted Petri dish method are examples of
sample techniques (Brenan and Owende, 2010). However, the most commonly
reported sample method is simply collecting water from a body of water. A Niskin
bottle or rosette sampler can be used if the target species is generally located in depth.
When sampling, it is fundamental to record factors such as light, water temperature,
dissolved O, and CO,, nutrient concentration, pH, and salinity to mimic these condi-
tions at the laboratory and establish the location coordinates to replicate sampling if
needed (Singh et al., 2015).
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2.1.2 Enrichment of Sample

Once a sample has been transferred to the lab, nutrients can be added to the
natural samples to boost microalgal growth. Because organic chemicals might cause
unwanted bacterial multiplication, they should only be used in limited doses. Indi-
vidual cells are separated from the enriched culture after being incubated and tested
for the growth of the target species every few days (Mutanda et al., 2011). The target
species may grow efficiently after isolation but perish after many transfers, signifying
that the culture medium is deficient in an element or compound or that the organism
has accumulated wastes that poison the environment.

Enrichment of samples should be targeted for different microalgae; for example,
enriching samples with ES-enriched saltwater may benefit fragile algae and flagel-
lates; chrysophytes, chlorophytes, diatoms, and cryptophytes grow well when {/2-
medium is added to water samples (Fernandez et al., 2021). On the other hand,
cyanobacteria growth is aided by the addition of the BG11 medium.

2.1.3 Filtration

The filtration technique governs the separation of samples into two groups
based on particle size differences. The microalgae (mostly coccoid) were isolated
from Moroccan Mediterranean saltwater by filtering samples through a series of
membranes with decreasing mesh (33, 20, and 0.45 m) and then placing membranes
on agar plates (Fernandez et al., 2021). This approach allows microorganisms to be
separated solely by their cell size, but it is usually insufficient to generate axenic
or unialgal cultures because various organisms can have identical cell sizes (Singh
etal., 2015).

2.1.4 Centrifugation

Centrifugation uses gravity to separate organisms by cell size. Low-density cells,
such as bacteria, tend to remain in the supernatant fraction and are discarded, whereas
microalgae, as higher-density organisms, are typically found in the pellet fraction
(Price, 2014). After numerous centrifuging cycles, a higher concentration of a desired
microalgal strain will be produced. Separating the individual cells into different
bands can be done by a silica or Percoll density gradient. Centrifugation separation
effectiveness is determined by speed and time; thus, these parameters should be
tailored for a specific species. Excessive centrifugal force has also been shown to harm
delicate cells. Researchers used a 90%, 90-50%, 90-50-30 %, and 90-50-30-10%
Percoll solution to density gradient centrifugate the dinoflagellate species Karenia
mikimotoi and Alexandrium tamarense, harvesting the algal cells and reducing the
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bacterial population from 5.79 0.22 log1l0 CFU/mL to 1.13 0.07 logl0 CFU/mL
(Lee et al., 2021a, 2021b; Fernandez et al., 2021). Centrifugation has been shown in
various studies to be effective in concentrating algae cells and lowering the bacterial
population. This procedure, however, does not produce an axenic algal culture on its
own; rather, it facilitates subsequent techniques that ensure the purity of cultures.

2.2 Techniques for Microalgae Isolation From Wastewater

2.2.1 Single-Cell Isolation

A micropipette, a Pasteur pipette, or a glass capillary can be used for this procedure.
The goal is to take a single cell from the sample, place it in a sterile droplet of culture
medium, then pick, and place it in another sterile droplet (Andersen & Kawachi,
2005). This procedure is continued until just one algal cell remains in the final
isolation vessel. Micromanipulation using a stereomicroscope, microcapillary tubes,
and optical tweezers is a novel technology for single-cell separation that dramatically
lowers labor and cell damage (Singh et al., 2015). They do, however, necessitate
costly equipment and highly trained lab employees. These approaches are helpful
for screening and isolation because they perform cell separation with high precision.
Microcapillaries are typically composed of glass and have a 1 mm outside diameter.
On the other hand, optical tweezers (OT) are a non-invasive method for phys-
ical manipulation that uses a highly focused laser beam to trap and manipulate
microscopic objects, typically in the infrared (IR) region (wavelengths between 700
and 1300 nm). It generates two forces: the scattering force produced by photons
striking the cell along their propagation direction and the gradient force produced by
a gradient of field interference (Fernandez et al., 2021). These forces work as optical
tweezers and are dependent on the laser beam wavelength and particle size. This
enables the micromanipulation of a single item with a size ranging from nanome-
ters to micrometers, including living cells. OT for single-cell manipulation can be
based on fluorescence activation or differences in cell shape, size, and refractive
index, allowing cells to be sorted into compartments without any pre-treatment.
However, there have been very few investigations on this specific technique. Pilat
et al., determined that laser wavelengths longer than 935 nm might be used to
perform non-invasive optical manipulation of living cells of photosynthetic microor-
ganisms. They also discovered that a wavelength of 1064 nm did not harm the
microalgae and is sufficient for reliable 3D cell manipulation. To obtain pure cultures
of Nannochloropsis sp., Dunaliella salina, Chlorella sp., and Tetraselmis sp., the
serial dilution and posterior micromanipulator technique (Cadoret et al., 2014).
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2.2.2 Isolation in Agar

The algae must be able to grow on solid media in order to be isolated success-
fully using this procedure. Coccoid cells and most diatoms thrive on agar, although
certain flagellates and dinoflagellates do not. Following agar culturing, the selected
cells are picked up using a micropipette tip and discharged into a liquid culture
media (Fernandez et al., 2021). Perpetual transfer with frequent use of the agar pour
technique can also be utilized to maintain axenic cultures. In addition, the isolation
of microalgae is performed by filtering samples through a 100 m filter, enriching
the samples with f/2-medium, streaking the enriched microalgal communities on
f/2-medium solidified plates with agar, picking colonies from the plates, and trans-
ferring them to a liquid f/2-medium in 12-well plates (Jhan et al., 2014). Various
culture media are used to isolate microalgae cells such as Thao, identified oleagi-
nous microalgae by using BG11 for fresh water, {/2 for brackish water, and f/2 for
marine water samples after sampling. After that, a solid or semi-solid medium was
made for each of the three media by adding 10 g/L or 5 g/L agarose, respectively
(Thao et al., 2017). Isolation was accomplished using two methods:

(1) streaking on solid agarose plates;

(2) Mixing 0.1 mL of enriched cultures with 5 mL of semi-solid medium, vortexed,
and pouring over the solid medium to form a semi-solid overlay, incubating,
and repeating until pure isolates were obtained. In order to attain the best
result microalgae, properties like phototaxis can be associated with agar culti-
vation. Chlamydomonas has flagella, and the rhodopsin pigment is attracted to
light. Isolation of axenic culture in agar medium benefits only if the targeted
microalgae to be isolated do not grow on consortia with other species (Banerjee
etal., 2012).

Additional testing and microscopic observation may be required to ensure the
culture’s purity. Other approaches should be used if the desired microalgae remain
contaminated after isolation in agar. On the other hand, this technique allows for the
isolation of specific microalgae from the majority of microorganisms in a sample,
resulting in a significant reduction in pollutants. Figure 2.1 illustrates the various
isolation techniques.

2.2.3 Dilution Techniques

The technique is diluting a sample or culture and putting only one cell into a vessel
(Andersen, 2005). Preparing and filling test tubes with 9 mL of sterile saline solution
or enough culture media is typical for this procedure. Then, in the first test tube,
1 mL of microalgae culture or an enhanced sample is transferred and stirred to create
a 1:10 dilution. After that, 1 mL of the first dilution is transferred to the second
tube, and the process is repeated five to six times. Because some single cells will
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perish and some inocula will include two or more species or no cells, it is crucial to
consider inoculating numerous tubes from the last dilution. Enrichment substrates
can be added to isolation tubes to grow or incubate a target species under precise
conditions (Fernandez et al., 2021). The dilution technique is rarely used to create
axenic isolates since bacteria are usually more prevalent than algae. When attempting
to culture random algal species from field samples to identify and investigate novel
species, the dilution approach is frequently used. Dilution procedures allow for the
creation of cultures that are largely made up of a few microalgal species, but they
do not guarantee culture purity (Alam et al., 2019). The contamination tests and
microscope observation are required to detect additional bacteria in the culture. In
order to create the axenic microalgal culture, further procedures will most likely be
required.

2.3 Advanced Techniques for Microalgae Isolation
in Wastewater

Flow cytometry is the most widely used automated technology for microalgae cell
sorting because of the autofluorescence of their natural internal colors, which allows
for the differentiation of various microalgae species from other microorganisms.
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Algae species such as diatoms, dinoflagellates, and prokaryotic phytoplankton can be
differentiated using the features of Chlorophyll Autofluorescence (CAF) and Green
Autofluorescence (GAF) (Fernandez et al., 2021). Fluorescence-Activated Cell
Sorting (FACS) cytometry, which is based on light scatter and fluorescence, is gaining
popularity. It involves passing a fluid stream through a laser beam, where cells scatter
or absorb the laser beam and emit fluorescence, which provides information such
as cell size, integrity, and photosynthetic characteristics. Microalgae cells are natu-
rally fluorescence-active due to their high chlorophyll content (Duong et al., 2012).
After a laser excites chlorophyll, an intense red fluorescence signal is produced,
which can be used as a trigger for automated cell sorting, allowing microalgae isola-
tion and bacteria removal. The number, cell size, shape, and toughness of the algae
being sorted determine sorting efficiency, which can be improved by enriching and
sonicating the culture before sorting. After establishing unialgal cultures using tradi-
tional methods, FACS is used to create axenic cultures, for which DNA sequencing
revealed no bacterial ribosomal DNA sequences (Bui, 2013). Scenedesmus, Actino-
taenium, Cosmarium, Haplotaenium, Staurastrum, Aulacoseira, Navicula, Thalas-
siosira, and Protoperidinium were among the microalgae isolated by Fistarol using
FACS (Fistarol et al., 2018). However, they reported that not all microalgae species
are ideal for FACS sorting, either because they are too large to fit the instruments’
capillary lines or too sensitive to withstand the pressures used. FACS, combined with
fluorescent dyes such as Bodipy or Nile red, is an excellent approach for screening
the production of metabolites of interest by organisms (Pereria et al., 2013).

2.3.1 Identification of Microalgae Strains Using Artificial
Intelligence

The emerging technology of Artificial Intelligence (AI) can be applied in major
three areas of microalgae technology. The first area, which combined AI with micro-
scope image processing, produced a quick way for identifying species. Another
area focuses to evaluate cell concentration in microalgal culture, combined Al tech-
nologies with fluorescence measurement-based techniques (Teng et al., 2020) while
the third section concentrated on using Al and a spectrometer based on matrix-
assisted laser desorption (MALDI) to characterize microalgae from their mass spectra
(Andradeetal.,2015; Barbanoetal.,2015). The development of species identification
was primarily aimed at ecological monitoring of aquatic habitats, such as tracking
cyanobacterial blooms or phytoplankton taxonomic classification. Artificial neural
network (ANN) and SVM were used as a classification technique automatic identifi-
cation of Scenedesmus coenobia based on microscope image processing having the
precision of 98.63 and 97.32% (Giraldo-Zuluaga et al., 2018). Lately, a Mask-RCNN
(Region-based Convolutional Neural Network) model with 85% accuracy has been
studied for algae identification in water samples.
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2.3.2 AI Mediated Microalgae Screening

The strains are assessed for growth rate, biomass output, the presence of high-value
products, and the ability to remove contaminants. For determining biomass, a variety
of measurement techniques were used, including straightforward traditional tech-
niques like dry cell weight or manual cell counting (Teng et al., 2020). The deploy-
ment of novel strategies in the quickly developing field of biotechnologies depends
on the development of sophisticated measurement techniques namely fluorescence
measurement-based approaches led to the creation of massive datasets appropriate
for Al methodology applications. In a study, single fluorescence emission spectra
measurement in conjunction with back-propagation ANN Optimized by Genetic
Algorithms was used to explore the viability of deploying ANN for precise moni-
toring of algal density (GA-BP model) (Liu et al., 2020a, 2020b). The aim of this
model was to estimate the cell concentration due to nonlinear relationship between
the measured fluorescence emission and the algal cell concentration. The study’s
findings indicate that using in situ fluorescence spectrometry in conjunction with an
ANN to estimate algal cell concentration has a very high potential. Another appli-
cation of ANN was to distinguish between monoalgal and mixed algal cultures in
order to find pollutants in monoalgal cultures. Another application of ANN was to
distinguish between monoalgal and mixed algal cultures in order to find pollutants in
monoalgal cultures (Franco et al., 2019). The research was based on the measurement
of the light absorption spectra of the monoalgal cultures of Chlorella vulgaris and
Scenedesmus almeriensis, and Chlorella vulgaris. Table 2.1 summarizes the various
isolation techniques explored for microalgae.

2.4 Purification of Microalgae Cultures

2.4.1 Antibiotic Treatment

Antibiotic treatment’s primary goal is to reduce bacterial contamination of an algal
culture to a level that allows a modest inoculum to transfer enough algal cells without
contaminating it with live bacteria. The antibiotic treatment’s efficacy and toxi-
city are dependent on the concentration and duration of exposure, as well as the
microalgae and bacterium species (Vu et al., 2018). After 48 hours of exposure to
the microalgal culture and antibiotic treatment, the number of viable bacteria drops
dramatically. Then, a small percentage of the bacteria can be transferred to a suitable
medium without antibiotics. Antibiotics function in one of two ways: bactericidal
(e.g., penicillin, vancomycin) or bacteriostatic (e.g., chloramphenicol, tetracycline),
which interferes with bacterial metabolism but may not always kill bacteria. Most
algae withstand 100/25/25 mg/L of penicillin, streptomycin, and gentamycin, a well-
studied and primary antibiotic therapy (Fernandez et al., 2021). Purification can also
be accomplished by transferring the algal culture through a succession of antibiotics
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Table 2.1 Isolation techniques of microalgae isolated from wastewater

Microalgae Wastewater Isolation Application References
Chlorosacinopsis sp. Sewage Serial Biofuel Vasistha et al.,
dilution (20214, 2021b)
Scenedesmus sp. BHU Agar Biofuel Singh et al.
wastewater streaking (2022)
Chlorella sorokiniana Domestic Agar Biofuel Lee et al. (2022)
streaking
Chlamydomonas sp. Rare earth Serial Ammonia Zhou et al.
element dilution, nitrogen (2022)
agar removal
streaking
Chlamydomonas reinhardtii | — Screening | Recombinant | Sproles et al.
FACS, agar | protein (2022)
streaking
Chlorococcum sp. Molasses Serial Biodiesel Khanra et al.
dilution, (2021)
agar
streaking
Coalestrella sp. Sewage Selective Lipid Ferro et al.
medium production (2018)
with plating
Desmodesmus sp. Sewage Selective Lipid Ferro et al.
medium production (2018)
with plating
Chlamydomonas incerta Agro-industrial | Plating Biodiesel Kamyab et al.
wastewater method (2016)
(POME)
Chlorella sorokiniana Natural TAP plating | Wastewater Chiellini et al.
wastewater Treatment (2020)

sequentially, without harming alga. Furthermore, one antibiotic combination may be
fatal to some bacteria but suppress the growth of others, but employing antibiotics
in sequence may kill the germs that survive (Uddin et al., 2021).

2.4.2 Enzyme Treatment

The use of antibiotics to obtain axenic cyanobacteria culture has limitations and
occasionally necessitates a different approach. Microalgae are less susceptible to
lysozyme digestion than bacteria. A lysozyme basis is another method for creating
an axenic culture. Incubating cultures have previously created axenic cyanobacterial
cultures for up to 90 minutes at the lowest lethal dose (Vu et al., 2018). Additionally,
combining enzymatic therapy with antibiotics can yield promising results. The axenic
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cultures of the genera Chlorella and Monoraphidium were obtained using a lysozyme
(20 g/mL) and antibiotic cocktail (cefotaxime 500 g/mL and tetracycline 50 g/mL)
(Tale et al., 2014).
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Chapter 3 ®
Classification of Microalgae and Factors oo
Responsible for Growth

A few strains have been commercially used so far for the creation of fine chemicals,
nutraceuticals, food additives, and aquaculture feed. The classification of algae has
eluded applied phycologists. In this chapter, we aim to throw a light on classifying
microalgae in a hierarchical, phylogenetically relevant manner, and we attempt to
solve this conundrum in this chapter.

3.1 Classification of Microalgae

On the basis of cellular structure and pigments, morphology algae can be classified
and presented in Fig. 3.1 (Wehr, 2007).

3.1.1 Chlorophyta (Green Algae)

In the fossil history, chlorophytes emerged billion years ago and are the deepest
occurring; erect alga was attached to bedrock at 157 meters depth in the Bahamas.
Mostly, chlorophytes are marine, but few can grow on snow, soils in the symbi-
otic association with protozoans and varying in size from microscopic to large up
to several meters (Hollar, 2011). Due to the majority of chlorophyll, most chloro-
phytes are seen in green color; some may look yellow-green or blackish green owing
to the presence of carotenoids or elevated chlorophyll concentration. Furthermore,
the cell wall of chlorophytes composed of cellulose, polysaccharides, and proteins
accumulates starch as food reservoirs inside plastids (Garcia-Pichel & Belnap, 2021).
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Fig. 3.1 General classification of algae

3.1.2 Cyanophyta (Blue-Green Algae)

Photosynthetic blue-green algae are known as cyanobacteria and classified as bacteria
due to lack of membrane-bound nucleus. They tend to elevate the oxygen level in the
atmosphere (Seckbach, 2007) and can change their appearance. Various cyanophytes
are found in soil and fresh water, and some occur in symbiotic association with
protozoa, fungi, and diatoms (Barsanti and Gualtieri, 2022). Phycobilins pigment
is produced by blue-green algae and bound to the granules of protein which are
connected with the photosynthetic membrane. In addition, they fix the nitrogen and
grow with water, sunlight, and nutrients; some freshwater cyanophytes kill the aquatic
organism through toxins.

3.1.3 Chrysophyta (Golden Algae)

They are defined as unicellular and photosynthetic organisms containing pigments,
including chlorophyll a, ¢, and fucoxanthin, found in marine and freshwater. Morpho-
logically, brown and golden algae are similar, and both store food in the form of
polysaccharide laminarin. In addition, the toxin produced by them is responsible for
harming livestock.
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3.1.4 Bacillariophyta (Diatoms)

Unicellular organism diatoms are majorly planktonic, while few of them develop on
other algae. Controlled secretions assist the movement of diatoms by physical and
chemical stimuli (Seckbach, 2007). Furthermore, unique shells enclose the proto-
plasm of diatoms, are made of polymerized silica, and serve as cell walls of diatoms
(Hollar, 2011). Bacillariophytes contain pigment chlorophyll a, ¢, and fucoxanthin
and store lipids triacylglycerol (TAG) and a $-1,3 linked carbohydrate termed chryso-
laminarin. The mode of reproduction in diatoms is asexual, and they do not have
flagella, excluding male gametes.

3.2 Factors Responsible for Microalgal Growth

Numerous factors like light, temperature, pH, and nutrients influence the overall
yield of the microalgae biomass and co-products.

3.2.1 Light

Light intensity is the main factor for microalgal growth; the duration and intensity are
critically responsible for influencing the biochemical composition and biomass rate.
The higher and the lower light intensity are not beneficial for microalgae production.
When the CO, uptake rate is similar to microalgae’s respiratory CO, release rate, the
net biomass growth will be zero. Light is essential for synthesizing ATP and NADPH,
which initiate the dark reactions in photosynthesis and produce carbon skeletons (Gao
et al., 2022). Some studies demonstrate that a 16 h light and 8 h dark photoperiod is
highly appropriate for microalgae growth. Chlorella Vulgaris reported high biomass
production at a light intensity of 5000-7000 Ix (Khan et al., 2022). Furthermore,
some microalgae undergo the photoinhibition process due to non-uniform and proper
light penetration, which hampers the growth of microalgae. Hence, researchers focus
on LED lights or fluorescent tubes to overcome this bottleneck. Photoinhibition
can be avoided by providing a high light intensity and continuous shaking of the
culture. The optimal light intensity required for higher biomass production lies in
200-400 pM photons/m?/s (Xiaogang et al., 2020). Longer photoperiods resulted
in greater growth of microalga with higher cell densities, according to research on
the impact of photoperiod on the growth of Dunaliella salina CCAP 19/30 (Xu
et al., 2016). In a study, Chlorella vulgaris’s light was controlled at 3960, 7920,
and 11,920 lux without regard to pH. The light/dark cycle lasted for 12 hours. It
was discovered that cells grew at their fastest under 3960 lux (Gong et al., 2014).
Dunaliella salina CCAP 19/30 have the ability to alter their photosystems in order to
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maximize photosynthesis. Cells showed phototoxicity when the light intensity was
raised to approx 74,000 lux (Xu et al., 2016).

3.2.2 pH and Salinity

Another major factor for boosting biomass production is maintaining the pH of the
culture medium (Qiu et al., 2017). Generally, a pH range from 6 to 8.7 is suitable
for promoting various microalgae growth, although the pH range varies from species
to species. The study showed that Chlorella Vulgaris could tolerate a wide range of
temperatures, as maximum biomass was observed at pH 9-10 (Mehta et al., 2018).
Elevated pH will increase the salinity of the medium, which turns out to be harmful
to microalgae. With high pH, ions of carbonates and bicarbonate are accessible to the
plants in water. The pH of microalgal cytoplasm is neutral or slightly alkaline and
enzymes are pH-sensitive, and the pH can have a direct impact on the microalgae
(Chowdury et al., 2020). Researchers examined Scenedesmus sp growth in a pH
range from 7 to 10 and found that the ideal pH for this species was 8 (Triphati et al.,
2015). Scenedesmus sp. LX1. growth by adjusting the pH from 5 to 11 and finding
that there was no discernible change in the cultures’ growth for pH values of 7, 9,
and 11. The microalgae’s ability to develop, though, was significantly constrained at
pH 5 (Wuetal., 2016).

