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Preface

Diatoms are emerging as pivotal players in addressing some of the most 
pressing environmental and energy challenges of our time. This book 
delves into the multifaceted world of diatoms, exploring their cultivation, 
harvesting, and diverse applications. By harnessing the potential of dia-
toms, we can develop sustainable solutions that benefit both industry and 
the environment, contributing to a healthier planet for future generations.

The cultivation and harvesting of diatoms present unique challenges 
and opportunities. This book provides a comprehensive overview of the 
technological limitations and needs in this field, highlighting innovative 
methods such as the use of chitosan as a natural flocculant. These advance-
ments are crucial for optimizing the efficiency and effectiveness of microal-
gae harvesting processes, its advantages over synthetic flocculants, and its 
potential for large-scale applications.

Diatoms, with their intricate cell wall structures and biochemical com-
positions, offer immense potential for various applications, including bio-
fuel production, bioremediation, and even space exploration. This book 
examines the technoeconomic prospects of diatom cultivation, the design 
and implementation of algal reactors, and the potential of diatoms as a 
source of biofuel and other value-added products. Diatoms are unique 
among microalgae due to their silica-based cell walls, known as frustules, 
which exhibit intricate nanostructures. These frustules not only provide 
mechanical protection but also have potential applications in nanotechnol-
ogy and materials science. 

One of the key features of diatoms is their ability to produce valuable 
biochemical compounds. This book provides an in-depth analysis of the 
pigments and proteins found in Phaeodactylum tricornutum, exploring 
their potential applications in various industries. Diatoms are known for 
their diverse and unique biochemical compositions, which include pig-
ments such as chlorophylls, carotenoids, and fucoxanthin. These pigments 
have potential applications in the food, pharmaceutical, and cosmetic 
industries due to their antioxidant and anti-inflammatory properties.
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Biofuel production from diatoms is a promising avenue for sustainable 
energy. This book explores the methods for lipid extraction from diatoms, 
the economic feasibility of biofuel production, and the industrial aspects of 
this process. Diatoms are considered one of the most promising sources of 
biofuels due to their high lipid content and rapid growth rates. 

The potential of diatoms extends beyond Earth, with applications in 
long-term space missions and life support systems. This book discusses the 
testing of diatom growth under microgravity conditions and the potential 
use of diatoms in space applications. Diatoms have been proposed as a 
potential component of life support systems for long-term space missions 
due to their ability to produce oxygen and remove carbon dioxide. 

Genetic engineering plays a crucial role in enhancing the lipid produc-
tion of diatoms. This book delves into the genetic modifications and stress 
conditions that can increase oil production in diatoms, providing insights 
into the future prospects of this field. Genetic engineering techniques, such 
as CRISPR-Cas9 and RNA interference, have been used to modify the met-
abolic pathways of diatoms to enhance lipid production. 

The book discusses the potential of these techniques for improving the 
efficiency and yield of diatom-based biofuels, as well as the challenges and 
ethical considerations associated with genetic engineering. Further, the 
work highlighted in this wide-ranging book is divided into three parts:

Part I: Culture Methods. This section introduces the foundational aspects 
of microalgae and diatom cultivation. Chapter 1 discusses the adapta-
tion of chitosan-based harvesting methods for microalgae flocculation, 
addressing the challenges and technological limitations in microalgae cul-
tivation and harvesting. The chapter delves into the various methods of 
microalgae harvesting, including centrifugation, filtration, and floccula-
tion, with a particular focus on the use of chitosan as a natural flocculant. 
It explores the mechanisms of chitosan flocculation, its advantages over 
synthetic flocculants, and its potential for large-scale applications. Chapter 
2 explores the trends, scope, and technoeconomic prospects of diatom cul-
tivation, including the design and implementation of algal reactors and the 
potential of diatoms as a source of biofuel and other value-added products. 
The chapter discusses the cultivation of diatoms in photobioreactors and 
open ponds, highlighting the advantages and limitations of each system. 
It also examines the potential of diatoms in the biofuels industry, focusing 
on their high lipid content and rapid growth rates. The economic feasibility 
of diatom-based biofuel production is analysed, considering factors such 
as feedstock availability, production costs, and market demand. Chapter 
3 provides an in-depth analysis of the pigments and proteins found in 
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Phaeodactylum tricornutum, exploring their potential applications in var-
ious industries. It discusses the diverse and unique biochemical composi-
tions of diatoms, including pigments such as chlorophylls, carotenoids, and 
fucoxanthin, and their potential applications in the food, pharmaceutical, 
and cosmetic industries. The chapter also examines the protein content 
of diatoms, including enzymes and bioactive peptides, and their potential 
uses in nutraceuticals and functional foods.

