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Abstract 

Microalgae-based biodiesel production has emerged as a promising avenue for renewable and 

sustainable energy sources. This thesis presents a comprehensive analysis of the technical 

feasibility and sustainability of microalgae-derived biodiesel production, focusing on 

cultivating indigenous mixed species in wastewater collected from rural oxidation ponds. 

Furthermore, a bi-functional KOH/rice bran-derived activated heterogeneous carbon catalyst 

was employed for the in-situ transesterification process and process parameters were utilized 

using statistical regression analysis by central composite design (CCD). 

The study includes microalgae cultivation sourced from a rural pond, providing a lab-scale 

demonstration of logistic growth patterns over two weeks. This approach showcases the 

potential to utilize wastewater as a growth medium, eliminating the need for additional nutrient 

supplementation and reducing freshwater consumption. Chlorophyll-A in wastewater confirms 

the presence of microalgae, setting the stage for a sustainable biomass source. 

A pivotal aspect of the research involves identifying and characterizing indigenous microalgae 

species. Morphological observations under the microscope provide valuable visual clues, while 

molecular techniques, including 16S rRNA gene sequencing and BLASTN searches, confirm 

the genetic identity of the strains as Desertifilum salkalinema and Chlorella vulgaris. 

Developing a novel bi-functional catalyst consisting of KOH impregnated on rice bran-derived 

activated carbon support material represents a significant milestone. Characterized through 

scanning electron microscopy (SEM) and X-ray diffraction (XRD), this catalyst enhanced the 

efficiency of in situ transesterification by effectively filling porous structures. 

Exploration of solvent combinations for direct transesterification with synthesized catalyst was 

carried out. In-situ transesterification with H2SO4 was carried out to find the most suitable 



vi 
 

combination. The successful identification of methanol and hexane as the optimal solvent duo 

maximized the efficiency of the direct transesterification process with the synthesized catalyst. 

Optimization of process parameters was achieved through statistical regression analysis based 

on the central composite design (CCD). The model generated from this analysis predicts a 

biodiesel yield of 81.8%, with a high coefficient of determination (R² = 0.94), ensuring the 

model's reliability. The optimum conditions include a 10:1 solvent and co-solvent to biomass 

molar ratio, 5 wt% catalyst loading, a temperature of 70°C, and a 1.5-hour reaction time. In 

practice, these conditions yielded an observed maximum biodiesel yield of 80.9%, with a 

prediction error below 0.9%. Furthermore, characterization of the obtained biodiesel through 

gas chromatography–mass spectrometry (GC–MS) analysis revealed a composition containing 

53.82% unsaturated fatty acids, making it suitable for extreme weather conditions. 

Additionally, all biodiesel properties met American Society for Testing and Materials (ASTM) 

standards, ensuring compliance with industry-scale quality requirements. 

In conclusion, this research advances the field of microalgae-based biodiesel production by 

optimizing the production process, utilizing indigenous mixed microalgae species, and 

developing an innovative bi-functional catalyst. The findings underscore microalgae-derived 

biodiesel's technical feasibility and sustainability, positioning it as a cost-effective, green, and 

renewable energy source with significant potential in the renewable energy sector.    
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Chapter 1 
Introduction 

Fossil fuels have been the backbone of the global energy industry for decades, but their harmful 

environmental impact is increasingly evident. As the world's population grows and 

industrialization accelerates, the energy demand is mounting alarmingly without considering 

its non-renewability and detrimental ecological effects. Therefore, it is imperative to consider 

alternative environment-friendly renewable fuels to address the global energy crisis. Biodiesel, 

biohydrogen, and biogas have emerged as substitutes for non-renewable fuels. The present 

study explores the potential of microalgae for biodiesel production. This chapter will discuss 

the background and current state of the research study, followed by stating the research problem 

and aim of the present study. 

1.1 Background of research study 

Over the past few decades, rising concerns over fossil fuel depletion prompted the search for 

alternative fuels  (Sooch et al., 2016; Uyumaz et al., 2020). New-generation fuels aim to meet 

the global energy demand and other criteria such as sustainability, gas emissions, and ethical 

safety of raw materials used during fuel extraction. Some of the investigated alternative 

fuels/biofuels are various oils in their pure form or as blends with conventional fuels, ethanol, 

methane, biodiesel, hydrogen, and other synthetic fuels (Stančin et al., 2020). Many researchers 

have investigated these alternative fuels, and a detailed review has been done, as summarized 

in Table 1. 1.  

All the alternative fuels are divided into different generation groups based on utilizing other 

raw materials and their processing. Figure 1. 1 briefly describes all three different generations 

of biofuels and their feedstocks biofuels. Under the umbrella term of conventional biofuels, 

including vegetable oils, biodiesel from edible crops, and bioethanol.  
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They have been associated with sustainability problems because of competition with the global 

food market and negative environmental impact (Naik et al., 2014). Second-generation biofuels 

depend on non-edible or existing raw materials for generating fuel (Amin et al., 2016; Hirani 

et al., 2018; Solmaz and Halis, 2017) Biodiesel from used cooking oils or animal fats, ethanol 

from lignocellulose, and methane from manure, straw, or residual waste (Jamil et al., 2023). 

Moreover, synthetic fuels come under the second-generation biofuels that encompass all the 

fuels produced using the Fischer-Tropsch process (synthetic gas reaction with carbonaceous 

raw material)(de Blasio, 2019a; Mahmoudi et al., 2017) fuels are also called as Fisher-Tropsch 

fuels. Although this category of biofuels has overcome the hiccups of the 1st generation of 

biofuels, it still needs to catch up in commercialization due to the limited stock of feedstock 

and high-cost intensive methodologies for fuel processing (Chowdhury and Loganathan, 2019).  

Table 1. 1 Recent review articles on various alternative fuels 

Types of alternative fuels Content References 
Vegetable oils • Intensive review on using straight 

vegetable oils in an engine globally, 
specifically in India. 

• Global overview of utilizing natural 
vegetable oil in IC engine and review of 
the limitations and solutions. 

• Review of the production and 
characterization of vegetable oil for IC 
engines. 

(Misra and 
Murthy, 2010) 

 

(Mondal et al., 
2008) 

(Saikia et al., 
2019) 

Ethanol  • Review of ethanol production and its 
utilization as a biofuel 

•  Highlight recent advances in the 
production of lignocellulosic ethanol, 
focusing on sustainability.  

• Studied the sustainability of ethanol and 
biodiesel in developing countries 

(Mendiburu et 
al., 2022) 

(Viikari et al., 
2012) 

(Canabarro et al., 
2023) 
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Methane • Review of pretreatment methods for the 
production of highly efficient bio-
methanol.  

•  Review on yield of bio-methane utilizing 
different agricultural substrates 

(Yadav et al., 
2022) 

 
(Garcia et al., 
2019) 

Biodiesel  • Historical review of algae biodiesel to 
give a global view from past to future 
research.  

•  Review of utilizing algae for wastewater 
treatment along with biodiesel production 

(Gao et al., 2022) 

 

(Ghaffar et al., 
2023) 

Hydrogen  • Review presenting the advantages and 
disadvantages of hydrogen as a fuel 
source. 

• Review current advancements in 
hydrogen biofuel production, storage, and 
transportation.  

(Athayde Neto et 
al., 2022) 

 

(Taipabu et al., 
2022) 

Other Synthetic fuels / 
Fisher-Tropsch fuels 

• Review recent innovations in the fisher-
tropsch process.  

• Review of recent technologies for 
conversion of power to liquid routes for 
producing methanol, dimethyl ether, and 
fisher-tropsch fuels. 

• Review on biomass-based fisher-tropsch 
fuels 

(Konarova et al., 
2022) 

(Dieterich et al., 
2020) 

 

(van den Oever et 
al., 2022) 
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Figure 1. 1 Classification of three generations of biofuels 

The third group incorporates the biofuels obtained from biological resources. Biodiesel and 

biogas from algae, bacteria, and yeast come under this category. This generation has become 

the most favourable of all the biofuel generations as it counteracts all the disadvantages of 

previous generation biofuels (Inamuddin Abdullahhm, 2020). Algae, among the other 

biological feedstocks, have the potential to produce alternative fuels while avoiding the need 

for fresh water and large arable land. Also, algae, especially microalgae, have the advantage of 

high lipid content, ease of cultivation, and rapid growth rate over other feedstocks (Singh et 

al., 2020). Furthermore, in terms of practical implementation and worldwide 

commercialization, only biodiesel and bioethanol have been utilized as transportation fuels and 

other industrial applications using blends with gasoline/diesel.  Bio-ethanol production is not 

considered a sustainable process where more than 50% of feedstock carbon is lost during 

conversion. On the other hand, 90% of algal lipids’ carbon is conserved during conversion into 

algal biodiesel. Therefore, it is apparent that the production of micro-algal biodiesel is preferred 

over bio-ethanol in terms of sustainability and energy conservation from feedstock (Young et 

al., 2022). Still, the commercialization of micro-algal biodiesel has not yet been recognized 

because of energy-intensive cultivation, pre-treatment, and conversion processes. However, 
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various researchers in the past have emerged with different cultivation methods, advanced 

technology, and affordable processing methods to make it efficient and economical to proceed 

further in the micro-algal biodiesel industry (Amani et al., 2022; Hossain et al., 2020; Mofijur 

et al., 2019). Considering all the past studies for viable alternative fuels, micro-algae biodiesel 

on a broader spectrum offers a credible solution to the search for sustainable biofuel.  

1.2 Overview of micro-algae biodiesel production 

Intensive research has been done on biodiesel production from micro-algae. Upstream 

processes include microalgae cultivation and harvesting; downstream processes include 

extraction and conversion. A brief description of the downstream processes is presented in 

Figure 1. 2. In the first step, oil or lipids are extracted from the microalgae. The extracted oil 

is further processed by different methods for conversion into biodiesel. Also, biomass can be 

directly converted into biodiesel by a direct-transesterification process, followed by biodiesel 

separation and purification for the final finished product.  

1.2.1 Production technology for micro-algae biodiesel  

At the commencement of biodiesel research, researchers decoded the utilization of direct lipids 

in compression engines. However, the direct use of lipids had many inherent failings due to 

Figure 1. 2 Graphical flow-chart of downstream processes in biodiesel production 
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their highly viscous and non-volatile nature leading to problems like carbon deposition and 

clogging of the fuel lines (Tabatabaei et al., 2019). To address such issues, some chemical 

modifications were required to make them compatible with the engines. Four primary 

methodologies came up to process the lipids into biodiesel – Blending with diesel, micro-

emulsion, pyrolysis, and transesterification. Out of these, transesterification has proved to be 

the most efficient and standard method for microalgae biodiesel production.  

1.2.2 Transesterification process 

Conventional micro-algae biodiesel production involves two steps - lipid extraction and 

transesterification reaction. The first step includes the extraction of lipids from the algal 

biomass feedstock through mechanical or chemical methods followed by the transesterification 

reaction. Triglycerides (lipids) and alcohol, in the presence of a catalyst, convert into biodiesel 

or mono-alkyl esters of long-chain fatty acids or fatty acid methyl ester during the 

transesterification reaction. Figure 1.3 describes the transesterification reaction for biodiesel 

production. Numerous factors like feedstock, catalyst type, agitation speed, temperature, 

reaction time, solvent type, and solvent-to-biomass ratio are essential for the optimum yield of 

micro-algae biodiesel via the transesterification process. However, this 2-step 

transesterification is not economically feasible as more than half of the generated energy gets 

lost in the lipid extraction process (Goh et al., 2019). Therefore, to overcome the drawback of 

Figure 1. 3 Transesterification reaction for biodiesel production 

https://www.sciencedirect.com/topics/chemistry/triglyceride
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the 2-step transesterification process, direct or in-situ transesterification is introduced as a “one-

pot” process.  

1.2.3 Direct-transesterification process 

Direct or in-situ transesterification modifies the entire process of extraction and 

transesterification reaction into a single step in which the solvent used in lipid extraction 

likewise acts as a reagent in the conversion to fatty acids methyl esters (FAME). Sustainable 

biodiesel production with reduced time and the cost is the advantage of the direct 

transesterification process (Chamola, 2019). Figure 1. 4 shows the comparison between the 

conventional and direct transesterification processes.  

