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Recently the rise in population and demand in energy for growth and development of
countries leads to more consumption of fossil fuels which is a non-renewable source. The
excessive usage of non-renewable resources results in depletion of limited energy
reserves, environmental pollution, and global warming. Therefore, there is a genuine need
to discover an alternative energy source to meet the global energy demand for the present
and future. Based on various explored choices for alternative fuels, biodiesel is one of the
attractive alternatives because of its various benefits like renewability, biodegradability,
non-toxicity, high flash point, and eco-friendly nature when compared to conventional
diesel. Biodiesel can be synthesized by transesterification of oil or fats with methanol in
the presence of a suitable catalyst. This research work focuses on the development of
sustainable ways to reduce issues related to conventional energy usage. The present work
focused on the exploration of different kinds of feedstocks, such as rapeseed oil, linseed
oil, lard oil, waste cooking oil, and algal oil for biodiesel production. Various kinds of
nanocatalysts such as the potassium doped TiO2 (TiO2-0.5C4H5KO6), lithium
impregnated CaO (CaO-0.5LiOH), nano-magnetic potassium doped ceria (Fe3O4-CeO225K), Sr-Al double oxides (Sr: 0.33Al) were used for transesterification of different oils.
The detailed characterization of synthesized catalysts was investigated using different
techniques, and results were summarized in this research work. The regeneration and
reusability of the catalysts makes the biodiesel process cost-effective and more ecofriendly.

Moreover, the study also revealed the positive influence of co-solvent on biodiesel
production by resolving problems related to the transesterification reaction. During the
progress of this thesis work, sustainable bioenergy production using algal cultivation in
aquaculture wastewater also provided promising results. The synthesized biodiesel was
analyzed by various analytical techniques, and results were discussed in this thesis. The
properties of obtained biodiesel were within ASTM /ENISO limits. The brief overview
of this Ph.D. thesis involves the exploration of different potential feedstocks and
nanocatalysts, identification of potential impacts of the co-solvent in transesterification
reaction, and synergic approach of biodiesel production combined with wastewater
treatment.
Keywords: Biodiesel production, transesterification, nanocatalysts, potassium doped
TiO2, lithium doped CaO, potassium impregnated Fe3O4-CeO2, Sr-Al double oxides,
aquaculture wastewater, co-solvent extraction, microalgae, nutrient removal.
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1 Introduction
1.1 Importance and demand for energy

Energy plays a crucial role in social-economic development of a country [1], [2]. The
industrial growth and economic growth are interrelated to energy availability [3].
Moreover, the need for energy and energy services is inevitable to satisfy human
economic and social development[4]. The rise in population increases the demand for
energy and scarcity in energy leads to constraints in the development of the economy
[3],[4]. The energy consumption and population growth projections of different
continents are shown in Fig.1[5], [6].

Fig.1. (a) The global energy consumption by different regions and (b) prediction of
world population in 2019 and 2100 [5],[6].
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Based on Fig1a, more than half of the energy consumption of the world is in Asia due to
the increased population and robust economic growth in this region [5]. As per projection
in Fig 1b, population proliferates in 2100 compared to 2019 resulting in increased demand
for energy, and it would be challenging to fulfill the energy needs of the world. Besides,
based on previously reported studies, the global population growth rises at the rate of
1.14% per year, whereas the demand for total energy in the world increases at the rate of
1.56 % per year [7]. The international outlook 2017 projects that global energy
consumption increases by 28% by 2040 whereas, EIA estimate approximately 50% rise
in world energy usage by 2050, mainly due to the high demand for energy in Asia [5],
[8].

1.2 Challenges in energy supply

Nowadays, the world perceives the growing energy supply as depicted in Fig. 2. Energy
is inevitable for industrialization, urbanization, and modernization and, thereby, overall
development of the world [2], [9], [10]. Furthermore, Fig.2 also shows the dependency
of the world on non-renewable energy sources. The need for energy is mainly for the
growth and development of a country. The consumption of energy depends on the
population, economic, and social development of a country. The exploitation of coal,
crude oil, and natural gas is increasing to meet the rising energy supply; however, 50 %
of coal resources were lowered from 1980 to 2005 [9]. The usage of non-renewable
resources continue this way leading to depletion of natural gas and crude oil and cannot
be replenished in our lifetimes or even many lifetimes [10]. Therefore, fossil fuels and
other non-renewable resources are limited, and thus it is the primary global challenge
[2], [11], [12].
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Fig.2. The total major energy supply over a period of 1990 -2015 by various sources [13].

1.3 Carbon dioxide emission and global warming

The increased consumption of conventional fuels such as fossil fuels should be petroleum
or oil, coal, and natural gas results in environmental pollution and global warming [2],
[12], [14]. After the industrial revolution, the demand of energy for social, economic, and
industrial development was huge. Moreover, the large intake of non-renewable energy
sources results in increased emission of CO2 and other gases [15], [16]. Fig. 3 represents
that CO2 emission increases parallel to the energy demand of the respective countries.
The exponential increase in the CO2 emission, which could be one of the causes connected
to global warming.
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Fig.3. The total CO2 emission and total primary energy demand of different countries
[14].

1.4 Transition towards sustainable and renewable energy sources

The use of renewable energy resources could attain sustainable economic development.
The excess utilization of fossil fuels leads to issues such as the depletion of energy
reserves, global warming, and environmental pollution [5], [6], [12]. Moreover, the
availability of fossil fuels mostly depends on the consumption rate [9], [11]. All these
problems form an unsustainable condition. Sustainability can be accomplished by
reducing analyzing risk factors and environmental impacts and reduce it to a certain extent
[15], [16]. An alternative substitute is required to solve issues related to fossil fuels.
Renewable energy supply can act as an alternative to fossil fuel because of its unlimited
availability. Furthermore, an alternative for fossil fuel should possess certain factors such
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as lower environmental pollution or global warming [4], [12]. With a broad range of
potential renewable energy resources such as wind, hydrothermal, organic (includes
bioethanol, biodiesel, and biogas), solar, or hydrogen energy, the idea and suggested
benefits progressing from the use of biofuels are exciting [12], [17].
Bioenergy has the capacity to fulfill the needs of both developing and developed
countries. Additionally, in the current scenario, 10-15 % of global energy use is supported
by bioenergy [10], [15]. Recent studies also show the shift from non-renewable to
renewable sources to meet energy demands for sustainable socio-economic development
[5]. Fig. 4 illustrates the change in energy demand to meet up the world energy
requirements. It also shows that consumption of non-renewable energy sources such as
coal and oil reduced more than 50%, whereas natural gas remains the same, and usage of
renewable sources doubled from 2015-2040. Fig.4 also represents the transition of the
world towards the utilization renewable energy sources from conventional non-renewable
resources.