3.2.3 Temperature

Temperature affects the biochemical components in the microalgae system. The
temperature may vary from species to species and culture medium. Elevating the
temperature to the optimum range may boost the biomass like temperature below
16 °C retard the algal growth, or more than 36 °C can halt the activity (Zhao et al.,
2020). However, some exceptions were observed in the literature as Anacystis nidu-
lans and Chaetoceros thermophilic microalgae can resist the temperature till 40 °C.
In general, most microalgae require a temperature between 20 m and 30 °C (Afzaal
etal.,2022). Maintaining a lower temperature disturbs the photosynthesis mechanism
by compromising the carbon accumulation activity; on the other hand, the elevated
temperature is responsible for deactivating the photosynthesis process; hence, cell
shrinks, and eventually, the growth rate declines (Bhattacharya, 2022). This signifi-
cant impact on photosynthesis is owing to the slump of the enzyme activity ribulose-
1-5 biphosphate; it acts as oxygenase or carboxylase. Their action depends on the
amount of oxygen and CO, available in the chloroplast.
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3.2.4 Nutrients

Nitrogen, phosphorus, and carbon are essential nutrients for microalgae growth; those
concentrations may vary in species of algae. Microalgae utilize nitrates and phos-
phates in the inorganic form, and augmented quantity of nitrogen supports microalgae
growth. Urea is a cost-effective substitute source for additional inorganic nitrogen
sources. Carbon such as glycerol and sucrose is also provided to the medium to
boost growth. Some trace elements such as Mn, Fe, Zn, Mo, K, and Co also influ-
ence the biomass production in microalgae. The literature stated that limiting the
nitrogen source affected the biomass as growth was retarded but responsible for the
upsurge production of lipids. The availability of nutrients is highly responsible for
carbohydrate and lipid synthesis. Moreover, few bacteria are capable of increasing
the microalgae productivities. Bacteria degrade the complex nutrients into a more
straightforward form that can be readily available for growth, including ammonia.
According to study when the nitrogen concentration rose between 0 and 8.8 mmol
L~!, the growth rates of the microalgae Pseudochlorococcum sp. suddenly surged to
about 5-8 gm? d1 and subsequently leveled out (Ji et al., 2014).
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Traditional Cultivation System oo

4.1 Modes of Microalgae Cultivation

Three major modes of cultivation are discussed in the following section: photoau-
totrophic, heterotrophic, and mixotrophic (Fig. 4.2). Methods for cultivation of
microalgae highly influence the biomass and lipid production.

4.1.1 Photoautotrophic

Autotrophic or photoautotrophic is a commonly used energy-saving mode of culti-
vation, and the process involves the reduction of carbon dioxide to carbohydrate.
The metabolic pathway employs the light and inorganic carbon as the energy source
which uplifts the microalgae growth (Javed et al., 2019). In autotrophic cultivation,
the cells cause the broth turbidity which decreases light penetration or photolimita-
tion inside the culture medium; hence, this drawback results difficulty in attaining
the high biomass and lipid production. In autotrophic condition, the lipid content
in microalgae lies in the range of 5-68%. Phototrophic cultivation is the most cost-
effective method of growing microalgae. The phototrophic culture can be done in both
Open ponds and closed bioreactors (Borowitzka et al., 1997). Open pond systems
are more advantageous since they are less expensive than photobioreactors, but they
can only grow a limited number of microalgae species. Table 4.1 summarizes the
microalgae cultivation in different modes.

4.1.2 Photoautotrophic Open Cultivation System

The first Open pond cultivation was done in the 1950s. The majority of the Open
ponds are of the raceway type, as recommended by Oswald in 1969. The rectangular
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Table 4.1 Major aspects for microalgae cultivation in different modes (Daneshvar et al., 2021;
Zhan et al., 2017)

Different aspects Photoautotrophic Heterotrophic Mixotrophic

Energy Light No light Light

Carbon source Inorganic Organic Organic and inorganic
Biomass production | Low Medium High

CO, Negative emission Positive emission Neutral CO; produced
Emission sink and consumed
Metabolism No switch between Simultaneously Switch between sources
inconsistency sources utilization

Use of renewable Yes Not in principle Partially

source

Limiting factor for | Light Oxygen Light and oxygen
growth

Contamination risk | Low High Medium

Harvesting High, due to diluted | Low due to dense Low, as high biomass
difficulty cultures biomass concentration | concentration

channel with the flow from one end to the other is the most frequent design of raceway
ponds. The depth and diameter/width of the raceway pond are crucial parameters to
consider. Increased pond width may result in a drop in current speed, resulting in
less mass movement and mixing. The amount of culture volume employed and light
penetration determine the depth and length of the culture. Open culture methods
have been shown to be a cost-effective and long-term cultivation method. These
need less energy, are simple to maintain and clean, and hence have the potential
to deliver a high net energy production (Chisti, 2007). Open pond systems, on the
other hand, have several drawbacks, including water loss, inadequate light use, and a
huge necessary space. In addition, there is a limited type of algae production, impure
culture development, insufficient mixing, and low algal productivity. The technology
is limited to biomass productivity (Javed et al., 2019).

4.1.2.1 Types of Open Pond System

Due to their operational viability and straightforward construction, Open pond are
relevant in large-scale microalgal culture. Applications determine how Open pond are
configured, including their sizes, forms, and types. Raceway, circular-central pivoted,
and unstirred ponds are just a few of the structural frameworks that make up Open
pond (Klinthong et al., 2015). Unstirred ponds are commercially viable and utilized
for fewer types of microalgae, such as Dunaliella salina. Unstirred industrial ponds
are built in shallow natural water ponds with a depth of less than 1.5 m. The earliest
large-scale microalgal cultivation systems are circular-centrally pivoted ponds with
revolving agitators, which completely rely on ponds used for wastewater treatment
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(Costa et al., 2019). The system architecture of these ponds, which has a maximum
restriction of 10,000 m?, prevents spinning arms from mixing water uniformly in huge
ponds. By instantly dissolving the ingredient pouring into the water tank and creating
auniform concentration in the tank, circular tanks come close to perfect mixing. The
raceway system, which has a closed loop and oval recirculation channels (0.2-0.5 m
deep) with paddlewheel stirrers, is the most often used synthetic system for outdoor
industrial microalgal production and wastewater treatment (Brennan & Owende,
2010). The stirrer makes sure that the culture is completely homogenized to support
microalgal cultivation. The raceway method was first used to mass cultivate several
microalgal strains for the commercial production of Spirulina. Due to its low power
requirements and ease of maintenance, the raceway system is the most economically
viable method for large-scale microalgal production (Masojidek et al., 2011).

4.1.2.2 Factors Affecting an Open System Effectiveness
Open Pond Configuration

Numerous studies have emphasized on reducing the limitations of Open pond system.
The biomass output and nutrient uptake efficiency of Open pond system are directly
influenced by their structural design (Acién etal., 2013). To allow for light penetration
in the liquid media for microalgal growth, Open pond system has modest pond depths
ranging from few millimeters to two centimeters (thin-layer ponds) and 15-30 cm
(raceways). In the pilot-scale setup, the specified power consumption was reduced
from 6 to 4 W g~ (Apel et al., 2015). When compared to the traditional raceway
setup, Scenedesmus sp. grown in a 1-m-deep top-lit open bioreactor system produced
0.06 g dw L' day~! of biomass and a 27% higher amount of lipids (Xiaogang et al.,
2020). A different study on the cultivation of Chlorella pyrenoidosa in an airlift-
driven sloping raceway with 1.55° sloping channels revealed 10.52 g m~2 day~!
areal biomass productivity, which is 37.34% more productive (Huang et al., 2016).

Agitation

Another crucial element for improving mass transfer in open reactors is mixing. It
prevents cell aggregation, sedimentation, and gradients in temperature and nutrients.
For optimum cell growth, mixing increases light penetration all the way down to
the reactor’s lowermost depth. Aeration, pumping, or paddle wheels all encourage
mixing in Open pond (Zhao & Su, 2014). Shear pressures and mixing in a stirring
tank affect the growth and photosynthetic activity (PA) of Chlamydomonas rein-
hardtii, Chlorella vulgaris, and Scenedesmus obliquus. Scenedesmus obliquus and
C. vulgaris, respectively, displayed 4.8 and 4.0% PA and 71 and 48% greater growth
at 126 cm s~! tip speed (Leupold et al., 2012). In order to ensure correct mixing
in the conventional raceway ponds used for C. pyrenoidosa culture, a simulation
model called computational fluid dynamics was used. This model revealed 14.53
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g of biomass output per square meter per day (Huang et al., 2015). The culture of
freshwater Chlorella sp. required the installation of wing baffles for optimum mixing,
which led to a 30.11% higher biomass production than the control system (without
wing baffles) (Zhang et al., 2015).

CO, Concentration

In particular, during periods of stronger irradiation, the amount of CO, taken in
from the environment is insufficient to satisfy the carbon requirement for microalgal
growth in Open pond. A carbon source should be added to the culture to help with
the carbon problem. The supply of CO, in Open pond is dependent on a number
of variables, including the ideal pH, mass transfer coefficient, mixing, sparger type,
and gas-liquid contact time (Mendoza et al., 2013). Due to the reduced transmis-
sion of oxygen produced by photosynthetic processes into the ecosystem, dissolved
oxygen builds up in Open pond. Numerous microalgal species may also experience
photosynthetic inhibition as a result of this buildup, which could lead to photooxida-
tion under intense light. High CO, levels boost microalgal photosynthetic efficiency
and speed up reproduction. At 5.5-6.0 pH, 40% (v/v) CO,, and 30 °C, Chlorella
sp. showed high growth. However, microalgae development can be hindered by CO,
concentrations greater than 5% (v/v) (Cheah etal., 2015). A 35 cm deep, 110 cm long,
and 35 cm wide raceway pond’s biomass production rose by 29% with the instal-
lation of up-down chute baffles (Cheng et al., 2016). In an enhanced aeration and
stirring system, Chlorella sp. demonstrated 58, 27, 20, and 16% CO, bioconversion
efficiency at 2, 5, 10, and 15% (v/v) CO; (Zhao & Su, 2014).

pH

An important aspect of determining biomass productivity in Open pond is the impact
of pH on microalgal culture. Different media have pH values that range from 6 to
8.76, which is the range that most microalgal species prefer. Maintaining optimal
growth is possible at an intracellular pH of 7.5 (Suparmaniam et al., 2019). Variations
in biological mechanisms cause cell cultures to fail at high pH levels. By including
alkaline chemicals in the microalgae, the aeration system should be constructed with
pH control (Mata et al., 2010).

Light Intensity

An idealized Open pond design should be able to absorb light that is essential for
microalgal culture and ensure that the microalgal cells consistently receive light for
effective biomass synthesis. The amount of light available in Open pond is likewise
influenced by pond depth and cell density (Razzak et al., 2013). High light levels
may result in photoinhibition and reduce the growth of microalgae, and 10-30 mmol
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m? s~! of light are optimal for the growth of microalgae (Zeng et al., 2011). By
increasing the light intensity up to 400 mmol m? s~!, the rate of photosynthetic
metabolic activities in microalgal cells was accelerated.

Scenedesmus and Chlorella sp. showed high metabolic rate and biomass produc-
tivity at 200 mmol m? s~!' (Fernandes et al., 2014). High light output makes it
possible for light to penetrate very viscous cultures and boost photosynthesis. Less
light absorption by the light-harvesting complexes in dense cultures reduces photoin-
hibition and guards against cell damage. Another study on Neochloris oleabundans
revealed that a sequential adjustment in light intensity led to a doubling in biomass
production (Pires et al., 2012).

The use of light guides in high-rate ponds led to a 3.9-fold improvement in overall
output. High light distribution, increased photon conversion efficiency, decreased
dark zones, and reduced respiration losses were the primary outcomes after placing
light guides in Open ponds (Sivakaminathan et al., 2020).

Temperature

Another significant element influencing microalgal proliferation in Open pond is
temperature. Temperatures between 25 and 35 °C are ideal for growing microalgae;
anything higher may result in cell damage (Chisti et al., 2013). Marine microalgal
species have decreased growth above 28 °C and are more vulnerable to injury at
high temperatures. In Open ponds, the temperature is not controlled and depends
on evaporation, the amount of sunlight, and the ambient air quality. Depending on
the location of the reactor and the time of year, culture temperatures may change.
Low temperatures can reduce the rate of photosynthesis because they are unfavor-
able for the activity of the enzyme ribulose bisphosphate carboxylase oxygenase
(RuBisCO). In contrast, high temperatures reduce CO, solubility and metabolic rate
(Rahaman et al., 2011). RuBisCo enzyme binds to O, and induces photorespiration
at low CO; solubility, which lowers the rate of carbon bioconversion by 20-30%.
Regulation of temperature variations and the choice of species that are highly tolerant
of temperature changes are so crucial (Slegers et al., 2011).

4.1.3 Photoautotrophic Closed Cultivation System

Photobioreactors are generally closed systems used to grow phototrophic microalgae
in which energy is supplied by an artificial light source (Andersen & Kawachi, 2005).
They provide uniform dispersion and efficient light use, leading to high gas mass
transfer (like CO, and O,). Closed systems typically consist of four phases: solid,
liquid, gas, and light (Molina et al., 2001). Microalgae are in the solid phase, growth
media are in the liquid phase, CO, and O, are in the gaseous phase, and light are in
the visible phase.
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Tubular, flat plate, and column photobioreactors are examples of closed systems
(Andersen et al., 2005; Sierra et al., 2008; Slegers et al., 2011). A closed system with
a high transparent surface and a low number of lit parts would be optimal. Closed
systems are thought to be the most effective for cultivating a specific species in a
controlled environment. As closed systems, flat-plate reactors were used. They have a
large surface area and microalgae cell densities of more than 80 g/L (Hu et al., 1998).
They are made of a transparent material with a high solar energy capture rate, and
they have higher photosynthesis efficiency than tubular bioreactors. It is difficult to
scale up a tubular reactor. The only way to make a large tubular reactor is to combine
smaller units together, which creates operational and maintenance issues. However,
major tubular reactors are in use around the world, including a 25 m? reactor at Mera
Pharmaceuticals in Hawaii and a 700 m? reactor at Kl6tze in Germany (Olaizola,
2000; Pulz et al., 2001). Column bioreactors were presented as a solution to these
issues. These offer a high volumetric mass transfer, adjustable growing conditions,
a small footprint, and are simple to use.

4.1.4 Membrane Photobioreactor

CO,; delivery has a significant impact on the biomass productivity of microalgae
cultivation systems. In most cases, CO, is delivered by simple air bubbling (Fig. 4.1).
Inadequate mixing results in poor mass transfer and efficiency (Chnag et al., 2016).
This issue can be solved by adopting membrane-assisted bioreactors, which have
a higher CO, mass transfer rate than conventional bioreactors. This technique is
carried out in two steps:

COZervichgas

Fig. 4.1 Microalgae cultivation and wastewater treatment in membrane photobioreactor
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(1) A membrane is used to continually remove water while biomass is kept on the
membrane.

(2) A membrane is utilized to deliver CO; either as contacted or sparger throughout
cultivation.

Many membrane systems have been investigated for microalgae cultivation over
time (Kumar et al., 2010).

Hollow fiber membrane photobioreactors are adopted for microalgae cultivation
due to their increased interfacial area and high algal biomass for biofuel conver-
sion from wastewater with high nutrient strength. Chlorella vulgaris had the highest
biomass productivity of 4 g/m?/h (Kumar et al., 2010). According to the findings,
combining wastewater treatment, CO, sequestration, and biofuel generation is a
potential path for microalgae development. Different photobioreactors and their
biomass productivity are compared.

4.1.4.1 Factors Affecting the Efficiency of Photobioreactor
Reactor Configuration

The photobioreactor arrangement plays a significant role in determining the potential
for pollution removal and biomass productivity of microalgal species.

There are some reactor types and designs that are better than others, such as
the bubble column reactor, which has good mass transfer and a high surface area
to volume ratio; the horizontal tube, which has good CO, utilization, temperature
control, and mass transfer; the stirred tank reactors, which have adequate mixing and
lighting; and the flat panel, which has good illumination surface area and biomass
productivity (Chew et al., 2018). For high biomass yield in photobioreactor, tubes
with a diameter of 0.1 m are typically used. For the cultivation of the Chlorella
strain, a study reported improvements to the photobioreactor design (an arrayed
cylindrical photobioreactor) and 1.5 g L~! biomass productivity (Huang et al., 2019).
The biomass productivity of Chlorella sp. was boosted (56%, 0.340 g L' day~!)
in a different investigation on the retrofitting of open-tank photobioreactor with
transparent rectangular acrylic chambers (Hsieh et al., 2009a, 2009b). Other vari-
ations, including luminescence photobioreactor, baffled integrated photobioreactor,
and floating horizontal photobioreactor, have been reported in the literature and are
discussed in the subsections with their associated impacts. These changes improve
the way light is used, how nutrients are stirred up, and how temperature is managed
during microalgal growth. A significant factor influencing biomass productivity is
the agitation system, which can be divided into mechanical and non-mechanical
types (raceway ponds and stirred tanks in Open pond and bubble column, tubular
Photobioreactor, and airlift in Photobioreactor). The operational stability of photo-
bioreactor also relies on the prevention of foreign invasive microalgal species (Kumar
etal., 2011). One of the most important features is the cleanability of Photobioreactor
since it
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(1) prevents the growth of biofilm on the reactor walls, which obstructs light
transmission,
(2) lowers the danger of contamination.

Implementing the following principles will boost the cleanability of a Photobiore-
actor: (1) smooth internal surface; (2) fewer bends and internals; and (3) enormous
dimensions (internal) of a Photobioreactor for simple cleaning (Xiaogang et al.,
2020).

Light Intensity

Photobioreactor effectiveness is impacted by a variety of lighting parameters,
including light absorbance, transport, distribution, and use by photosynthetic
microalgae (Greenwell et al., 2010). The three categories of light saturation, light
limitation, and light inhibition should not apply to the cellular growth of phototrophic
microbes. With an increase in light intensity to 420 mmol m? s=', S. obliquus CNW-
N produced biomass three times as much (Ho et al., 2012). Nannochloris atomus
grown in a floating horizontal Photobioreactor at 31.3 k lux light intensity displayed
4.0 g L' of biomass concentration and 12.9 ¢ m~2 day~! biomass productivity
(Dogaris et al., 2015). By adding hollow light guides to a flat-plate Photobiore-
actor, the normal light intensity (70 mol m? s~!) was boosted to 6.5 times, allowing
researchers to examine the impact of light intensity. The findings revealed that C.
vulgaris FACHB-31’s biomass productivity has increased by 23.42% (Sun et al.,
2016). The ability to adjust to changes in light intensity exists in microalgal cells.
They make a sufficient amount of photosynthetic reaction center antenna complex
during light changes, which also protects the cells from photodamage under high
light intensity.

CO; Concentration and pH

CO; concentration and pH also have a significant role in microalgal growth, in
addition to agitation and light intensity. CO, has the following effects on Gloeothece
membranacea growth investigated in a photobioreactor for luminescence. According
to the findings, 36.6% of lipid productivity was seen with a 15% CO, supply (Mohsen-
pour et al., 2016). When coupled phosphate and bicarbonate buffers were installed to
manage the pH and CO, concentration in bubble column Photobioreactor as part of
an economic investigation of Haematococcus pluvialis culture at an industrial scale,
a 105% improvement in biomass productivity was noted (Choi et al., 2017). The pH
value, which has an ideal range of 7-9, is another significant factor regulating the
growth of microalgae.

Some species, however, can thrive in pH ranges that are either acidic or basic. In
order to develop the community of microalgal cells in a culture medium, pH is impor-
tant. The physiochemical characteristics of microalgal cells, such as their metabolic
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makeup, polarity, and electron transport system, may vary as the pH level fluctu-
ates. Scenedesmus obtusiusculus AT-UAM demonstrated 85 mg L' day~! biomass
productivity with 60% fat content when grown in nitrogen deficiency conditions at
a regulated pH of 5.5. Dunaliella salina was mass-cultivated at pH 9 and produced
17.85 mg L per day of biomass (Khadim et al., 2018).

Temperature

In microalgal development, temperature determines the photosynthetic rate and is
crucial for CO, fixation. During microalgal cultivation, it controls the activity of
enzymes, cell division, and the rate of nutrient absorption. It has been suggested that
temperatures between 15 and 30 °C are ideal for microalgal growth. Although some
species can thrive in both high and low temperatures (35 °C and 15 °C, respectively),
below and above these ranges, microalgal cells either die or grow slowly (Xu et al.,
2019). In order to reduce the amount of micropollutants in the wastewater and boost
biomass production, Acutodesmus obliquus was grown at 30 °C in it (Reymann
et al., 2020). The temperature range of 25-30 °C has been substantiated by lipid
synthesis from microalgal biomass. The finest Chaetoceros sp. FIKUO035 cultivar for
making biodiesel was thought to be cultivated at 30 °C (Chaisutyakorn et al., 2018).
Depending on the type of species, different species respond to temperature changes
differently, but for all species, the impact on the fatty acid profile is consistent. Along
with the effectiveness of CO, sequestration and biomass productivity, the unsaturated
fatty acids decrease as the temperature drops (Xu et al., 2019).

4.1.5 Photoautotrophic Hybrid Cultivation System

Microalgae growth in photobioreactors and Open ponds are combined in hybrid
farming. Photobioreactors are employed in the initial step, with regulated conditions
to reduce the risk of contamination and promote cell division (Rodolfi et al., 2009).
Cells are exposed to nutrients in the second stage, which aids in increasing lipid
output. The second step should ideally be an Open pond, where environmental factors
aid microalgae production. Using Haematococcus pluvialis, researchers developed
a hybrid system for oil and astaxanthin production, achieving an oil production
rate of 10 tons per hectare (Huntley et al., 2007). They also showed that high oil
content species may produce 76 tons of oil per hectare each year. The concept of
two-stage oil production was proposed, in which one portion of the plant is dedi-
cated to biomass production while nitrogen is abundant and the rest is committed to
oil production when nitrogen is scarce. The first section of the plant generated 10
kilogram of lipid/ha/day, and the second section produced 80 kg of lipid/ha/day, for
a total production rate of 90 kg of lipid/ha/day. Where average solar radiation is 20
MJ/M?/day, tropical areas of the planet can produce nearly 30 tons of oil each year
(Javed et al., 2019).
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4.2 Heterotrophic Mode

The metabolic pathway in heterotrophic mode of cultivation involves the utilization
of organic compounds as carbon and energy source in absence of light. Various
carbon sources in the form of sugar or glucose are most preferred in this type of
cultivation, though few cost-effective alternative sources like corn power hydrolysate
and glycerol can be used. Heterotrophic cultivation is devoid of photolimitation;
therefore, boosted biomass and lipid productivities can be achieved.