1.3 Current status of micro-algae biodiesel production 

1.3.1 Global scenario  

Research work on the utilization of microalgal biodiesel started many decades ago. The latest 

global algae biofuel market report estimates a growth from US$5.022 billion in 2020 to 

US$9.033 billion in 2027 (Research and Markets, 2022). Higher biodiesel output of micro-

algae compared to all the conventional feedstocks has extended pathways for many industrial 

sectors to utilize micro-algae-based biodiesel commercially. However, algae-based biodiesel 

still needs to improve in commercialization on global levels due to a need for more 

developments in cultivation that restrict manufacturers from investing in this industry. 

Challenges in strain isolation, production management, water temperature, and nutrient 

sourcing have also confined the micro-algae biofuel industry to a limited state (Rao et al., 2021; 

Syafiuddin et al., 2020).  

  



8 
 

 

Fi
gu

re
 1

. 4
 C

om
pa

ri
so

n 
be

tw
ee

n 
th

e 
2-

st
ep

 c
on

ve
nt

io
na

l t
ra

ns
es

te
ri

fic
at

io
n 

pr
oc

es
s a

nd
 d

ir
ec

t t
ra

ns
es

te
ri

fic
at

io
n 

pr
oc

es
s f

or
 

m
ic

ro
-a

lg
ae

-b
as

ed
 b

io
di

es
el

 p
ro

du
ct

io
n 



9 
 

1.3.2 Indian Scenario  

Several government and private groups work in biofuel production and distribution in India. 

According to the latest report, palm oil is used in the Indian biodiesel industry. Oil-producing 

companies have procured 104 million litres of biodiesel for biodiese blending (Ministry of & 

Natural Gas, 2020). Researchers in the country have also looked into the potential of micro-

algae biodiesel as a possible solution to fulfil energy demands. The drawback of its 

insufficiency to commercialization lies in its high production cost, dependence on the 

environment, and geographical location (Sooch S S and Gautam A, 2013). Although climatic 

conditions in India favor algae growth, it still needs to improve in utilization for biodiesel 

production (Chandra and Singh, 2017; Dewangan et al., 2018; Syafiuddin et al., 2020).   

1.4 Research Problem  

Several factors contribute to the high cost of algae biodiesel, such as high expenditure in large-

scale cultivation, harvesting, and extraction costs, low oil yield, lack of proper infrastructure, 

and competition from other industries. All these factors bring a question – “How can the cost-

effectiveness of algae biodiesel be improved while ensuring its sustainability?"  

1.5 Aim of the proposed study 

Based on the research problem, the cost-effectiveness of algae biodiesel needs to be improved. 

This was achieved by addressing the factors contributing to its high cost. The following were 

considered to enhance the cost-effectiveness of algae biodiesel production: 

• Utilization of mixed algae species found in rural wastewater ponds as an alternative to 

pure algae cultures. This helped reduce the cost of algae cultivation, which was a 

significant contributor to the high price of algae biodiesel. 

• Utilization of algae grown in wastewater eliminated the need for fresh water, nutrient 

supplements for growth and other high-cost technologies. 
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• Direct-transesterification process was employed to eliminate the extraction step in

biodiesel production, which reduced the energy requirements for the production

process.

• Optimized the direct transesterification process, led to improved efficiency.

• Synthesized catalyst from waste material was considered an eco-friendly approach.

This eliminated the need for expensive catalysts and reduced the environmental impact

of the production process.

1.6 Thesis organization 

Chapter 1 of the thesis briefly introduces micro-algal-based biodiesel and its production 

technologies. This section also discusses the current status of microalgal biodiesel 

production, both in India and worldwide. Finally, the research problem and the present 

study’s focus are described.  

Chapter 2 reviews available literature on analytical and experimental studies related to micro-

algal biodiesel production. The objective of the present study is also mentioned in this chapter. 

Chapter 3 presents the step-by-step methodology adapted for direct or in-situ 

transesterification of mixed indigenous microalgae by commercial and synthesized 

catalysts. This chapter also explains all the different setups and instrumentation for biodiesel 

production. 

Chapter 4 deals with all the outcomes of the research study, and discussions on the results are 

presented.  

Chapter 5 deals with the conclusion derived from the study made in chapter 4. The final 

remarks give an overall vision of the effectiveness of the direct transesterification process of 

mixed indigenous microalgae derived from rural ponds through the synthesized catalyst.  
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Chapter 2 

Literature Review 

2.1 Overview 

Fossil fuels have been a significant energy source globally and have a prominent impression 

on the country's economy. Moreover, the call for fossil fuels is mounting continuously to meet 

the ever-increasing demand for various sectors such as power generation, industrial, 

transportation, and agriculture. Therefore, other renewable alternative energy sources have 

been explored to address the global energy crisis posing economic and security threats to all 

countries. Renewable energy sources such as wind, solar, hydro, and waste/biomass have been 

explored globally to confine the utilization of fossil fuels. It has been forecasted that renewable 

combustible sources like biodiesel, hydrogen, and biogas will play a vital role in substituting 

renewable energy resources (Chamola et al., 2019).  

On the one hand, biodiesel has aroused considerable interest from various researchers and local 

and international traders. It has been recognized as the most favorable renewable and 

environmentally friendly biofuel. Biodiesel is a biodegradable, non-toxic fuel that emits fewer 

sulfur and carbon monoxide volumes than other fossil fuels when burned in the CI engine 

(Sharma and Dhar, 2018). Rapeseed, soya bean, palm oil, canola, corn, coconut, sunflower, 

and other edible crops emanated as first-generation biodiesel feedstock as these were the 

introductory crops for biodiesel processing. However, many issues were provoked by this 

feedstock due to its effect on global food markets and food security. To counteract the hiccups 

linked to first-generation feedstock, non-edible crops such as tobacco seed, jatropha, mahua, 

waste cooking oil, jojoba oil, salmon oil, and other non-edible crops came to light. These non-

edible feedstocks were second-generation biodiesel feedstock (Verma et al., 2017). Although 

second-generation feedstock did not directly affect the food supply chain and could be 

cultivated in waste-barren lands, they may not be enough to replace most transportation fuels. 
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For this reason, second-generation feedstock was not utilized primarily for biodiesel production 

(Malode et al., 2022). 

 Microalgae are adjudged as third-generation biodiesel feedstock. It has become the most 

favorable alternative source of biodiesel production due to its high photosynthetic efficiency 

in producing biomass and its higher productivity compared to other feedstock (Halder and 

Azad, 2019; Nautiyal et al., 2019). They are easily reproducible and are easier to grow than 

various other types of feedstocks. In contrast to different raw materials, microalgae can be 

cultivated in freshwater, saltwater, and wastewater and can be grown at any time of the year 

(Halder and Azad, 2019). They have a short harvesting life and can produce multiple and 

persistent harvests of biomass throughout the year, unlike oilseeds (Choo et al., 2019; 

Rangabhashiyam et al., 2017). Microalgae reproduce through photosynthesis to transform solar 

energy into chemical energy, resetting the whole growth cycle every few days. Also, they can 

grow almost anywhere and require sunlight and a few pure nutrients that enhance growth with 

adequate aeration (Chhandama et al., 2021; Kumar et al., 2020). Table 2. 1 shows that 

microalgae reproduce shortly, resulting in higher biomass productivity and sterling yield than 

other oil crops. Studies revealed the benefits of utilizing microalgae for biodiesel generation 

compared to conventional feedstock (Liu et al., 2013; Saad et al., 2019). 

2.2 Microalgae-based biodiesel production  

Microalgae is reported as one of the most promising feedstocks for biodiesel production (Chen 

et al., 2018; Sander and Murthy, 2010). Biodiesel with microalgae has gained significant 

interest in recent years due to its short harvesting life, high lipids, and carbohydrates inside the 

cell body for biodiesel production (Ogbeide Ebhodaghe et al., 2021). Several reports seemingly 

showed the efficiency of microalgae as a better and more potential source for oil extraction 

than the traditional edible and non-edible crops (Adeniyi et al., 2018; Adetunji et al., 2021). 

Various researchers explored that biodiesel production from microalgae is economically and 
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environmentally appropriate (Rawat et al., 2013). It can produce ten times more biodiesel per 

unit area than typical oil-bearing land plants (Rosenberg et al., 2008; Schenk et al., 2008). This 

microalgae potential could completely replace petroleum-based transportation fuels without 

compromising the argument of "food for fuel" (Shuba and Kifle, 2018). 

Table 2. 1 Comparison of different feedstock for biodiesel production (Al-Samaraae et 
al., 2017; Kumar and Sidharth, 2018) 

2.3 Process design of microalgae-based biodiesel production 

In the view of biodiesel production, the whole process can be separated into two major sections 

as shown in Figure 2. 1. The first is an upstream process that includes the cultivation of 

microalgae, considering nutrient supply, CO2 feed, and sunlight absorption. The second section 

includes the downstream process, including harvesting, extraction of lipids from harvested 

microalgae, and finally the production of biodiesel from lipids by transesterification process 

utilizing catalysts (Faried et al., 2017). 

Feedstock Oil or Fats Oil Content (% 

oil by wt. 

biomass) 

Land Use (m2 

year/kg biodiesel) 

Biodiesel yield 

(kg/m2 year) 

Edible 

Canola 41 12 0.09 

Soybean 18-22 18 0.06 

Sunflower 25-35 11 0.09 

Palm 30-60 2 0.59 

Peanut 42-52 - 0.14 

Corn 48 66 0.02 

Coconut 63-65 5 0.24 

Cottonseed 18-25 - 0.03 

Non-Edible 

Jatropha 30-40 15 0.07 

Castor 48 9 0.12 

Microalgae 

(Chaetoceros sp.) 

70 0.1-0.2 2.44-13.69 

Neem 30 - - 
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2.3.1 Upstream processes 

2.3.1.1 Microalgae cultivation 

Microalgae cultivation systems are divided into open and closed systems. For cultivation, 

different organic or inorganic carbon sources are used, such as glucose, sucrose, glycerol, CO2, 

and bicarbonates. The carbon sources are either added to the system or already present if 

wastewater is the source of cultivation (Kumar et al., 2021). Other cultivation requirements 

include supplementary nutrients such as phosphorus and nitrogen, light intensity, temperature, 

and pH. Biomass yield is dependent on the supplements and cultivation conditions and can be 

increased or decreased by the optimization of the process parameters (Whangchai et al., 2021). 

2.3.1.2 Cultivation techniques  

There are several techniques to grow microalgae in water/wastewater. A proficient and cost-

effective large-scale culture is essential for accomplishing microalgae biomass as a decent 

supplement to renewable energies. Microalgae culture technologies include wastewater 

stabilization ponds, algal high-rate ponds, advanced integrated wastewater pond systems, turf 

Figure 2. 1 Schematic description of the biodiesel production process 
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scrubbers, photo-bioreactors, and hybrid systems. In practice, the most used large-scale 

production technology is a high-rate algal pond or raceway pond. The critical benefit of 

raceway pond technology is its adaptability, high generation, simple design, and low operating 

and maintenance costs (Das et al., 2021). The brief description and significant pros and cons 

of various technologies have been discussed in Table 2. 2 and a diagrammatic view of the 

cultivation technologies has been given in Figure 2.2. The waste stabilization pond is the 

cheapest and simplest technology for wastewater treatment. A series of stabilization ponds are 

a cost-effective alternative to nutrient removal and algae cultivation  (Vagheei, 2021). In the 

facultative pond, approaching sunlight promotes the growth of algae. At this stage, the growth 

of algae is considered a problem as it increases the solids concentration and reduces the 

efficiency of biochemical oxygen demand removal. Photo-bioreactors are different from open 

raceway ponds as they hold the microalgae for growth in a clear container, and a more 

controlled environment is provided. The significant advantages of photo-bioreactors are that 

they provide ideal conditions for algae growth by controlling the required growth parameters 

(Zhu et al., 2016). However, one of the critical challenges of using photo-bioreactors is the 

high operational cost and, therefore, inappropriate for large-scale production (Mobin and Alam, 

2014).  