Fig.4. The change in primary energy demand to meet the global requirements [16].
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1.5 Towards biodiesel

During the investigation of various biofuels, it was observed that in World’s exhibition
in Paris in 1898, German inventor Rudolf Diesel used peanut oil as fuel for the
demonstration of his first diesel engine [12], [17]. Even though vegetable oil has great
potential to act as an alternative fuel, the viscosity of oil was 10 to 17 times greater than
petroleum diesel fuel[ 18]. Apart from that, another challenge includes low volatility and
lower efficiency under cold conditions [12], [19]. To overcome these issues, more
research have been focused on derivatives of oils/fats. The chemical transformation of
the oil to its corresponding fatty acid ester known as biodiesel is known by a process
called transesterification. Biodiesel, a derivative of oil, have shown physical properties
close to that of diesel. Thus, biodiesel has received greatest attention [12], [18], [20], [21].
Fig. 5 shows the demand for petroleum-based products increasing from 2010 to 2017.
The substitute for petrodiesel is technically possible by the production of biodiesel.
Moreover, biodiesel offers better properties such as renewability, biodegradability, nontoxicity, high flash point, lower greenhouse gas (GHG) emissions, and eco-friendly nature
by replacing petro diesel [12],[20-22]. The biodiesels made nowadays can be used
without any alterations in the diesel engine [17]. Long-term use of biodiesel can reduce
the emission of pollutants and carcinogens[12].
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Fig.5. Demand for different energy products across the world [23].

1.6 Source of biodiesel

Presently more than 350 oil-bearing crops are identified, and out of those, some nonedible and edible crops are explored for biodiesel production [18]. The edible oils, nonedible oils, algal oils, animal fats, and waste cooking oil (WCO) serve as feedstock for
biodiesel production [12],[24]. The feedstock for biodiesel production generally depends
on the crops amenable to the local environment [12], [19]. The screening of raw materials
for biodiesel production can be performed based on the kind of sources and availability
[12], [25]. Soybean oil serves as a leading raw material for biodiesel production in the
United States, whereas palm oil is commonly used as feedstock for biodiesel in Malaysia
and Indonesia. In Europe, rapeseed is the primary fuel source, while in India and
Southeast Asia, Jatropha serves as the primary source of biodiesel [12], [18], [19], [26].
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Biodiesel is categorized into three main classes based on feedstock from which they are
derived. The edible oil, such as rapeseed, soybean, peanut, sunflower, olive, coconut,
mustard, and palm, serves as feedstock for first-generation biodiesel. The main drawback
is that it has adverse effect on food market and price of biodiesel [12], [24-37]. The
second-generation biodiesel can be produced from various non-edible oil as raw materials
like stillingia, jatropha, karanja, neem, linseed, castor, and rubber seed [12], [38-46]. The
main benefits of second-generation biodiesel do not compete with the food market,
reduced biodiesel production cost, and smaller land area for cultivation [12], [47]. Algal
oil derived biodiesel is known as third-generation biodiesel. Algae can be grown in any
place where there is sunshine. The main merits of algal biodiesel are the increased growth
rate and productivity, a significant amount of oil content, no adverse effects on the
balance of food chain, reduced greenhouse effect. However, the main demerits are the
requirement of sunlight, and large consumption of solvents for oil extraction [12],[4852].
Besides, from these three categories of biodiesel, also other feedstocks are explored for
biodiesel production. The WCO also serves as feedstock for biodiesel production and
does not openly conflict with food imbalance [12], [53-55]. Animal fat also serves as raw
material for biodiesel production and has environmental, economic, and food security
benefits over edible oils [12],[56-58]. The sustainability of raw materials and the oil
content of feedstock play a vital role in biodiesel production [12], [59]. Table 1 shows the
different kinds of sources and oil content of various raw materials used for biodiesel
production. The animal fat and waste cooking oil sources are entirely oils unless they are
not contaminated with water. Besides, the oil content of algae and microbes depends on
the type of organism.
Table 1. Summarizes the oil content of various feedstock for biodiesel production[12],
[60-63].
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The fatty acid distribution of different sources used for biodiesel production is depicted
in Table 2. It provides information about the percentage distribution of saturated and
unsaturated fatty acids [12]. The information of different feedstocks helps not to rely on
a single source for biodiesel production and helps in the exploration of the feasibility of
different feedstock to biodiesel in a more economical and environmentally friendly way.

Table 2. The fatty acid composition in various biodiesel feedstocks [12]
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1.7 Different technologies for biodiesel production

1.7.1. Non- catalytic technology for biodiesel production

Generally, the most common method used for a non-catalytic process for biodiesel
production is the supercritical methanol method. The faster reaction is attained in the
supercritical method due to the high miscibility of methanol and oil at supercritical
conditions. The main disadvantages are the requirement of high energy to achieve
supercritical conditions and is susceptible to corrosion and salt deposition [12], [52-54].
Pyrolysis and micro-emulsion are other non-catalytic methods used for biodiesel
production. The conversion of organic matter to fuel by application of heat in the absence
of oxygen is referred to as pyrolysis. The colloidal balance dispersions of isotropic fluid
are made from a single or various ionic amphiphiles and two non- miscible liquids in the
micro-emulsion method for biodiesel production [12],[19] [21],[42],[55].
1.7.2. Catalytic technology for biodiesel production

Transesterification procedure is a catalytic technology used for the conversion of oils/fats
to biodiesel with the help of alcohol (ethanol or methanol) in the presence of a catalyst
[12],[59],[64]. The different types of catalysts involved in transesterification reactions are
homogeneous catalyst, heterogeneous catalyst, and enzyme catalyst [12],[19], [21],[47].
Fig. 6 demonstrates the conversation of oil or fat to biodiesel via transesterification
reaction. The chemical reaction involves that one mole of triglyceride reacts with three
moles of alcohol in the presence of a catalyst that can be acid/ base/biocatalyst. The R′,
R′′, R′′′ letters in triglyceride denote alkyl groups [12], [19], [47], [65].
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Fig.6. The biodiesel production via transesterification reaction[12].
Fig. 7 represents the different catalysts used in the conversion of oil or fat to biodiesel.
Homogenous and heterogeneous catalyst are either acidic or basic in nature. Biodiesel
production can be achieved in a shorter time and at lower temperature homogeneous
catalysts (base or acid). The main disadvantage of homogenous catalysts is the practical
difficulty in the separation of the catalyst after the reaction. Therefore, a large amount of
water is consumed for cleaning, and thus separation of products results in a huge amount
of wastewater. Heterogeneous catalysts are easy to recover after the transesterification
reaction. Hence, it can solve the issues related to homogeneous catalysis and
simultaneously reduce the material and processing cost. However, heterogeneous catalyst
has some drawbacks like diffusion limitations and mass transfer issues [12], [19], [47],
[62], [63]. The enzyme catalyst transesterification reaction was carried out by using
lipase. The lipase is a common enzyme produced by microorganisms, plants, and animals.
The main cons of enzyme-based transesterification techniques are restricted process
temperature due to denaturing of enzymes at a higher temperature and high cost of
enzymes [12], [21], [66], [67].
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Fig. 7. Various catalyst used in biodiesel production process [12].