The shortcomings associated with heterotrophic mode involve: (i) Absence of
light results in less production of metabolities and phytochemicals, (ii) expensive
process as the large amount of organic carbon is required, and (iii) the process may
reduce the quality of the product, due to contamination by microorganism as they
are fast growers (De et al., 2003).

4.3 Mixotrophic Mode

This mode of cultivation utilizes both inorganic and organic source of carbon and
results in augmented biomass and lipid production. In mixotrophic process, the
specific growth rate of microalgae is the sum of both modes of cultivation, i.e.,
photoautotrophic and heterotrophic (Zhang et al., 1999).

The mixotrophic mode offers the longer exponential phase which results in higher
biomass production. In addition, this process reduces the loss of biomass caused from
respiration during dark hours. Pigments such as -carotene, astaxanthin, phycobilins,
fucoxanthin, and zeaxanthin are conserved during mixotrophic mode (Andrade &
Costa, 2007). The limitations associated with mixotrophic cultivation include (i) the
requirement of organic and inorganic carbon source, sometimes the process become
expensive, and (ii) high chance of contamination (Javed et al., 2019). Table 4.1
summarizes microalgae cultivation in different modes (Fig. 4.2; Table 4.2).

4.4 Microalgae Cultivation Strategies

The chosen culture strategy determines the success of the production of microalgae-
derived biofuels. The three basic categories of culture techniques are batch culture,
semi-continuous culture, and continuous culture (Zhu et al., 2015). All of the tech-
niques employed in microalgal cultivation have advantages and disadvantages in
terms of lipid productivity and economic viability, which are discussed in the
following sections.
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Table 4.2 Summary of microalgae cultivation studies in different modes for biomass production

Microalgae Mode of Source Biomass References
cultivation production (g/L)
Chlorella protothecoides | Heterotrophic Fructose | 3.90 (Gao et al.,
2010)
Heterotrophic Glucose |3.74 Xu et al.,
2006)
Heterotrophic Sucrose | 1.20 (Gao et al.,
2010)
Chlorella sorokiniana Mixotrophic Acetate | 1.10 (Ogbonna
et al., 2000)
Heterotrophic Acetate | 0.11 (Wan et al.,
2011)
Mixotrophic Glucose | 1.32
Heterotrophic Glucose | 0.09 (Choix et al.,
2014)
Chlorella vulgaris Mixotrophic Glucose | 1.175
Mixotrophic Sucrose | 0.525
Mixotrophic Xylose | 0.307 (Kong et al.,
Mixotrophic Glycerol | 0.354 2020)
Photoautotrophic | CO» 0.367
Heterotrophic Glucose | 0.956
Heterotrophic Sucrose | 0.452
Heterotrophic Acetate | 0.24 (Perez-Garcia
etal., 2011)
Heterotrophic Urea 0.10 (Perez-Garcia
et al., 2010)
Mixotrophic Glucose | 1.31 (Nouri et al.,
2021)
Mixotrophic Glucose | 1.7 (Zhang et al.,
2020)
Heterotrophic Glucose | 3.00 (Cai et al.,
2021)
Dunaliella salina Mixotrophic Glucose |0.52 (Wan et al.,
2011)
NannochlorOpen pond is | Photoautotrophic | CO; 0.40 (Wan et al.,
Sp. 2011)
Mixotrophic Glucose |3.022 (Patel et al.,
Chlorella protothecoides | Mixotrophic Acetate | 2.14 2019)
Mixotrophic Glycerol | 0.7
Scenedesmus sp. Mixotrophic Acetate | 0.80 (Park et al.,
2012)

(continued)
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Table 4.2 (continued)

Microalgae Mode of Source Biomass References
cultivation production (g/L)
Scenedesmus obliquus Photoautotrophic | CO, 0.080 (Park et al.,
2012)
Thraustochytrium Heterotrophic Glycerol | 4.04 (Chen et al.,
2020)
Mixotrophic Acetate | 1.81 (Chen, 1996)
Spirulina platensis Mixotrophic Molasses | 2.90 (Andrade &
Costa, 2007)
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Fig. 4.2 Microalgae cultivation modes

4.4.1 Batch Cultivation

In this cultivation, the microalgae are grown for a pre-determined amount of time
under precise environmental conditions in a given volume of nutrient culture. The
biomass of Micractinium inermum NLP-F014 rose everyday under batch cultiva-
tion until day 10, when it reached 5.10 g L=, at which point the growth slightly
slowed down as a result of nutrient consumption (Eldiehy et al., 2022). In this
method, a variety of variables, including nutrient concentrations, pH, temperature,
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and dissolved oxygen, directly affect microalgae growth. Of all the growing tech-
niques, the batch approach is the most straightforward, adaptable, and dependable
(Hsieh et al., 2009a, 2009b). The main drawbacks of this approach, on the other
hand, are the challenges of maintaining strains in the continuous exponential phase,
the rapid nutrient consumption, the restriction to a single cultivation cycle, and the
uneven exposure to irradiance due to the cell self-shading effect, which ultimately
results in decreased biomass yield (Alazaiza et al., 2023). Researchers recommended
alternate methods, including continuous and semi-continuous cultivation, to alleviate
these drawbacks.

4.4.2 Continuous Cultivation

The primary characteristic of this kind is that algal development occurs under steady-
state circumstances, meaning that cell division happens steadily in a controlled envi-
ronment (Tang et al., 2012). Additionally, the researcher has complete autonomy
over all process parameters.

The continuous culture approach initially resembles batch cultivation in that both
are given the nutrients needed at the start of cultivation. However, in continuous culti-
vation, new media are eventually introduced to maintain the algae in a log phase,
allowing cells to expand at an unpredictable rate. As a result, the biomass of algae
increases dramatically (Suparmaniam et al., 2019). By employing 10.0%, 5.0%,
7.50%, and 7.50% of landfill leachate, respectively, as a food source during contin-
uous cultivation, the highest amounts of carbohydrates, lipids, proteins, and biomass
were obtained from Chlorella minutissima 26a (Eldiehy et al., 2022).

The key benefits of this method include higher levels of automation, large biomass
densities, and easy management of nutrients and physical elements to deliver a steady
supply of high-quality cells. Apart from that, this method has some limitations that
prevent its application, such as complexity, difficulties in maintenance, and high
equipment costs (Zhu et al., 2015).

4.4.3 Semi-continuous Cultivation

By using the remaining algal cultures as the starting inoculum for a new batch and
supplementing them with all the nutrients needed to establish the new culture, this
method routinely discards some mature algal culture (Zhu et al., 2015). In addition to
helping strains stay in the exponential phase for a longer amount of time than batch
culture, this method can create a large number of subsequent cycles. The overall
amount of biomass produced rises as a result of this. The piggery wastewater was
used as a culture medium, and microalgal consortium was cultivated for 112 days (six
cycles of 13 days each) in semi-continuous culture mode led to the highest levels of
cellular biomass, carbohydrates, lipids, and proteins of 4.98 x 106 cell/mL, 157.80,



38 4 Traditional Cultivation System

189.78, and 610.28 mg L~!, respectively (Fernandez-Linares et al., 2020). However,
in other instances, it is impossible to carry on the cultivations because of the rising
levels of contaminants, competitors, and metabolic waste.

Monoraphidium dybowskii Y2 and Chlorella sp. L1 were grown in a 40,000 L
open raceway pond using batch and semi-continuous cultivation methods (He et al.,
2016). The results showed that M. dybowskii and Chlorella sp. had the maximum
biomass productivity in the semi-continuous mode, at 18.23 and 19.35 gm 2 d~!,
respectively, as opposed t0 9.94 and 17.03 g m 2 d~! in the batch mode. Additionally,
in M. dybowskii and Chlorella sp., the expenses for lipid production in the semi-
continuous mode were 13.31 $ gal and 14.18 $ gal, respectively, as opposed to
21.0 $ gal and 16.54 $ gal in the batch method. In comparison with batch culture,
semi-continuous and continuous cultivation often yields a faster growth rate with
less wastewater formation (water is used longer) (Ruiz-Marin et al., 2010). The high
energy need and unsure stability for long-term operating performances are just two of
the problems with these techniques that need to be fixed. Therefore, for commercial
microalgae applications, the development of enhanced growing methodologies is
required (Zhu et al., 2015).
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Chapter 5
Different Wastewater as Growth Medium oo

5.1 Diversity of Microalgae in Wastewater

Microalgae are considered as potential source to treat the wastewater and utilize
the harvested biomass to produce biofuels (Hussain et al., 2021). The history of
the feasible practice of microalgae like Chlorella sp., Dunaliella to treat wastewater
and achieve biomass spans around 75 years (Bhatia et al., 2021). The researchers
in several nations like Germany, Mexico, and USA are more oriented toward cost-
effective microalgae cultivation and biodiesel production. Several advantages are
associated with the cultivation of microalgae in wastewater as

(i) alternative cost-effective cultivating medium;
(ii) rich in nitrogen, carbon, phosphorous;
(iii)) production of low-cost biomass for biodiesel production.

5.1.1 Municipal Wastewater

Currently, biological wastewater treatment is majorly focused on MWW such as
primary and secondary settlings (Wang et al., 2017a). Studies have shown that various
microalgae can successfully remove N and P from the municipal wastewater. MWW
is highly composed of nutrients, mostly, nitrogen and phosphorous. The biomass
production of 0.73 g/L. was observed in microalgae Chlorella when cultivated in
municipal wastewater (He et al., 2021). In addition, secondary treated wastewater
is also used as a cultivation medium for various microalgae. Chlorosarciopsis sp.
produced 3.14 g/L biomass on primary treated sewage wastewater. Tables 5.1 and
5.2 summarize the composition of various wastewater and impact on biomass and
lipid enhancement.
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Table 5.1 Typical characteristics of different wastewater (Sakarika et al., 2020; Aketo et al., 2020;

Bhatia et al., 2021)

Properties MwWwW POME TWW PWW OMWW
pH 840 £041430+£0.21|7.63+5.34|7.82+1.07|5.13 +0.03
Alkalinity (meq L™1) - - - 0.75 £0.10
TS (g/L) - - 5.86 +£8.24 | - 112+ 1
VS (mg/L) - - 029+0.34/022+0.23823+6.8
BOD (g/L) 0.01 £0.01 |0.35+0.07 | - 0.18 £0.20 |-

COD (g/L) 0.05+0.03 | 1.74 £ 0.54 | 0.61 £ 0.54 | 0.39 £ 0.30 | 169 £ 9
TN (g/L) 148 +5.6 |- 257 +35.6|19.6 £22.2|735+ 10
TP (g/L) 232+£3.19 |- - - 51341
TC (g/L) - - - - 375+ 1.7
Soluble phosphorous (g/L) |- - 2.04+279 |- 309+ 4
Soluble carbohydrate (g/L) | — - - - 26.0+0.3
TSS (g/L) - 19.6 £5.59 1 0.09 £ 0.09 | - 40.6 £ 0.6
Zn (mg/L) - - 1.524+1.99 |- -

Mn (mg/L) - - 0.03+0.02 | - -

Cd (mg/L) - - 0.03+£0.03 |- -

Cu (mg/L) - - 0.05+0.07 | - -

Pb (mg/L) - - 0.09 £0.01 |- -

Ni (mg/L) - - 0.03 +£0.01 |- -

As (mg/L) - - <0.001 - -

Fe (mg/L) - - 0.14 £0.04 | - -

5.1.2 Agricultural Wastewater

Agricultural wastewater composed of high nutrient value as they are high in N and
P (Picos-Corrales et al., 2020). The richness of nutrients makes the suitable for
microalgae cultivation and attains high biomass productivity (Mat Aron et al., 2021).
Some literature conferred that high presence of nutrient might impede the microalgae
growth as well as high turbidity present in medium can cause the photolimitation and
hence reduce the microalgae growth (Mat Aron et al., 2021). Agriculture wastewater
is comprised of dairy, piggery, domestic, etc. To overcome this drawback, the wastew-
ater should be diluted prior to the usage. Khalid et al. (2018) reported on various
dilution of agriculture wastewater reported the maximum biomass production.
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5.1.3 Industrial Wastewater

Most studies of microalgae cultivation in industrial wastewater are focused on the
removal of heavy metal rather than N and P removal (Al-Saydeh et al., 2017). The
industrial wastewater mainly comprises of metals like Zn, Mn, Cd, Co, etc. (P16hn
etal.,2021). Industrial wastewater involves palm oil mill effluents, textile wastewater,
petroleum wastewater, and olive mill wastewater.

5.1.3.1 Palm Oil Effluent

Malaysia is among largest palm oil manufacturers in the world and generates tons
of POME (Zulqgarnain et al., 2020). The effluent is discharged into water bodies
causing, environmental pollution (Emparan et al., 2020). These effluents are high
concentration BOD, COD, N, and P. Cultivation of microalgae in POME proposes
an alternative aspects to treat tertiary wastewater and utilizes the nutrients for biomass
and lipid production (Ding et al., 2020). Chlamydomonas incerta was studied for the
highest COD removal of 67% (Kamyab et al., 2015).

5.1.3.2 Textile Wastewater

The organic and inorganic streams of TWW can be acidic or alkaline, depending
on the source and composition (El-Kassas & Mohamed, 2014). The microalgae
treat the wastewater by degrading the dyes and consume them as N source to culti-
vate. Some microalgae such as Anabaena flos-aquae, Nostoc elepsosporum, Nostoc
linckia, Anabaena variabilis, and Chlorella vulgaris reported with the dye removal
efficiency of 50-100%. In addition, waste effluents from textile also contain some
toxic ions which can impede the aquatic life (Sakarika et al., 2020).

5.1.3.3 Petroleum Wastewater

The wastewater from petroleum industry majorly includes the byproducts, and
another waste generated may be spillage from the tanks, improper disposal of PWW
(Ashwaniy et al., 2020). The composition present in petroleum byproducts comprises
benzene, ethyl benzene, and toluene (Sakarika et al., 2020). Few microalgae such as
Parachlorella kessleri and Isochrysis sp. are able to degrade the benzene, toluene,
and ethyl toluene (Takacova et al., 2015). Whereas crude oil was proved to be toxic
for microalgae, concentrations of 30-50% resulted in decreased cell density, during
lag phase.
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5.1.3.4 Olive Mill Wastewater

Treatment of OMWW through microalgae is tedious in process as they have major
portion of polyphenolics and phenols which are toxic for microalgae growth (Malvis
et al., 2019). Apart from this, OMWW is high in organic and nutrient content
(Di Caprio et al., 2021). At the initials stages, the OMWW first treated with
membrane filter, to reduce the concentration of polyphenols (Cicci et al., 2013).
As the previous literature discussed, the phenols and polyphenols were removed up
to 70% by microalgae Scenedesmus dimorphus when treated with ultrafilteration
(Cicci et al., 2013). Higher concentration of OMWW was not preferred for cultiva-
tion of microalgae, and 50% concentration was seen to increase biomass productivity
of cells (Sakarika et al., 2020).

5.1.3.5 Distillery Wastewater

DWW treatment using microalgae serves the dual function as the wastewater forms,
distillery unit gets treated and also produces byproducts (Amenorfenyo et al., 2019).
Utilizing raw DWW proved to be toxic for microalgae as they are dark in color, the
high turbidity can cause photolimitation and do not support the growth of the cell
(Chowdhary et al., 2017). There are few studies available in the literature, where
the undiluted DWW was treated by microalgae (Soleymani Robati et al., 2021).
Sugarcane vinasse was used as the cultivating microalgae such as Micractinium sp.
MEQS, Arthrospira maxima, and Desmodesmus sp. and reported the higher biomass
production (Santos et al., 2016). The possible reason could be the high nitrogen, and
carbon content in sugarcane vinasse has supported the microalgal growth (Santana
et al., 2017). Several other DWW involves molasses, anaerobic digested vinasse,
beet vinasse, and anaerobic digested vinasse g L~! NaHCO; (Tasic et al., 2021).
Furthermore, in some studies, the process parameter for microalgae cultivation was
optimized as many factor influences the microalgae growth such as light, photoperiod,
pH, and concentration (De Godoi et al., 2019). In a study, central composite design
was used to optimize parameters including temperature, light intensity, and vinasse
concentration for microalgae growth.

5.2 Advanced Approaches for Elevating Lipid
Accumulation in Microalgae

According to the chosen species, nutrients, environmental factors, and the growth
phase during which lipid is taken, microalgae lipid composition and quantity vary. As
aconventional method for raising the lipid content of microalgae, inducing microalgal
lipid accumulation through manipulation of the nutritional regime and surrounding
environmental variables has been extensively investigated (Eldiehy et al., 2022).



5.2 Advanced Approaches for Elevating Lipid Accumulation in Microalgae 49

The main issues with these methods, however, are their low biomass production
and their constrained ability to scale up because they need more money and energy.
The major drawbacks of traditional methods have recently been effectively solved
by the application of several novel strategies, including combined abiotic stress,
two-stage culture, the use of nanoparticles, genetic engineering, and the addition of
phytohormones.

5.2.1 Combined Abiotic Stress

This approach combines two or more abiotic stimuli in order to harness their syner-
gistic effects and achieve maximal lipid productivity. Numerous recent researches
have shown that combining physical stress with nutritional stress can improve lipid
output in microalgae. Under the combined influence of high light and salinity stress
conditions, the green alga Chromochloris zofingiensis produced the greatest total
fatty acid (423.0 mg g~!), a fourfold increase above the control (Kou et al., 2020).
The highest lipid productivity (82.0 mg L~! day™') in C. vulgaris was obtained
under nitrogen-starve and phosphorus-suffice (N—P+) conditions (Chu et al., 2020),
which was 1.5 and 4.6 times higher than that achieved under nitrogen-deficient and
phosphorus limited (N—P lim.) conditions and sufficient of phosphorus and nitrogen
(N+P+) conditions, respectively.

Dunaliella salina’s lipid content was maximized to reach 48.52% when N-
limited circumstances, high light intensity, and 10.0% CO, were combined in the
growing medium. The key advantage of this strategy is that it increases the lipid
content without decreasing biomass production by allowing one element to offset
the detrimental effects of the other. This method is also simple to apply in the mass
manufacturing of biodiesel (Yuan et al., 2019).

5.2.2 Two-Stage Cultivation

This technique uses two sequential, complementary phases that help achieve the
highest lipid content without impairing biomass output. By creating the ideal envi-
ronment for microalgae growth, this technique allows for the first stage’s maximal
biomass production. The second stage involves the introduction of appropriate stress
techniques that cause lipid buildup. Using triethylamine and glycerol, the effec-
tiveness of a two-stage cultivation approach was used to increase cell biomass and
lipid accumulation in Dunaliella tertiolecta. In this investigation, the first step was
completed by adding 1.0 g L' of glycerol to the culture for 16 days, resulting in
the maximum cell biomass (1.30 g L") (Liang et al., 2019). The examined strain
was grown with 100 ppm triethylamine in the second stage to produce the highest
lipid weight content and lipid concentration of 37.70% (DCW) and 383.60 mg L',
respectively. The novel two-stage culture approach was used to increase the lipid and
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biomass productivity of C. vulgaris (ESP-6) (Hu et al., 2019). Maximum biomass
productivity was achieved in this system by growing ESP-6 in the first stage under
nutrient-sufficient conditions using the cathode chamber of an airlift type microbial
carbon capture cell. The previously acquired biomass was immediately transferred
to the second stage to be cultivated under the nutrient-starvation condition utilizing
an airlift type photobioreactor in order to improve the lipid content of ESP-6. This
method’s primary barrier is its species dependence; there is currently no proof that
it can be used to all types of microalgal strains. A two-stage cultivation method that
increased C. vulgaris’ areal TAG productivity to 80 tons ha~! year~! had a positive
impact on the environment because it reduced the need for fossil fuels and the poten-
tial for global warming by 54.0 and 50.0%, respectively, compared to fossil-derived
diesel (Adesanya et al., 2014).

5.2.3 Utilization of Nanomaterial’s in Nutrient Medium

Nanoparticles are defined as particles with a size between 1 and 100 nm, and they
differ from bigger bulk material particles in several ways. These differences lead to the
shape, distribution, and size features of materials to diversify (Vasistha et al., 2021a,
2021b). In order to encourage lipid accumulation, nanoparticles have been thoroughly
investigated in microalgal cultures. The important microalgal metabolites are either
positively or negatively impacted by the type and concentration of nanoparticles used.
Scenedesmus sp., a green microalga, showed an inhibitory response to TiC and TiO,
nanoparticles, whereas g-C3N4 and SiC demonstrated a positive response to biomass
and lipid accumulation. Utilizing 20.0 mg L~ of iron oxide nanoparticles (IONPs),
Chlorella pyrenoidosa’s lipid content and biomass output increased, reaching 13.77
wt% and 2.16 g L', respectively (De et al., 2021). The highest lipid content was
achieved when the concentration of IONPs was increased to 30 mg L=}, with a
maximum lipid content of 16.89 wt% (biomass concentration of 2.01 g L™'). Despite
the numerous economic benefits, the main drawbacks of employing nanoparticles
are the challenges involved in recycling and reusing them, as well as the hazardous
nature of some nanoparticles (Kumar et al., 2021).