Table 2. 2  Current microalgae cultivation technologies: Summary of their advantages 
and disadvantages 

Technology Advantages Disadvantages References 

Wastewater  

stabilization  

Pond/Open Pond 

• Cost-effective 

• Treats domestic as well as 

industrial wastewater 

effectively  

• Requires sufficient land 

area 

• Requires regular 

maintenance to avoid 

odors 

(Vagheei, 

2021) 
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Advanced integrated 

wastewater pond 

system  

• Significantly less 

accumulation of sludge 

and fewer odor problems 

• High algae growth 

• Cost-effective 

• Installation costs and 

energy requirements are 

higher in comparison 

with stabilization 

ponds. 

(Ponce, 2015) 

Algal High-Rate 

Ponds (HRP) 

 

• High algal productivity 

• Can receive a high loading 

rate 

• Easy operation and 

maintenance 

• Mixing exposes the algae 

to the sunlight High N & P 

removal  

• Incidence of light 

limited by increased 

cell density of algae 

• Evaporation losses 

affect cultural growth 

• CO2 loss 

 

(Rawat et al., 

2013) 

Photo-bioreactor • Artificial light stabilizes 

the intensity and improves 

total productivity.  

• Many parameters can be 

controlled to increase 

productivity 

• Allows growth of 

monoculture algae  

• No contamination risk 

• High cost                                          

• Extensive infrastructure 

• Large-scale production 

has not been developed 

yet 

• Need high maintenance 

and monitoring 

(Rawat et al., 

2013) 

Microalgal turf 

scrubber 

• Meager operating and fuel 

production cost 

• Higher productivity over 

open ponds  

• Need sufficient waste 

space Need 

considerable 

infrastructure 

(Lv et al., 

2017) 

 

Hybrid System  • High productivity 

• Fewer contamination risks 

• High cost and 

maintenance 

• Extensive infrastructure   

(Silva et al., 

2009) 

 

 

2.3.2 Downstream processes 

2.3.2.1 Harvesting 

The microalgae harvest is a two-stage process in which mass production and thickening are 

carried out. Harvesting the microalgae biomass is assessed to be around 30% of the total cost  
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Figure 2. 2 Various micro-algae cultivation systems 
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for algal production in open ponds (Salim et al., 2011). However, microalgae harvesting poses 

a challenge due to the small size and low density of algae cells, increasing the cost of capital. 

Therefore, selecting methods for biomass production is demanding at a negligible cost (Jon K 

Pittman, Andrew P Dean, 2011). The description of various technologies and their 

advantages/disadvantages for both steps (algae-bulk and dewatering) have been discussed in  

Table 2. 3.  

Table 2. 3  Methods for algae-bulk and dewatering harvesting methods 

Method Advantages Disadvantages References. 

Algae-bulk Methods 

Coagulation/ 

Flocculation 

• Simple and widely used 

method. 

• Can reach over 90% algae 

renewal. 

• Some coagulants emit 

GHG and have an impact 

on health. 

• Recycling of culture 

medium is limited. 

(Barros et al., 

2015) 

Auto and bio-

flocculation 
• Cheap method 

• Allows recycling of the 

cultural medium 

• Non-toxic to microalgae 

• Changes in cellular 

composition 

• Possibility of 

microbiological 

contamination 

(Salim et al., 

2011) 

 

Electro-coagulation 

 

 

• 98% recovery of algae  

• Significantly less residual 

algae biomass 

contamination 

• Scaling up of the process is 

possible 

• Not helpful if the medium 

has less than 10% total 

solids. 

 

(Parmentier 

et al., 2020) 

 

 

 

Flotation  • Preferred for large-scale 

applications. 

• Cost-effective method 

• Typically requires the use 

of chemical flocculants 

(Barros et al., 

2015) 

Sedimentation  • Commonly used harvesting 

method 

• Easy for large-scale 

biomass harvesting 

• Damage to biomass can 

occur at high 

temperatures. 

(Cheirsilp et 

al., 2019) 
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• Low concentration of 

algal cake. 

Dewatering Methods 

Filtration • High Recovery efficiencies 

• Allows the separation of 

shear-sensitive species 

• The possibility of 

fouling/clogging 

increases operational 

costs. 

• Membranes should be 

regularly cleaned.  

• Highly costly 

(Barros et al., 

2015; 

Cheirsilp et 

al., 2019) 

Centrifugation  • Fast method  

• A wide range of algal 

species can be used. 

• High recovery efficiencies 

• Concentrates biomass into 

a solid cake  

• Expensive method. 

• High energy 

requirements.  

• Possibility of cell 

damage. 

(Makut, 

2021) 

Belt press • Achieves 90% substantial 

recovery after dewatering. 

• Lower GHG emissions  

• High energy 

consumption. 

(Makut, 

2021) 

Chemical coagulation and flocculation are promising for economic microalgae biomass 

harvesting (Uduman et al., 2010). For efficient harvesting of biomass, coagulation/flocculation 

usually follows sedimentation. Various salts have been reported as coagulants for microalgae 

recovery, such as FeCl3, Al2 (SO4)3, and Fe2 (SO4)3. Auto flocculation is another method that 

appears to be an appealing alternative because of its various advantages. It is cheap, consumes 

less energy, is non-toxic to microalgae, and eliminates the utility of chemical flocculants (Irena 

Branyikova, Gita Prochazkova, Tomas Potocar, 2018). Regardless of numerous benefits, the 

method mentioned earlier is not favored at the industrial scale for harvesting microalgae 

biomass as flocculation cannot be controlled and can cause changes in the composition of cells 

(Salim et al., 2011). Flocculants produced by bacteria, viruses, or microalgae, known as bio-

flocculants, can be essential for economic and cost-effective microalgae biofuel production as 
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they eliminate the need for chemical flocculants. However, the co-cultivation of microalgae 

with bio-flocculants bacteria results in microbial contamination that interferes with the use of 

microalgae biomass in food (Zhu et al., 2016). Bio-flocculation concerns the micro-algae 

flocculation caused by the secreted bio-polymers, particularly extracellular polymeric 

substances (EPS) (Christenson and Sims, 2011). Electro-flocculation is another versatile 

method appropriate to various algae (Parmentier et al., 2020). Despite several benefits of 

electro-flocculation, the energy and equipment costs for sustainable large-scale applications 

remain too high (Christenson and Sims, 2011). 

Flotation imparts the necessary lifting power for particle transport and separation. It is often 

preceded by coagulation/flocculation. There are four main techniques under flotation: i) 

Dissolved air flotation ii) Dispersed air flotation (DIAF) iii) Electrolytic flotation iv) Ozone 

dispersed flotation (Chen et al., 2011). Recently, magnetic particles have been used as a means 

for harvesting biomass. However, a considerable amount of flocculant is required in this 

process, which limits its use on a large scale (Pandit and Fulekar, 2017). Sedimentation is an 

effective method for a wide variety of microalgae and is exceedingly energy efficient. 

However, the sedimentation process is a prolonged process that leads to biomass degradation 

and limits this technique to routine harvesting (Christenson and Sims, 2011). Applying the 

coagulation/ natural process before the sedimentation process is prevalent to fasten the biomass 

settling (Shi et al., 2019).  

The dewatering of the harvested microalgae can be accomplished by several mechanical means, 

including different kinds of filtration processes, centrifugation, and belt press. Filtration is the 

primary dewatering method commonly used after coagulation/flocculation to improve harvest 

efficiency. However, over some time, algae deposits on the filtration membrane throughout the 

process may block the membrane pores (Christenson and Sims, 2011). The blockage represents 

the major drawback of filtration techniques that increase operating costs (Show et al., 2015). 
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Filtration is favorable for harvesting long-length and low-density colonies (Zhou et al., 2013). 

Mainly, very low-dense microalgae can be easily harvested by this method. However, this 

technique is usually not utilized for large-scale operations because of the costs of replacement 

and pumping (Uduman et al., 2010). Centrifugation is the fastest method to harvest microalgae. 

However, it is the most expensive as it consumes high energy (Show et al., 2015; Zhou et al., 

2013).  

2.3.2.2 Extraction and Transesterification Process  

This process includes the production of biodiesel from the harvested algal biomass by 

performing a two-step protocol. Firstly, algae oil is extracted from the harvested biomass, and 

then extracted oil or lipids are converted to biodiesel using a catalyst in controlled parametric 

conditions(Ali et al., 2023). There are various chemical, physical, and biological techniques 

for extracting the oil from microalgae (Silva et al., 2014). The advantages and disadvantages 

of various techniques are described in Table 2. 4. 

Table 2. 4 Lipid extraction techniques along with advantages and disadvantages of each 
technique 

Method Advantages Disadvantages References 

Mechanical 

pressing 
• Oil extracted from approx. 

70-75% dried biomass. 

• Fast process 

• Expensive and technically 

challenged. 

(Cooney et 

al., 2011) 

Chemical 

solvent 

extraction 

• Low-cost and high 

efficiency 

• Efficient extraction of 

microalgal lipids  

• Toxicity among humans 

and the environment is 

high. 

• Must be coupled with 

other methods for 

efficiency. 

(Cheng et 

al., 2014; 

Lam and 

Lee, 2012) 
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Pyrolysis • Uses whole algal biomass  • Biomass must be dried 

before this process. 

• High energy intensive 

• Resulting biofuel has low 

energy content. 

 

(Kumar et 

al., 2017) 

Supercritical 

fluid technology 

(SCF) 

• Fast process. 

• High selectivity due to the 

flexibility of changing 

pressure and temperature 

• High maintenance and 

operational cost 

(Li et al., 

2014; Yen et 

al., 2014) 

 

Hydrothermal 

Liquefaction 
• After harvesting, no drying 

is required. 

• Low ash content and 

sulphur emissions 

• The produced oil has a high 

calorific value 

• In addition, steps needed 

to transform oil products 

into biodiesel.  

• High NOX emissions 

(Frank et al., 

2013; 

Kumar et al., 

2017) 

Microwaving  • High efficiency in 

damaging algae cells 

• Simple method and 

efficient for scaling up 

• Energy-intensive (Lee et al., 

2010; Silva 

et al., 2014) 

Sonification • When used with solvents, 

advances high absorption of 

the solvent and fast 

extraction of lipids 

• The sample has to be 

dried.  

• Energy intensive 

(Ghasemi 

Naghdi et 

al., 2016; 

Lee et al., 

2010) 

After the extraction process, lipids are converted to biodiesel in the next step i.e., the 

transesterification process. Transesterification is one of the most commonly used methods for 

biodiesel production; its purpose is to reduce the molecular weight of oils to alkyl esters of 

fatty acids when alcohol is present (usually ethanol or methanol) and a catalyst, the by-product 

is glycerol (Rawat et al., 2013). 
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2.3.2.3 In-situ or direct transesterification  

Biodiesel conversion mainly includes two phases: extraction and transesterification. 

Conversely, direct or in-situ transesterification modifies the whole process of extraction and 

transesterification reaction into a single step in which the solvent used in oil extraction likewise 

acts as a reagent in the conversion to biodiesel fatty acids (Wahlen et al., 2011). The advantage 

is the reduction of biodiesel production steps, costs, and time, constraining the moisture content 

and production of the product (D’oca et al., 2011). In this process, several factors, like the type 

of solvents, catalysts, amount of reagents, temperature, and reaction time play an essential role 

in the quality of biodiesel production. Generally, high purification of solvents may result in 

better performance in the case of dry biomass, whereas in the case of wet biomass, solvent 

percolation can be impeded by water (Kim et al., 2013). 

Notwithstanding, a study concluded that the FAME content of 90% (w / w) was obtained when 

wet microalgae biomass was used for direct transesterification (Im et al., 2014). Moreover, in-

situ transesterification for Synechococcus elongates (cyanobacteria), Tetraselmis suecica, 

Chaetoceros gracilis (diatom), and municipal wastewater lagoons resulted in 78, 40, 82, and 

74% FAME, respectively (D’oca et al., 2011). Biodiesel production from microalgae by the in-

situ transesterification process will be more efficient by selecting high oil content and fast-

growing algae strains (Skorupskaite et al., 2016). Simultaneous extraction and 

transesterification were studied for pond water algae using different solvents. Maximum 

biodiesel yield was obtained when hexane was used as a solvent (Nautiyal et al., 2014). Many 

researchers reported the synthesis of heterogeneous catalysts derived from waste material that 

produces a good yield of biodiesel from microalgae and can also be used in direct 

transesterification by some modifications (Laca et al., 2017; Marwaha et al., 2018; Pandit and 

Fulekar, 2017).  
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2.3.3 Catalysts utilized in the in-situ transesterification process. 