1.8. Mechanism of acid and base catalysed transesterification reaction

1.8.1. Alkali-catalysed reaction

The detailed transesterification reaction stages involving basic catalysts are given in Fig.
8. The mechanism of alkali-catalyzed reaction includes the formation of alkoxide and
protonated catalysts because of the interaction of alkali and methanol. The tetrahedral
intermediate is formed by the reaction of the carbonyl atom of the triglyceride molecule
and nucleophilic alkoxide, with the reaction of the alcohol with the tetrahedral structure
to revive the anion. Later, the tetrahedral structure endures structural reformation to form
a diglyceride and fatty acid ester.
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Fig. 8. Mechanism of transesterification reaction via alkali based catalyst [12].

1.8.2. Acid-catalysed reaction

Fig. 9 shows the transesterification reaction steps by the acid catalyst. The carbocation
in acid-catalysed reaction is achieved by protonation of a carbonyl group. The protonated
carbonyl group is exposed to a nucleophilic action of alcohol to produce tetrahedral
intermediate. The removal of glycerol, catalyst recovery, and ester production are
obtained due to intermediate formation [12], [19], [68].
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Fig. 9. Mechanism of transesterification reaction via acid based catalyst[12].

1.9 Application of nanocatalyst in biodiesel production

Presently, nanocatalysts show a vital part in the conversion of different sources such as
edible/non-edible oil, fat /waste cooking oil, and algal oil to biodiesel. Nanocatalyst is
highly recommended for the transesterification process because of its increased catalytic
activity, economical, and environmentally friendly nature. Moreover, the nanomaterials
perform a significant role in biodiesel production due to their improved surface area,
reusability, and lower problems in mass transfer [12], [33], [44]. Table 3 describes
different nanocatalyst used in biodiesel production process.

[69]

Sunflower oil [12]
Used cooking oil [12]
Sunflower oil [12]
Used cooking oil [12]
Sunflower oil [12]
Linseed oil [65]
Linseed oil[65]
Castor oil [66]
WCO
Sunflower oil [68]
[67]
Canola oil

31
32
33
34
35
36
37
38
39
40
41
TiO2/PrSO3H
Zeolite
MgO/MgAl2O4
Ti(SO4)O
MgO-La2O3
SBC
BBC
Ni/ ZnO
Al2O3/Fe3O4
S-ZrO2/MCM-41
KOH/Ca12Al14O33

10-40
50
28.4
34.2
30-100

ZrO2/C4H4O6HK
KF/Ca-Fe3O4
ZnO
TiO2-ZnO
KF/CaO
Nano MgO supported on
KF/CaO-MgO
Titania
MgO
MgO
Sr-Ti nanocomposite
Cs/Al/Fe3O4
Li/MgO
CaO-Al2O3
ZrO2/ Al2O3
Li-CaO
Li-CaO
CaO
CaO
CaO-MgO
Sr3 Al2O6
CaO-Au nanoparticle
(Ca(OCH3)2)
Cu-Zno
Cs-Ca/SiO2-TiO2
CZO
CsH2PW12 O40/FeSiO2
Fe/ZnO
lipase on
Cs-MgO
Fe3O4@polydopamine
Heteropoly acid coated
nanoparticles
CaO nanoparticles/NaX

Soybean oil [12]
Stillingia oil [12]
Palm oil [12]
Palm oil [12]
Chinese tallow seed oil [12]
Soybean oil [12]
Rapeseed oil [12]
Rapeseed oil [12]
Sunflower oil [12]
Soybean oil1[12]
Sunflower oil [12]
Mutton fat [12]
Jatropha curcas oil [12]
Oleic acid [12]
Karajan oil [12]
Jatropha oil [12]
Algal oil [12]
Jatropha oil [12]
Recycled waste cooking oil
Soybean oil [12]
[12]
Sunflower oil [12]
Algal lipids [12]
Neem oil [12]
Vegetable oil [12]
Waste cooking oil [12]
Sunflower oil [12]
Pongamia oil [12]
Soybean oil [12]
Olive oil [12]
Madhuca indica oil [12]

1.
2.
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

193
1-30

8.2- 42
21.3
25
21.1
100-150
100.120

50
17.5±5.3
5-29

38-42

45

66±3

30-35
17
29.9
20.59-29.86

100-300
50-200
50-200

Size (nm)

Catalyst

Feedstock

No

60
60
110
75
65
60
60
55
99.8
60

65
80
55
60
55
60
55
37
90
55±5

65
65
55

58
65
100

6:1
15:1
12:1
9:1
18:1
7.5:1
5.5:1
8:1
32.1:1
9:1
15:1

4:1
4:1
15:1
14:1
12:1
5:1
8:1
12:1
12:1
9:1
5.15:1
7:1
25:1
9:1
30:1
10:1
12:1
8:1
12:1
10:1
1:1
30:1

360
540
180
180
300
120
120
60
177
30
30

133.1
360
61
150
150
60
120
50
240
55
720
1,440
300

10
4.5
3
1.5
3
1.2
0.8
11
5
5
4

2.8

12
4
12

1.3
3
3
10

1
5
5
1.25
0.2-1

1
4
5

93.5
98.3
95.7
97.1
97.7
96.13
94.41
95.2
99.1
96.9
98.8

99
97.18
98
97.71
81
93
93
93
98

82.3
90.47
>99
>99
96.3
98.54
98.95
95.7±0.5

yield (%)
98.03
95
83.2
92.2
96
95
95
98
98
98
94.8

(wt %)
6
4

(min)
120
180
300
300
150
60
180
40-120
40-120
15
120
40
180
120
60
120

ratio
16:1
12:1
6:1
6.1
12:1
18:1

(°C)
60
65
60
60
65
150-225
600
70-310
70-310
4
0.1-7

Biodiesel

Catalyst

Reaction time

Alcohol to oil

Temp.