5.2.4 Incorporation of Phytohormones

Small chemical compounds called phytohormones, such as auxins, gibberellins, and
cytokinins, are naturally occurring in plants and control plant cell activity at very low
quantities (Singh et al., 2020). Numerous studies have shown that phytohormones
and their derivatives have growth-stimulating effects on microalgae and enhance
beneficial metabolites such lipids, carbohydrates, and carotenoids. Desmodesmus
sp. JS07’s biomass and lipid content were increased by 1.96 g L= and 34.88%,
respectively, when indole-3-butyric acid (IBA) was added to the culture medium.
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Similarly, when benzylaminopurine (BAP) was utilized, an increase of 1.88 g L™!
and 31.84% in the biomass and lipid content was noted. Additionally, IBA (10.0 mg
L-") and BAP (5.0 mg L~') when combined increased biomass and lipid content
to 2.34,0.03 g L' and 42.43, 1.88%, respectively (Singh et al., 2020). By adding
5.0 ppm of indoleacetic acid to the growing medium, the microalgae lipid content
was increased up to 1.5-fold. In addition, employing a two-phase culture, the syner-
getic effect of combining 2.0 mg L~! of abscisic acid (ABA) and 2.50 mg L™! of
2,4-dichlorophenoxyacetic acid (2,4-D) increased the total lipid content of Phaeo-
dactylum tricornutum up to 4-fold (Zhang et al., 2020a, 2020b). Nevertheless, using
phytohormones to increase the lipid accumulation of microalgae produced excellent
results. But further research is necessary because it is unknown how it works.

5.3 Advanced Approaches for Microalgae Cultivation
in Wastewater

In general, microalgae can efficiently take their primary nutrients for the synthesis of
high-value compounds and/or biodiesel from wastewaters where they grow. However,
the high costs for the separation of algae from a variety of aqueous mediums remain
important impediments to the wastewater treatment use of microalgae (Xu et al.,
2020a, 2020b). Therefore, the development of effective culture methods that are
simple to harvest is urgently needed.

5.3.1 Immobilized Microalgae Culture

As is well knowledge, the process of harvesting microalgae requires a lot of time,
money, and work. Microalgae cell immobilization is thought to be a workable
and efficient way to lighten the load of harvesting. Immobilized culture is a term
used to describe batch cultures of algae cells that are directly imbedded in aligned
polyurethane foam or adsorbed onto pre-made foam, which is different from a stan-
dard liquid suspension culture. The growth doubling time is slower for algal cells
embedded in alginate than for loose cells, and the alginate obstructs the photo-
synthetic process. Microalgae have been cultivated on foam plastics; however, the
yield was only approximately 2.5 gm? per day (Johnson et al., 2010). The bioavail-
ability of oil-rich Botryococcus braunii fixed on calcium alginate gels or agar surface
was studied to be lowered by 21% in comparison with a liquid suspension culture.
Polyurethane is hazardous when used as an embedding agent. While the metabolic
activity and biomass production of algal cells were relatively low, a small number
of polymers were less hazardous (Lopez et al., 2009). Immobilization techniques
can be applied to microalgae culture, with the limitation of light transmission, if the
living cells of algae are to be immobilized. The main benefit of this approach is that
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cells that are immobilized do not experience drastic changes in their physical and
chemical conditions (Cruz et al., 2013). Typically, some algal cells have a predispo-
sition to grow on surfaces by naturally sticking to them. Immobilized microalgae are
currently used for energy absorption, metabolite production, culture harvesting, and
the elimination of worthless materials from culture media.

Immobilized microalgae applications, in particular, have received more attention
in recent years. When several different contaminants need to be treated simultane-
ously, microalgae immobilization technology is expected to demonstrate a number
of benefits. However, the amount of some pollutants eliminated is comparatively low,
and the treatment plant’s retention period is lengthy, which raises a lot of unfore-
seen costs. Microalgae production on a big scale for commercial purposes is still not
justified, and there are still many technological issues that need to be resolved. The
application potential of immobilized microalgae in wastewater treatment facilities
will increase as these issues are fixed (Srinuanpan et al., 2019).

5.3.2 Biofilm-Attached Cultivation of Microalgae

It is crucial to construct a practical and affordable culture reactor given the high
cost of separation and recovery technologies in order to reduce the aforementioned
drawbacks in biomass harvesting. Itis anticipated that removing problematic contam-
inants from wastewater using biofilm attachment systems will result in the growth of
the desired species of microalgae (Hoh et al., 2016). Algae cells create extracellular
polymeric compounds, which can be inoculated onto particular porous surfaces, like
a filter membrane or other cotton material, to form biofilms, as demonstrated by
biofilm-based microalgal production. The contaminants might be let to remain for a
specific period of time by choosing different membrane materials and changing the
reactor’s tilt relative to the biofilm. Through the membrane materials that are soaked
in the culture medium, nutrients and water are supplied to algae cells. Microalgae
culture with a biofilm attached is another photoautotrophic method that falls under
the category of a photobioreactor. However, the liquid media and the algal cells
are mainly separated in biofilm attachment culture, and the predominate microalgal
cells adhere to the surface of a unique substratum substance, generating a biofilm
(Gross et al., 2016). Biofilms, as opposed to suspension-based photobioreactor, do
not have homogenously linked algal biomass and the medium, allowing for more
economically advantageous cultivation and harvesting (Cheng et al., 2013).

The biomass productivity can ultimately reach 50-80 gm? per day when attached
biofilm approach was used to cultivate microalgae (Liu et al., 2013). The biofilm
attachment culture may offer a promising means of overcoming the high cost of
microalgae production due to its high capacity for biomass synthesis. Additionally,
biofilm-attached reactors may be suggested to reduce the light intensity of microalgae
by increasing the culture area per unit of incident light area, which may also enhance
the function of the light-dark cycle in outdoor cultures where sunlight is at its highest
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intensity (Wang et al., 2017a, 2017b, 2017c). We are aware that different wastew-
ater types contain a range of organic materials and nutrients. Microalgae culture
has been extensively researched, and the outcomes for numerous pilot-scale systems
have been published. Active microalgae immobilized in synthetic or natural aggre-
gate objects are the fundamental component of immobilized culture systems used
to extract nutrients or other types of contaminants from wastewater. However, the
development of coated cells and nutritional absorption might be constrained (Wang
et al., 2015). The distinction is that, in order to prevent cell suspension, biofilm
connected microalgal culture is based primarily on the traits of algal cells linked to
particular safe membrane materials.

However, it requires a lot of energy to separate microalgae from their liquid
medium because of their small size, density, and negative charge of the cells. The
traditional microalga growing systems, including Open ponds or closed photo-
bioreactors, call for high liquid movement and labor-intensive harvesting tech-
niques. The cutting-edge biofilm attachment culture systems do have the ability
to remove contaminants from wastewater in an efficient manner (Zhang et al.,
2016). The biofilm-attached culture may effectively remove micropollutants, apply
a cost-effective harvest, and increase the productivity of microalgal biomass.

Although Open ponds or closed reactors were the main focus of much of the
research on algal mass culture, these conventional suspended production systems
have significant drawbacks when compared to biofilm-attached systems. Algal
biofilm-membrane photobioreactors, which have been designed for wastewater treat-
ment applications, have increased volumetric microalgae production and nutri-
ents removal. Additionally, by simply adding pesticides or antibiotics, the biofilm-
attached culture might achieve the reuse of effluent and limit the contamination from
wastewater. In contrast to their culture in Open ponds or closed reactors, this will
lessen the direct harm that contaminants do to algae cells. Algae biofilm connected
photobioreactors still have certain drawbacks, such as the propensity for water loss
through evaporation; as a result, the technology is not yet fully developed. These
algal biofilm culture methods still require work, but they show promise in terms of
production and performance as a future business (Xu et al., 2020a, 2020b).

5.3.3 Anaerobic Baffled Reactor (ABR)

The third-generation high-rate anaerobic reactor known as the anaerobic baffled
reactor, ABR, is very well known for its stable operation without the need for elec-
tricity or pumping (also known as energy positive operation) and its significant advan-
tages of rapid biodegradation, low stable sludge yields, excellent process stability
under shock loads and affordable construction. Alternatively, they are known as
upflow anaerobic sludge blanket reactors (Hahn et al., 2015). Researchers claim that
sludge washout, which eventually impairs ABR treatment effectiveness and results
in poor effluent quality, is the main downside of ABR. Reactor high-flow speed
directly affects sludge washout, whereas low velocity generally solves this issue
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because higher velocity tends to cause more washout (Garuti et al., 2001). Filter
material can be utilized to prevent the washout issue, however, doing so elevate the
likelihood of clogging. The elimination of primary clarifiers, along with the reduc-
tion of separate digestion and the thickening of primary solids sludge, results in
considerable financial and operational savings for wastewater treatment facilities.
The anaerobic baffled reactor generates methane at low temperatures. Because the
ABR does not need to be treated with energy or chemicals. The operating needs
exceed the whole amount of energy potential that was produced.

5.3.4 Hybrid Anaerobic Baffled Reactor (HABR)

Lately, to address the aforementioned issues, a hybrid anaerobic baffled reactor
(HABR) with enhanced design concepts and principles has been presented. It consists
of a front sedimentation chamber, four conventional baffled chambers, followed by
two floated filter media chambers (Metcalf et al., 2003). The acrylic sheet having
outside measurements of 90, 20, and 30 cm for length, breadth, and depth, respec-
tively, was used to build these HABRs. The first chamber, named as settling, was
twice the subsequent chambers. Each chamber was again divided into two portions by
hanging baffles, which separated the chamber in down- and upflow zone (Khalekuz-
zaman et al., 2018). The bottom of the baffle was slanted at 45°, and the down-to-up
flow ratio was 1:4. On the front side of each HABR, in the chamber, which was 20
cm from the base, the sample port was installed. In a study, HAPR-PBR was used
as a sustainable method for producing algal biofuels from wastewater. The HABR
was capable of eliminating > 90% of COD and TSS from wastewater. Scenedesmus
and C. vulgaris co-cultured algae produced biodiesel with 87.9% dominant FAMEs
composition (Khalekuzzaman et al., 2019). HABR offers low operational cost and
low sludge production; in addition, they have the ability to separate acidegonosis
and methogenesis. However, the reactor takes long startup phase and increases solid
loss.

5.3.5 Algal Turf Scrubber

A shallow basin on which an attached algal colony (turf) is growing and through
which water is continuously pumped which makes up an algal turf scrubber (ATS).
In order for algae to develop and create oxygen and remove nutrients from the water,
water is pumped out of the water body and back into the raceway (Adey et al., 2011).
Algae purify wastewater by consuming both organic and inorganic substances and
producing oxygen during photosynthesis. Algal biomass still contains the nutrients
that were extracted from the wastewater, and they can be easily recovered. The
system provides rapid growth, increased nutrient removal effectiveness, and rapid
O, production. It may be used to recover resources from many types of wastewater



5.3 Advanced Approaches for Microalgae Cultivation in Wastewater 55

so there is no need to remove the biomass during production (Chia et al., 2018a,
2018b). ATS can be majorly explored for wastewater remediation. The inoculum,
nutrients, and CO; that are needed by ATS systems can be easily supplied from the
air is the major advantage of the process.

5.3.6 Al-Assisted Microalgae Cultivation

Cultivation of microalgae is the process of transferring microalgae from their natural
habitat to a regulated or uncontrolled artificial environment. Light, temperature, pH,
nutrients, and the availability of CO, through the aeration of microalgal culture are
the key environmental factors that determine the growth of microalgae (Teng et al.,
2020). The development of methods for the optimization of culture technologies is
a result of the efforts to maximize biotechnology production. Statistical techniques,
such as response surface methodology, can be used to optimize cultivation opera-
tions with various variables (Cao et al., 2020). However, using Al techniques like
ANNS and evolutionary algorithms provides powerful tools for simulating nonlinear
systems without in-depth system kinetic knowledge. The ANNs were used to conduct
investigations on the composition of culture media and how that affected the growth
of microalgae. The straightforward hybrid neural network model was developed
for fed-batch heterotrophic growing of Chlorella species without light. The glucose
concentration served as the model’s input parameter and its output was a particular
growthrate (Figueiraetal.,2015). The experimental results were accurately predicted
by the hybrid neural network model with only one input (glucose concentration), and
the model was deemed adequate for optimizing heterotrophic culture. The multilay-
ered feed-forward model was created for the cultivation medium’s optimization to
raise the biomass of C. vulgaris’ lipid content. Al system offers cost-effective system
and reduces operational cost; however, there could be chance of error in the process.

5.3.7 Combined Studies

In recent years, a variety of innovative methods have been used to treat various
types of wastewaters utilizing microalgae. A novel three-chamber microalgal-
bioelectrochemical system was established for clean cultivation of C. vulgaris for
protein production, treatment of industrial (potato juice) organic effluent, and energy
production all at the same time. Three chambers—anode, microalgae, and cathode—
were used in this system, and the anode and cathode were filled with industrial organic
effluent (Pan et al., 2021). They discovered that increasing current led to increased
protein content (320.8-552.1 mg protein gl biomass) and higher biomass output
(0.87-1.11 g L™!) than the control. Results also showed that total Kjeldahl nitrogen
(49.8-69.0%) and COD (38.7-66.8%) were successfully removed. In recent study,
scientists utilized the MA-MPBR (microalgal-bacterial membrane photobioreactor)
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to treat high intensity industrial anaerobic digestion effluent, which has the benefit
of removing nutrients and organics from sewage in one stage.

In addition, the airlift-type photosynthetic microbial fuel cells were developed
to simultaneously recover bioenergy and bioremediate the swine wastewater. Using
two-fold dilution of swine wastewater, this system successfully eliminated the COD
(96.3%), total organic carbon (95.1%), NH4*-N (99.1%), and total phosphorus
(98.9%). At a two-fold dilution of swine wastewater, they also reached the greatest
1149 mg L~! d~! CO, biofixation rate, 164 mg L' d~! lipid, and 1.92 kWh
m~3 net energy output. In a pilot-scale tubular Photobioreactor. The anaerobic food
processing wastewater treatment using C. pyrenoidosa was studied (Maurya et al.,
2022). They observed accelerated development in various seasons, with high biomass
production ranging from 1.83 to 2.10 g L' and fat contents ranging from 8.1 to
15.3%.

The undiluted and unsterilized milk whey processing wastewaters was used
to culture Scenedesmus acuminates (SA) and a mixed population (PM) primarily
composed of Chlorella, Scenedesmus, and Chlamydomonas species (Nagarajan et al.,
2023). They fed a steady 2.5 L culture volume with a 7-day hydraulic retention period
for 70 days using a Plexiglas column PBR. They were successful in removing 93%
(SA) and 94% (PM) of COD, 88% (SA) and 90% (PM) of total N, and 69% (SA) and
73% (PM) of total P. The bioremediation of aquaculture effluent using the microalgae
Tetraselmis suecica in a semi-continuous system was studied where a novel mecha-
nistic model tool BIO ALGAE was used based on Monod growth kinetics to anticipate
biomass production and nutrient uptake rates. Both for nutrient intake and biomass
production, the model was able to successfully mimic the experimental data pattern
(Andreotti et al., 2020).

Despite promising, the utilization of organic carbon for microalgae cultivation
poses various problems. Microalgae can only consume few organic molecules for
their growth, such as acetate, glycerol, or glucose. Thus, complex organic materials
present in IWW cannot be remediated by axenic microalgae culture (Dhandayutha-
pani et al., 2020). The integration of microalgae production with other organisms that
break down organic matter was discovered to be promising and is primarily achiev-
able through two ways. The first method involves a two-step process: in the first,
organic compounds in IWW are broken down using anaerobic digestion or activated
sludge systems, and in the second, macroalgae will recover nutrients from the liquid
phase of digestate or the effluent of the active sludge reactor. The second process
to make use of the complex organic compounds in IWW, co-cultures of bacteria or
fungi with algae are established. In a co-cultivation situation, bacteria or fungi can
oxidize organic material that microalgae cannot consume while generating CO, for
microalgae development. Microalgae produce oxygen through photosynthesis in the
meantime to support aerobic oxidation by bacteria or fungus.
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Chapter 6 ®)
Harvesting and Lipid Extraction Gzt
Techniques of Microalgae in Wastewater

6.1 Harvesting of Microalgae Biomass

Harvesting of microalgae biomass is the major bottleneck in biofuel technology, and
it counts for one third of the total cost. Harvesting of microalgae is tedious process
due to the small size of the cells and low density of culture suspension. Major applied
harvesting technologies are discussed below.

6.1.1 Centrifugation

It is most commonly used method for biomass harvesting, where centrifugal force is
applied to concentrate the broth (Laamanen et al., 2016). This method is rapid and
devoid of any chemical and bacterial contamination also offers high recovery rate.
The maintenance cost and high consumption of energy makes the whole technique a
costly process (Mathimani & Mallick, 2018). Hence, for this reason, centrifugation
is not preferred in industries or large-scale harvesting. Limitations associated with
this technique involve the cell damage due to the generated heat and sheer stress,
the cells release the intracellular products (Kotasthane, 2017). It is worthy to note
that further downstream processing is required after collective the biomass upon the
mixing of intracellular product that also add up the cost. Nevertheless, filtration is
another technique for harvesting fragile microalgae cells, described in next section.

6.1.2 Filtration

Current advancement in dewatering of microalgae cells involves membrane filtra-
tion to separate microalgae cells which have small size, and the process involves
the suspension broth to pass through the filter (Tan et al., 2018). As the membrane
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filter thickens, the flow rate decreases due to clogging, so the replacement of filter
is frequently needed to continue the efficiency; hence, this process adds up the cost.
In general, the membrane filter is of two types, namely microfiltration and ultrafil-
tration, having the pore size from 100 to 10,000 nm and 1 to 100 nm, respectively
(Barros et al., 2015). Another conventional filtration methods involve microstrainers
for larger microalgae cells Coelastrum proboscideum, Spirulina having the size more
than 70 mm. Different shapes like hollow, tubular, compressed, and spiral are used
to prepare membranes which depends on its application (Vasistha et al., 2021).
For example, for the harvesting of marine microalgae like Haslea ostrearia and
Skeletonema costatum, the polymer membranes are effective (Suparmaniam et al.,
2019).

6.1.3 Gravitational Sedimentation

This process involves the gravity forces for the microalgae settling. It is the most easy
and economical process. The sedimentation rate highly depends on the microalgae
cell density and the size of the cells, the higher density cells will settle faster than
the lighter ones (Menegazzo & Fonseca, 2019). The disadvantage associated with
the process involves the lower rate of biomass recovery and time consuming. The
longer time for biomass recovery can lead to the deterioration of biomass (Mallick
etal., 2016).

6.1.4 Flocculation

It is deliberated as the cost-effective technique for biomass harvesting, and this
process can be used for large volume of cultures. In this process, microalgae cells
aggregate in presence of flocculants. The mechanism of flocculation works on three
forces: charge neutralization, adsorption, and adsorption bridging (Pugazhendhi
etal., 2019). The positively charged flocculants are added to the algae culture, absorb
negative charge of the cells, and subsequently balance the charge. Thus, the electro-
static repulsion between the particles disappear and hence cells will coagulate (Zhu
etal., 2018). Adsorption or electrostatic patch mechanism is where cationic polymers
bind with the cells of opposite charge and reverse the charge on the cell surface. This
results in patch formation over the boundary of the cells which connect with each
other, thus causing flocculation.

Adsorption bridging is another process involved in flocculation where a bridge
is formed between two cells with the help of charged polymers that bring the cells
together and causes flocculation. Flocculation can be carried out using chemical
flocculants or metal flocculants (Li et al., 2020). Alum, ferric chloride, chitosan,
cellulose, starch, and guar gum used for microalgae cell harvesting (Blockx et al.,
2018).
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6.1.4.1 Inorganic Flocculants

Chemical flocculation is the most efficient method for producing bulk microalgal
biomass because of its high harvesting flocculation efficiency (FE) and technolog-
ical economy. With their cationic charge (3+), the flocculants chloride, aluminum,
and ferric sulfate are frequently employed for flocculation (Laamanen et al., 2016).
Numerous variables, such as pH, electronegativity, ionic charge density, and solu-
bility, have an impact on flocculation efficiency. Microalgal biomass inorganic floc-
culants are poisonous when utilized in the food sector. For instance, Nannochlor-
sarcinopsis oculata that has been flocculated contains aluminum sulfate; as a result,
Brachionus plicatilis grows less after feeding than it does when fed Moringa oleifera
after oil extraction (MOAE) (Noor et al., 2016). Similar to this, after lipid extraction,
the harvested biomass residue of Nannochloropsis salina with metal salt harvesting
has high salt concentrations. Following DAF in water treatment, aluminum and polya-
luminum chloride coagulants may efficiently remove different types of microalga in
80% of cases; in particular, alum and ferric chloride (FeCls) can effectively eliminate
C. vulgaris (Wang et al., 2011).

In order to produce stable flocs through neutralization, ferric salts, aluminum
chloride (AICly), and aluminum sulfate Al, (SO4); are utilized in flotation. However,
inorganic coagulants have downsides such as leftover compounds (aluminum and
ferric) that might have an adverse effect on the ecology in aquatic environments
as well as harmful and non-biodegradable downstream products (Laamanen et al.,
2016). A new flocculation method for harvesting Chlorella sp. KR-1 was explored
where, the coagulant was sulfuric acid (H,SO,) and ferric sulfate (Fe, (SO4)3). This
method can address the reuse of coagulants and biomass pollution, two significant
issues (Kim et al., 2017). The pH decrease successfully releases precipitates attached
to microalgae, and the residual acidic solution containing recovered ferric ions can
be recycled with a harvesting efficiency of greater than 98%. Scenedesmus obliqus,
a green microalga, produces the maximum FE of 99.5% in 40 min when cultured in
municipal wastewater with 150 mg L~! Fe,(SO4)3 as a flocculant. Further study is
necessary since the mechanism of Fe;(SO4); for microalga flocculation is not well
understood (Abomohra et al., 2018). These salts have limited uses in the production
of high-value products and are only beneficial for the treatment of wastewater. This
is because recovered biomass may be loaded with metals, which would impair the
quality of the product and the downstream process when harvesting microalgae for
biofuel.