2.3.3.1 Homogeneous base and acid catalysts 

Homogeneous base catalysts like KOH and NaOH have been used to transesterify 

lipids(Cercado et al., 2018). However, the free fatty acids present in the lipids of microalgae 

have prevented the use of homogeneous catalysts because low fatty acids will form soap when 

react with the base catalyst, which will reduce the yield of biodiesel and make it challenging to 

separate biodiesel from glycerol (by-product) (Lam and Lee, 2012). On the other hand, acidic 

catalysts will do a better job because they are not sensitive to free fatty acid in the oil. Therefore, 

utilizing an acid-base catalyst will be an excellent alternative to enhance the conversion of 

microalgae lipids to biodiesel. In this method, the microalgae lipid is first subjected to acid pre-

treatment to reduce the FFA level of the microalgae oil. Then, the base-catalyzed 

transesterification reaction takes place (Ganesan et al., 2021). Nevertheless, the major 

disadvantage of an acid-base catalyst is using an additional base catalyst to neutralize the acid 

catalyst during transesterification, which adds up to an additional cost for producing biodiesel.  

2.3.3.2 Heterogeneous catalysts 

Heterogeneous catalysts have been explored for the transesterification reaction to produce 

biodiesel. The heterogeneous catalyst can be recycled, regenerated, and reused for subsequent 

cycles of transesterification, unlike homogeneous catalyst that further improves the 

profitability of biodiesel production(Makareviciene et al., 2021). Besides, they are less 

sensitive to free fatty acids and moisture, do not require complicated separation and purification 

steps, and thus minimize product contamination and the number of water wash cycles (Kaur et 

al., 2018). The most used solid catalysts are alkaline earth metal oxides and, to a lesser extent, 

transition metal oxides and hydrotalcite. Furthermore, solid acid catalysts are preferred to base 

catalysts as they are less sensitive to free fatty acids and the water content of biomass (Xie and 
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Wan, 2019; Xie and Wang, 2021). Synthesizing solid magnetic catalysts using Fe3O4 as the 

core for biodiesel production proved very successful due to their easy recovery and oil 

conversion efficiency (Xie et al., 2018; Xie and Wang, 2020). CaO supported with Al2O3 

attained good results as a heterogeneous catalyst for biodiesel production. Cobalt-doped CaO 

catalyst was approved for high catalytic activity in the transesterification of algal biomass to 

produce biodiesel (Das et al., 2020). Heterogeneous catalysts such as Mg-Zr, and hierarchical 

zeolites have been examined to transesterify microalgae oil; however, less than 30% biodiesel 

yield was achieved (Carrero et al., 2011; Talebian-Kiakalaieh et al., 2013). Red mud, waste 

from the aluminum industry, was used as a catalyst that improved the properties of the fuel 

(Senthil et al., 2016).  

2.3.3.3 Bio-based catalysts 

Biomass-derived catalysts are gaining much attention over conventionally available catalysts 

due to low stability and high-cost factors (Osman et al., 2023; Singh and Garg, 2021). These 

can be prepared from waste bioproducts that are less toxic, have high reactivity, and are more 

stable. Attempts have been made to synthesize bio-based catalysts by utilizing agricultural 

waste and animal bones (Chowdhury et al., 2021; Thangaraj et al., 2019). Natural dolomitic 

rock and waste seashells were investigated as renewable waste resources to prepare 

heterogeneous catalysts to produce biodiesel (Jaiyen et al., 2014). Kumar et al. attempted to 

utilize bio-based thermal plant’s fly ash as a catalyst for the transesterification of Jatropha oil 

with optimized yield of 93.9% (Kumar et al., 2015). Ahmad et al. synthesized low-cost 

catalysts using waste eggshells, and a yield of 93.4% from algal oil was ascertained (Ahmad et 

al., 2020). Saleem et al. conducted a study in which waste egg shells were used as catalyst for 

biodiesel production from chicken fat (Saleem et al., 2022). Deeba et al. utilized yeast residue 

for biodiesel production and a 94.8% yield was obtained, they reported the synthesized catalyst 

was highly reactive and stable (Deeba et al., 2020). A study was conducted in which Branan 
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trunk ash was utilized as a catalyst for biodiesel production, and a  yield of 98.39% was 

obtained under optimized conditions (Rajkumari and Rokhum, 2020).  

2.3.3.4 Enzymatic catalysts 

 In-situ transesterification by the immobilized lipases has emerged as an economical technique 

to produce biodiesel in comparison with other catalysts (Ferreira Mota et al., 2022; Gufrana et 

al., 2022). An enzyme extracted from the fungal strain Cladosporium tenuissimum was used as 

a biological catalyst for enzymatic transesterification of diatom, and an efficiency of 87.2% 

was achieved (Saranya and Ramachandra, 2020). Rhizomucor miehei lipase expressed in 

Pichia pastoris was utilized to produce free enzyme lipase GH2. Produced lipase was then used 

to convert Chlorella vulgaris into biodiesel and a yield of 90% was observed. Furthermore, 

immobilized lipase (immobilization was done by magnetic particles coated over graphene 

oxide) was also utilized for biodiesel production, and an efficiency of 92.8% was achieved (Xie 

and Huang, 2018). Likewise, immobilized lipase impregnated on Fe3O4/Poly (styrene-

methacrylic acid) by covalent coupling method to utilize it for biodiesel production with 86% 

oil conversion by covalent coupling method to utilize it for biodiesel production with 86% oil 

conversion (Xie and Wang, 2014) 

2.4 Summary  

Microalgal biodiesel has proved to be the most preferred renewable fuel among all the other 

renewable fuels. Yet its commercialization has not been recognized because of various factors 

like the selection of algae strains, energy-intensive cultivation, and conversion process. 

However, many researchers in the past have come up with advanced technology and affordable 

processing methods to make it more sustainable to proceed further in the microalgal biodiesel 

industry. Still, in the present scenario, the cost-effectiveness of algae biodiesel needs to be 

improved.  
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Sustainable algal biodiesel production is possible by improving all the high-cost bottleneck 

areas like algae strains, cultivation, and conversion processes. The utilization of indigenous 

algal species already grown in wastewater for the conversion process is a great alternative to 

pure cultures grown in a closed system photobioreactor. Rare studies addressed the utilization 

of indigenous algal species grown in ponds that are very common in Indian rural areas. In-situ 

transesterification has shown its higher credibility over the conventional two-step 

transesterification process of biodiesel production in terms of cutting down the extra step of oil 

extraction. Various catalysts have been studied to improve the in-situ transesterification 

process but very few studies are present on the bio-based catalyst synthesized from waste 

materials. 

2.5 Research gaps  

The extensive literature survey on the research studies of biodiesel production through algae 

reveals that some research has been conducted, but its production from indigenous algal culture 

by in-situ transesterification process utilizing the waste material-based catalyst has lagged. 

Hence, the following gaps have been identified where more research is needed:  

• Most of the research is based on using specific single species or mixture of known 

freshwater algae species for cultivation in wastewater instead of mixed microalgae species 

isolated from wastewater. Focused studies are required to utilize the mixed algal species 

isolated from wastewater as they are already adapted and tolerant to wastewater.  

• Recent studies on the exploration of heterogeneous catalysts derived from waste materials 

have attracted much attention. Therefore, the synthesis of catalysts from waste materials 

possesses enormous potential for the development of biodiesel generation.  

• Direct or in-situ transesterification method is the efficient method used to produce 

biodiesel. Numerous studies have been carried out for the direct transesterification of 
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single-species algal biomass. However, the conversion of indigenous algal biomass to 

biodiesel by this method needs more exploration.  
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Chapter 3 

Materials and Methods 

The following chapter describes the materials and methods followed to produce microalgal 

biodiesel including wastewater and microalgae collection, cultivation, wastewater analysis, 

characterization of indigenous microalgal species, harvesting, synthesis, and characterization 

of catalyst utilized in in-situ transesterification. Additionally, the experimental setup for the 

cultivation of microalgae and the in-situ transesterification process are also discussed.  

3.1 Collection of indigenous microalgae and wastewater   

Wastewater containing indigenous microalgae cultures was collected by grab sampling from 

the rural oxidation pond (a unit of the wastewater treatment plant) located at Haripur Village, 

Jalandhar, India (31.0342° N, 75.3103° E). The location of the treatment plant is shown in 

Figure 3. 1(a) The existing oxidation pond was a part of three well-system wastewater 

treatment plants as shown in Figure 3. 1(b). The samples were collected three times in May 

2019 due to the abundance of microalgae in this season (Das et al., 2022). Subsurface (50 cm 

depth) water samples from 3 different locations were collected using a pre-cleaned plastic 

container (10L) and then mixed. Microalgae samples were procured by filtering collected water 

through a 0.45µm vacuum membrane filter (Subramanian et al., 2023).  

3.2 Raw material for catalyst synthesis 

Rice bran powder was utilized as a pioneer of activated carbon to develop a KOH/rice bran-

derived activated carbon catalyst for the in-situ transesterification reaction. Rice bran was 

procured from rice sheller in the dry powder form from Durga Rice General Mills, Patiala, 

India. 
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3.3. Chemicals and reagents 

Potassium dichromate (K2Cr2O7) and concentrated sulphuric acid (H2SO4) from SD Fine 

Chemicals Ltd. (India) were used for chemical oxygen demand (COD estimation. Calcium 

chloride (CaCl2), phosphate buffer, ferric chloride (FeCl3), sodium hydroxide (NaOH), and 

magnesium sulfate (MgSO4) were used for the determination of dissolved oxygen and 

biochemical oxygen demand (BOD) and were also purchased from SD Fine Chemicals Ltd. 

(India). For nitrate determination, hydrochloric acid was used. Stannous chloride (SnCl2) and 

ammonium molybdate (NH4)2MoO4 were used for the phosphate determination and were 

obtained from Loba Chemie Ltd (India).  

Blue-green (BG-11) broth for the cultivation of indigenous microalgae (calcium chloride 

dihydrate, 36.7 mg/L, citric acid, 5.6 mg/L, dipotassium hydrogen phosphate, 31.4 mg/L, 

disodium magnesium EDTA, 1 mg/L, ferric ammonium citrate, 6 mg/L, magnesium sulfate, 

36 mg/L, sodium carbonate, 20 mg/L, sodium nitrate, 1.5 g/L) was obtained from Millipore 

(Mumbai, India), and agar-agar from Hi-Media laboratories (Mumbai, India),  

Solvents and co-solvents – methanol, ethanol, chloroform, and hexane for in-situ 

transesterification process were obtained from Fisher Scientific (Hyderabad, India), potassium 

(a) (b) 

Figure 3. 1 (a) Location of the treatment plant; (b) three-well system wastewater 
treatment plant 
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hydroxide (KOH) for catalyst synthesis was obtained from Fisher Scientific (Hyderabad, 

India). All these chemicals were of analytical grade. 

3.4 Wastewater analysis  

All the collected wastewater samples (three 5L samples) were characterized for their physio-

chemical wastewater quality analysis as per American Public Health Association (APHA) 

standard methods (Rice et al., 2017). pH and conductivity were measured using a benchtop 

pH/conductivity meter, total dissolved solids were analyzed by the 2540-C Method (APHA, 

2017), total chemical oxygen demand (COD) and soluble COD (CODs – filtered at 0.45 μm) 

were determined according to the 5220. C Method (APHA, 2017), biochemical oxygen demand 

(BOD) by the 5210-B Method (APHA, 2017), phosphates by stannous chloride method 

mentioned in section 4500 (P.D.) (APHA, 2017), nitrates by 4500-NO3 Method (APHA,2017) 

and dissolved oxygen (DO) by 4500-O Method (APHA,2017). The wastewater analysis results 

were the average of all the samples collected from the oxidation pond. 