Table 3. Details of different nanocatalyst involved in biodiesel production from various sources[12], [69-73].
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Usually, nanocatalyst is prepared by vacuum deposition, impregnation, precipitation, and
sol-gel techniques. In vacuum deposition evaporation of the different materials such as
molecules, alloys or compounds is attained by applying a thermal source. The heating of
the substrate molecule is performed under vacuum and pressure. The optimum deposition
rate was observed at pressure 1.3 Pa. [12], [74]. The production of nanocatalyst by
chemical precipitation was achieved through the reaction of soluble components. During
this method, the dopant introduction to the primary solution is done before precipitation,
and the separation of particles formed is performed using surfactants [12],[34], [74]. The
nanocatalyst production using a liquid phase technique is known as a sol-gel method. In
this process, colloidal particle production mainly takes place through the hydrolysis
reactions; the addition of suitable amount of substrate results in the precipitation of
nanoparticles. The main qualities of the sol-gel method are that shaping and inserting can
be accomplished easily, the higher temperature is not required for the reaction, and the
process is flexible [12], [75], [76]. As in the impregnation method the aqueous solution
comes into contact with the solid support, dried and calcined at an appropriate
temperature. Different rates of adsorption of the active phases are observed during the
impregnation processes [12], [77], [78]. Moreover, it is a simple, low cost and wellknown process in which particle size controlling is difficult. The nanocatalysts properties
can be altered by modifying the synthesis parameters such as concentration, calcination
temperature, and reducing agent [12], [33].
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2 Objectives and goals
The world is facing severe environmental and energy issues. Global warming and
dependency of the world on limited energy resources are two significant global issues. In
this research work, an effort towards sustainable development with minimization of
problems related to both energy and environment was dealt with. The research work is
focuses on the accomplishment of sustainability by exploring biodiesel as a renewable
energy source. Throughout this work, investigation of various categories of feedstocks
with different fatty acid compositions was used for biodiesel production. The exploration
of suitable catalyst that can provide high yield and good quality biodiesel and is able to
meet challenges faced by commonly used catalysts and by increasing the economic
sustainability of the biodiesel production process.
To summarize, the aims and objectives of this research work are:
 To explore various kinds of sustainable feedstocks belonging to different source
categories for biodiesel production.
 To synthesize various kinds of nanocatalysts, characterization of synthesized
catalysts, and investigate the activity of catalysts for biodiesel production.
 To determine the economic viability and eco-friendly nature of catalyst by measuring
reusability cycles and loss of activity of each catalyst after each cycle.
 To optimize the reaction conditions for better conversion of feedstock to biodiesel.
 To characterize the synthesized biodiesel and estimate the percentage conversion of
feedstocks to biodiesel.
 To evaluate the properties of produced biodiesel based on ASTM standard methods/
EN 14214 methods.
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Fig. 10. Logic connection between objectives and papers.
Biodiesel serves as a potential source of renewable energy for sustainable development.
Based on Fig. 10 the initial focus or Article I explores feedstock that do not compete with
the food market which are available as low-cost feedstock and conversion to biodiesel
using a catalyst that can offer higher activity and regeneration capacity. Article II focused
on the preparation of novel nanocatalysts that offers easy separation after each biodiesel
production process. To resolve issues related to transesterification reactions such as low
reaction rate, weak phase separation, and soap formation are explored in Article IV.
Article V discusses the integrated approach of algal biodiesel production and wastewater
treatment. It offers a feasible solution for sustainable development via sustainable energy
and environment.

3.1 Feedstocks
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3.1 Feedstocks

The present work includes the utilization of different kinds of feedstocks for biodiesel
production. Linseed oil is non-edible oil, with oil content comparable to that of edible oils
such as rapeseed oil and higher than that of soybean and sunflower oils. Linseed oil (acid
value =0.606 mg KOH/g), was explored as feedstock for biodiesel production (Article I).
Lard oil (FFA %= 0.423) is a low-cost raw material that belongs to an animal fat category,
and it was used as a source for biodiesel production (Article II). Rapeseed oil (FFA % =
0.442) is a significant source for biodiesel production in the whole of Europe. Hence, it
was also employed as raw material for biodiesel production. (Article III). Waste cooking
oil (FFA %= 0.634) is another economically sustainable feedstock and was utilized as
feedstock for biodiesel production (Article IV). Algae lipids derived from algal species
grown in aquaculture wastewater was explored as a source for biodiesel production
(submitted manuscript, V).

3.2 Materials

The materials and chemicals used in this work are listed in Table 4. The chemicals were
used as received form from the supplier without further purification. The aquaculture
wastewater (AqWW) used in this research work was collected from a recirculating
aquaculture system (RAS) operated at the Laukaa fish farm of the Natural Resources
Institute Finland. The algal strain such viz. Chlamydomonas sp., Scenedesmus ecornis,
and Scenedesmus communis used in the present work was provided by, University of
Helsinki, Finland. The Modified WC Medium (MWC) was used to pre-culture and
maintain all the algal species. Methanol, heptane, acetone, tetrahydrofuran (THF),
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hexane, and chloroform were used for experimental analysis. All the solvents were
purchased from Sigma-Aldrich and they were of analytical grade.
Table 4. Details of materials and chemicals used in the present work.

3.3 Synthesis of nanocatalysts

The various types of nanocatalysts, TiO2 modified by C4H5KO6 (TiO2−0.5C4H5KO6),
Lithium doped CaO (CaO-0.5LiOH), nanomagnetic potassium impregnated ceria (Fe3O4CeO2-25K) and Sr-Al double oxides (Sr-0.33Al) were prepared for biodiesel production.

3.4 Characterization of nanocatalysts
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Concisely, the TiO2 doped by C4H5KO6 was synthesized by an impregnation method
(Article I). Lithium modified CaO was prepared by the incipient wetness impregnation
method (Article II). The magnetic nanoparticles loaded with 25 wt. % ceria was prepared
by the co-precipitation method. Later potassium doping was performed using the incipient
wetness impregnation method (Article III). The Sr-Al metal oxides were synthesized by
the sol-gel citrate method (Article IV). The detailed description of the preparation of
different nanocatalysts was presented in Articles I-IV.

3.4 Characterization of nanocatalysts

The prepared nanocatalysts were examined by X-ray powder diffraction (XRD) with a
Co-Kα of 0.178 nm as an X-ray source at 40 mA and 40 kV over a 2θ range of 10-120º.
X-ray diffractometer (PANalytical – Empyrean, Netherlands) was used to record the
XRD patterns of synthesized catalysts (Article I-IV). The functional groups of
synthesized catalysts were analyzed using Fourier transform infrared spectroscopy
equipped with platinum attenuated total reflection (FTIR-ATR). The IR spectra of
catalysts were captured in the range of 400-4000 cm-1 using Vertex 70 Bruker, Germany,
shown in Articles I-IV. The surface structure and morphology of the catalysts were
observed using scanning electron microscopy (SEM) with energy dispersive X-ray
spectroscopy (EDS). SEM images of catalysts were obtained by dispersion a sample on
colloidal graphite with 5 kV accelerating voltage (Hitachi SU3500, Japan) as depicted in
Article I-IV. The elemental distribution in the prepared catalysts was studied with the
help of EDS (Article III, IV). A further illustration of the surface structure of the
synthesized catalysts was collected using an Atomic force microscope (AFM). AFM
images of the nanocatalysts were obtained using a Park Systems NX10, South Korea
(Article I). The size of the catalyst particles was confirmed using transmission electron
microscopy (TEM). Hitachi HT7700, Japan, was used to obtain TEM images of the
catalyst samples in Article I-IV. The surface area, pore volume, and pore size were
determined by Brunauer-Emmett-Teller (BET) analysis. The N2 adsorption-desorption
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isotherm plots and parameters of the synthesized catalysts were analyzed using were
analyzed using Micromeritics Tristar II plus, USA, in Article I-IV. The binding energies
(BEs) and surface properties (BEs) of elements in catalysts were studied using X-ray
photoelectron spectroscopy (XPS). Thermo Fisher Scientific ESCALAB 250Xi (UK)
with monochromatic Al Kα (1486.6 eV) was used for XPS analysis of catalysts (Article
I, IV). The basic strength of the catalyst was determined with the help of the Hammett
indicator analysis (Article I-III). The properties of the nanomagnetic catalyst were
measured using the SQUID magnetometer (Cryogenic S700X-R, UK) in Article III.