Part II: High-Value Products. This section covers advanced applications 
and innovative techniques in the field of diatoms and microalgae. Chapters 
4 and 5 examine the nature and applications of diatom cell walls, includ-
ing their purification processes and industrial uses. The chapters discuss 
the silica frustules of diatoms, which exhibit intricate nanostructures and 
have potential applications in nanotechnology and materials science. They 
explore the methods for extracting and purifying diatom frustules, as well 
as their potential for creating high-value products. Chapter 6 discusses the 
biochemical engineering of diatoms for health and biorefinery concepts, 
highlighting the potential of diatoms in producing biofuels and other 
high-value products. The chapter examines the genetic modifications and 
stress conditions that can enhance lipid production in diatoms, provid-
ing insights into the future prospects of this field. Chapter 7 focuses on 
the metabolic and transcriptomic stress and engineering of diatoms to 
enhance lipid production, exploring the stress conditions that can increase 
oil yield. The chapter delves into the genetic engineering techniques, such 
as CRISPRCas9 and RNA interference, that have been used to modify the 
metabolic pathways of diatoms to enhance lipid production. It discusses 
the potential of these techniques for improving the efficiency and yield of 
diatom-based biofuels, as well as the challenges and ethical considerations 
associated with genetic engineering. Chapter 8 examines the potential of 
diatoms in space applications, including long-term space missions and life 
support systems. The chapter discusses the challenges of cultivating dia-
toms in space, including the effects of microgravity on growth and metab-
olism, and explores the potential benefits of using diatoms for cultivation 
within bio-regenerative life support system (BLSS). Chapter 9 discusses 
diatom as prospective green anode material.

Part III: Low-Value Products. This section highlights the environmental 
and industrial applications of diatoms for low value products. Chapter 10 
discusses diatom cell disruption and milking via a nanobiorefinery for bio-
fuel production, utilizing techniques like pulsed electric fields, high pres-
sure homogenisation, ultrasonication, etc. Chapter 11 discusses genetic 
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engineering and metabolic engineering in diatoms for oil production. 
Chapter 12 explores the use of diatoms for heavy metal bioremediation, 
discussing the mechanisms and challenges involved. The chapter exam-
ines the high capacity of diatoms for accumulating heavy metals, making 
them suitable for bioremediation applications. It explores the mechanisms 
of heavy metal uptake by diatoms, including biosorption and bioaccumu-
lation, and discusses the challenges and limitations of using diatoms for 
bioremediation. Chapter 13 discusses diatoms for biofuel in biofilm reac-
tors, it discusses transesterification of diatom oil and parameters for opti-
misation and Chapter 14 discusses diatom harvesting for lipid production 
like bubble wrap (Bubble Farming), oozing, mechanical pressure, pulse 
electric field etc.

We are pleased to present this book, which documents the latest 
advancements in the cultivation, harvesting value added products from 
diatoms, and applications of microalgae and diatoms. By fostering an 
interdisciplinary exchange of ideas and actions, we hope to contribute to 
the innovative design of high-performing systems that provide practical 
solutions to global challenges. We trust that this book will be a valuable 
resource for researchers, industry professionals, and anyone interested in 
the potential of microalgae and diatoms.

There are four general methods for agricultural scale growth of dia-
toms and other microalgae: Runways; Photobioreactors; Bubble Farming; 
Biofilms. These vary widely in ease to contaminate; requirement for flat 
land; gas barrier; water retention; nutrients requirement; scalability; run-
ning energy, and cost.