3.5 Cultivation of microalgae  

Filtered microalgae from the collected wastewater were brought to the laboratory. Microalgae 

were allowed to cultivate in triplicates in a 1000 ml Erlenmeyer flask containing 800 ml 

collected wastewater and 100 ml microalgae for 15 days. Microalgae cultivation setup, as 

shown in Figure 3. 2, was installed to replicate the atmospheric cultivation conditions present 

in the rural oxidation pond. Light emitting diode light (illumination: > 20,000 lx, light cycle:12 

h light: 12 h dark) was utilized to supply constant light intensity with a temperature of 28 ± 3 

°C (De Blasio, 2019). Also, an air bubbler is provided to supply oxygen in the flasks with an 

attached tube and bubble diffuser at the end. The growth estimation of the microalgae was 

analysed every alternate day for two weeks by measuring the optical density of 10 ml samples  
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Figure 3. 2 Experimental setup for microalgae cultivation 

using spectrophotometry at 680 nm (Ji et al., 2018; Mishra and Mohanty, 2019). The biomass 

concentration (g/l) was also calculated with absorbance at 680 nm using  Eq. 3. 1 (Rendón, 

2013). 

       𝒚𝒚 = 𝟎𝟎.𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕𝟕 + 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎                                                                  Eq. 3. 1 

where y = biomass (g/l), x = OD at 680 nm, at R2 = 0.9987.  

In addition, chlorophyll-A content was also analysed in the grown cultures every alternate day 

for 2 weeks. Firstly, a sample of 10 ml was centrifuged at 4000 rpm for 10 min, and then the 

supernatant was discarded. Then, the acquired pellet was re-suspended in 10 ml of 90% acetone 

and then stored in the dark for 24 h at 4 °C. Finally, the suspension was centrifuged for 10 min 

at 4000 rpm. Furthermore, the supernatant was collected to determine chlorophyll-A 

concentration by taking OD (optical density) at different wavelengths of 630 nm, 645 nm, 663 

nm, and 750 nm. The following equation calculate the chlorophyll-A concentration: 

𝑪𝑪𝑪𝑪𝑪𝑪 − 𝒂𝒂 = 𝟏𝟏𝟏𝟏𝟏𝟏 × {(𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶 − 𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶) − 𝟐𝟐.𝟏𝟏𝟏𝟏 × (𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶 − 𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶) + 𝟎𝟎.𝟏𝟏𝟏𝟏 ×
(𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶 − 𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶)} ×
𝑽𝑽                                                                                                                                      Eq. 3. 2  
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where V is the extracting volume in ml and OD is the optical density (wavelength in nm) (Johan 

et al., 2014). The presented data points for algal growth and chlorophyll -A in the results are 

the average of three replicates and the error bars represent the standard deviation from the 

mean. 

3.5.1 Identification and characterization of microalgae  

A standard plating method was employed to isolate and purify the collected algal samples for 

identification. The field samples were first cultivated in BG-11 media in triplicates for 15 days 

under the above-mentioned experimental conditions. After cultivation, the grown algae 

cultures were diluted (1ml in 10 ml ionized water) and then streaked in BG-11 media with 2% 

agar and finally allowed to grow in the same conditions but in a closed chamber to avoid 

contamination, see Figure 3. 3. The growth was allowed to take for 15 days, and then repeated 

subculturing was done by picking the individual grown colonies on solidified BG-11 media by 

pour plate technique. This method was repeated till all the present clones were isolated and 

purified culture plates were obtained. Finally, the purified cultures were examined for 

morphological and molecular identification. Morphological characterization was done with 

light microscopy and molecular identification was done by sequencing the isolated strains by 

16SrRNA gene followed by BLASTN search of the GenBank database.  

3.6 Harvesting and drying  

The grown biomass was then separated from the media by filtering through a 0.45µm vacuum 

membrane filter. Afterward, centrifugation at 3000 rpm for 10 min was conducted to obtain 
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more concentrated biomass. Finally, the obtained pellets were washed 2–3 times to remove 

other present impurities. The harvested biomass was then allowed to dry in the sun for 24 hours. 

Figure 3. 3 Experimental methodology for the isolation of microalgae species 
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Finally, the dried samples were used to produce biodiesel via the in-situ transesterification 

reaction. 

3.7 Synthesis and characterization of KOH/rice bran activated carbon (AC 

heterogeneous catalyst catalyst used for in-situ transesterification process 

Rice bran, a by-product of the rice milling process, was used in powder form to prepare 

activated carbon support. Then, KOH (potassium hydroxide) was impregnated over the 

prepared support by the wet impregnation method. The moisture content of the rice bran 

powder was 0.035 (wt%). The powder was further screened through a sieve size of 125μm to 

reject the larger particles. The filtered particles were treated with concentrated mineral acid 

(H2SO4) in the ratio of 5:1 (v/w) for the initial carbonization step under one hour of mixing 

(Wang et al., 2021). Furthermore, the same quantity of distilled water was further included in 

the blend to reduce viscosity, and then the obtained sludge composition was allowed to age for 

24 hours. After aging, the mixture was further diluted by adding an identical volume of distilled 

water. A saturated KOH was supplemented to balance the acidity to make it neutral, the solid 

particles and the crystallized potassium salts were purified and dried at 110 °C for 2–3 hours. 

These solids were then shifted to the tube furnace for pyrolysis under nitrogen at 700 °C for 4 

hours. Finally, the activated carbon was washed with hot distilled water 2–3 times and then 

further dried. Further, activation was executed by the wet impregnation method, in which 

activated carbon was allowed to plunge into saturated KOH solution and stirred for 4 h at 500 

rpm and then kept under agitation for 24 h. After agitation, the wet-loaded carrier was separated 

from the solution by filtration and dried out in the oven at 110 °C for 2–4 h, further calcined 

under an inert atmosphere for 2 h at 450 °C. The whole methodology for the catalyst synthesis 

is shown in  Figure 3. 4. Finally, the synthesized catalyst particles were characterized by a 

sieve analysis test, scanning electron microscopy (SEM (JEOL, Model: JSM-5800), and X-ray 

diffraction (XRD) analysis, Bruker, D8 Advance Philips PW 1840 diffractometer, operated 
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with Cu-Kα radiation having a wavelength of 1.542A˚ in the angular range of 20º - 120º with 

a step size of 0.019º for a period of 0.2 s per step. 

3.8 In-situ transesterification  

Experiments were conducted in a 250 ml round bottom flask placed in an oil bath for 

temperature maintenance. The setup had a stirrer for agitation and a thermometer dipped in the 

flask to observe process temperatures, see Figure 3. 5. In this experiment, a 1:10 w/v ratio of 

Figure 3. 4 Experimental methodology for the preparation of KOH/rice bran-derived 
activated carbon heterogeneous catalyst 

Figure 3. 5 Experimental set-up for in-situ transesterification 
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solvent and co-solvent was used according to the weight of dry biomass. After adding solvent, 

co-solvent, and biomass, the catalyst with varying concentrations was supplemented in various 

quantities for distinct reaction times, temperatures, and RPM (rotations per minute) as reported 

by the experimental design discussed in the below-mentioned section. In the last part of the 

process, the whole mixture was cooled down at room temperature and then transferred to the 

separating funnel. The mixture was then put to rest for some time until all the separate phases 

of esters, glycerol, residual biomass, and catalyst were visible. The ester layer was the topmost 

layer; after that, there was a layer of glycerol, and finally, the bottom layer was a mixture of 

waste biomass and the catalyst. The bottom two layers were removed from the flask. The 

uppermost ester layer was further filtered by drying it at 80 °C and washing it several times 

with distilled water to eliminate the remaining impurities. The biodiesel yield was calculated 

by the given equation (Ogunkunle et al., 2017). 

                                         

𝒀𝒀𝒀𝒀𝒀𝒀𝒀𝒀𝒀𝒀 % =  𝑴𝑴𝑶𝑶
𝑴𝑴𝑩𝑩

× 𝟏𝟏𝟏𝟏𝟏𝟏                                                        Eq. 3. 3 

where Yield% = biodiesel yield %; MO = mass of extracted oil (g); MB = mass of the dry algal 

biomass (g). 

3.8.1 In-situ transesterification process utilizing commercially available catalyst (H2SO4)   

This experiment was conducted to find the suitable solvent or solvent and co-solvent 

combinations by hit and trial method to be utilized in the in-situ transesterification by the 

synthesized catalyst in the succeeding section by utilizing a commercial catalyst (H2SO4). The 

in-situ transesterification process was conducted with the following solvents and co-solvents – 

methanol, ethanol, methanol + chloroform, methanol + hexane. These were added to the dry 

biomass in the ratio of 1:10 w/v along with 5% v/v H2SO4 for the reaction time of 120 min, 70 

ºC temperature at 400 RPM (Chamola, 2019). The in-situ transesterification process was 
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conducted under the aforementioned section conditions. The experiment was done in triplicates 

for each solvent and co-solvent combination. The biodiesel yield percentage for each case was 

obtained by equation. The combination of solvent and co-solvent with maximum biodiesel 

yield % was preferred for the in-situ transesterification by the synthesized catalyst. 

3.8.2 In-situ transesterification process utilizing a synthesized catalyst 

In this experiment, a suitable combination of solvent and co-solvent (found in the foregoing 

section), time, temperature, and synthesized catalyst were used for the in-situ transesterification 

process. The statistical regression analysis method was utilized to model and analyse all the 

parameters. All the experiments were performed by the aforementioned section conditions.  

3.8.2.1 Experimental design for optimization  

Regression analysis – a statistical technique was used to model and analyse dependent and 

independent variables (Singh and Verma, 2019a). The process parameters which control the 

quality of the biodiesel yield percentage (Y%) were time (T) (1–2 h), catalyst loading (CL) (3–

5 wt%), (methanol + hexane) to dry algae biomass molar ratio (S + CS) (5:1–15:1), and 

temperature (Tp) (60–80 °C) (Chowdhury et al., 2021; Johan et al., 2014; Rendón, 2013). The 

ranges of these parameters were carefully chosen over a few trials, see Table 3. 1 . The 

dependent variable was the biodiesel yield percentage estimated from Eq. 3. 3. In this study, 

the experiments were conducted using the central composite design (CCD) used in response 

surface methodology (RSM) (facilitates to detect the suitable approximation for the actual 

functional relationship between the response and the set of independent variables) for building 

the second-order polynomial regression model to a given response variable, instead of using 

complete three-level full factorial experiments. This methodology played a crucial role in 

studying the effect of input process parameters on the yield, especially in this biodiesel 

extraction process methodology. The variables or factors were set at the midpoint of their 
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respective ranges and trials at the extreme levels in response surface design. The number of 

centre points was taken as three, and three replicates were considered for each combination of 

process parameters. Therefore, a total of sequences of process parameters were taken for doing 

the experiments. The effectiveness of models was evaluated by determining R2 (determination 

coefficient), and RSM attained ideal conditions of the reaction. After getting optimized values 

for every independent variable, the transesterification process was carried out using the 

optimized parameters. 

Table 3. 1. Process parameters and their ranges used for quality of biodiesel yield 
percentage. 

S. No Inputs/unit 
Coded 

symbol 

Uncoded 

symbol 

Minimum 

Value 
Mid value 

Maximum 

value 

1. 
Temperature  

(hrs.) 
𝑋𝑋1 Tp 1 1.5 2 

2. 
Biomass molar 

Ratio 
𝑋𝑋2 S+CS 0.06 0.13 0.2 

3. 
Catalyst Loading 

(wt.%) 
𝑋𝑋3 CL 3 4 5 

4. Time (hrs.) 𝑋𝑋4 T 1 1.5 2 

 3.8.2.2 Experimental model development 

Direct transesterification reaction was directed over conventional mechanical stirring utilizing 

the synthesized heterogeneous catalyst. Twenty-eight runs of experiments were carried out as 

per the suggested experimental design. All these runs of experimental design with the biodiesel 

yield are shown in the results and discussion chapter.  