6.1.4.2 Organic Flocculants

Biodegradable OFs, like chitosan, are plentiful naturally occurring substances with
long polymer chains and a positively charged density that make them ideal for charge
neutralization and bridging. Chitosan has been extensively researched for use in
microalgal harvesting, and it functions well in freshwater at low pH levels of 7.5
and in seawater at high pH levels of > 7.535. Freshwater microalga C. vulgaris can
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be flocculated with chitosan more successfully than with Al,(SO4); at a dose of
0.25 g L', and the medium can be reused for subsequent cultivations with robust
growth and lipid content (32.9%) up to (4.6%) (Zhu et al., 2018). Chitosan addi-
tionally has no impact on the subsequent microalgae lipid extraction, which makes
it superior to metal salts. But the main technical obstacles are the high production
costs, the narrow pH range, and the subpar performance of marine algae species.
Additionally, this approach only works for green microalgae. For instance, chitosan
used to examine the flocculation characteristics of various microalgae and found
that it only works for fresh microalgae and performs poorly for marine species. For
the purpose of collecting microalgae, buoy-bead flotation has been employed with
chitosan treatment as a pre-concentration step. Chlorella vulgaris and Scenesdesmus
obliquus are flocculated using two distinct flocculants, namely inorganic (FeCls) and
organic (chitosan), and their impact on microalgal microsphere aggregates is inves-
tigated. The pre-concentration process using FeCl; results in the release of extra-
cellular organic substances. These organic substances function as polyelectrolytes
that are anionic and nonionic and aid in flocculation. There is precipitation when
ferric chloride is present. This process involves the entrapment and sweeping down
of microalgal cells in the suspension, which results in the formation of flocs via a
patching-sweeping mechanism (Zou et al., 2018). In comparison with the micro-
spheres in the solution pre-flocculated with ferric chloride, those in the solution
pre-flocculated with chitosan are rougher. The existence of positively charged micro-
spheres in chitosan is confirmed by SEM pictures. Additionally, there are patches of
negatively charged microspheres. Microalga-microsphere aggregates were created as
aresult of these microspheres’ reduced repulsion. Chlorella sorokiniana is harvested
using a brand-new cellulose derivative known as hairy cationic nanocrystalline cellu-
lose (CNCC). This kind of flocculant is coupled to a neutral crystalline shaft by two
positively charged ends that are crucial for the creation of flocs. In aggregation, there
are two stages. The highest amount of cell area is covered in the first stage, when
CNCC becomes adsorbed on the surface of the cells. The second stage, when free
spots of cells are covered orthogonally with CNCC (Lopez et al., 2019). The floccu-
lants are categorized into three groups, namely anionic (Magnafloc® 351), cationic
(Zetag® 8185, Zetag® 8165, Zetag® 7652, Tanfloc® SG, chitosan, Tanfloc® SH,
and Magnafloc® LT22), and nonionic (Zetag® 4120). The best flocculants include
Zetag® 8185, Zetag® 8165, and chitosan; at lab and semi-pilot scales, these floc-
culants have high efficiency reaching 95% between 30 min and 2 h (Muhammad
et al.,, 2021). Additionally, a novel technique for harvesting microalgal biomass
using the polymer surfactant aggregate (PSA) approach has been devised. PSA
was tested using six different microalgal strains, including Chlorella sp. ZTY4,
Scenedesmus sp. LX1, Syncohococcus sp. PCC 7002, Chlamydomonas reinhardti,
Microcystis aeruginosa, and Selenastrum capricornutum. Electrostatic interactions
and hydrophobic contacts are the two main dominating factors at play in PSA for
microalgal recovery. Surfactants with opposing charges enriched, and aggregates
developed on the nearby polymer chain. Surfactant aggregates electrostatically bind
to microalgae when PSAs develop in solutions. Flocs are created by the binding of
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PSA-PSA and PSA-PSA cells (Wu et al., 2018). Five other species had recovery effi-
ciencies of greater than 80%. However, Scenedesmus sp. LX1 had a 70% recovery
efficiency. The production of positively and negatively charged nanosized PSAs in
in-situ culture is responsible for the excellent recovery rates (Pandey et al., 2019).
The harvesting of Chlorella pyrenoidosa by laboratory-available calcium carbonate
(CaCO3) and aluminum sulfate (Al,(SO4)3) was studied, and the chemistry of floccu-
lation was examined. A 95% harvesting efficiency for Al (SO4); was reported. The
fundamental benefit of this flocculant is that it preserves cell structures, in contrast
to alum, which weakens them, as seen by SEM pictures. CaCOj slightly alters the
biomass, which can then be used for aquaculture, pastoral animal feed, and poultry
feed. Furthermore, the effectiveness of harvesting was examined at various pH levels.
At a pH of 4.0, which is highly acidic, harvesting effectiveness was high; but, at pH
2.0, itreduced. Possible zeta values can be used to characterize this behavior (Pandey
et al., 2019). The isoelectric point is reached at pH 4.0, and when pH drops (from
4.0 to 2.0), a positive zeta potential value (+0.69 mV) is seen. The zeta potential
is negative at alkaline pH (Pandey et al., 2019). Cells aggregate and settle through
straightforward gravity sedimentation, which leads to the spontaneous aggregation of
particles when pH fluctuates at various levels. Only a few types of algae species can
be flocculated during this process by altering pH. The freshwater Ettlia sp. YC001
algal cells are only mildly flocculated at pH levels under 10 (FE of 11%), but at pH
10.5 and 12.5, respectively, FE increases to 83% and 94% (Yoo et al., 2015). For C.
vulgaris and S. obliquus, various harvesting methods, such as pH-induced floccu-
lation, inorganic flocculation, dissolved air flotation, chitosan, and electro flotation,
are examined using lab-scale experiments and large-scale setup (Koley et al., 2017).
The organic flocculant is non-toxic and biodegradable but when flocculation takes
place at low temperatures, it produces little flocs or produces brittle flocs that can
break apart when applied with force.

6.1.4.3 Physical Flocculants

Microalgae are harvested via electrolytic coagulation, which can be applied to a
variety of microalgal species and are environmentally beneficial because it does not
require the use of chemicals. When electricity is added to the broth, the negatively
charged microalgal cells can be separated (Barros et al., 2015). The three steps of
electrocoagulation are as follows:

(1) the production of coagulant via electrolytic oxidation;
(2) the dispersal of particle suspension and emulsion breakdown; and
(3) the summation of flocs following destabilization.

Microalgae cells travel toward anodes during this process, where surface charges
are neutralized (Chen et al., 2011). As a result, microalgae cells aggregate as seen.
Algal cells were extracted in between 80 and 85%. The recovery efficiency of M.
aeruginosa biomass harvested by electrocoagulation using aluminum and iron elec-
trodes is 100% and 78%, respectively (Gao et al., 2010). Additionally, experimental
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studies have demonstrated that the lipids and pigments in microalgal biomass are
unaffected by electrocoagulation flocculation. The main drawbacks of this method are
an elevated medium temperature, cathode maintenance and fouling, mixing effects,
pH changes, and a research gap in electric design. Instead of using an Open pond
reactor, the electrolytic coagulation process is appropriate for specifically designed
photobioreactors (Gerardo et al., 2015). An important component that can consid-
erably lower the amount of energy needed to harvest microalgae is magnetic parti-
cles. Iron oxide is used to apply magnetic nanoparticles (MNPs) to the surfaces of
microalgae in the presence of an external magnetic field (Wan et al., 2015). The
surface properties of microalgae are the most crucial element. Different kinds of
magnetic particles have been created for harvesting microalgae. For the collec-
tion or separation of microalgae, two common magnetic particles are iron oxide
(Fe;04) and yttrium iron oxide (Y3 Fe30,). Using Fe; O, to harvest Nannochloropsis
oceanica resulted in a high separation efficiency of more than 90% (Boli etal., 2017).
Notably, pH control allows Y3Fe; O, to be utilized after being detached from algal
aggregates. Fe;Qy, is easier to extract from flocs than Yttrium iron garnet at high
pH levels. Chlorella sp. MTFE-7, a marine microalga, was harvested utilizing a
unique method that combined magnetic ferrofluid with flocculation at a dosage of
25 mg L~! to achieve 95-100% harvesting efficiency in a short amount of time
(1 min). Microalgal flocs are drawn together by self-produced magnetic ferrofluid,
which when combined with FeCl; improves biomass recovery (Ho et al., 2017)
Wastewater recycling and microalgal harvesting are both successfully accomplished
using an integrated microalgal ferrofluid harvesting dynamic flow-through system.
The harvesting cost of US$0.13 per cubic metre was estimated when magnetic parti-
cles was explored for fishpond harvesting. Furthermore, utilizing cationic polyacry-
lamide (CPAM)-Fe; Oy particles results in a total harvesting cost of US$2.07 (particle
harvesting plus operational costs) for 1 kg of microalgal biomass (Wang et al., 2015).
Magnetic separation cannot be scaled up due to the expensive MNPs and specialized
equipment needed for recycling nanoparticles.Please check the clarity of the sentence
‘Magnetic particles for fishpond...US $0.13 per cubic meter’.The harvesting cost of
US$0.13 per cubic metre was estimated when magnetic particles was explored for
fishpond harvesting.

6.1.5 Bioflocculation

Bioflocculation is the process of producing microalgal flocculation using various
microbes and extracellular polymeric substances (EPS). The process of biofloccu-
lation has been used extensively in wastewater treatment. In comparison with other
flocculation techniques, it is more affordable and environmentally-friendly (Alam
et al., 2016). The majority of current research focuses on flocculation caused by
fungus, algae-algae bioflocculation, bacteria-associated flocculation, and plant-based
flocculation (Wan et al., 2015). The process offers high chance of recovery and better
operation economics but there is a risk of contamination involves in bioflocculation.
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6.1.5.1 Bacterial Associated Flocculation

Interestingly, some alga-associated bacteria, namely Flavobacteriales, Burkholde-
riales, Bacillales, and Sphingobacteriales, promote FE (Mathimann et al., 2018).
In contrast to an axenic bacterium-free culture of Ettlia sp. that had low biomass
and low EPS abundance, the axenic bacteria culture of Ettlia sp. had 100% FE (Vu
et al., 2019). Microbes can be grown separately or in conjunction with microalgae.
Additional organic substrates are required in a medium for bacterial culture with
microalgae. Algae and bacteria can be co-cultivated in wastewater that is high in
organic waste to meet this need. By doing this, wastewater may be cleaned up while
also lowering the price of organic substrates. For instance, it has been researched
how to improve nutrient removal and microalgal harvesting from seafood wastew-
ater effluent (SWE) using microbial bioflocculation with C. vulgaris. The best culture
medium for growing and bioflocculating C. vulgaris was untreated SWE (Zhou et al.,
2015). The interaction of several bacteria on microalgal cell surfaces produced the
flocculation activity of 92%. Escherichia coli flocculation activity in medium was
78%. More than 80% of the total suspended salts (TSS) and 78% of the nutrients
have been eliminated (Nguyen et al., 2019). The quality of microalgae biomass for
food production may be impacted by this procedure’ microbial contamination, which
is nevertheless suitable for the production of biofuel. Bacterial-based flocculation is
free from the chemical contamination of biomass. On the other hand, this process is
specific to microalgae strains.

6.1.5.2 Fungal Induced

The majority of eukaryotic algae exist freely in both land and aquatic environments.
Generally, lichens frequently form partnerships with fungi and microalgae in nature
(Li et al., 2020). In this symbiotic relationship, algae fix CO, through photosyn-
thesis and produce organic chemicals to aid filamentous fungi in growing, which
turn entangle algae through the formation of hyphae. The generation of cell pellets
and the efficient flocculation of phototrophic and heterotrophic species are confirmed
by coculturing non-filamentous microalgal cells with filamentous fungi; this impact
can improve the long-term viability of the large-scale microalga business. The sizes
of the pellets produced by the fungi Mucor circinelloides, Rhizopus oryzae, and
Pencillium exansum are 2-5 mm (Chen et al., 2015). Trichoderma reessei QM 9414
Scenedesmus sp., a pelletized fungal-algal symbiosis system, has been used at a
ratio of 1:2. Using secondary effluent from a seafood processing factory, 94% of
microalgal cells were extracted in 10 min (Srinuapan et al., 2018). A few fungi
species are also useful as feedstock for biodiesel since their lipid concentration
exceeds 30% of their total biomass. Algal harvesting is possible with this biofloc-
culant technique without the use of flocculants (Ummalyma et al., 2017). Within
24 h, a marine species of Tetraselmis suecuca co-cultivated with Aspergillus fami-
gatus utilizing swine wastewater achieved harvesting efficiencies of over 90%, and
symbiotic growth of lipid production and total biomass was observed. Chlorella
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pyrenoidosa and Asperigillus fumigatus pellets quickly flocculate (Muradov et al.,
2015). Within a short period of time, 99% of the algal cells flocculated (3 h). In the
same study, fast flocculation of wastewater-cultivated algae at 3.5 h was found to be
95% effective. This study significantly advanced our understanding of the mechanics
underlying the utilization of pelletized F-A for quick bioflocculation (Bhattacharya
etal.,2017). The recovery of Chlorella sp. cells by an edible fungal strain (Pleturotus
ostreatus) has been achieved in a novel fungus-assisted harvesting technique. Within
150 min, a maximum harvesting efficiency of 64.86% was attained. The feedstock
created with this method can be used to produce feed and food, and the procedure
is cheap and flocculant-free (Luo et al., 2019); however, the technique is limited to
laboratory studies.

6.1.5.3 Algal Induced Flocculation

Self-flocculation is the process of using spontaneously flocculating microalgae as a
source of bioflocculants to harvest non-flocculating microalgae (Alam et al., 2016).
Few of the tens of thousands of microalgal species that have been discovered are
capable of self-flocculation. Examples of organisms that can self-flocculate include
Ankistrodesmus falcutus, Chlorella vulgaris JSC-7, and Ettlia texensis SAG79.80
(Alam et al., 2014; Salim et al., 2011, 2012). Numerous investigations revealed that
the mechanisms of bridging and patching both assist the algal-algal-based biofloc-
culation process. A bridging process is engaged when a vast network of microalgae
cells is produced. On the other hand, patching is the mechanism involved if the cells
get closer and form more tight connections through EPS by flocculating microalgae.
Biochemical analyzes of the self-flocculating microalgae C. vulgaris JSC-7 and S.
obliquus AS-6-1by Alam et al. (2014) and Guo et al. (2013) revealed that the polysac-
charides produced by these species are what cause the flocculation. As a flocculant a
green microalga named E. texensis SAG79.80, cells flocculate due to glycoproteins
as well 85. In the presence of flocculating agents (glycoproteins or polysaccharides)
created by microalgal cells, spontaneous microalgal-bioflocculation happens either
as a result of the reduction of negative charges through adsorption or possibly as a
result of cell bridging through neutralization. To harvest freely suspended microalga
C. vulgaris CNW1, the self-flocculating microalga C. vulgaris JSC-7 is used (Alam
et al., 2014). Scenesdesmus obliquus AS-6-1 is employed as self-flocculating algae
to harvest C. vulgaris CNW11 that is suspended freely (Guo et al., 2013). More
research is required to fully comprehend the mechanism of self-flocculation and to
expand the use of this form of flocculation to collect algal biomass; the two main
directions still in the beginning stages are genetic exploitation and habitat isolation.
The main benefit of this approach is that algal-based bioflocculation is chemical-free
and a sustainable and economical technique of harvesting because it does not require
any chemicals (Aguirre et al., 2022).
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6.1.5.4 Plant-Based Flocculation

Natural plant-based flocculants have emerged as an alternative to polymeric floccu-
lants, and their applications in the field of wastewater treatment have been increasing
given their non-toxicity, biodegradability, and availability from a wide range of
renewable resources and the absence of environmental effect, which makes them
environmentally friendly (Lee et al., 2014). Many researchers have identified and
reported on the use of flocculation mediated by plant-derived biopolymers for
wastewater treatment. After oil extraction, the biomass cake from M. oleifera exhibits
good bioflocculation efficiency for harvesting Nannochlorosarcinopsis oculate (Noor
et al., 2016). Mung bean protein extracts were found to be an efficient flocculant for
Nannochloropsis sp. in a different investigation, with a FE of more than 92% at a
dosage of 20 mL~! (Kandasamy et al., 2017). Due to their biodegradability, polysac-
charides, which are naturally occurring flocculants, are more environmentally benign
than inorganic and OFs. The natural biopolymer cationic inulin, derived from plants,
was used to gather the freshwater green alga Botryococcus sp. At an ideal dosage
of 60 mg L~!, this method demonstrated the maximum elimination effectiveness of
88.61% within 15 min (Rahul et al., 2015). Wastewater treatment and microalgae
harvesting are both attempted using flocculation with cationic starch as a flocculant.
1 g of Botryococcus and Chlorella pyrenoidosa biomass are recovered with cationic
starch concentrations of 119 and 89 mg, respectively (Hansel et al., 2014). To find the
best flocculants, cationic starch was isolated from maize and potatoes; the maximum
efficiencies are above 90% and 85%, respectively (Hansel et al., 2014). The process
is cost effective, rapid and offers reusability of flocculant; however, it is limited to
certain species.

6.1.6 Flotation

Flotation is considered as fast method as compared to sedimentation, in this process,
the air bubble passes through the semi-solid suspension, and allowing cells to float.
The surface active components get adhered on the surface of the air bubble and result
in recovery of cells (Leite et al., 2020). This process is effective for the cells having
the diameter from 10 to 500 wm. Dissolved air flotation is another technique in which
flocculation and flotation are used for cell harvesting (Zhang & Zhang, 2019). In this
process, alum is used as flocculant for the aggregation of cell; simultaneously, the
bubbles are provided by an air compressor. The diameter of the bubble generated is
directly proportional to the efficacy of cell harvesting. Apart from effective harvesting
of biomass, cost is the major hindrance, and the use of compressor at the pressure of
390 KPa adds the cost (Laamanen et al., 2016).
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6.1.7 Electrical-Based Technique

Electrical-based technique involves electrophoresis and electro-flocculation. In this,
the utilization of electricity improves the process and is regarded as the eco-friendly
and chemical-free technique (Geada et al., 2018).

In electrophoresis, two metallic rods are used, one of them is anode, and another is
cathode; due to the presence of amine and carboxylic group, microalgae is negatively
charged; hence, it will move toward positively charged anode (Azmi et al., 2020).
The microalgae cells undergo the charge neutralization where cells start to aggregate
into flocs, and cells start to settle at the bottom or they float on the surface depending
on the density of the cells (Singh & Patidar, 2018).

Another technique for the separation of biomass referred as electro-flocculation,
the process implicates the use of electrodes inside the microalgae suspension which
releases the metal flocculants, and hence, flocculation occurs. This flocculation
follows three stages such as (i) electrolytic oxidation, (ii) destabilization of the cell,
and (iii) formation of flocs (Barros et al., 2015).

6.2 Lipid Extraction Techniques

Lipid extraction is an energy-intensive step which limits the sustainability of
microalgae bio-oil production. Microalgae are made up of highly complex cell wall,
polysaccharides intercalated with protein (de Carvalho et al., 2020). It is not easy
to break the cell wall and extract the lipid completely without the application of a
large amount of energy. Extraction of lipids using suitable environmentally-friendly
solvents is a challenging area of research in biodiesel production (To et al., 2018).
There is an urgent need to find alternative solvents which can be used for lipid extrac-
tion without harming the environment and health. Various cell disruption methods
are introduced for efficient extraction of lipids and categorized as mechanical and
non-mechanical (Vasistha et al., 2021).

6.2.1 Mechanical Pre-treatment Methods

Different mechanical methods involve mechanical pressing, ball mill, ultrasonic-
assisted, microwave, and homogenization. Use of mechanical methods leads to the
loss of biomass, and they are less selective toward lipids.
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6.2.1.1 Mechanical Pressing

Mechanical pressing involves the screw press, bead milling, and extruder for separa-
tion of biomass from oil. The extraction of lipid through mechanical process provides
the less chance of contamination, and this technique is often used in industries for the
extraction of seed oil (Mubarak et al., 2015). Microalgae Nannochlorosarcinopsis
oculata attained 51.05% of lipid content with hydraulic press; in addition, the use of
liquid nitrogen improved the process by achieving the lipid content of 94%. The use
of liquid nitrogen may have freeze the cells and weaken the cell wall, thus releasing
the intracellular lipids (Menegazzo & Fonseca, 2019).

6.2.1.2 Ball Mill

Ball mill comprises of rotating cylinder which act as grinder and made up of metallic
beads or quartz (Steriti et al., 2014). The speed of rotation directly influences the cell
damage, and high speed offers more damage to the cell. The beads damage cell wall
so rapidly and can be applied to wet or dry cell biomass (Patel et al., 2018). There are
various factors which influence disruption rate of microalgae cells, including shape
of the container, size, stirring speed (Bharte & Desai, 2021). The simple mechanism
and speedy process convey the major advantage to the method. The lipid extraction
using ball mill is selective to some microalgae like Botryococcus sp., Scenedesmus
sp. (Amorim et al., 2020).

6.2.1.3 High Pressure Homogenizers

This method is also known as French press; in this technique, the biomass is pushed
in to the narrow tube through the hydraulic shear force (Carullo et al., 2018). This
energy-intensive process generates the heat that may degrade the biomass. The effi-
cacy of high pressure homogenizer varies from species to species, for example,
Chlorococcum sp. offers 73.8% of cell disruption; on other hand, the microalgae
Chlorella showed only 16% cell damage (dos Santos et al., 2015; Halim et al.,
2012).

Another technique associated with cell disruption known as depressurization
where the diffusible gas carbon dioxide penetrates inside the cell wall (Goh et al.,
2019). The sharp gradient causes the gas to expand and causes the cell disruption.
This method does not involve any toxic solvent and take less time for lipid extraction
(Menegazzo & Fonseca, 2019). Researchers found that the time for lipid extraction
was reduced to 5 times lesser in case of Chlorococcum sp. (Halim et al., 2011).
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6.2.1.4 Ultrasonication-Assisted Method

During this process, the ultrasonic waves are generated in the suspension broth causes
the low and high fluctuating pressure to result in the formation of microbubbles, which
collapse due to high pressure that induces cavitation (Fattah et al., 2020). Hence, the
cell structure is ruptured, and lipid is released. Cavitation are more penetrating at
the low frequency (18—40 kHz) rather than high frequency (400-800 kHz). Some
literature reported that the duration for biodiesel production was decreased by 23 h
with 95% yield (Lee et al., 2021). Whereas other studies deliberated that quality of
lipid was compromised when using sonication method due to lipid oxidation. This
process is suitable for the microalgae which have rigid cell wall like Chlorella sp.,
Scenedesmus sp. (Sati et al., 2019).