3.5 Sustainable microalgae cultivation, extraction of algal lipids and
nutrient removal

The freshwater microalgae viz. Chlamydomonas sp., Scenedesmus ecornis, and
Scenedesmus communis were used for sustainable biodiesel production by cultivating
them in two sets of wastewater (AqWW1 and AqWW2) collected from recirculating
aquaculture system (RAS) operated at the Laukaa fish farm of the Natural Resources
Institute Finland. The physical parameters such as temperature, light intensity, and carbon
dioxide amount for all the algal species were optimized to obtain maximum biomass. The
growth of each algal species was examined on alternate days by measuring optical density
(OD) at 680 nm using a spectrophotometric method and was confirmed by dry weight
measurements. The biomass productivity at the late lag phase was calculated using the
gravimetric method represented in Equation 1. The co-solvent system consists of 1-ethyl3-methyl imidazolium diethyl phosphate, [Emim] DEP, and methanol in 1.2:1 (v/v) ratio
at 65 °C for a time period of 18 hours was used for extraction of lipids from different
algal sources. The total content of lipid in each algal species was determined
gravimetrically, and the lipid content of each alga was expressed as a percentage of dry
weight. The lipid productivity of each algal species was calculated using Equation 2. The
comprehensive explanation about algal cultivation and extraction of lipids from algal
species for biodiesel production is elucidated in the submitted manuscript, V.

3.6 Biodiesel production from different feedstocks and optimization of the
reaction conditions

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚𝑔𝐿−1 𝑑−1 ) =
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𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 (𝑚𝑔𝐿−1 )
(𝐸𝑞. 1)
𝑁𝑜. 𝑜𝑓 𝑑𝑎𝑦𝑠

𝐿𝑖𝑝𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚𝑔𝐿−1 𝑑−1 )
= 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ×

𝐿𝑖𝑝𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
(𝐸𝑞. 3)
100

The nutrient removal competence of different algal strains was determined by collecting
samples on alternative days, and it was then centrifuged and filtered. The filtered samples
were analyzed for COD, total nitrogen (TN), and total phosphorus (TP). The detailed
report about the determination of nutrient removal efficiency by various algae in
Aquaculture wastewater in Submitted article V.

3.6 Biodiesel production from different feedstocks and optimization
of the reaction conditions

The production of fatty acid methyl ester (FAME) from various feedstocks was achieved
by conducting a transesterification reaction in a three-neck round bottom flask with a
mechanical stirrer and reflux condenser at a specific temperature for a specific time
interval. During the transesterification reaction, the known amount of catalyst and the
known ratio of methanol to oil were mixed with feedstock. After the transesterification
process, the separation of FAME, excess methanol, and catalyst were obtained by
centrifugation of the reaction mixture. The excess of methanol recovered by a rotary
vacuum evaporator (IKA RV 10, Germany). The obtained biodiesel was subjected to the
characterization procedure. The optimization of the reaction conditions such as oil to
methanol ratio, temperature, reaction time, and catalyst amount was performed to obtain
the maximum yield of biodiesel. The thorough explanation about biodiesel production
from various feedstocks in Articles I-V and optimum conditions specific to each
feedstock and catalyst were described in Articles I-IV.
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3.7 Characterization of synthesized biodiesel

The characterization of biodiesel/ FAME was performed using gas chromatography with
mass spectrometry (GC-MS, Agilent-GC6890N, MS 5975, US), 1H, and

13

C nuclear

magnetic resonance (NMR, Bruker Avance III, Germany). The GC-MS analysis was
conducted with Agilent DB-wax FAME column (dimensions 30 m, 0.25 mm, 0.25 µm)
at operation conditions such as inlet temperature was 250 °C and oven temperature was
programmed at 50 °C for 1 minute and it raised at the rate of 25 °C/minute to 200 °C, and
then at 3 °C /minute to 230 °C to be held for 23 minutes. For the NMR analysis, FAME
was examined by 1H NMR and 13C NMR at 400 MHz with chloroform (CDCl3) as the
solvent. The percentage of conversion of feedstock to fatty acid methyl esters (C %) and
the percentage of biodiesel yield are determined by equation (3) and equation (4),
respectively. The biodiesel profile was validated using GC-MS chromatogram and
National Institute of Standards and Technology (NIST, Agilent) 2014 MS library.
𝐶(%) =

2 × 𝐼𝑛𝑡𝑒𝑟𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑜𝑓 𝑚𝑒𝑡ℎ𝑦𝑙 𝑒𝑠𝑡𝑒𝑟
× 100 (𝐸𝑞. 3)
3 × 𝐼𝑛𝑡𝑒𝑟𝑔𝑟𝑎𝑡𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑚𝑒𝑡ℎ𝑦𝑙 𝑝𝑟𝑜𝑡𝑜𝑛𝑠
𝐵𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 𝑦𝑖𝑒𝑙𝑑 (%) =

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙
× 100
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑜𝑖𝑙

(𝐸𝑞. 4)

The properties and quality of produced biodiesel were determined using the American
Society for Testing and Materials (ASTM D6751) method or European International
standard organization (EN ISO 14214) method. The complete description of the
characterization, chemical composition, and properties of the obtained biodiesel was
shown in Articles 1-IV. The algal biodiesel properties such as cetane number (CN),
saponification value (SV), and iodine value (IV) were estimated using the empirical
formula given below.
𝐶𝑒𝑡𝑎𝑛𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 (𝐶𝑁) = 46.3 +

5458
− 0.225 × 𝐼𝑉 (𝐸𝑞 5)
𝑆𝑉

3.8 Recovery and Reuse of catalysts
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Where IV is iodine value ((g I 100g-1) and SV is saponification value (mg KOH g-1)
The saponification value and iodine value of algal FAME can be determined using the
empirical formula given below.
𝐼𝑉 = 𝛴

254 × 𝐹 × 𝐷
(𝐸𝑞 6)
𝑀𝑊

𝑆𝑉 = 𝛴

560 × 𝐹 × 𝐷
(𝐸𝑞 7)
𝑀𝑊

Where, MW is the molecular weight, F is the percentage weight of each fatty acid, and D
is the number of double bonds of the respective fatty acid ( Submitted article V).

3.8 Recovery and Reuse of catalysts

The recovery and reusability of catalyst play a significant role in an economically viable
and eco-friendly biodiesel production method. The details about the regeneration capacity
of different nanocatalysts were defined in Articles I-IV. Briefly, the regeneration of
catalyst was performed using organic solvents and calcination process. The reusability of
the regenerated catalyst was investigated by performing various cycles of
transesterification reaction. The stability of recycled catalyst was also analyzed.
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4.1 Characterization of nanocatalysts
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4 Results and discussion
4.1 Characterization of nanocatalysts