3.8.2.3 Method of analysis 

Regression analysis: The implementation of non-linear statistical analysis using Minitab 18 

software [44] to create input–output relationships of the process is shown below in  Eq. 3. 4: 
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 𝑿𝑿 = 𝜶𝜶𝟎𝟎 + ∑ 𝜶𝜶𝒊𝒊𝒙𝒙𝒊𝒊 + ∑ 𝜶𝜶𝒊𝒊𝒊𝒊𝒙𝒙𝒊𝒊𝟐𝟐 + ∑
𝒊𝒊=𝟏𝟏
𝒌𝒌

𝒌𝒌
𝒊𝒊=𝟏𝟏

𝒌𝒌
𝒊𝒊=𝟏𝟏 ∑ 𝜶𝜶𝒊𝒊𝒊𝒊𝒙𝒙𝒊𝒊𝒙𝒙𝒋𝒋 + 𝜺𝜺𝒌𝒌

𝒊𝒊<𝒋𝒋  Eq. 3. 4

where X is the response; α0, α1, α2, ………., αk represents coefficients of the variables to be 

computed using a least-squares method. Here, ε positions for the error in the fitting. During 

regression analysis, a significance test of each of the process parameters was conducted for 

each of the responses. The format of the significance test was obtained using MINITAB 

software. The adequacy of the developed model was tested through an analysis of variance 

(ANOVA). The effectiveness of the developed regression model was assessed by comparing 

the model's predicted values with the experimental ones. The time, catalyst loading, (methanol 

+ hexane) to dry algae biomass molar ratio, and temperature were represented as the functions 

of input process parameters, respectively. 

 3.8.2.4 Input‑output mapping using regression analysis 

The mapping between inputs and the output was associated by using regression analysis. The 

significance test was executed to study the model’s capability at a confidence level of 95%. 

Yield percentage (Y%) was characterized in the coded form primary as a non-linear function 

of input process parameters, namely, time (T) (1–2 h), CL (3–5 wt%), (methanol + hexane) to 

dry algae biomass molar ratio (S + CS) (5:1–15:1), and temperature (Tp) (60–80 °C), denoted 

by X1, X2, X3, and X3, respectively. The significance test results for Y% and ANOVA (Analysis 

of variance) are presented in the preceding chapter. 

3.9 Characterization and analysis of biodiesel properties 

The composition of the biodiesel sample attained at the most acceptable conditions for the 

instantaneous esterification-transesterification conditions was determined using Varian 450-

GC coupled with a 240-MS mass spectrometer. Helium was used as carrier gas with a flow rate 

of 0.6 mL min-1. The MS ion source temperature was kept at 180 °C. FAME components 



41 

present in the biodiesel were identified by corresponding spectra with similar spectra using the 

National Institute of Standards and Technology Research (NIST) library software. 

Some of the important quality parameters of biodiesel were analysed to examine the 

performance of biodiesel (de Blasio, 2019b). The properties of algal biodiesel - kinematic 

viscosity (mm2/s), relative density (kg/m3), calorific value (MJ/kg), pour point (ºC), and flash 

point (ºC) were examined and followed as per ASTM standards (D6751) (de Jesus et al., 2020). 

Three trial tests for all properties were done and their means were calculated. 
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Chapter 4 

Results and Discussion 

This chapter documents all the results from the experimental research work carried out for the sustainable 

biodiesel production from indigenous microalgae procured from a wastewater oxidation pond. In the 

present study, attempts were made to improve the cost-effectiveness of microalgal biodiesel production. 

Utilization of the indigenous microalgae cultures collected from the rural oxidation ponds as an alternative 

to pure cultures was done for cultivation to save time, toil, and cost required to isolate the algae cultures. 

Furthermore, indigenous microalgae were cultivated in the wastewater to eliminate the need for 

freshwater, and nutrients. Additionally, a waste-based heterogeneous catalyst derived from rice bran 

powder was synthesized for the in-situ transesterification process to eliminate the need for expensive 

catalysts and reduce the environmental impact of the production process. Finally, optimization of process 

parameters was also done for the in-situ transesterification process to maximize the biodiesel yield.  

At the onset, collected wastewater was characterized to verify the presence of essential nutrients for 

microalgae growth. Aftermath the cultivation of microalgae in wastewater was accomplished, the algae 

growth was analysed by determining the growth pattern, biomass growth, and chlorophyll-A. 

Simultaneously, isolation and identification of collected indigenous microalgae was carried out to 

compare the biodiesel yield by mixed indigenous cultures with the individual pure cultures. 

In addition, the synthesis of a waste-based heterogeneous catalyst derived from rice bran powder was 

carried out, and the catalyst characterization was carried out with SEM and XRD. Furthermore, trial 

experiments were run for the in-situ transesterification with H2SO4 as a catalyst and various solvent and 

solvent-co-solvent combinations. A preferable solvent or solvent-co-solvent combination was selected 

and utilized further in the in-situ transesterification with a synthesized catalyst.  Moreover, multiple 

experiments were carried out for the in-situ transesterification process with synthesized catalysts. The 

selected solvent-co-solvent combination and the optimization of the process parameters was accessed to 



43 
 

maximize biodiesel production yield. Also, the biodiesel yield with mixed indigenous culture was 

compared with the yield of pure isolated culture. Finally, the characterization of the produced biodiesel 

was performed by GC-MS, and some of the quality parameters of biodiesel were analysed to examine the 

performance of biodiesel. The experimental workflow is depicted in a flow chart Figure 4. 1 to visually 

represent what and how the research has been described in subsequent sections. 

4.1 Wastewater characterization  

Numerous physical parameters like light intensity, temperature, oxygen, and nutrients affect microalgae 

growth. Parameters other than the micro-nutrients in wastewater were already controlled in the laboratory 

setup during cultivation. Although microalgae were already proliferating in the collected wastewater 

when present in the rural oxidation pond, it still necessitates analysis for the essential nutrients, nitrogen 

(N) and phosphorus (P) being the most important ones for algae cultivation. Characterization was 

conducted to make sure of any nutrient deprivation. Analysis of parameters like pH, conductivity, total 

dissolved solids, total chemical oxygen demand (COD) and soluble COD, biochemical oxygen demand 

(BOD), total phosphates, nitrates, and dissolved oxygen (DO) are analyzed as per APHA standard 

methods. The average values of all the parameters after the analysis of collected wastewater are depicted 

in Table 4. 1  

As shown in Table 4. 1, the wastewater's mean pH value is 7.29. The pH range required for the growth 

of indigenous microalgae is between 7-9 (Mishra et al., 2015). In our study, the pH value was observed 

in the given range and was maintained throughout the growth period by providing continuous mixing. 

Failing to do so disrupts various cellular processes, leading to the inhibition of biomass growth. Dissolved 

oxygen is an additional important parameter for biomass productivity. Higher concentrations of dissolved 

oxygen can exhibit the growth of photosynthetic organisms. Kazbar et. al investigated the effect of higher 

concentrations of dissolved oxygen in the photobioreactor, and results showed a loss of biomass 

productivity at concentrations higher than 30 mg/l  (Kazbar A., Cogne G., Urbain B, Marec H., Le-Gouic 

B, Tallec J.,Takache H., Ismail A., 2019). In the present study, dissolved oxygen  
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Figure 4. 1 Experimental Workflow 
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concentration was less than 30mg/l.  Other crucial parameters for microalgal growth were nitrates (N-

NO3
-) and phosphates (P-PO4 

3-). Their ratio in the wastewater decides the optimum growth of microalgae.  

The N:P ratio for the growth of indigenous microalgae is given as 1:1.5  with no addition of extra carbon 

dioxide (Montoya-Vallejo et al., 2023). In the present study, the ratio was coming out to be approximately 

1:15, which is considered acceptable for microalgae growth. Other parameters like conductivity and total 

dissolved solids are associated with the salinity of the wastewater, which is another crucial parameter for 

the algal growth (Xu et al., 2022). Bartley et. al researched to observe the effect of the salinity of the 

wastewater on the growth of microalgae. They found that the optimum growth of microalgae occurs 

between the salinity values of 22 and 34 PSU (Practical Salinity Unit) (Bartley et al., 2013).  In this 

relation, conductivity and total dissolved solids were coming in range to neglect the effect on microalgae 

growth. Overall, all the characteristic parameters were coming within the ranges for optimum microalgae 

growth in the collected wastewater, and there is no need to provide additional nutrients. 

Table 4. 1 Physio-chemical analysis of the collected wastewater 

S. No. Parameters Measurement unit Mean Values 

1 pH - 7.29 

2 Conductivity mS/cm 0.98 

3 Total Dissolved Solids mg/l 493.80 

4 COD mg/l 112 

5 Soluble COD mg/l 80 

6 DO mg/l 3.71 

7 BOD mg/l 17 

9 Nitrates  mg/l 1.80 

10 Phosphates mg/l 2.71 
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4.2 Identification and characterization of indigenous microalgae collected from 

wastewater.  

4.2.1 Cultivation of microalgae in BG-11 media 

Microalgae was allowed to cultivate in triplicates in a 1000 ml Erlenmeyer flask containing 800 ml BG-

11 media and 100 ml microalgae for 15 days. LED light (illumination: > 20,000 lx) was utilized to supply 

constant light intensity with a temperature of 28 ± 3 °C. Also, an air bubbler was provided for mixing to 

maintain pH in the flasks. Microalgae growth estimation and chlorophyll-A content in the cultivation 

media was observed and presented in the figures Figure 4. 2 and Figure 4. 3. 

It is clear from Figure 4. 2 that the algal growth cultivated in BG-11 media was following the logarithmic 

growth pattern. It is ascertained that there was a significant growth of algae in the wastewater in which the 

lag phase lasted for 5 days. The exponential growth phase was sustained until the 9th day of the culture, 

and then the stationary phase was identified between the 9th and 11th day, and finally, after the 11th day, 

the death or decline phase was seen (Namitha et al., 2021; Putri et al., 2019). The presence of chlorophyll-

Figure 4. 2 Microalgae growth pattern in BG-11 media (optical density at 
680nm vs. time) 
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A was  confirming the presence of algae and the increasing linear trend confirmed the increase in 

chlorophyll-A in the media over the observed time (Talapatra et al., 2023).  

4.2.2 Identification and characterization  

After cultivation, the grown algae cultures were streaked on BG-11 media with 2% agar and finally 

allowed to grow for 15 days in the same conditions. Aftermath, repeated subculturing was done by picking 

the individual grown colonies by pour plate technique. This method was repeated till purified culture 

plates are obtained. Finally, purified cultures were examined for morphological and molecular 

identification. Morphological characterization was based on the size and shape under the microscope, as 

shown in Figure 4. 4.. From the microscopic image in Figure 4. 4 (a), it was observed that the culture 

has spherical single cells with visible cell walls. It was assumed to have a similarity with Chlorella sp. 

(Safi et al., 2014). In Figure 4. 4(b),  it was assumed that the culture has a pale to blue-green green color 

with densely thin entangled filaments that resemble Desertifilum sp. (Cai et al., 2017). 

For the exact identification of the isolated cultures, molecular identification was done by sequencing the 

isolated strains by 16SrRNA gene followed by a basic BLASTN search of the GenBank databases. rDNA 

Figure 4. 3 Chlorophyll-A content for the grown culture in BG-11media 
(calculated from Equation 3.2) 

0.04

0.15
0.17

0.20

0.28

0.30 0.31

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

Day 1 Day 3 Day 5 Day 7 Day 9 Day 11 Day 13

C
hl

or
op

hy
ll-

A
 (µ

g/
m

l)

Time

Chlorophyll-A content in BG-11 media 



48 
 

sequences of the isolates showed query sequence NC140222 has 99.51% identity to Desertifilum 

salkalinema, and the query sequence NC21022 has 99.9% similarity to Chlorella vulgaris. 

4.3 Microalgae cultivation in wastewater  

Microalgae were allowed to cultivate in triplicates in a 1000 ml Erlenmeyer flask containing 800 ml 

collected wastewater and 100 ml microalgae for 15 days. A Microalgae cultivation setup was installed to 

fulfil all the essential factors like light intensity and temperature responsible for growth. It was set up to 

duplicate natural conditions present at the oxidation pond. LED light (illumination: > 20,000 lx) was 

utilized to supply constant light intensity with a temperature of 28 ± 3 °C. Also, an air bubbler was 

provided for mixing to maintain pH in the flasks. Microalgae growth estimation was evaluated every 

Figure 4. 4 Microscopic images of the isolated cultures at 100X 
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alternate day for 2 weeks. The observed graph for the optical density using spectrophotometry at 680 nm 

with time is shown in Figure 4. 5. 