6.2.1.5 Microwave-Assisted Method

Microwave-assisted methods generate radiations with frequency of 0.3-300 GHz
which breaks the cell wall and allow the release of lipids (Kapoore et al., 2018).
The method offers the high lipid yield and reduces the duration of the extraction.
The energy transfer rate is comparatively high than sonication and thus provides
more effective heating (Fazril et al., 2020). However, due to the high temperature,
the quality of lipid may get retarded in process. Microalgae like Chlorella vulgaris,
Botryococcus sp. best results were achieved, using microwave (Harris et al., 2018).

6.2.2 Non-mechanical Pre-treatment Methods

Apart from various mechanical methods introduced for lipid extraction, other
methods like chemicals or solvent are efficient for cell wall disruption. The effi-
ciency of lipid extraction also depends on the nature of the solvent, i.e., polar or
non-polar. Currently, polar solvents are used in combination with non-polar solvent
for complete removal of lipid.

6.2.2.1 Solvent-Based Extraction

The principle for solvent-based extracted state “like dissolve like”. The solvent should
have high affinity toward lipids specially TAGs and have low volatile nature for better
extraction (Table 6.1).

Solvents, for example, chloroform, methanol, hexane, benzene, di ethyl ether,
and toluene, are used for extraction of lipid (Bundhoo, 2018). The most preferred
conventional method Bligh and Dyer used for lipid extraction uses chloroform and
methanol in the ration of 2:1, and water as co-solvent where the biphasic system
occurs and lipid is dissolved in chloroform (Bligh & Dyer, 1959). Although, some
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Table 6.1 Targf.:t comp onent  golvents Compound extracted

by solvents for lipid

extraction (Lee et al., 2021; Methanol Phospholipids, glycolipids

Menegazzo & Fonseca, 2019)  Ethanol Phospholipids, glycolipids
Acetone Diacylglycerols, sulfolipids
Chloroform Hydrocarbons, pigment, TAGs, waxes
Hexane Hydrocarbons, TAGs

solvents are toxic to environment such as chloroform and methanol and also dissolve
pigment (Chlorophyll) along with lipid. Botrycoccus braunii biomass was explored
for the extraction of lipid using five different organic solvent chloroform: methanol
(2:1, v/v), dichloromethane: methanol (1:1, v/v), dichloromethane: ethanol (1:1, v/v),
acetone: dichloromethane (1:1, v/v) and hexane: isopropanol (3:2, v/v) (Japar et al.,
2017; Kumar et al., 2019; Shin et al., 2018). The maximum yield was observed in
mixture of chloroform: methanol. Some other solvents like methylene chloride and
methanol were used for extraction neutral lipid from C. vulgaris.

6.2.2.2 Supercritical CO, Extraction

It is considered the suitable solvent for the extraction as the pressure and tempera-
ture can be varied according to the conditions (Taher et al., 2020). Supercritical CO,
preferred for the critical solvents by providing the pressure of 7.4 MPa and tempera-
ture of 31.1 °C. The lipid yield is inversely proportional to pressure and temperature
applied (Patel et al., 2020). The optimized best condition (35 MPa, 40 °C) for lipid
extraction from microalgae Shizochytrium limacinum where ethanol was used as
co-solvent (Mubarak et al., 2015). Another report obtained the highest lipid content
in Chlorella sp. with 40 MPa pressure and temperature of 32 °C (Hu et al., 2007).
Santana et al. concluded the increase in pressure and density of CO, and upsurge the
unsaturated percentage in the lipid (Santana et al., 2012). TAGs yield was increase
when ethanol is used as co-solvent in Nanochlorosarcinopsis sp which is oculata
with 35 MPa and 50 °C (Nobre et al., 2013).

6.2.2.3 Ionic Liquids

They are non-aqueous solution made of cation and anion. Ionic liquids are preferred
for lipid extraction due to their non-volatility and thermally stability nature, and they
remain in liquid state over a wide range of temperature (0—140 °C) (Zhou et al., 2019).
Regardless of their potential properties, only few microalgae are studies with ionic
liquids for the lipid extraction. While using 1-butyl-3-methylimidazolium for lipid
extraction, two separate layers of hydrophobic and hydrophillic were formed (Kumar
et al., 2017). Due to gravity, hydrophobic lipid layer moves to upper phase. Ionic
liquids like [MeSO4]-[Bmim] [MeSO,4] were combined with microwave technique
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for the better extraction of lipid from Chlorella vulgaris. The extracted lipid was
1.6 folds high as compared with Bligh and Dyer method. Utilization of ionic liquids
is limited due to the lack understanding cationic and anionic properties of salts
(Krishnan et al., 2020).

6.2.2.4 Green Solvents

Inexpensive low molecular weight polymers, deep eutectic solvents, fluorous
solvents, and supramolecular solvents are introduced as green solvent. They are
regarded as green due their non-toxic, inexpensive, and eco-friendly nature (Jeevan
Kumar et al., 2017). Polymers like ethylene glycols and propylene glycols are
non-hazardous due to low vapor pressure. Furthermore, deep eutectic solvents are
composed two or more compounds such as ammonium salt and metal chloride and
ammonium salt and metal chloride hydrate (de Jesus et al., 2019). They are more
versatile solvents as they have low melting point, varied polarity range, biodegrad-
able. Fluorous solvents include perfluoro cyclohexane having aqueous and non-
aqueous phase. Studies discussed that they can be alternative to for extraction of
essential oils. Supramolecular solvents are considered vital for the extraction of
polar and non-polar compounds (Vasistha et al., 2021). They are amphiphiles, nanos-
tructured liquids used in the extraction process of bioactive compounds, dyes, and
surfactants. In addition, non-explosive nature of supramolecular solvents makes them
suitable for green solvent (Ali et al., 2021).

6.2.2.5 Deep Eutectic Solvents (DESs)

DESs are typically made up of non-toxic ingredients that are found in foods naturally
and can be employed directly in food compositions. Better selectivity and yield were
demonstrated by DESs that pre-treated microalgal biomass with microwave radia-
tion, followed by extractions utilizing dimethyl carbonate (DMC) and supercritical
(SC) CO;. The microalgal biomass pre-treatment with DESs significantly improves
the primary extraction procedure. The study’s findings indicated that algal lipids
recovered relatively quickly. The recovery rates of DESs based on ethylene glycol,
acetamide, or ChCl with oxalic acid were about 80%, 67%, and 75%, respectively.
The research demonstrates that DESs can break down cell walls and improve extrac-
tion performance. DESs-based extraction techniques are typically constrained by
viscosity. Dai et al. (2013) proposed a straightforward fix: liquefying the DESs (by
adding water in the right proportion) prior to application and developing a pseudo-
ternary DESs system with water as the third component. Increased water concentra-
tion significantly reduces the viscosity of DES, since a solvent’s viscosity is solely
dependent on the strength of its H, bonds. The higher H, bonds increase the solvent’s
viscosity and decrease the solubility of the solutes (Dai et al., 2013). The thick cell
walls that surround microalgae cells are made up of two primary layers: an outer
layer that is more densely packed with electrons than the inner layer. This is caused
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by the existence of algaenan, a biopolymer with a high level of resistance that makes
lysis challenging and enables these organisms to withstand chemical and weak acid
or base attacks (Mehariya et al., 2020). Hence due to high viscosity of DES, rupture
of microalgae cells becomes feasible.

6.2.2.6 Three Phase Partitioning

Three phases, including oil in the top organic phase, proteins in the middle precipi-
tate phase, and some hydrophilic molecules like polysaccharides in the bottom phase,
simultaneously develop in TPP. Incubation and extraction steps are included in the
most typical TPP method (Liang et al., 2022; Tan et al., 2015). Incubation involves
combining a powdered source with a salt solution for a predetermined amount of time,
and extraction involves adding t-butanol slowly. In other circumstances, a powdered
source, salt, and t-butanol are all introduced to aqueous media at the same time and
then vigorously mixed. After the mixing procedure, the three phases were sepa-
rated using a centrifugal or gravimetric technique. The upper phase is made up of
oil dissolved in t-butanol, the intermediate dense phase is proteins precipitated with
salts, and the final phase is an aqueous phase made up of water-soluble bio molecules
like carbohydrates. Oil was extracted from microalgae using a TPP system based on
potassium hydrogen phosphate and ethanol, and the yield was observed to be 69%.
Compared to ammonium sulfate, dipotassium hydrogen phosphate (DKP) is a weak
protein-precipitating agent hence other researchers’ choice for TPP-based oil extrac-
tion. For the TPP process of oil extraction, researchers investigated a wide range of
organic solvents, including methanol, ethanol, n-propanol, isopropanol, 1-octanol,
and t-butanol (Panadare et al., 2017). Three phase division was shown to be a useful
technique for extracting protein when carried out at room temperature, whereas
triglycerides are dissolved at higher temperature. Many extraction procedures use a
variety of techniques to shorten their duration, including heating, mixing, the use of
continuous fresh solvent, smaller particle size, etc. To create three phases, TPP mixes
well-buffered aqueous salts with an equivalent amount of water-miscible aliphatic
alcohol. None of the alcohols, including methanol, ethanol, propanol, and t-butanol,
are miscible with ammonium sulfate ((NH4),SO,) in aqueous solutions. As a result,
two liquid phases will form, with the salty water remaining below and the alcohol
floating to the top. Aqueous solution will then form a third phase in between the two
phases, forming a three-phase solution (Chew et al., 2019). Due to its promising sepa-
ration efficiency during the extraction, the TPP concept resembles a cross between
salting out and alcohol precipitation processes.

6.2.2.7 Surfactant Assisted

The ability of surfactants, which have a hydrophobic tail and a hydrophilic head,
to interact with cell membranes and break down cells is well established. Commer-
cial surfactants come in a variety of forms, including cationic, anionic, zwitterionic,
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and nonionic. The membranous components of microalgae can be solubilized by
cationic surfactants like cetyltrimethylammonium bromide. Lai et al. (2016) exam-
ined the effectiveness of different surfactant families in destroying Scenedesmus’s
dry and wet biomass. The optimal FAMEs recovery was 160 times greater in the cells
treated with the inner salt surfactants 3-(decyldimethylammonio)-propanesulfonate
and myristyltrimethylammonium bromide (Lai et al. 2016). Additionally, Wu et al.
(2018) looked at the possibilities of co-solvents include external and algal-based
surfactants for the extraction of lipids. The outcomes revealed that the combination
of using an algal-based surfactant and hexane produced the elevated 78.8% lipid
yield, and 78.2% yields were obtained.

6.2.2.8 Nanomaterials

As is well known, nanoparticles possess specific qualities that make them suit-
able for a wide range of scientific applications. For the treatment of wastewater,
metallic nanoparticles have a photocatalytic and antibiofilm impact. Additionally,
they possess the photothermal property, which causes heat to dissipate surrounding
the particles when light is absorbed. A study uses nanoparticles to show the molec-
ular delivery system in cells without causing cell damage. The photothermal impact
of gold nanoparticles can assist in cutting-edge medical treatment approaches for
terrible ailments including cancer treatment and biopsy. Metal nanoparticles are
only used here, in relation to biofuels, to improve lipids, biomass, and act as a cata-
lyst in transesterification reactions. Using wastewater as a source of nitrogen and
phosphorus can act as a link between nanoparticles and algae for the creation of
biofuel. Due to the lack of freshwater use during the biofuel manufacturing process
and the use of nanoparticles produced from biological sources, the procedure is
more environmentally-friendly and sustainable. Nanoparticle engineering provides
platform to solve various challenges in microalgae biofuel technology (Fu et al.,
2021). In a nutshell, nanoparticle engineering is a study of nanometer size material
or the development of artificial nanomaterial (Chintagunta et al., 2021). The unique
capability of nanoparticle makes them efficient for various applications including
food industry, bioremediation, cosmetics, and drug delivery (Vargas-Estrada et al.,
2020). They are stable in nature and have large surface area. Nanomaterials have
the potential to upsurge the intracellular lipid in microalgae, and they act as catalyst
(Khanra et al., 2020). In addition, nanomaterials can also reutilized for cultivation
which influence the economic aspect of the process. Nanomaterials like silver NPs,
Fe; 0y, silica-based NPs, amino clay NPs, and NiO NPs are effective for microalgae
lipid extraction (Singh et al., 2020). Huang and Kim stated that lipid extraction effi-
cacy of 91% was achieved for wet microalgae biomass using NiO NPs (Huang &
Kim, 2016). The dosage of nanoparticle plays the significant role in lipid extraction.
Silica NPs are more used for separation of high-value compounds, like lipids. They
have high porosity which makes them efficient for lipid extraction. NPs of 10 nm pore
size are capable for capturing free fatty acids. The idea that nanoparticles interact
with microalgae to ooze lipids out of the cells is known as the “milking microalgae
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for lipids” concept. Due to their photothermal characteristics, the surface-adhered
nanoparticles can be excited via photonics, producing a localized heating effect. The
extraction of high and low value-added compounds without cell death is possible
because to the creation of nanopores into the cells by the localized heat dissipation
to the cell surface. By making pores on the surface of the cells, electroporation tech-
niques can disturb the cells, but because of their tremendous power, the cells typically
do not survive. On the other hand, the proposed method implies that another cycle
of lipid extraction is feasible if the cells are provided with the right nutrients and
growth circumstances. Future cell harvesting techniques may be made possible by
the particles’ localized heating action, which is photothermal-based. It will reduce
the expense of mechanical drying and cell collection, two procedures that consume
a large amount of energy in any biorefinery. This will enable a continuous lipid-
producing system by easing the additional strain of inoculating the fresh microalgae
culture at each cycle. Various techniques for harvesting and its effect on microalgae
lipid have been discussed in Table 6.2.

6.2.2.9 Water Plasma Enhanced Method

The non-thermal plasma approach is a cutting-edge technology because of its distinc-
tive benefits, including its quick, affordable, and convenient operation. Since the
1920s, there has been extensive research on the plasma principle (Wang et al., 2021a,
2021b). Gas molecules smash with high-energy electrons after a particular elec-
tric field is activated, turning the gas into plasma. An earlier study revealed that
non-thermal-plasma method treatment is frequently employed to change the surface
characteristics of food and materials connected to food in order to enhance mass
transfer (Liang et al., 2022). Exploiting the technique for cell disruption using the
non-thermal plasma strategy in a water medium offers the chance of simultaneous
intracellular lipid extraction with less energy use because the drying process of
microalgal biomass is avoided in the extraction of lipids from microalgae with high
water content. This technique might lead to effective and affordable lipid extraction
(Alam et al., 2019).

6.2.2.10 Pulse Microwave Method

Pulsed microwave radiation has been suggested as a substitute for continuous
microwave radiation for a variety of uses, such as the manufacture of biodiesel from
microalgae (Prommuak et al., 2016). The microalgae Auxenochlorella protothecoides
can be effectively pre-treated with PMW to remove any water-soluble materials as
well as to undertake solvent extraction of the lipids. When PMW treatment is applied
to a microalgae suspension concentrated at 100 g/L and with a flow rate of 0.02 mL/s,
pulses of 200 ms duration and 2.8 kW peak power enabled to achieve lipid yield of
37.29% dry weight, i.e., extraction of almost 90% of the total lipid content, with an
energy consumption not exceeding 2.53 MJ/kgDW (Zhang et al., 2022).
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Table 6.2 Summary of various techniques used for harvesting and lipid extraction

Microalgae Technique Harvesting | Lipid References
efficiency | content
(%) (%)
Shizochytrium limacinum | Supercritical (CO; and - 339 Tang et al.
ethanol) (2011)
Synechocystis Ethanol - 48 Sheng et al.
(2011)
Flocculant <78 - Barros et al.
(2015)
Anabaena sp. Aluminum sulfate <95 - Lemos et al.
(2016)
Synechocystis PCC 6803 | Chloroform/methanol/water | — 42 Mubarak et al.
(2015)
Chlorella sorokiniana FeCls - 66 Mallick et al.
(2016)
Chlamydomonas sp. Cationic gaur gum - 92 Banerjee et al.
(2014)
Monoraphidium contortum | NbyOs - 94.27 Nguyen et al.
(FAME) | (2019)
Spirulina Zn-Mg NPs - 37.1 Egesa et al.
(2018)
Scenedesmus sp. SiC - 40.26 Ren et al.
(2020)
Scenedesmus obliquus Fe;SO3 10 - He et al.
(2017)
Acutodesmus obliquus Ethanol-hexane (1:2) - 92 Hurtado et al.
(2018)
Chlorella sp. Methanol-ethyl acetate - 18.1 Wang et al.
2:1) (2021a, 2021b)
Scenedesmus sp. Hexane - 16.3 Shin et al.
(2014)
Chlorella Ag 87 - Romero et al.
(2020)
Chlorella Fe, 03 924 - Hena et al.
(2016)
Scenedesmus sp. Fe30y4 > 80 - Ge et al.
(2015)
Chlorella vulgaris Fe-MNP 98.6 - Almomani and
Bohsale (2021)
Desmodesmus subspicatus | Nzvi - 58.33 Padrova et al.
(2015)
Scenedesmus obliquus MgO - <50 He et al.
CNTs - < (2017

(continued)
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Microalgae Technique Harvesting | Lipid References
efficiency | content
(%) (%)
Chlorella sp. MgAc - 25 Kim et al.
(2016)
Botryococcus braunii CO3 methanol 24 - Paudel et al.
(2015)
Nanochlorosarcinopsis sp | Organosilicone - 85.95 Sun et al.
is (2018)
Scenedesmus dimorphus PEI-Fe;Oq4 > 80 - Ge et al.
Graphene oxide 73.1 - (2015)
Chlorella pyrenoidosa Sulfonated graphene 48.6 - Cheng et al.
(2017)
Chlorella vulgaris SrO-C dots - 98.7 Guldhe et al.
(2017)
Chlorella sp. Centrifugation (4000 rpm) | 100 - Ahmad et al.
(2014)
Nannochloropsis sp Nanochitosan - 80 Farid et al.
Chlorella vulgaris Ultrasound (600 W) - 14 (2013)
Tolypothrix sp. Ball mill (3500 rpm) - 28 Menegazzo
Botryococcus sp. Microwave (2450 MHz) - 28.5 and Fonseca
(2019)
Chlorella sp. Fe>(SO4)3 90 - Kim et al.
(2017)
Phaeodactylum PAC 66.6 - Suparmaniam
tricornutum et al. (2019)
Schizochytrium sp. Ultrasound (20 kHz) - 314 Byreddy et al.
(2015)
Chlorococcum sp. Ti 95 - Khanra et al.
(2020)
Chlorella sp. Fe304 95 - Liu et al.
(2020a, 2020b)
Scenedesmus sp. Fe30y4 68 - Abo Markeb

etal. (2019)
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Chapter 7 ®)
Microalgae Biomass Conversion Process e

Depending on the type of biomass, the alternatives for conversion, and the intended
use of the energy, there are various ways for turning algae into energy. There are two
forms of microalgal biomass conversion (Fig. 7.1):

(i) thermal process;
(ii) biochemical process.

The quality of the biomass, the feedstock, and the desired energy content are
influencing factors for conversion.

7.1 Thermochemical Conversion

Biomass is thermally broken down in this process to create fuel products. The process
uses pyrolysis, gasification, liquefaction, and combustion.

7.1.1 Gasification

In this process, hydrocarbons are transformed into a combustible gaseous mixture
(syngas), while oxygen is in short supply. It can be used as fuel for gas engines or
for direct combustion. Its calorific value is only 4-6 MJ/m?, though. Fuels can be
transported through syngas using one of two alternative processes: either the water
gas shift reaction, which produces hydrogen, or the Fischer TrOpen pond ch reaction,
which transforms hydrocarbons into liquid fuels and chemicals like methanol. For
gasifying microalgae biomass into biofuel, several studies have been published. In
order to ascertain the gas composition necessary to produce methanol, Hirano et al.
examined partially oxidized Spirulina at high temperatures between 850 and 1000 °C.
The maximum theoretical yield of 1000 was 0.64 g of methanol for 1 g of biomass.
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Fig. 7.1 Biomass conversion process

7.1.2 Liquefaction

Wet algal biomass is utilized in this technique to create liquid gasoline. Mechanically
harvested microalgae cells have a high moisture content and are utilized as a starting
point for liquefaction. This procedure typically results in high viscosity oils and
calls for biomass, solvents, gases like H, or CO, as well as catalysts. Wet biomass
can be consumed through liquefaction, which transforms it into smaller molecules
with higher energy densities. B. braunii liquefied at 300 °C with a yield of 64%
(dry weight). A 42% dry weight oil yield was produced by Dunaliella tertiolecta.
This demonstrates unequivocally that liquefaction is a crucial alternative for biomass
conversion.

7.1.3 Pyrolysis

Algal biomass can be used to create a variety of goods at 350-700 °C without air,
including biochar, bio-oil, and syngas. Biomass can be pyrolyzed into liquid fuels
and scaled up for large-scale production. One of the most crucial processes for
replacing petroleum in future with liquid biofuels is flash pyrolysis, which takes
place at 500 °C. In light of the fact that it can attain a high biomass to liquid ratio of
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about 95.5%. However, there are still some significant issues that must be resolved
before microalgal pyrolysis may be commercialized. This technique produces oil
that is acidic in nature and extremely viscous and contains both solids and water.
In order to remove alkali and reduce the oxygen concentration, the procedure also
needs advancements in hydrogenation and catalytic cracking.

Three stages are involved in traditional process.

Pre-pyrolysis is the name for the initial stage of biomass degradation at 550-
950 K. In this process, the water is eliminated, the link is broken, and subsequently,
carbonyl and carboxyl groups are created. In the second stage, solid breakdown leads
to the formation of pyrolysis products. Char breaks down into carbon-rich residues in
the third stage. At 850-1250 K, a quick pyrolysis process takes place, which causes
biomass to breakdown and produce pyrolysis products. The product’s composition
is bio-oil (60-70%), biochar (15-25%), and non-condensed gases (10-20%).