FTIR analysis provides information about functional groups on the surface of
nanocatalysts and helps to confirm the integration of doped ions to the catalyst surface.
Fig. 11 represents different nanocatalysts used for the conversion of various raw materials
to biodiesel. The FTIR spectra of TiO2-0.5C4H5KO6 (Article I) show peaks at 464 cm-1,
and 765 cm-1 that are from anatase titania and Ti-O-Ti stretching respectively[79]. The
bands at 895.82 cm-1, 1368.324 cm-1, and 1458.00 cm-1 are due to the integration of
potassium ions into the TiO2 structure. The broadband in the range of 2900 cm-1 to 3300
cm-1 is from stretching vibrations of the Ti-O-K bond (Article I). The IR bands of CaO0.5LiOH observed in Fig.11b in the region of 1350 cm−1, 3600 cm−1 and 1350 cm−1 are
corresponding to bending and stretching of OH bonds, respectively. The peaks at 489.85
cm−1,713.57 cm−1, and 1087.71 cm−1 are probably from Li-O stretching (Article II). Fig.
11c shows, FTIR spectrum of Fe3O4-CeO2-25K in which peaks at around 1009 cm-1 and
1370 cm-1 are from the vibration of CeO2. The IR bands identified in the range of 500 cm1

to 700 cm-1 represent the Fe–O metal-oxygen bond that specifying the presence of

Fe3O4. The bands at around 833 cm-1 and 1390 cm-1 show the impregnation of potassium
to the catalyst (Article III). The FTIR spectrum of Sr-0.33Al shown in Fig.11d indicates
IR peaks in the region of 445 cm-1 to 602 cm-1 from the frequency vibrations of AlO6
groups. The bands observed around 723 cm-1 to 872 cm-1 are due to the stretching and
vibration of AlO4. The IR band at 1440.64 cm-1 shows the existence of Sr-O vibrations.
The FTIR peaks at about 3,400 cm-1, 3,600 cm-1, and 1,640 cm-1 are from bending
vibrations of OH groups and water molecule crystallization respectively (Article IV).
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Fig. 11. FTIR spectra (a) TiO2- 0.5C4H5KO6 (Article I), (b) CaO-0.5LiOH (Article II),
(c) Fe3O4-CeO2-25K (Article III), and (d) Sr: 0.33Al (Article IV) nanocatalysts used in
the biodiesel production.
Fig. 12 illustrates the XRD spectra of different catalysts used for the biodiesel production
process. The diffractogram of Potassium Titanium Oxide (tetragonal structure) achieved
by modification of TiO2 with 0.5 molar C4H5KO6 offers an excellent match to the
reference standard code ICSD: 73465, ICDD: 98-007-3465 (Article I). The XRD spectra
of lithium-ion impregnated CaO (CaO-0.5LiOH) provides a consistent harmony to the
reference standard code ICDD: 98-041-3207 (Article II). The XRD pattern of Fe3O4CeO2-25K peaks at 35.36 º, 41.51 º, 50.8 º, 63.6 º, 67.7 º, 74.7 º indicates the presence of
Fe3O4-CeO2 and peak at 38.72 º that is from the impregnation of potassium ions to Fe3O4CeO2 nanocatalyst shown in Fig. 12c (Article III). Fig. 12d represents the XRD spectra

4.1 Characterization of nanocatalysts
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of sr-0.33Al in which diffraction patterns at 37.1º, 45.8º, 56º, 57.1º, 58.6º, 67.1º are
consigned to the typical peaks of Sr3Al2O6 and show as a match to JCPDS file No. 241187. The low intense peaks around 18º, 24.3º, 29.9º, 34.9º 40.5º, 49.9º, 53.6º, 60.5º,
70.24º show the slight presence of SrCO3 ( Article IV). Out of all these four catalysts,
more sharp peaks were observed for Sr: 0.33 Al and CaO-0.5LiOH due to the better
crystalline nature of the catalyst.

Fig.12. XRD patterns of (a) TiO2- 0.5C4H5KO6 (Article I), (b) CaO-0.5LiOH (Article II),
(c) Fe3O4-CeO2-25K (Article III), and (d) Sr: 0.33Al (Article IV) nanocatalysts used in
the biodiesel production.
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SEM image of TiO2- 0.5C4H5KO6 depicted in Fig.13a specifies a flat surface of various
shapes was dispersed on the catalytic material that altering the morphology of TiO2,
which also confirmed the modification and integration of potassium in the structure of
TiO2 (Article I). Fig.13 b represents the lithium doped CaO (CaO-O.5LiOH) in which
irregular flat surface indicates the impregnation of lithium ions to CaO nanomaterial. The
addition of lithium results in agglomeration of the particles and a decline in the porosity
of catalyst (Article II).The SEM image of Fe3O4-CeO2-25K depicts a coating of
potassium on the catalyst as illustrated in Fig.13 c (Article III). SEM image of Sr-0.33Al
represents a similar morphology of particles all over the image with minor agglomeration
(Article IV).

4.1 Characterization of nanocatalysts
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Fig.13. SEM images of (a) TiO2- 0.5C4H5KO6 (Article I), (b) CaO-0.5LiOH (Article II),
(c) Fe3O4-CeO2-25K (Article III), and (d) Sr: 0.33Al (Article IV) nanocatalysts used in
biodiesel production.

The TEM studies of TiO2-C4H5KO6 represented in Fig. 14a confirms the particle size of
the catalyst as 26-179 nm. The TEM image of TiO2-0.5C4H5KO6 demonstrates a long flat
surface structure besides the evenly distributed particles with aggregates (Article I). TEM
results of the CaO-0.5LiOH catalyst confirm that the particle size of catalyst is in the
range of 54.5- 127 nm and is shown in Fig.14b. The agglomeration of the particles due to
lithium impregnation was observed in the TEM image (Article II). The TEM Fe3O4CeO2-25K depicted in Fig. 14c indicates a flat cover of potassium as a coating on the
nanomaterial (Article III). Fig.14d illustrates the TEM image of Sr: 0.33Al catalyst which
indicates the distribution of similarly shaped particles throughout the image. TEM
analysis confirms the particle size of Sr: 0.33Al catalyst as 57-100 nm (Article IV).
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Fig.14. TEM images of (a) TiO2- 0.5C4H5KO6 (Article I), (b) CaO-0.5LiOH (Article II),
(c) Fe3O4-CeO2-25K (Article III), and (d) Sr: 0.33Al (Article IV) nanocatalysts used in
the biodiesel production.
Table 5 shows the surface area, pore size, and pore volume of the different catalysts used
for biodiesel production (Article I-IV). The addition of alkali metals to nanocatalytic
material leads to the increase of catalyst sintering and causes a reduction in surface area
and a rise in the basicity of catalysts. The alkaline earth metals also boost the basicity of
catalyst[80]. The surface areas are highest for Fe3O4-CeO2-25K (Article III) and the
lowest for Sr: 0.33Al (Article IV). Fig. 15 shows N2 adsoprtion and desroption isotherms
of the various catalysts used for biodiesel production. Based on the International Union
of Pure and Applied Chemistry (IUPAC) classification, the isotherms of TiO20.5C4H5KO6, CaO-0.5LiOH, and Sr: 0.33Al exhibit type III, H3 hysteresis loop (Article
I, II and IV). The nature Fe3O4-CeO2-25K (Article III) isotherm display type IV, H2
hysteresis [81], [82].
Table 5. The results of BET analysis of various catalyst used for biodiesel production.