The editors and Clifford Merz have been developing Bubble Farming at 
a laboratory scale. It needs outdoor, agricultural testing to see if it needs 
adjustments for variable weather conditions, such as bubble size, UV 
screening, wind and bird resistance, humans and animals popping bub-
bles by stepping on it, and when to harvest and reusability. Crops that 
could grow under air pillows need exploring. Here we have discussed 
Bubble Farming in Chapters 1 and 14. A combination of Bubble Farming 
and Biofilm cultivation can be imagined. For example, a large surface area 
could be provided by 0.3mm diameter steel ball bearings, contained in flat 
air pillows with a thin layer of water with nutrients. Using directed light to 
guide motile diatoms and concentrate them is also worth consideration, as 
this could require no energy.

Vandana Vinayak
Richard Gordon

January, 2025
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Adaptation of Chitosan-Based Harvesting 
Methods for Flocculation of Microalgae

Mainavi Patel1, Hirak Parikh2 and Gayatri Dave1*

1P D Patel Institute of Applied Sciences, Charotar University of Science and 
Technology, Anand, Gujarat, India

2Department of Earth and Environmental Systems, Indiana State University,  
Terre Haute, Indiana, USA

Abstract
This chapter addresses the potential of microalgae, focusing on diatoms because of 
their distinctive features and high nutritional value. Single-celled photosynthetic 
microalgae have been around for three billion years. They have also been used as 
a food source for humans over 2000 years, with Spirulina gaining global popular-
ity as a dietary supplement. Diatoms’ high lipid content makes them an excellent 
source for biofuel production, offering a renewable and environmentally friendly 
alternative to conventional fossil fuels.

The cultivation of microalgae poses challenges due to their small size, low 
settling rate, and susceptibility to damage during harvesting. Various harvesting 
methods, such as physical (mechanical), chemical, and biological techniques, have 
been explored to address these challenges. Flocculation, a widely used method, 
involves the formation of aggregates (flocs) to separate microalgae from the 
growth medium or water. The natural polysaccharide chitosan has gained atten-
tion as an eco-friendly and effective flocculant for microalgae harvesting. Studies 
have shown the potential benefits of combining chitosan with other techniques, 
such as electroflotation, electrolysis, and magnetic nanoparticles, to enhance 
harvesting efficiency and reduce processing costs. The chapter emphasizes the 
significance of interdisciplinary research to enhance microalgae cultivation and 
harvesting methods, unlocking their full potential for sustainable applications in 
various industries.

Keywords: Chitosan, harvesting methods, flocculation, microalgae
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1.1 Microalgae

Microalgae are single-celled photosynthetic organisms residing in aquatic 
habitats [1.1]. Microalgae have been around for three billion years, and 
their exceptional potential in a variety of industries, including food, feed, 
fuel, and pharmaceuticals, has drawn the attention of both researchers and 
businesses [1.2]. Since microalgae cells include carbohydrates, proteins, 
lipids, vitamins, antioxidants, and necessary trace elements, they have 
great nutritional significance for people and animals [1.3] [1.4].

The Chinese first used microalgae (Nostoc) as a food source over 2,000 
years ago. Eventually, Spirulina gained global popularity as a food supple-
ment due to its exceptional nutritional properties. Spirulina is composed 
of 62% amino acids and is a source of vitamins A, B1, B2, B12, and phyto-
pigments like carotenoids and xanthophylls [1.5]. Additionally, it contains 
essential fatty acids, including linolenic acid, which the human body can-
not synthesize.

Microalgae biomass is exceptionally rich in lipids; under certain growth 
conditions, some strains can accumulate 20–50% triacylglycerols, while 
others can produce up to 80% lipids [1.6]. Microalgae are an excellent 
source for producing biofuel due to their high lipid content, higher growth 
rates, adaptability to environmental conditions and capacity to grow on 
non-arable ground [1.7] [1.8]. Microalgae-based biofuels also benefit from 
being renewable and emitting fewer greenhouse gases than traditional fos-
sil fuels.

Diatoms belonging to the Bacillariophyta group have unique siliceous 
cell walls with intricate patterns and shapes known as frustules [1.9]. They 
are found in aquatic and semi-aquatic habitats, including freshwater and 
marine water. Diatoms’ remarkable diversity, ecological significance and 
biotechnological potential are fascinating [1.10].