7.1.4 Combustion

Combustion is one of the simplest ways to generate energy in all thermochemical
processes. The fuel is often burned in an environment with too much air, which causes
the fuel to react and cause burning. CO,, H,0O, and heat release are the main byprod-
ucts. Typically, combustion takes place at temperatures of 800 °C or higher. The
boilers and furnaces where the steam needed to make the electricity frequently expe-
rience it. Algal biomass combustion results in decreased CO, emissions, according
to the life cycle assessment (LCA). But for the technology to be scaled up further,
more research and a modified burner to deal with algae are needed.

7.2 Biochemical Conversion

Biofuels are created by converting biomass through biological processes such
anaerobic digestion, fermentation, and transesterification.

7.2.1 Anaerobic Digestion (AD)

This process transforms organic material into gas and energy. Wet algal biomass
is best suited for the AD process, which is one of the most effective methods for
greater moisture feed. The three stages of this process are methanogenesis, fermen-
tation, and hydrolysis. In the initial stage, complex molecules are converted into
soluble sugars. After that comes fermentation, which turns soluble sugar into alco-
hols, acetic acid, and mostly hydrogen and carbon dioxide gas. During the third stage,
methanogens convert these gases into methane and carbon dioxide. Experimental
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evidence provided by the considerable increase in methane production which was
found following AD when combined with paper waste and algal biomass. By substi-
tuting 50% of waste paper for pure algal biomass, the rate of methane production
was doubled. However, the products’ heating value is reduced by 20-40%.

7.2.2 Fermentation

Alcohols like bioethanol are produced during fermentation from starch or cellu-
lose. Yeast is typically used to turn carbohydrates into ethanol. For product separa-
tion and alcohol purification, distillation is necessary. Gasification can make use
of the fermentation waste. Due to the process cost reduction, this procedure is
now more commercially viable. Microalgae like Chlorella Vulgaris are the most
common species to produce ethanol due to high starch content, and maximum ethanol
conversion of 65% reported.

7.2.3 Photobiological Process

A safe and effective energy source is hydrogen. To create hydrogen gas, microalgae
must possess specific enzyme properties. Under anaerobic conditions, water
molecules are transformed into oxygen and hydrogen ions during the photosynthesis
of microalgae. Instead of hydrogenase enzymes, which transform hydrogen ions into
hydrogen gas, eukaryotic microalgae are employed in this process. In essence, two
processes produce hydrogen through photosynthesis. In the initial step, the hydrogen
synthesis process is divided into two stages:

(1) normal algal growth;

(2) anaerobic conditions that encourage continuous hydrogen production in
microalgae. This procedure has the benefit of not producing any poisonous
or damaging compounds. Additionally, it offers beneficial consequences due to
biomass.

Through photosynthesis, the photobiological activity can also simultaneously
produce hydrogen and oxygen. The photosynthetic H, O oxidation electron is released
using this technique. The hydrogenase-mediated H,-evolution mechanism receives
the electron directly. Due to simultaneous production, this procedure is more effi-
cient than a two-step approach. The theoretical yield for producing hydrogen gas in
a two-step method was 198 kg/h/day.
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7.2.4 Photosynthetic Microbial Fuel Cells

Microbial fuel cells are bioelectrochemical systems that use the anaerobic biodegra-
dation of organic material to produce power. It has been demonstrated that combining
microalgae with photosynthetic microbial fuel cells can remove CO, from the atmo-
sphere and create an environment that is rich in oxygen. Anode and cathode of the
photosynthetic microbial fuel cell are separated by a proton exchange membrane.
By oxidizing the organic compounds, the bacteria in the anode produce electrons,
which are then transmitted to the cathode electrode via an external circuit to generate
power. This technology has the advantage that biodegradable wastes can be treated
by microorganisms in the anode.



Chapter 8
Biorefinery Concept and Value-Added e
Products

8.1 Biorefinery Concepts

Biomass has long been utilized in the production of food, animal feed, and other
industrial goods. The idea of a biorefinery has just recently come into existence,
offering flexibility in terms of the various uses and outputs of biomass. The term
“biorefinery” has had many definitions over the years. The most typical is that a
biorefinery is a facility that integrates biomass conversion processes and equipment
to produce a variety of biofuels and bioproducts, according to NREL. According to
some definitions, biorefineries are groups of connected businesses or processes that
share expenses and work together synergistically to make the economic model more
workable (i.e., industrial symbiosis). Although the economy is mostly dependent on
the tiny amount but high-value products, there are always energy or fuel products
involved because the concept is built on the extrapolation of the petroleum refinery.
There are numerous types of biorefineries that have been described, including
lignocellulosic biorefineries (based on lignocellulosic biomass), whole plant biore-
fineries (based, e.g., on whole corn) green biorefineries (based on grasses), and oily
biorefineries (based, e.g., from oily or rapeseed crop).

Researchers have proposed the idea of microalgae biorefineries, which entail
converting algal biomass into biofuels and value-added goods. Increasing the finan-
cial viability of microalgae is a key driver for algal biorefineries. Because microalgae
cultivation depends on the marginal economy, adding variety of products with an
emphasis on high value-added ones could boost economic viability. Algal biorefinery
technologies, however, also result in improved resource recovery, process efficiency,
and cost-effectiveness to create valuable bioproducts in a closed loop. Microalgae
have also been investigated for their ability to clean up greenhouse emissions, such
as cleaning NOx and SOx from flue gas or absorbing and recycling CO,. As a result,
the microalgal biomass can be recycled to provide a usable product in addition to
the environmental benefit of CO, collection. The potential uses in the framework of
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biorefinery are determined by the composition of the microalgae biomass. Polysac-
charides, lipids, proteins, pigments, and other phenolic chemicals are the most crucial
microalgal constituents.

The technology for the biorefinery approach is planned in accordance with the
desired products. For instance, high oil-containing algae will be chosen for biodiesel
synthesis. Then, the de-oiled microalgal biomass generated after lipid extraction
could be further valorized to various applications through direct utilization (biosorp-
tion, fertilizer, feed supplement), biochemical (anaerobic digestion: biogas; fermen-
tation, bioethanol), and thermochemical (pyrolysis: bio-oil, biochar; hydrothermal
liquefaction: biocrude; gasification: syngas) conversion route.

8.2 Value-Added Products

8.2.1 Pigments

Carotenoids, chlorophylls, and phycobiliproteins are the three main categories of
natural pigments found in microalgae. These pigments have been used in food, animal
feed, additives, cosmetics, pharmaceutical industries, food coloring agents, and
biomaterials as precursors of vitamins. Fat-soluble pigments known as carotenoids
are regarded as accessory pigments since they provide color to other plant compo-
nents. Historically, organic solvents and Soxhlet extractions were used to extract
carotenoids from microalgae where the choice of solvent is important to define the
level of affinity and encourage the release of carotenoids. Supercritical fluid extrac-
tion (SFE) is an alternative, albeit low selectivity and high solvent requirements make
it necessary. Da Silva et al., 2016 also extracted carotenoids using a co-solvent-
modified SC-CO, technique. Co-solvents were added, and it was concluded that
this improved the carotenoid extraction process. Additionally, it was advised to use
an anti-solvent precipitation method to increase the amount of carotenoids in the
particles.

Chlorophylls are the principal photosynthetic pigments found in a wide variety of
vegetables and fruits. They are lipid-soluble pigments with low polarity. Chlorophyll
extraction traditionally involves a number of processes using organic solvents, much
as the extraction of carotenoids. The type of solvent used, the method for disrupting
the cell wall, the amount of time spent extracting, and the application of various
empirical correlations are some aspects in solvent extraction that may affect the
yield of pigments.

In comparison with acetone, methanol and ethanol were shown to have a higher
extraction efficiency. Because chlorophyll and carotenoids have low polarity, SC-
CO; has also been recommended as a good solvent for extracting these substances.
However, the SC-CO, extraction operation needs a temperature range of 50—-60 °C
and a high pressure range of 300-500 bar. The primary photosynthetic accessory
pigments in microalgae are phycobiliproteins. Natural colors in the food industry
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and pharmaceutical products are two of the main uses for phycobiliproteins. It is a
promising substance for use in health-related applications because of its antioxidant,
antiviral, anticancer, anti-allergic, anti-inflammatory, and neuro-protecting charac-
teristics. Centrifugation, drying, homogenization, and a series of consecutive freeze-
thaw processes can be used to generate phycobiliproteins. In the nutraceutical, food,
and feed supply industries, carotenoids like astaxanthin are powerful antioxidants
because of their robust anti-aging, sun protection, anti-inflammatory, and immune
system-boosting properties.

8.2.2 Vitamins

In comparison with commercial feeds, microalgae have higher concentrations of vital
vitamins and trace elements that are also bioavailable. In order to assess the effects
of these components when consumed by the body, bioavailability studies on these
components are frequently more important than feed quality. Nitrogen (N) avail-
ability is necessary for the generation of vitamins from microalgae. It was discovered
that in low-N settings as opposed to N-replete conditions, cyanobacteria produced
less vitamin B12 per cell. The type and quantity of nitrogen present in the culture
medium also had an impact on the vitamin content.

Riboflavin is a different vitamin that can be found in microalgae and is crucial
for animals raised in aquariums. Both the stationary and logarithmic growth phases
of several microalgae were used to assess their composition. The cultures were first
filtered under vacuum, and then, riboflavin was extracted from the microalgae sample
under dim lighting. All tested species’ cultures had more riboflavin after the stationary
phase was initiated.

8.2.3 Polyunsaturated Fatty Acids

Numerous heart problems can be prevented with the help of polyunsaturated fatty
acids (PUFA), which are widely acknowledged as important nutritional components.
The growing depletion of marine resources has made it difficult to recover these
molecules from ocean fish, and the need for PUFAs has driven researchers to find
other sources of EPA and DHA. PUFAs, which are important for human nutrition
and health, can be produced by microalgae. Because microalgae are a sustainable
source, can be grown year-round, have a high oil content, and produce a lot of
biomass, advanced microalgae technology can be used to produce PUFAs.

To assess the fatty acids in marine microalga, a number of techniques have been
used, including direct saponification, Bligh and Dryer extraction, solvent extrac-
tion and sonication, and supercritical fluid extraction (SFE). The Bligh and Dryer
technique extracts using a chloroform-methanol solution. Ethanol serves as the
solvent and a catalyst during direct saponification. The SC-CO, approach produced
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the highest fatty acid levels. A combination of LED-Blue and LED-Red lighting
increased the productivity of EPA in photobioreactors with the best light source
arrangements, which can also be employed to increase EPA output.

8.2.4 Biodiesel Production from Microalgae

Biodiesel is a substitute for diesel and is defined as alkyl ester of long fatty acid chain
obtained from vegetable oil, animal fats, and compounds containing TAGs, through
transesterification reaction in presence of acid or base catalyst (Fig. 8.1) (Karpagam
etal., 2021).

Regulations and standards guidelines for biofuel have been stated in some coun-
tries like for Testing and Materials ASTM-D6751, EN-14214, and Brazilian ANP
45/214 (Karpagam et al., 2021).

Common microalgae explored for biodiesel production are cyanophyte,
chlorophyceae (green algae), and diatomaceous groups. Species like Chlorella,
Dunaliella sp., and Scenedesmus sp. observed have high lipid content of
20-30%, 17-67%, and 11-55%, respectively. Previous studies observed lipid content
of 55 % Chlorella protothecoides under heterotrophic condition, whereas Chlorella
sorokiniana showed 55% lipid content when glucose as substrate. After the lipid
is extracted from microalgae, it is trans-esterified along with acid or base catalyst
(Islam et al., 2013; Nascimento et al., 2013; Sydney et al., 2011).

Prospect on Biofuel Production

In the past few decades, researchers are focusing to solve the environmental issues
including wastewater treatment, energy crises, and air pollution. On a side note,
microalgae have emerged as the solutions to these problems. Literature stated that
microalgae-based biofuel technology offers several advantages such as (Ananthi
et al., 2021; Fernandez et al., 2021)

(a) Microalgae offers high growth rate as compared to plants used for biofuel;
hence, the biomass productivity is higher in microalgae.

(b) It was estimated that the oil produced from microalgae is 16—17 times higher
than sunflower, palm which can be used in biodiesel application.

R,COOCH, HOCH, R,COOCH,
B Catalyst
REC‘O()("‘H + 3CH;OH —— HOCH +  R,COOCH,
R;COOCH, HOCH, R;COOCH,
Triacylglycerol Methanol Glycerol Fatty acid methyl ester
(FAME)

Fig. 8.1 Transesterification reaction
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(c) Microalgae biomass is preferable over land-based crop for biodiesel production,
and there is less competition for food and water.

(d) Microalgae can be used for the treatment of wastewater.

(e) They have the tendency to absorb carbon dioxide.

8.2.4.1 Catalyst

Catalyst is used to enhance the rate of reaction, and its selection is important for
achieving high yield of biodiesel (Table 6.2). Depending on the fatty acid content
in microalgae, the catalyst can be acidic or basic. In presence of a basic catalyst,
the alcohol releases the nucleophilic alkoxide to attack the carbonyl part of TAGs
which is electrophilic (Endalew et al., 2011a). On the contrary in acidic reaction,
TAGs is protonated and alcohol will attack the carbon. Homogeneous catalyst or
acid catalyst dissolves in the product and becomes difficult to separate (Sivaramakr-
ishnan & Incharoensakdi, 2018). The acid catalyst gives low yield whereas base
catalyst fastens the kinetics reaction and gives better yield. Some common catalysts
used for transesterification are NaOH, KOH, CaO, and MgO (Veillette et al., 2017).
Other catalysts like H,SOy are preferred as they provide high FAME yield. The cata-
lyst like CaO can be produced from egg shells, and chicken bone is attracting the
researchers. It can be used for microalgae with low free fatty acid content as it is a
base catalyst (Goh et al., 2019).

Chemical Homogeneous Catalyst

Various homogeneous catalysts like NaOH, HCL, H,SO,, and K,HPO, are explored
for biodiesel application (Galadima & Muraza, 2014). These catalysts are difficult
to separate because of its homogeneity and add up the additional cost to the process.
Studies reported that acid catalyst proved to be more beneficial than the alkaline
catalyst (Skorupskaite et al., 2016). The higher FAME yield of 92% was observed
using methanol-based transesterification with sodium hydroxide catalyst in Chlorella
sp. (Velasquez-Orta et al., 2013). Whereas alkali catalysts such as KOH and NaOH
increased the biodiesel yield from 0.5 to 2.5%.

It is worthy to note that NaOH has fewer free fatty acids as compared to KOH;
hence, NaOH is preferred more in contrast to KOH (Ginting et al., 2012). In addition,
NaOH is cheaper than KOH. (Hidalgo et al., 2015) reported that with increasing the
concentration of catalyst, and the product yield is also increased.

Chemical Heterogeneous Catalyst
A heterogeneous catalyst enhances the in situ transesterification. A variety of cata-

lysts includes CaO, MgO, Bao, and SrO for enhancing the reaction (Endalew et al.,
2011b). In a study, the different concentration of ZrO,/WO; upregulated the biodiesel
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Table 8.1 Biodiesel synthesis from microalgae using various catalysts

Microalgae

Catalyst and reaction
conditions

Biodiesel yield (%)

References

Euglena sanguinea

Calcium methoxide,
temp; 49.85 °C;
reaction time 1.5 h

94.83

Arunachalam
Sivagurulingam et al.
(2019)

Scenedesmus obliquus

Chromium-aluminum
mixed oxide; temp:
80 °C; reaction time:
4h

98.28

Guldhe et al. (2017)

Anabaena PCC 7120

Barium titanium oxide
temp: 65 °C; reaction
time: 3 h

98.41

Singh et al. (2019)

NannochlorOpen pond
is gaditana

16 L of water, 36.4 L
hexane, 36.4 L
methanol, 18.2 L 98%
sulfuric acid catalyst;
reaction time: 2 h

85.5

Torres et al. (2017)

NannochlorOpen pond
is oculata

Biy03/ZrO;; temp:
80 °C; reaction time: 6

h

67.51

Rahman et al. (2020)

NannochlorOpen pond
is oculata

Poly ethylene glycol
(PEG) encapsulated

ZnOMn2*; temp:

60 °C; reaction time:
4h

87.5

Raj et al. (2019)

Scenedesmus armatus

CaO nanocatalyst*;
temp: 75 °C; reaction
time: 4 h

90.44

Pandit and Fulekar
(2019)

yield. A recentreport, CaO/Al, O3 in aratio of 3:1, was used as a catalyst and produced
the biodiesel yield of 89.9% with 98% purity (Kesserwan et al., 2020). In another
study, CaO was used as catalysts immobilized onto polymeric mats for biodiesel
production (Wilkanowicz et al., 2020). Heterogeneous catalysts can be easily sepa-
rated from liquid products and perform similar functions as homogeneous catalysts.
Another advantage of heterogeneous catalysts is that they have longer shelf life and
can be reused. The most preferred catalysts are the group II metal oxides following
the order as MgO, CaO, SrO, and BaO (Singh et al., 2020) (Table 8.1).

Economic Aspect of Microalgae Biofuel

According to the international energy outlook, the consumption of petroleum and
other liquid fuel rises from 90 barrels/day in 2012 to 121 million barrels/day in 2040.
India is the 4th largest energy consumer (Ansari et al., 2020). Approximately, 70% of
the biodiesel is consumed alone by the transportation sector. Fuel demand has rapidly
increased in recent times, and the US employs 50 gallons of biodiesel in a year (Yusoff
et al., 2021). For the economic analysis of biofuel production from microalgae, we
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need to analyze the cost involved at every step. Majorly, the sub-processes included
are:

cultivation of microalgae in open and closed system;
concentrating the microalgae biomass by various techniques;
extraction of oils from microalgae biomass;

conversion of oil from biomass to biofuel.

The major bottleneck in microalgae-based biodiesel production is the cost
involved in the feedstock. The industry data revealed that the biofuel conversion plant
for 5 million gallons per year would cost nearly $ 7,300,000 in 2008. According to
the previous studies, the cost estimated for an open system for the productivity of
67.5 mt/ha/yr (Banu et al., 2020). The capital cost for the design was $ 39,850/ha, and
the operational cost was estimated as $ 18,496/ha. In addition, the algal oil costs were
estimated as $ 115/ha. The price of microalgae biofuel varies from 2.41$ to 6.09$
per gallon (Muhammad et al., 2021). Till now, the cost associated with microalgae
biofuel is comparatively higher than petroleum fuel. Chia et al. (2018) studied the
cost of 10,000 tons of microalgae biomass with lipid yield of 30% was $ 2.80/L; in
contrast, the US price of fuel is $ 1.10/L.

In India, the biodiesel consumption is estimated to be 450 million barrels per year.
Several agencies in India, such as IREDA and BDAI, are promoting the biodiesel
production in terms of research and development (Sun et al., 2019). India’s new
biofuel policy aims to achieve 5% blending of biodiesel with conventional diesel
by 2030. National Biodiesel Mission selected Jatropha as suitable oilseed for the
blending to the conventional diesel by 2017 (Saravanan et al., 2018). However,
Jatropha faced some economic issues and seasonal implications which restricted
its utilization. Commercializing the algae-based biofuel also relies on the govern-
ment subsidies and the future price of the oil (Su et al., 2017). Studies stated that
the average price of crude oil prices increased from $ 26/barrel to $ 100/barrel from
2002 to 2008 at the annual rate of 25%, although the continuous elevated price of
oil can affect the profitability of microalgae biodiesel (Raeisossadati et al., 2019)
(Fig. 8.2).

8.2.5 Bioethanol

Bioethanol is made by digesting the sugars found in microalgae. Sugar concentration
in microalgae varies based on algal strain and growing circumstances. Sadane-Bchir
et al. isolated microalgae cultivated in slaughterhouse wastewater containing 80% to
85% sugars, extracted maximum sugar (62% total sugar and 32% reducing sugar)
using a basic 0.75% NaOH solution, and converted to bioethanol 43% (w/w) based
on the initial dry weight of biomass. Qu et al. (2020) demonstrated the cultivation of
the microalga Chlamydomonas sp. QWY37 in swine wastewater with an 81% COD
removal efficiency, a 96% TN removal efficiency, and a 100% TP removal efficiency,
as well as the highest carbohydrate productivity (944 mg L~'d~"), which was then
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roductivity
100 mt /halyr or 45 t/ac/yr Capital cost
$112,400 per ha or $45,500 per
ac

Lipid concentration and

biodiesel yield

+ 35% by weight and 10,421
gallons per ha or 4218 gals/ac

Microalgae biodiesel economic viability

Fig. 8.2 Estimation of microalgae-based biofuel production

converted to bioethanol (61 g/L) via engineered yeast. However, because of the high
production costs of microalgae, the typically limited levels of sugars in microalgae,
and the complex process, which requires several costly unit operation steps, using
microalgae for bioethanol synthesis is impracticable and unsustainable. Bioethanol
synthesis from de-oiled biomass is a more appealing technique than single-product
biorefinery designs. Bioethanol production from microalgae, on the other hand, is far
from cost-effective. Tsolcha et al. (2021) use cyanobacterial biomass grown on agro-
industrial wastewater (DWW, winery wastewater, Mix winery-raisin wastewater) in
combination with raisin residue extract to produce bioethanol with a theoretical yield
of 85.9%.

8.2.6 Biohydrogen and Biogas

Anaerobic digestion is a well-proven and reliable method for recovering bioenergy
from biomass and wastewater. Organics are transformed to CO, and CHy, the major
components of biogas, during anaerobic digestion. Using anaerobic digestion on
algal biomass with a lipid concentration less than 40% is more energy efficient.
To recover energy from microalgae cultivated on wastewater resources, anaerobic
digestion is often preferred over biodiesel synthesis.

Furthermore, anaerobic digestion can be used with biomass that has a high mois-
ture content (80-90%), which lowers the cost of biomass dewatering compared to
other biofuel applications.

Microalgae biomass typically has a C:N ratio of around 10 which is substantially
lower than the normal anaerobic digestion substrate, which has a C:N ratio of 20 to 30.
For mono-digestion, ammonia-tolerant cultures are recommended. Co-digestion of
microalgae biomass with carbon-rich biomasses, such as activated sludge, is another
option. Compared to the digestion of sludge and microalgae separately, Wagner
et al. (2016) encouraged co-flocculation of green microalgae and activated sludge,
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which considerably reduced harvesting costs and increased biomethane conversion
potential.