From Figure 4. 5, it is ascertained that there is a significant growth of algae in the wastewater in which 

the lag phase has lasted for 5 days. The exponential growth phase was sustained until the 9th day of the 

culture, and then the stationary phase was identified between the 9th and 12th day, and finally, after the 12th 

day, the death or decline phase was seen (Namitha et al., 2021; Putri et al., 2019). The biomass 

concentration (g/l) is calculated using Equation 3.1 for 15 days on every alternate day.  The biomass 

concentration is shown in Table 4. 2. It was observed that the biomass content was increasing with the 

growth of microalgae in the wastewater. However, at the end of the observation time, when growth started 

to decline, total biomass increased due to the accumulation of the dead biomass in the media. Moreover, 

the chlorophyll-A content of the grown culture was determined by Equation 3. 2. The corresponding 

graph for chlorophyll-A content against the number of days is represented in Figure 4. 6., It represented 

the same trend mentioned in the forgoing section regarding chlorophyll-A content in BG-11 media. 

 

 

Figure 4. 5 Microalgae growth pattern in wastewater (optical density at 680nm 
vs. time) 
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Table 4. 2 Biomass production (g/l) in relation to absorbance at 680nm 

No. of Days Average OD at 680 nm Biomass Production (g/l) 

Day 1 0.13 0.13 

Day 3 0.77 0.58 

Day 5 1.19 0.87 

Day 7 1.94 1.40 

Day 9 2.50 1.79 

Day 11 2.50 1.79 

Day 13 2.37 1.89 

4.4 Characterization of KOH/rice bran AC heterogeneous catalyst  

The surface morphology of the catalyst was analyzed using SEM at 2 μm (Figure 4. 7(a) and Figure 

4. 7(b)). It was observed that the activated carbon carrier, which was highly porous before, is now finally 

packed and enclosed with KOH (potassium hydroxide). As per the following images, it was observed that 

the synthesized catalyst is comparatively non-porous, and the reactions will now typically occur on its 

surface. Furthermore, Figure 4. 8 displays the XRD analysis of the KOH/rice bran AC catalyst. It shows 
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Figure 4. 6 Chlorophyll-A content for the grown culture in wastewater (calculated 
from Equation 3.2) 
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a clear, solid KOH peak at about 32.9°, besides other weak peaks at 29.8° and 13.1° because of traces of 

potassium lead oxide and potassium uranyl fluoride sulphate hydrate. The other weak peaks may be due 

to the traces of pesticides or insecticides in the rice bran powder. The results reported sharp XRD 

reflections with (0 1 1), (0 2 1), (2 2 0), (1 1 0), and (2 2 2) orientations, suggesting that the calcined 

material is well crystallized throughout the process. 

Figure 4. 7(a) SEM image of activated carbon (carrier) at 2 μm, (b) SEM image of the 
synthesized catalyst at 2 μm. 

 

Figure 4. 8 XRD analysis of the “KOH/Rice-bran activated carbon” catalyst. 

(b) (a) 
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4.5 In-situ transesterification by (H2SO4)   

This experiment was conducted to find the suitable solvent or solvent and co-solvent combinations to be 

utilized in the in-situ transesterification by the synthesized catalyst. The experiments were conducted by 

selecting the 10: 1 of solvents to dry biomass ratio, with 5% H2SO4, for 120 minutes at 70ºC temperature 

with 500 rpm. The experiment was done in triplicates for each solvent and co-solvent combination. The 

biodiesel yield percentage for each case was obtained and the maximum yield was observed for the 

combination of methane and hexane Figure 4. 9 (Ummu Kalsum et al., 2022). 

Figure 4. 9 Biodiesel yield with different solvent and solvent-co-solvent combinations 

4.4. In-situ transesterification by KOH/rice bran AC heterogeneous catalyst  

This experiment used a suitable combination of solvent and co-solvent (methanol + hexane in the 

preceding section), time, temperature, and synthesized catalyst for the in-situ transesterification process. 

The statistical regression analysis with CCD was utilized to model and analyse all the parameters. 

4.5.1 Statistical Regression Analysis 

Direct transesterification reaction was directed over conventional mechanical stirring utilizing the 

synthesized heterogeneous catalyst.  
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Table 4. 3 has been obtained by conducting various runs per the suggested experimental design. 

Table 4. 3 Results of experimental design. 

Run Order Temp S+CS Caty Time Y% 

1 70 0.13 3 1.5 74.39 

2 60 0.2 3 2 66.05 

3 80 0.2 3 2 69 

4 80 0.06 3 1 52.92 

5 70 0.13 4 2 71 

6 80 0.06 5 2 71.96 

7 60 0.2 3 1 58.4 

8 60 0.13 4 1.5 66.7 

9 80 0.06 3 2 57.39 

10 70 0.13 4 1 70.5 

11 80 0.2 5 2 75.05 

12 70 0.13 4 1.5 70.9 

13 70 0.13 4 1.5 70.9 

14 70 0.13 4 1.5 70.9 

15 70 0.2 4 1.5 70.9 

16 60 0.06 3 2 61.32 

17 80 0.2 3 1 59.58 

18 60 0.2 5 1 69.5 

19 70 0.13 4 1.5 70.9 

20 70 0.06 4 1.5 67.89 

21 80 0.2 5 1 74 

22 80 0.06 5 1 70.01 

23 60 0.06 5 2 72.26 

24 60 0.06 3 1 49.63 

25 80 0.13 4 1.5 72.2 

26 60 0.06 5 1 65.37 

27 70 0.13 5 1.5 81.8 

28 60 0.2 5 2 68.4 
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4.5.2 Input-output mapping using regression analysis  

The mapping between inputs and the output were associated by using regression analysis. The 

significance test was executed to study the model's capability at a confidence level of 95 %. Yield 

percentage (𝑌𝑌%) was characterized in the coded form primary as a non-linear function of input process 

parameters, namely, time (T) (1–2 h), catalyst loading (CL) (3–5 wt.%), (methanol + hexane) to dry algae 

biomass molar ratio (S+CS) (5:1–15:1), and temperature (Tp) (60–80 °C) denoted by 𝑋𝑋1, 𝑋𝑋2, 𝑋𝑋3, 𝑋𝑋4, 

respectively. The significance test results for 𝑌𝑌% and analysis of variance by ANOVA are presented in 

Table 4. 4 and Table 4. 5, respectively. 

Table 4. 4 Results of significance test for biodiesel yield % 

S.no      Term Coeff. SE Coeff. T p 

1 Constant 72.6283 0.7995 90.841 0.000 

2 𝑋𝑋1 1.3600 0.5450 2.495 0.027 

3 𝑋𝑋2 2.3406 0.5450 4.295 0.001 

4 𝑋𝑋3 5.5372 0.5450 10.160 0.000 

5 𝑋𝑋4 2.3622 0.5450 4.334 0.001 

6 𝑋𝑋12 -4.3304 1.4397 -3.008 0.010 

7        𝑋𝑋22 -4.3854 1.4397 -3.046 0.009 

8         𝑋𝑋32 4.3146 1.4397 2.997 0.010 

9         𝑋𝑋42 -3.0304 1.4397 -2.105 0.055 

10 X1 𝑋𝑋2 0.7238 0.5780 1.252 0.233 

11 X1 𝑋𝑋3 0.7500 0.5780 1.297 0.217 

12 X1 𝑋𝑋4 -0.5150 0.5780 -0.891 0.389 

13 X 2 𝑋𝑋3 -1.5263 0.5780 -2.640 0.020 

14 X 2 𝑋𝑋4 -0.4987 0.5780 -0.863 0.404 

15 X 3 𝑋𝑋4 -1.5275 0.5780 -2.643 0.020 

S = 2.31218;  R-Sq = 94.77%;  R-Sq (adj.) = 89.15% 

Table 4. 5 Analysis of variance (ANOVA) test results for biodiesel yield % 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐷𝐷o𝐹𝐹 𝑆𝑆𝑆𝑆𝑆𝑆. 𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴𝐴𝐴. 𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴𝐴𝐴. 𝑀𝑀𝑀𝑀 𝐹𝐹-value 𝑝𝑝 

Regression 14 1260.61 1260.606 90.043 16.84 0.000 

Linear 4 784.24 784.237 196.059 36.67 0.000 

Square 4 376.16 376.161 94.040 17.59 0.000 
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Interaction 6 100.21 100.208 16.701 3.12 0.040 

Residual Error 13 69.50 69.500 5.346   

Lack-of-fit 10 69.50 69.500 6.950   

Pure Error 3 0.000 0.0000 0.0000   

Total 27 1330.11     

 

X1, X2, 𝑋𝑋3, 𝑋𝑋4,  𝑋𝑋12, 𝑋𝑋22, 𝑋𝑋32,𝑋𝑋42, X2 X3, X 3X4 is significant. It suggests that the relationship between yield 

percentage (𝑌𝑌%) found to be non-linear with temperature (𝑋𝑋1), biomass molar ratio (𝑋𝑋2), (methanol + 

Hexane) to dry algae biomass molar ratio (X3), and time (𝑋𝑋4). The model was statistically acceptable for 

making predictions, as the coefficient of correlation was attained as 0.9477. The F values seemed greater 

than those in the standard statistical table. Therefore, the model was statistically acceptable (Singh and 

Verma, 2019b). The un-coded form of yield percentage (𝑌𝑌%) was found to be in the Eq. 4. 1. 

𝒀𝒀%𝑼𝑼𝑼𝑼−𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = −𝟏𝟏𝟏𝟏𝟏𝟏.𝟖𝟖𝟖𝟖𝟖𝟖 + 𝟓𝟓.𝟗𝟗𝟗𝟗𝟗𝟗𝟗𝟗𝟗𝟗�𝑻𝑻𝒑𝒑� + 𝟑𝟑𝟑𝟑𝟑𝟑.𝟑𝟑𝟑𝟑𝟑𝟑(𝑺𝑺 + 𝑪𝑪𝑪𝑪) − 𝟐𝟐𝟐𝟐.𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖(𝑪𝑪𝑪𝑪) + 𝟔𝟔𝟔𝟔.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑(𝑻𝑻) −

𝟎𝟎.𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑�𝑻𝑻𝒑𝒑�
𝟐𝟐 − 𝟖𝟖𝟖𝟖𝟖𝟖.𝟗𝟗𝟗𝟗𝟗𝟗(𝑺𝑺 + 𝑪𝑪𝑪𝑪)𝟐𝟐 + 𝟒𝟒.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑(𝑪𝑪𝑪𝑪)𝟐𝟐 − 𝟏𝟏𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏(𝑻𝑻)𝟐𝟐 + 𝟏𝟏.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎�𝑻𝑻𝒑𝒑�(𝑺𝑺 + 𝑪𝑪𝑪𝑪) +

𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎�𝑻𝑻𝒑𝒑�(𝑪𝑪𝑪𝑪) − 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏�𝑻𝑻𝒑𝒑�(𝑻𝑻) − 𝟐𝟐𝟐𝟐.𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖(𝑺𝑺 + 𝑪𝑪𝑪𝑪)(𝑪𝑪𝑪𝑪) − 𝟏𝟏𝟏𝟏.𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐(𝑺𝑺 + 𝑪𝑪𝑪𝑪)(𝑻𝑻) −

  𝟑𝟑.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎(𝑪𝑪𝑪𝑪)(𝑻𝑻)                                                                                                                                                                                                           Eq. 4. 1 

4.5.3 Effect of reaction parameters on the process yield  

The interactions of the four reaction parameters, time, solvent + co-solvent to biomass molar ratio, catalyst 

ratio, and temperature, were examined through response surface methodology. Response surfaces and 

contour lines that associate biodiesel yield to the considered parameters is given in Figure 4. 10. In 

Figure 4. 10 (a), during the in-situ transesterification process, the biodiesel yield is directly proportional 

to the increasing reaction time until the point when yield gets inversely proportional. After that, a higher 

reaction time might not accurately generate more biodiesel. This trend was due to excessive solvent + co-

solvent losses, overheating reaction mixture, by-product formation, and other energy losses (Cao et al., 

2013). Therefore, biodiesel yield was marginally decreased with the increase in the reaction time in the 

experiment. The results agreed with the preceding research, suggesting that the time reaching the highest 
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biodiesel yield has been reduced (Wahlen et al., 2011). In Figure 4. 10 (b), the biodiesel yield increased 

to a molar ratio 0.13. In contrast, an additional increase in the molar ratio decreased the output due to 

surplus accessibility of alcohol emerging in ester-glycerol recombination. Similarly, an increase in time 

allowed the yield to increase with an increase in molar ratio, but a further rise in time exposure causes 

solvent loss that affects the yield (Jambulingam et al., 2020). Figure 4. 10 (c), a gradual increase in 

biodiesel yield was observed up to a catalyst concentration of 4% due to increased catalytic activity. Still, 

the yield of biodiesel soon decreased with the additional increase in catalyst concentration due to soap 

formation (Jambulingam et al., 2020; Naeem et al., 2021). Figure 4. 10 (d), the increase in the yield was 

noticed with the rise in the amount of catalyst irrespective of time. However, the overall yield gets affected 

when excess solvents were present along with catalysts. Nonetheless, in this case, the solvent ratio was 

not in excess; yield increases can be seen (Degfie et al., 2019). In Figure 4. 10 (e), the catalytic activity 

of the synthesized catalyst was not affected by the temperature as it is prepared to bear extremely high 

range temperatures. However, the overall yield is affected by the increase in temperature as it causes the 

solvent and co-solvent to evaporate from the reaction process (Mohamed et al., 2020). In Figure 4. 10 

(f), it was observed that the yield first increases with an increase in temperature and the S+CS ratio. Still, 

it decreased with a further rise in temperature because of various energy losses and S+CS evaporation. 