1.2 Microalgae Cultivation and Challenges

Microalgae exhibit rapid growth rates; their high photosynthesis rate and 
ability to store significant byproducts make them suitable for industrial 
feedstock [1.11]. Furthermore, microalgae cultivation does not require 
fertile soil, extensive freshwater supplies or herbicides, distinguishing 
them from other crops [1.12]. Open and closed culture systems have been 
exploited for maximum cultivation of microalgae. An open cultivation 
system involves growing microalgae in outdoor environments exposed to 



Chitosan for Microalgae Flocculation 5

natural sunlight and air. These include raceway ponds, shallow ponds and 
natural open ponds. However, these systems are more susceptible to con-
tamination, temperature fluctuations and other environmental variables.

On the other hand, closed systems such as enclosed bioreactors or 
photobioreactors entail growing microalgae in a controlled environment. 
These systems precisely control light intensity, temperature, nutrient con-
centrations and carbon dioxide levels. As a result, closed systems tend to 
produce higher biomass and have a lesser risk of contamination (Figure 
1.1) [1.13] [1.14].

In specialized microalgae groups, the diatoms encompass diverse spe-
cies with varying growth requirements. Each species may have specific 
temperature, light, nutrient, and pH preferences [1.15] [1.16]. Identifying 
the optimal conditions for diatom growth and understanding the partic-
ular needs of target species is crucial for successful cultivation. Also, sil-
ica supplementation in cultivating vessels is essential for optimum diatom 
growth [1.17]. Usually, diatoms are cultivated for two purposes:

1. Laboratory-level research studies
2. Aquaculture and bio-fuel production.

Xenic culture cultivates diatoms with other microorganisms [1.18]. This 
method allows the study of diatoms in a more natural environment, as they 
often coexist with other natural microbes. Xenic cultures can be established 
by collecting water samples from natural habitats, such as freshwater or 

Natural Open
ponds

Artificial ponds
(Raceways)

Photobioreactors

Open System Closed System

Microalgae
cultivation

Figure 1.1 Methods for microalgae cultivation.
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marine environments, and inoculating diatoms and the associated micro-
bial community in culture media.

On the other hand, Axenic cultures are grown without any other metab-
olizing cells and can be used to study the pure physiology and metabolism 
of the diatom itself. This can be particularly useful for studying the bio-
chemical pathways and genetic regulation of diatom growth and metabo-
lism [1.19].

Obtaining biomass is easy if you have the proper seed culture, a suitable 
cultivation medium, and a light source. However, there are two significant 
difficulties at two different stages of growth, such as seeding and harvesting:

1) The environmental sampling often contains diatom cells 
closely surrounded by grazers. Also, grazers are of similar 
size to diatoms and hence cannot be separated by filtra-
tion, limiting the representation of all of taxas during the 
enrichment and thereby further cultivation. For this reason, 
a method for pooling diatom fractions from heterogeneous 
natural water samples is required.

2) After cultivation, the biomass must be collected from diluted 
water for further application.

However, despite the immense potential of microalgae, there are still 
significant challenges associated with their large-scale biomass produc-
tion. These challenges include optimizing cultivation techniques, such as 
selecting suitable strains, optimizing growth conditions, and enhancing 
cultivation efficiency to achieve higher yields [1.20]. Scaling up produc-
tion processes and establishing cost-effective harvesting and extraction 
methods are crucial focus areas. Furthermore, ensuring the sustainability 
of microalgae cultivation, such as minimizing water and nutrient require-
ments, preventing contamination, and managing waste byproducts, 
remains an ongoing challenge.

1.3 Microalgae Harvesting: Technological Limitations 
and Needs

Harvesting microalgae from reaction vessels such as closed bioreactors 
to open ponds is another mammoth task. Several factors make harvest-
ing difficult, which are summarized below. Small cell size and low settling 
rate: Microalgae cells are typically tiny, ranging from 1–10 micrometer 
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in diameter. Their small size and low settling rate make separating them 
from the growth medium or water difficult. Traditional gravitational force- 
mediated sedimentation methods could be more effective, requiring devel-
oping innovative harvesting techniques [1.21].

The second key reason is that biomass is often found in dilute concen-
trations scattered in large volumes of water, making the harvesting process 
even more challenging. Efficient methods are needed to concentrate the 
biomass before harvesting to reduce energy and cost requirements [1.22].