Microalgae can also be used to make biohydrogen. The synthesis of biohydrogen
from microalgae can be done in two ways. Microalgae can manufacture hydrogen
in one approach by autotrophically using light energy in their metabolism. Chlamy-
domonas reinhardtii has been widely studied and is regarded as one of the most
promising H, producers. However, the productivity is considerably too low to offset
the process costs, and so biohydrogen production by autotrophic growth is not
commercially viable. The bacterial conversion of carbohydrates in microalgae to
volatile fatty acids, CO,, and H, at low pH is the second way. Dark fermentation uses
solely the sugars in the microalgae to produce biohydrogen. Biohydrogen produc-
tion, like bioethanol, would be prohibitively expensive; therefore, using microalgae
for biohydrogen synthesis is unlikely to become a practical reality.

8.2.7 Biofertilizer

Microalgae cultivation is far less resource-intensive than physicochemical methods
for producing fertilizer from wastewaters, such as struvite or calcium phosphate,
because it does not involve the use of chemicals or energy-intensive procedures.
Microalgae convert phosphate and nitrogen from wastewater into algal biomass.
Microalgae act as a slow-release organic fertilizer that keeps nitrogen, phosphate,
and potassium from being lost. Microalgae, on the other hand, have other advan-
tages than providing nutrients to plants. Extracellular polymeric substances (EPS)
are produced by microalgae and aid in the formation of biofilms in soil. Biofilms help
to provide soil structure, retain water, and reduce erosion caused by over-farming.
Polysaccharides are found in EPS and give organic carbon to the soil microbiota.
Using algae as fertilizers has been shown in several studies to result in a more active
rhizosphere. Some algal metabolites (e.g., indole acetic acid) help plants grow by
stimulating root growth, nutrient mobilization, and relieving abiotic stress. Further-
more, microalgae store a high number of proteins, including tryptophan and arginine,
which are necessary amino acids. Algae can boost the amount of chlorophyll and
carotenoids in plants, which boosts photosynthetic activity and increases fruit quality.
Finally, several algae secondary metabolites exhibit antibacterial activity, allowing
chemical pesticides to be replaced. Umamaheswari and Shanthakumar (2021) used
C. pyrenoidosa to remediate paddy-soaked rice mill effluent. The maximum elimi-
nation of ammoniacal nitrogen and phosphate was determined to be 70% and 65%,
respectively. The biomass produced comprised a lipid content of 35%, a protein
content of 30%, and a carbohydrate content of 9%. They observed that using this
live algal biomass as a soil-adjusted biofertilizer on Indian okra (Abelmoschus angu-
losus) resulted in plants with improved chlorophyll, fresh and dry shoot, and root
weights that were 30% better than soil amended with chemical fertilizers (Fig. 8.3).
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Fig. 8.3 Various applications of microalgae in various fields

8.2.8 Food and Feed

Microalgal biomass is high in amino acids, polyunsaturated fatty acids, and antiox-
idant pigments, all of which are high in nutritional value and have positive effects
on human and animal health. Microalgae biomass has long been a part of human
diets and has been seen as an alternate food and feed source, as well as a possible
solution to food scarcity. Over 75% of the grown microalgae biomass is now used
as a human food supplement in the form of powder, pills, and capsules. To be used
as food and feed, the microalgae culture is required to be free from micropollutants
such as toxic chemicals, heavy metals, and pathogenic bacteria and viruses. Thus,
the pretreatment of IWW and closed cultivation systems are required for feed and
food microalgae production, leading to high construction and operational cost.

One option for dealing with the problem is to employ ‘“clean” industrial
wastewaters (IWW) that are free of heavy metals, organic pollutants, and microor-
ganisms. Rasouli et al. described a new method for recovering nutrients from potato
processing IWW by using it as a growing medium for Chlorella sorokiniana, which
contains up to 52.5% DW of feed-grade microbial protein. Returning the microalgae
biomass to the IWW source is an alternative solution. For example, the RAS
mentioned in the previous section might feed shrimp, oysters, and lower trophic
fish aquaculture wastewater-grown microalgae.



8.2 Value-Added Products 105

8.2.9 Nutraceutical and Pharmaceutical

To obtain the bioactive chemicals for use in healthcare goods for both humans and
animals, some microalgae species are industrially grown. Chlorophyll, carotenoids,
astaxanthins, zeaxanthins, and phycobilins are examples of pigments that are
promising antioxidants that have the potential to increase immune function as well
as have potent anti-inflammatory and anti-aging properties. They can be used in the
dietary supplements, food, and animal feed industries. Additional sources of bioactive
chemicals that can be used as natural medicinal agents include microalgal polysac-
charides and protein hydrolysates. Due to the presence of long-chain polyunsaturated
fatty acids in the microalgal lipid compositions, interest in them is also growing
(LC-PUFAs). LC-PUFAs are important nutrients with immunological functions and
a variety of uses in pharmaceuticals and nutraceuticals for the cosmetics industry.
LC-PUFAs in microalgal lipids are normally classified into two families, linolenic
and «-linolenic acids. These two LC-PUFA act as energy-storing compounds and
cell signaling molecules in the human cell membrane, providing significant health
benefits. Additionally, some species of microalgae include the other two essential
PUFAs, eicosapentaenoic and docosahexaenoic acids, which are crucial for human
health. Microalgae oil offers a comparable amount of omega-3 to fish oil, but has
the advantage of having less than three times the cholesterol level and no issue with
pollutants or heavy metal contamination. One type of concentrated PUFA can be
produced and stored by some species as complex polar lipids (such as phospholipids
and glycolipids). The synthesis rate typically slows throughout stationary phase while
the proportions of SFA and MUFA increase. PUFASs are typically produced at their
highest levels during the early stationary phase.

8.2.10 Nanomaterial Synthesis

In recent decades, a great deal of research has been done on the utilization of
microalgae for nanoparticles. Because of its ability to withstand high concentra-
tions of heavy metals, Chlorella sp. is the species that is most frequently utilized
to create nanoparticles. Because microalgae are non-virulent and most species are
non-toxic, using them as a miniature reaction vessel for the creation of nanopar-
ticles appears more promising than using other microbes. The primary benefit of
employing algae is its capacity to use nutrient-rich wastewater as a growing medium.
Furthermore, employing a nanobiorefinery technique, microalgae can result in the
synthesis of several products. Because they are affordable, environmentally safe, and
simple to handle, cyanobacteria and microalgae constitute an effective choice for the
biosynthesis of NPs. With the shift in the species under consideration, however, the
biosynthesis of nanoparticles needs to be improved. Metal recovery and nanopar-
ticle biosynthesis work together to remove heavy metals from the environment
by accumulating heavy metals in algal cells as a result of interactions with algae
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through bioaccumulation. The ability of algae to withstand heavy metals is a tech-
nique for using microalgae as nanofactories. According to several reports (Abou-
Shanab et al., 2014), algae can bioaccumulate heavy metals. The internal reduction
of metal to nanoform is necessary for the intracellular synthesis of nanoparticles. As a
result, algae have the capacity to carry out the simultaneous tasks of bioremediation
and nanoparticle production. Utilizing intracellular and extracellular biosynthesis
routes, cyanobacteria and microalgae exhibit significant potential for the synthesis
of Ag-NPs.

One of the commercially available microalgae species, Chlorella vulgaris, was
employed to create AgCIl-NPs with particles that were about 9.8, 5.7 nm in diam-
eter. The usage of extract made from the plant Bifurcaria bifurcata for the produc-
tion of CuO-NPs (Copper Oxide nanoparticles) was also investigated by a team
of researchers. The same study evaluated the synthetic nanoparticles’ capacity to
inhibit bacterial growth. It also makes a number of other high and low value-added
chemicals, making it a promising option for nanoparticle biosynthesis. One of the
essential properties of microalgae that has been the main tenet of study in the area
of microalgae-based biorefinery is biofuel production. Utilizing bioderived nanopar-
ticles from the same species or another microalgae species makes it possible to
extract oil from microalgae. Even though in these situations biosynthesis still need
improvement, choosing between batch and continuous culture is important. Another
option is to employ residual biomass from lipid extraction for nanoparticle biosyn-
thesis. There is a link between biofuels, nanoparticles, and algae-based heavy metal
bioremediation.

Microalgae are a dependable source of biofuel, which can be produced with
increased efficiency employing nanoparticle biosynthesis and utilization due to the
microalgae’s capacity for bioaccumulation. Fe;O4@silica core-shell nanoparticles
are used, according to a report, to harvest microalgae for biofuel. In the same study,
the same NPs were utilized as a catalyst to improve the production of biodiesel from
microalgae. The synthesis of Ag-NPs utilizing an aqueous extract of Enteromorpha
compressa as a reducing agent demonstrates the usefulness of macroalgae in this
sector. Specific species are chosen after testing various microalgal species for the
production of Ag-NPs.

The use of several enzymes and co-factors makes up the biosynthesis mechanism.
The process may also involve a number of other non-enzymatic compounds, such as
flavonoids and phospholipids. It is environmentally benign to use microalgae to biore-
duce metal ions to nanoparticles. Most microorganisms’ biosynthesis is controlled
by the molecules nicotinamide adenine dinucleotide hydrogen (NADH) and nicoti-
namide adenine dinucleotide phosphate (NADP). The NADH reductase enzyme,
which receives an electron from NAD?*, converts metal ions into their nano form.
The enzyme is oxidized as a result, and metal ions are reduced to nanoparticles
Metal ions must be taken in by cells where nanoparticle production takes place for
intracellular nanoparticles to develop. Thylakoids are where intracellular synthesis
normally takes place, and NADP* is also essential for this process. With the aid of
the split water molecule’s electrons, NADP™ is transformed into NADPH. When a
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proton gradient forms across the membrane, the water separates and donates an elec-
tron to photosystem II (PSII). The effectiveness of NADH reductases in producing
metallic nanoparticles from metallic ions has been the subject of extensive research.
Through the complexes of PSII and an electron transport chain, the process takes
place in the inner membrane of the mitochondria. In microalgae, it is a well-known
mechanism for nanoparticle generation. The premise for intracellular nanoparticle
manufacturing is the interaction of metal ions with microalgae and their uptake by
intracellular organelles through metabolic pathways. The enzyme-dependent reduc-
tion process begins once the metal ions are trapped inside the cell and reduces the
metal ions in the cytoplasm. After that, the metallic NPs in the cell’s organelles
begin to stabilize, develop, and accumulate, which starts the nucleation process.
The interaction of metal ions with proteins and amino acid moieties, which serve
as capping agents and have a strong affinity for metal ions, is what gives rise to the
stability of produced nanoparticles. The presence of the NADH-dependent nitrate
reductase enzyme during the biosynthesis process suggests that the entire process
involves the cell’s electron transport chain. Normally, nitrate is converted to nitrite
by the NADH-dependent nitrate reductase enzyme. In particular, the liberated elec-
tron helps Ag-NPs (Ag,* to Ag’) produce metallic nanoparticles. However, more
complex processes are needed for the creation of gold nanoparticles, which then
reduce Au*-sulfide to Au®. As hydrogenase enzymes split the molecular hydrogen,
releasing electrons to reduce Au** to Au’, molecular hydrogen is essential for the
reduction of Au’*.

8.2.11 Microalgae in Biological Activity

8.2.11.1 Anticancer Activity

Free radicals cause the development of cancer cells, while normal cells go through
stages of initiation, promotion, and advancement. The natural pigments like chloro-
phyll, carotenoid and their derivatives act as cancer chemopreventive agents. These
substances also exhibit anti-mutagenic and antitumorigenic properties, which help
to inhibit the growth of cancer cells. Additionally, antioxidant and anticancer prop-
erties in phycobiliprotein pigments were discovered. The anticancer activity of the
pigments was assessed using a cytotoxicity assay, and it was discovered that it was
higher in nitrogen-stressed conditions.

8.2.11.2 Anti-inflammatory Activity

Following physical damage or invasion by harmful bacteria and viruses, the immune
system becomes activated, which results in inflammation, a complex physiological
process. It is possible for dietary ingredients to treat chronic inflammatory illnesses
since substances like PUFAs and pigments from microalgae have shown the ability
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to reduce inflammation. The use of algal extracts as a functional food ingredient
to reduce inflammation may potentially be advantageous. Numerous researchers’
in vivo experiments proved that compounds like carotenoids in microalgae have
anti-inflammatory and antioxidant properties. This confirms that microalgae can
effectively cure inflammatory conditions.

8.2.12 Anti-angiogenic Activity

Blood vessel formation, or angiogenesis, is crucial for the development and repair
of organs. Under pathological circumstances, uncontrolled angiogenesis is likely to
hasten the spread of illnesses. Angiogenesis inhibitors are therefore necessary since
they provide better treatment with fewer adverse effects. The organic extract of green
algae was reported to have anti-angiogenic and anti-proliferative activities. MTT
assay was used to measure the viability reduction of cell cultures in the presence
and absence of the extracts, and experimental models of neovascularization were
employed to examine the organic extract from the microalgae. Additionally, the
extract demonstrated positive chemopreventive action against carcinogenesis.
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Microalgae are considered as the potential candidate for the biodiesel and energy
source, but its commercial stability needs to be explored (Ho et al., 2020). Though,
after the extraction of lipid from microalgae, a major portion of DOB is left behind.
The DOB has copious amounts of carbohydrate, protein, cellulose, and some minerals
which can be utilized for various applications (Chaudry et al., 2015). Generally, DOB
of microalgae has been explored for animal feed. Some studies reported that the DOB
of microalgae has been converted to gas by anaerobic digestion, biochar production,
and catalytic hydrothermal gasification (Delrue et al., 2013; Wang et al., 2015).
Recent advancement reported that DOB was explored for cellulose-based nanoma-
terial, whereas in some studies, the DOB was recycled for the nutrient recovery
to cultivate microalgae which can reduce the cost of the process. The synthesis of
carbon-based nanomaterial from DOB was highly explored by researchers.

9.1 Chemical-Based Synthesis of Nanomaterials from DOB

CNF and cellulose nanocrystals are successfully synthesized from DOB of
microalgae like Cladophora rupestris, Gelidium elegans, Nannochlor Open pond
is oceanica, Nannochlor Open pond is salina (Chen et al., 2016; Xiang et al., 2016).
The chemical process involves three steps, such as alkali treatment, bleaching, and
acid hydrolysis, are multistep and preferred for the purification cellulose-based nano-
material. Chemical treatment is required for the extraction of cellulose to remove
the amorphous component as lignin and hemicellulose are chemically linked. The
alkali treatment involves NaOH which permits the hydrolysis of ester bonds among
lignin and hemicellulose (Vasistha et al., 2023). Hence, the hydrolysis allows the
lowering of hemicellulose content, whereas the lignin part is not affected by alkali
treatment. Further, bleaching and acid treatment are the main steps in the process as
it helps in reduction of pigment and remove the lignin content present in the cellulose
(Sucaldito & Camacho, 2017).
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El Achaby et al. (2018) utilized red algae biomass Gelidium elegans, for the
synthesis of CNC. The produced CNC was having a diameter ranging from 5.1 to
9.1 nm. In addition, the synthesized CNC was used to produce polyvinyl alcohol
composite which can be used as nanofillers. Whereas in another report, the CNF was
produced from DOB of Cladophora rupestris through enzyme hydrolysis, glucan
was used as enzyme. The produced CNF from microalgae having high crystallinity
and better thermal stability (El Achaby et al., 2018). The produced CNF from
NannochlorOpen pond is oceanica by TEMPO mediated oxidation and proved to
have great mechanical strength which can be employed for various nanofillers appli-
cation. The average tensile strength of CNF was 3—4 GPa. Hence, the above studies
indicate that the DOB of microalgae can be utilized for sustainable and biocompatible
nanomaterial (Lee et al., 2018).

9.2 Hydrothermal Synthesis

The hydrothermal process is a heterogeneous reaction that occurs in presence of
water, above ambient temperature, and pressure. The HTC can convert various
feedstock into the solid material with high carbon content (Zhao et al., 2019). It
offers advantages like robustness, free from chemicals or enzymes, and ease to
use. The process is exothermic and effective only in water. Literature reported that
this technique proved to be an effective alternate for the synthesis of carbonaceous
compounds. Various microalgae were explored for the synthesis of nanomaterials
using HTC (Table 8.1).

The Spirulina platensis was explored to produce nitrogen doped carbon material
by the process of HTC. The sample was kept in PTFE lined autoclave provided with
temperature between 180 and 240 °C for 24 h. They found that in the presence of
glucose, the HTC produced was spherical in shape, and the diameter of the particle
was >2 pm in size (Falco et al., 2012). In another study, the protein was isolated
along with nutrient recovery from Spirulina platensis and Chlorella vulgaris through
HTC (Zhao et al., 2019). The previous literature discussed the use of raw microalgae
and glucose for the synthesis of N doped activated carbon by the process of HTC
at temperature of 180 °C for 24 h, and they were used as electrodes in capacitors
which are environmentally friendly (Sevilla et al., 2014). The defatted microalgae
Aurantiochytrium limacinum SR21 was explored for the recovery of phosphorus and
nitrogen water soluble fraction using HTC treatment at the high temperature. The
100% phosphorus and nitrogen recovered at 250 °C for 10 min for recultivation of
microalgae. They discussed that at higher temperature, the yield of the phosphorus
and nitrogen decreased (Aida et al., 2017). Singh et al. (2019) demonstrated the
green energy approach where fluorescent nitrogen phosphorus carbon dots were
synthesized from Dunaliella salina followed by HTC. These fluorescent carbon dots
were earlier obtained by various methods like chemical oxidation and laser ablation,
hence synthesizing it from microalgae makes it a green approach. The synthesized
fluorescent nitrogen phosphorus carbon dots have the ability for sensing the toxic
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environmental containment like Hg (IT) and Cr (IV) metal ions. Furthermore, Lu et al.
(2015) used wet algae biomass of NannochlorOpen pond is sp. (15 wt %) slurry at
180-200 °C and 15-30 min to produce hydrochar which contain 85% of the FAMEs
and 75% of the EPA. The recovery rate of 74% was achieved for fatty acids using
ethanol. The study describes the promising method for the extraction of fatty acid by
the HTC process and can be used for various applications in biofuel or nutraceutical

(Table 9.1).

Table 9.1 Hydrothermal-based synthesis using microalgae

Source Method Solvent | Time |Temp Material References
(Hrs) | (°C)
Dunaliella salina | Hydrothermal Double |6 200 NP carbon Singh et al.
synthesis distilled dot (2019)
water
(DDW)
Spirulina Hydrothermal Water + | 24 180, 200, | Nitrogen Falco et al.
platensis carbonization glucose 220, 240 | doped (2012)
hydrothermal
carbons
Spirulina Hydrothermal Glucose | 24 180 N doped Sevilla
platensis co-carbonization highly etal.
microporous | (2014)
carbon
material
Cladophora Hydrothermal Water 6 220 Carbon nano | Ana and
rupestris carbonization dots Camacho
(2019)
Gelidium amansii | Hydrothermal ‘Water 2,4, 170 Cubic carbon | Dou et al.
conversion 6, 8, quantum dots | (2018)
10, 12
Sargassum Hydrothermal Water 2,4, 180-210 | Hydrochar Zeng et al.
horneri conversion and 8, 16 (2018)
citric
acid
Nannochloropsis | Hydrothermal ‘Water 15,30 | 180, 200, | Solid Luet al.
sp carbonization 220 hydrochar (2015)
Chlamydomon as | Hydrothermal Oxalic |2 203 Algal char Heilmann
reinhardtii carbonization acid & et al.
water (2010)
Nannochloropsis | Hydrothermal Water 15, 215 Hydrochar Levine
oculata carbonization 30, 45 et al.
(2013)

(continued)
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Table 9.1 (continued)

Source Method Solvent | Time | Temp Material References
(Hrs) | (°C)
Dunaliella salina | Hydrothermal Water |5 200 Nitrogen and | Li et al.
method sulfur (2019)
co-doped
carbon dots
Aurantiochytrium | Hydrothermal Water |4 400 Extraction of | Aida et al.
synthesis nitrogen and | (2017)
phosphorous
water soluble
Chlamydomon as | Hydrothermal Water |2 200 Char Heilmann
reinhardtii synthesis etal.
(2011)
Spirulina Hydrothermal Water 1 190 Hydrochar Zhao et al.
platensis and synthesis (2019)
Chlorella
vulgaris
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Challenges and Future Directions

The implementation of the biorefinery idea for microalgae production using indus-
trial effluent is fraught with difficulties. Because one extraction method may affect
the quality and quantity of other extraction products, multiproduct cascade extrac-
tion systems should be carefully followed. Acid treatment is far more harmful to
proteins than sugar in terms of biomolecule structural degradation, protein extraction
via alkali treatment (sodium hydroxide) should be carried out before sugar extrac-
tion via acid treatment. In order to obtain the highest quality biorefinery products,
careful revisions must be made to the selection of the right extraction method and the
extraction sequence of biomolecules from microalgae. Most of the microalgae biore-
fineries are not cost effective because of the unexplored new value-added multiple
products from microalgal biomass grown on wastewater. Therefore, it is impor-
tant to investigate new value-added biomaterials such as emulsifiers for bioplastic
manufacture, carbon-dot, quantum dot, biomedical patches for wounds, or goods
for other highly valuable medical uses. Due to the vast diversity of nutrients and
their strength in a different kind of IWWs, they require multiple pretreatments to
make a nutrient balance medium. In these situations, research should concentrate on
using IWW cocktails that have been optimized from a variety of sources as a single,
well-balanced nutritional media for microalgae culture. Depending on the world-
wide region’s temperature and sunlight availability, IWW valuation and microalgae
production techniques may differ. Therefore, cold nations (those with low tempera-
tures and little sunlight, like those in Europe) should concentrate on photobioreactor-
based microalgae cultivation in order to produce high value-added products from the
microalgae biomass cultivated on IWW. Southern Asia, the Middle East, and other hot
regions should concentrate on raceway pond microalgae growing on IWW with the
goal of numerous biorefineries-based biomass valorization. Therefore, a final route
of future investigation would be estimating life cycle analysis of static microalgae
wastewater treatment process to provide insight in overall sustainability.
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