Parameters

TiO2-

CaO-

O.5C4H5KO6 0.5LiOH

Fe3O4-CeO2-

Sr-

25K

0.33Al

BET surface area (m2/g)

16.25

2.41

72.84

0.95

Single point adsorption
total pore volume of pores
(cm3/g)
Adsorption average pore

0.03

0.006

0.18

0.002

7.24

10.32

9.99

8.5

(nm)
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Fig.15. N2 adsorption-desorption of different nanocatalyst used in biodiesel production.

Fig. 16 a represents XPS fitted spectra of TiO2-C4H5KO6, and Gaussian curve-fitting was
used for the simulation of the chemical environment of Ti, O, K. The Ti 2p signals of
TiO2-C4H5KO6 is with two peaks assigned to Ti 2p1/2 and 2p

3/2

at binding energies of

463.66 and 457.96 eV, respectively. Based on the BE gap between these two-core level
orbitals, the chemical valance state of Ti is +4 in the synthesized nanocatalyst. The O 1s
spectra of TiO2-0.5C4H5KO6 displays BE at 530.1 eV that assigns to O

2+

, forming an

oxide with the metals. The K 2p with binding energies at 292.37 eV and 294.97 eV
corresponds to 2p3/2 and 2p1/2 in the K–O group of TiO2-0.5C4H5KO6 (Article I). The
chemical environment of Sr, Al, O, and C were simulated by Gaussian curve-fitting of
the Sr 3d, Al 2p, O 1s, and C 1s spectra fitted the Sr: 0.33Al as shown in Fig. 16b. The
binding energies of 133.1 and 134.9 eV observed in Sr: 0.33Al consigned to Sr 3d5/2 and
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3d3/2, correspondingly. The binding energy at 73 eV in Al 2p spectra of Sr: 0.33Al
corresponds to pure Al. The spectra of Sr: 0.33Al represents the existence of weakly
adsorbed oxygen while stronger binding of adsorbed oxygen with aluminium atoms were
defined by a signal at 531 eV. The C 1s core-level spectrum of Sr: 0.33Al shows binding
energies at 284.6 eV and 289eV assigned to C–C, C=O, respectively (Article IV).

4.1 Characterization of nanocatalysts
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Fig.16. XPS spectra of (a) TiO2-C4H5KO6 (Article I) and (b) Sr: 0.33Al (Article IV)
nanocatalyst used for transesterification reaction.

The basic strength of different catalysts used for biodiesel production is represented in
Table 6. CaO-0.5 LiOH showed the maximum total basicity. The doping of alkali metals
to the nanocatalytic material increases the basic strength of the catalyst, and the basicity
of catalyst depends on the optimum loading amount of the alkali metal (Article I-III). The
alkaline earth metals containing catalyst also shows high basic strength [80].

Table 6. The basicity test results of various catalyst used for biodiesel production.
Catalyst
TiO2-0.5C4H5KO6
CaO-0.5 LiOH
Fe3O4-CeO2-25K
Sr:0.33Al

Catalyst basic strength
9.8‹H_‹15
15‹H_‹18.4
9.8‹H_‹15
9.8‹H_‹15

Total basicity (mmol g−1)
1.80
1.85
1.18
1.63

The EDS of Fe3O4-CeO2-25K and Sr: 0.33Al is illustrated in Fig. 17. The elemental
distribution of Fe3O4-CeO2-25K confirms the composition of catalyst as Fe (34.9 wt %),
K (16.4 wt %), Ce (13.5 wt %), and O (28.8 wt %) shown in Fig. 17a (Article III). The
EDS spectra of Sr: 0.33Al in Fig. 17b (Article IV) shows the elemental composition of
the catalyst as Sr (59.80 wt %), Al (3.04 wt %), and O (15.69 wt %).
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Fig.17. EDS of (a) Fe3O4-CeO2-25K (Article III) and (b) EDS of Sr: 0.33Al (Article IV).
Further characterization of TiO2 and TiO2-0.5C4H5KO6 with AFM (Fig. 18) is in good
agreement with those of TEM and SEM results. AFM results confirm the integration of
potassium ions into titanium dioxide nanocatalyst, and the particle size matches with
TEM studies (Article I).

Fig.18. AFM image of (a) TiO2 and (b) TiO2-0.5C4H5KO6 (Article I).

Fig. 19 demonstrates the magnetization versus magnetic field dependencies of Fe3O4CeO2-25K at 300 K, and shows remanent magnetization for the nanomagnetic catalyst
sample is 0.75 emu/g. The separation of the catalyst from the reaction mixture are also
shown in Fig.19 (Article III).

4.2 Algal biomass productivity, lipid content and nutrient removal
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Fig. 19. The magnetization versus magnetic field of Fe3O4-CeO2-25K (Article III).

4.2 Algal biomass productivity, lipid content and nutrient removal

The biomass productivity, lipid content, and lipid productivity of Chlamydomonas sp., S.
ecornis, and S. communis in aquaculture wastewater samples (AqWW1 and AqWW2) are
represented in Fig. 20a. The cultivation of algal strains was carried out at optimum
biomass production conditions at 20 ºC with a continuous light intensity of 230 μmol m−2
s−1 without CO2 supply for Chlamydomonas sp. and 20% (v/v) amount of CO2 for S.
ecornis, and S. communis, respectively. The biomass productivity of Chlamydomonas sp.
was higher in AqWW1 and S. ecornis, and S. communis in AqWW2. The biomass
productivity of Chlamydomonas sp. was 251 mg L-1d-1 and 246 mg L-1d-1 in AqWW1 and
AqWW2, respectively. The S. ecornis and S. communis shows biomass productivity of
129 mg L-1d-1 and 143 mg L-1d-1 in AqWW1, whereas 159 mg L-1d-1 and 181 mg L-1d-1 in
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AqWW2, correspondingly. The maximum lipid content was observed in Chlamydomonas
sp. (38.5%), followed by S. communis (31.1 %) and S. ecornis (29 %) in AqWW1 (Article
V).

Lipid content (%)
Lipid productivity (mg L-1d-1)
Biomass productivity (mg L-1d-1)

250

80

200

60

150

40

100

20

50

0

Biomass productivity (mgL-1d-1)

Lipid content (%)

100

0
Ch. AqWW1 Ch. AqWW2 Se AqWW1

Se AqWW2

Sc AqWW1

Sc AqWW2

Fig. 20a. The biomass productivity, lipid content and lipid productivity of
Chlamydomonas sp. (represented as Ch), S. ecornis (represented as Se), and S. communis
(represented as Sc) in aquaculture wastewater samples (AqWW1 and AqWW2).

The nutrient removal ability by Chlamydomonas sp., S. ecornis, and S. communis in the
aquaculture wastewater samples (AqWW1 and AqWW2) are summarized in Fig. 20b.
The Chlamydomonas sp, S. communis, and S. ecornis exhibited 95.5 %, 89.1 %, and 85.4
% of COD removal in AqWW1 respectively whereas 92.9 %, 91.9 %, and 87.0 % in
AqWW2 respectively. The Chlamydomonas sp. showed maximum percentage removal
of TN and TP in AqWW1 while S. communis, and S. ecornis exhibited significant removal
of TN and TP in AqWW2, correspondingly (submitted Article V).
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Fig. 20b. The nutrient removal efficiency of different algal strains in aquaculture
wastewater (AqWW1 and AqWW2).