Cell fragility and sensitivity: Microalgae cells are delicate and can eas-
ily rupture or damage during harvesting. Mechanical methods like cen-
trifugation or filtration can cause cell breakage, biomass loss and reduced 
product quality. Gentle and non-invasive harvesting techniques must be 
developed to maintain cell integrity and preserve the valuable components 
of microalgae. Furthermore, the grazers, particularly protozoa and dino-
flagellates, negatively impact the biomass yield. Effective separation and 
purification techniques are necessary to ensure a clean and uncontami-
nated final product [1.23].

Many microalgae harvesting methods are effective at small scales but 
struggle to scale up. Commercial production requires scaling up the 
harvesting process while maintaining efficiency and cost-effectiveness. 
Additionally, a harvesting method choice can affect the environment. 
Energy and chemicals may be consumed in some methods, posing envi-
ronmental concerns. Developing sustainable and eco-friendly harvesting 
techniques that minimize the ecological footprint is essential.

Addressing these challenges requires interdisciplinary research and 
development efforts, encompassing engineering, biology, chemistry, 
and  environmental science. By overcoming these obstacles, the efficient 
and sustainable harvesting of microalgae biomass can be achieved, unlock-
ing the full potential of microalgae for various applications, including bio-
fuels, food, feed, and pharmaceuticals [1.24].

Despite these challenges, ongoing research and technological advance-
ments continue to address these limitations and unlock the full potential 
of microalgae for biomass production. With further exploration and inno-
vation, microalgae show promise as a sustainable and valuable resource for 
multiple industries, contributing to a more sustainable and greener future.

1.4 Harvesting Methods

Dewatering of microalgal biomass is a crucial step for producing feed, 
fuel and other high-value products. It has been reported that 20–30% of 
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microalgal biomass cost is due to harvesting costs [1.25]. Although several 
methods are available, appropriate harvesting methods should be selected 
based on the end products and properties of microalgal strains. Present 
harvesting methods include physical (mechanical), chemical, and biologi-
cal methods. Sedimentation, centrifugation and filtration are the standard 
physical techniques, along with a few electrical practices, such as flotation 
and electrolysis. Due to the small size and colloidal stability of microal-
gal cells in suspension, sedimentation is not viable [1.23]. Centrifugation, 
commonly applied for high-value products, is costly and cannot be 
employed for large volumes. It has been reported that separating microal-
gae by settling and centrifugation consumes harvesting energy of 1MJ/kg 
of dry biomass, which is more than that required for wood (0.7–0.9 MH/
kg) [1.26]. Filtration can harvest larger species, such as Spirulina; however, 
smaller species, such as Chlorella, may fail to get purified.

Flocculation is another prominent technique for dewatering microal-
gal biomass [1.22] [1.27]. This method involves the formation of aggre-
gates (flocs) by separating the solute particles from the solution occurring 
through one or combined mechanisms: (i) charge neutralization, where the 
charged microalgal cell surface is neutralized by incorporating oppositely 
charged ions, polymers or colloids, (ii) electrostatic patch, where bind-
ing of opposite charges results in patches, (iii) bridging, where a bridge is 
formed between two microalgal cell surfaces by the use of polymers and 
(iv) sweeping, where the smaller particles get entrapped into large flocs as 
they settle, aiding their quick removal from the liquid [1.28].

Chemical flocculating or coagulating agents have been studied exten-
sively for biomass dewatering. The majority of the two chemical flocculants 
observed were inorganic and organic. Frequently utilized inorganic floc-
culants are ferric chloride, aluminum sulfate, ammonia and ferric sulfate 
[1.29] [1.30]. Uduman et al. reported three inorganic flocculants’ optimum 
dosage and pH: lime, alum and ferric sulfate. The report suggested that 
alum and ferric sulfate gave better flocculating ability than lime. Unlike 
alum and ferric sulfate, the optimum dose of lime was almost twice the 
quantity. However, lime flocculation would be favorable if the suspen-
sion included magnesium or calcium ions [1.31]. Zhu et al. showed that 
Al2(SO4)3 efficiently increased flocculating Chlorella vulgaris cells with the 
achieved concentration of 2.5g/L. The flocculating efficiency, as well as 
the optimum dosage required, varies from cell to cell. Although inorganic 
flocculants provide good harvesting efficiency, the high cost of chemicals, 
high dosage and metal ion contamination in biomass residues limits their 
application for human consumption [1.32].