Furthermore, with a further increase in molar ratio concerning temperature, the yield gets affected due to 

the formation of ester-glycerol by surplus alcohol (Anwar et al., 2018).  

4.5.4 Optimization of biodiesel yield% 

It was observed that the best finest conditions are the time of 1.5 h, S + CS to biomass molar ratio of 10:1, 

5 wt% of catalyst loading, and a temperature of 70 °C, upon which the highest predicted yield was 81.8%.  
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Figure 4. 10 Surface plots of Y% with (a) Tp and T, (b) T and S+CS, (c) S+CS and CL (d) CL 
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4.6 Comparison study of biodiesel yield%  

Finally, an experiment was also performed based on these optimized conditions, and the observed yield 

was 80.9% with a prediction error lesser than 0.9%. Hence, it can be ascertained that the proposed RSM 

model was satisfactory to both forecasts of the system behaviour and the optimal conditions. Furthermore, 

a comparison between the biodiesel yield of mixed algal culture and isolated pure cultures was done, and 

it was found that yield was maximum in the case of mixed algae culture Figure 4. 11. 

4.7 Biodiesel characterization  

The composition of the biodiesel sample attained at the most acceptable conditions for the instantaneous 

esterification-transesterification conditions was determined using Varian 450-GC coupled with a 240-MS 

mass spectrometer. Helium was used as a carrier gas with a flow rate of 0.6 mL min-1. The MS ion source 

temperature was kept at 180 °C. FAME components present in the biodiesel were identified by the 

corresponding spectra with similar spectra using the National Institute of Standards and Technology 

Research (NIST) library software. Table 4. 6 demonstrates the fatty acid compositions acquired by the 

gas chromatogram of the developed biodiesel. The obtained biodiesel mainly consisted of FAMEs (fatty 

acid methyl esters) from the C16 and C18 groups. 28.53% of linoleic acid (C18:2) followed by 13.29% 

Figure 4. 11 Comparison of biodiesel yield of different algal species 
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of palmitic acid (C16:0) and 12.17% of palmitolec acid (C16:1) is present in algal biodiesel. Obtained 

biodiesel contains 26.79% saturated fatty acids and 53.82% unsaturated fatty acids. It has been reported 

that oil containing more significant levels of saturated fatty acids in contrast with unsaturated fatty acids 

may get solidified, and fuel lines can get clogged during low-temperature conditions. In comparison, oils 

with high unsaturated fatty acid composition are less viscous, making the biodiesel work in warm and 

cold weather (Nautiyal et al., 2014). Therefore, the produced biodiesel has been considered a high-quality 

fuel. 

Table 4. 6 FAME composition of obtained biodiesel 

S. No FAME Structure Wt. % of FAME in biodiesel 

1. Caprylic 8:0 3.54 

         2. Lauric 12:0 1.23 

3. Myristic 14:0 3.35 

4. Cis-10 Pentadecanoic 15:1 2.26 

5. Palmitic 16:0 13.29 

6. Palmitole 16:1 11.17 

7. Strearic 18:0 3.12 

8. Oleic 18:1 9.71 

9. Linoleic 18:2 28.53 

10. Linolenic 18:3 3.43 

11. Eicosapentaenoic 20:5 1.27 

Some of the critical quality parameters of biodiesel were analyzed to examine the performance of 

biodiesel. Table 4. 7 represents the physical and combustion characteristics of the specimen. The entire 

properties of algal biodiesel were followed according to the ASTM standards (D6751) (de Jesus et al., 

2020). The density of the fuel affects the fuel injection system. A change in the mass of injected fuel will 

change the density, thus affecting engine performance (Pandit and Fulekar, 2019). In the current study, 

density is coming under the ASTM standard values. Pour point is defined as the point where the fuel loses 

its flowing properties. Kinematic viscosity was determined as 5.7 mm2/s, within the ASTM standard value 

range. Furthermore, the calorific value of fuel is an essential parameter that decides the energy content of 

the fuel. Presently, the calorific value came out to be satisfactory in comparison with the standard values. 
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In the current scenario, pour points for microalgae-based fuels have been observed to be less than 

conventional diesel. The lower pour point indicates the suitability of the biodiesel in cold 

conditions(Namitha et al., 2021). Equally important is the flash point property, which represented how 

easily a fuel can burn. In the present study, a higher flash point indicates less flammability and hazards 

that ensure safe handling and storage (Hassan et al., 2018; Saikia et al., 2019). 

Table 4. 7 Physio-chemical properties of obtained biodiesel. 

S. No Parameter  Algae Biodiesel ASTM 6751 Method & Standard 

Value 

870 860-900 (D1298)

5.7 4.0-6.0 (D445)

36.9 At least 35 (D240)

-12 -15 to 10 (D5773)

1. Density (kg/m3)

2. Viscosity (mm2/s) at 40°C

3. Calorific Value (MJ/kg)

4. Pour Point(°C)

5. Flash Point(°C) 130 100-170 (D93)
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Chapter 5 

Conclusions and Future Recommendations 

5.1 Conclusions  

The study was conducted for the sustainable production of biodiesel from indigenous 

microalgae procured from a wastewater oxidation pond of a village in Punjab Province of India. 

An attempt was made to improve the cost-effectiveness of microalgal biodiesel production by 

utilizing indigenous microalgae cultures collected from the rural oxidation ponds to save time, 

toil, and cost required to isolate the pure algae cultures. Furthermore, indigenous microalgae 

were cultivated in the wastewater to eliminate the need for freshwater and nutrients. 

Additionally, a waste-based heterogeneous catalyst derived from rice bran powder was 

synthesized for the in-situ transesterification process to eliminate the need for expensive 

catalysts and reduce the environmental impact of the production process. Finally, optimization 

of process parameters was also done for the in-situ transesterification process to maximize the 

biodiesel yield. After observing the optimized biodiesel yield from mixed indigenous 

microalgae by performing an in-situ transesterification process in the presence of a KOH/rice-

bran-based AC heterogeneous catalyst, the following conclusions based on the results have 

been listed below:  

Successful microalgae cultivation: The study demonstrated the successful cultivation of 

microalgae in wastewater (collected from a rural oxidation pond) over two weeks, with a 

logistic growth pattern. Cultivation in wastewater curtailed the need for supplementing 

additional nutrients and eliminated the utilization of fresh water. The presence of chlorophyll-

A in the wastewater confirmed the presence of microalgae. This was a crucial step in the 

biodiesel production process, as it provides a sustainable source of biomass for the in-situ 

transesterification process. 
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Identification and characterization of indigenous species: The morphological 

characterization of the isolated cultures under the microscope provided valuable visual clues. 

Notably, spherical single cells with visible cell walls observed a resemblance to Chlorella sp. 

Furthermore, other pure cultures displayed a distinctive pale to blue-green color and densely 

thin entangled filaments, closely resembling Desertifilum sp. 

For precise identification, molecular techniques were employed, explicitly sequencing the 16S 

rRNA genes of the isolated strains. The subsequent BLASTN search against GenBank 

databases confirmed the genetic identity of the microalgae strains beyond any doubt. Query 

sequences exhibited an identity to Desertifilum salkalinema and Chlorella vulgaris, 

unequivocally establishing its molecular identity. 

Utilization of indigenous mixed species: The use of indigenous mixed microalgae species 

procured from the rural oxidation pond represents a significant advancement in biodiesel 

production. This approach reduces the complexity and cost of isolating pure species from 

mixed consortia. The study also showed that mixed indigenous cultures yielded the higher 

biodiesel production, supporting the choice of mixed cultures for sustainable biodiesel 

production. 

Innovative catalyst development: Developing a bio-based waste material activated carbon 

support material impregnated with KOH as a catalyst is noteworthy. SEM images confirmed 

the effective filling of the porous structure with KOH, allowing surface reactions and 

improving the efficiency of the in-situ transesterification process. XRD analysis confirmed the 

presence of KOH in the synthesized catalyst and confirmed that the calcined material has a 

crystalline structure.  

Suitable solvent or solvent-co-solvent combination: Exploration of solvent mixtures for 

direct transesterification with synthesized catalyst was carried out. In-situ transesterification 
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with H2SO4 was carried out to find the most suitable combination. Successful identification of 

methanol and hexane as the optimal solvent duo has not only maximized the efficiency of the 

direct transesterification process but also paved the way for its integration with our innovative 

synthesized catalyst. 

Optimized Process Parameters: By applying response surface methodology based on the 

central composite design (CCD-RSM), the study identified optimal process conditions for 

direct transesterification. These conditions included a 1.5-hour reaction time, a 10:1 S + CS to 

biomass molar ratio, 5 wt% catalyst loading, and a temperature of 70°C. Under these 

conditions, the predicted biodiesel yield was 81.8%, closely matching the observed yield of 

80.9% with a prediction error of only 0.9%. Establishing a statistical model for predicting 

biodiesel yield in the direct transesterification process is valuable for process optimization and 

control. The high R2 value of 0.94 indicates the model's accuracy in making predictions, 

ensuring consistent and reliable biodiesel production. 

Biodiesel quality and composition: Characterization of the obtained biodiesel through GC–

MS analysis revealed a composition containing 53.82% unsaturated fatty acids, making it 

suitable for extreme weather conditions. Additionally, all biodiesel properties met ASTM 

standards, ensuring compliance with industry quality requirements. 

In conclusion, this study succeeded in optimizing algal biodiesel production and offered 

sustainable and environmentally friendly solutions. The use of indigenous mixed microalgae 

species, the innovative catalyst development, and the establishment of a robust statistical model 

for process optimization collectively contribute to the advancement of biodiesel production. 

The findings of this research have significant implications for the renewable energy sector and 

further underscore the feasibility of microalgae-based biodiesel as a green and sustainable 

energy sourc 
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5.2 Future recommendations 

Indeed, based on the findings and achievements of your study, here are some future research 

directions and recommendations: 

Exploration of other indigenous microalgae species: While this study successfully 

utilized indigenous mixed microalgae species like Chlorella sorokiniana, green algae 

(Chlorophyceae) and Cylindrocapsa geminella. Further research could explore additional 

native microalgae strains. Investigating a wider variety of species could lead to the discovery 

of strains with even higher lipid content and better suitability for biodiesel production. 

Catalyst development and enhancement: The innovative use of bio-based waste material as 

a catalyst support material is promising. Future research can focus on optimizing the catalyst 

synthesis process further or exploring alternative eco-friendly catalysts to improve the in-situ 

transesterification process efficiency. 

Process scaling and techno-economic analysis: Scaling up microalgae-based biodiesel 

production from laboratory to industrial levels is critical. Conducting comprehensive techno-

economic research to evaluate large-scale production's feasibility, cost-effectiveness, and 

environmental impact is essential. 

Sustainability Assessment: Investigate the overall sustainability of microalgae-based 

biodiesel production, considering factors such as land and water use, carbon footprint, and 

social impacts. This holistic assessment can help ensure that biodiesel production remains 

environmentally and socially responsible. 

In conclusion, the future of microalgae-based biodiesel research holds great promise for 

addressing sustainable energy needs. Continued innovation, collaboration, and a focus on 

sustainability will be vital in advancing this field and realizing the full potential of microalgae 

as a renewable energy source. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chlorella
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