4.3 Characterization of biodiesel

The FAME (biodiesel) obtained was validated using results from GC-MS chromatogram
and National Institute of Standards and Technology (NIST) 2014 MS library. The FAME
results after the transesterification of various feedstocks using different catalysts are
summarized in Table 7 (Article I-IV) and Table 8 (Submitted, Article V).
Table 7. The composition of biodiesel obtained after transesterification of various
feedstocks with different nanocatalysts.
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Linseed oil - TiO2- 0.5 C4H5KO6
Peak
FAME
Retention time Library match (%)
(min)
1
8.38
91.2
2
9.89
93.6
3
10.09
94
6
10.48
94.3
7
11.19
92.9
Lard oil- CaO-0.5LiOH
Peaks
FAME
Retention time Library match (%)
(min)
1
7.26
91.7
2
8.35
91.5
3
8.52
94.35
4
9.87
93.51
5
10.08
96.01
6
10.52
96.53
7
11.21
89.09
Rapeseed oil- Fe3O4-CeO2-25K
Peaks
FAME
Retention time Library match (%)
(min)
1
8.35
91.77
2
9.87
92.74
3
10.09
93.73
4
10.51
96.67
5
11.19
92.22
6
12.02
88.15
7
12.25
92.08
Waste cooking oil- Sr: 0.33Al
Peaks
FAME
Retention time Library match (%)
(min)
1
5.4
89.9
2
6.4
84.6
3
7.3
92.9
4
8.4
90.3
5
8.8
85
6
10.1
96.8
7
10.5
96.4
8
11.2
93.2

Compound name

Hexadecanoic acid, methyl ester
Methyl stearate
9-Octadecenoic acid, methyl ester
9, 12- Octadecenoic acid (Z,Z)-, methyl
ester
9,12,15 Octadecatrienoic
acid, methyl
ester
Compound name
Tridecanoic acid, 12 methyl-methyl
Hexadecenoicester
acid , methyl ester
9-Hexadecenoic acid , methyl ester
Methyl stearate
13-Octadecenoic acid, methyl ester
11, 14 - Octadecadienoic acid, methyl
ester
9,12,12- Octadecatrienoic
acid, methyl
ester
Compound name
Hexadecanoic acid, methyl ester
Methyl stearate
9-Octadecenoic acid, methyl ester
11,14-Octadecadienoic acid, methyl
9,12,15 Octadecatrienoic
acid, methyl
ester
estermethyl ester
Eicosanoic acid,
11- Eicosanoic acid, methyl ester
Compound name

Methyl decanoate
Methyl dodecanoate
Methyl 12-methyltridecanoate
Methyl hexadecanoate
Methyl 14-methylpentadecanoate
Methyl (E)-octadec-13-enoate
Methyl (11E,14E)-octadeca-11,14Methyl (9Z,12Z,15Z)-octadeca-9,12,15dienoate
trienoate
The FAME of Chlamydomonas sp., S. ecornis, and S. communis
was mainly comprised

of palmitic acid methyl ester (C16:0), stearic acid methyl ester (C18:0), palmitoleic acid
methyl ester (C16:1), oleic acid methyl ester (C18:1n9c), linoleic acid methyl ester
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(C18:2n6c), and α –linolenic acid methyl ester (C18:3n3) (Table 8). The algal FAME
percentage profiling was performed using GC-MS with the help of FAME mix C4-C24
and pentadecanoic acid methyl ester as a quantitative standard and as an internal standard,
respectively. The Chlamydomonas sp, S. communis, and S. ecornis attained FAME yields
of 23.1%, 11.0%, and 10.5% of DW in AqWW1, respectively. The increased content of
FAME (% DW) in the current work compared to previously reported studies is possibly
due to co-solvent lipid extraction (ArticleV).
Table 8. Summary of FAME composition of different algal species in aquaculture
wastewater within ten days.
FAME
Composition

Chlamydomonas sp.
Retention
time (min)

AqWW1

AqWW2

S. communis
AqWW1

S. ecornis

AqWW2 AqWW1 AqWW2

Saturated fatty acids
(% of total FAME)

C16:0

8.4

28.24

26.12

37.45

35.56

23.12

21.51

C18:0

9.9

2.80

3.1

2.1

2.9

1.50

2.42

C 16:1

8.5

2.79

2.18

2.55

1.89

3.4

2.64

C18:1n9c

10.2

27.20

23.42

44.5

40.03

32.18

25.72

C18:2n6c

10.5

26.4

22.10

3.6

2.84

9.16

6.57

C18:3n3

11.2

5.0

6.94

10.4

12.67

12.3

14.10

23.12

14.65

11.04

9.38

10.45

7.92

Unsaturated fatty
acids (% of total
FAME)

Total FAME
(%DW)
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4.4 NMR analysis of biodiesel

The methoxy group (A ME) of FAME and the methylene group (ACH2) were well-defined
by signals at 3.6 ppm and 2.27 ppm in 1H NMR spectra as depicted in Fig.21. Moreover,
these signals also correspond to the confirmation of methyl ester in the biodiesel sample.
Besides, the signals used for the calculation of FAME conversion percentage, there were
other signals like 0.83 to 0.97 ppm for the latter methyl group. The existence of the
methylene group and olefinic groups were confirmed by the signal in the range of 1.22 to
2.34 and at 5.3 ppm, respectively. The signal at 3.4 ppm range assigns to the solvent
residual signal (Article I-IV).
The existence of ester carbonyl –COO- and C-O were verified by signals at the range of
174 ppm and 51 ppm in 13C NMR, correspondingly as shown in Fig.22. The unsaturation
in FAME samples was indicated by signals over the range of 126-132 ppm. The signals
in the region of 21-35 ppm support the presence of -CH2 group. Apart from these signals,
the presence of terminal −CH3 groups was substantiated by signals at 14.03 ppm and 14.2
ppm (Articles I-IV).

4.4 NMR analysis of biodiesel
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Fig.21a. The 1H NMR for the FAME sample obtained with TiO2- 0.5C4H5KO6 (Article
I).

Fig.21b. The 1H NMR for the FAME sample obtained with CaO-0.5LiOH (Article II).
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Fig.21c. The 1H NMR for the FAME sample obtained with Fe3O4-CeO2-25K (Article III).

Fig.21d. The 1H NMR for the FAME sample obtained with Sr: 0.33Al (Article IV).

Fig.22a. The 1C NMR for the FAME sample obtained with TiO2- 0.5C4H5KO6 (Article
I).
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Fig.22b. The 1C NMR for the FAME sample obtained with CaO-0.5LiOH (Article II).

Fig.22c. The 1C NMR for the FAME sample obtained with Fe3O4-CeO2-25K (Article III).
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Fig.22d. The 1C NMR for the FAME sample obtained with Sr: 0.33Al (Article IV).

4.5 Effect of reaction parameters on FAME production (yield) or
biodiesel production (yield).

Based on Table 9 and Fig. 23, the TiO2- 0.5C4H5KO6, CaO-0.5LiOH, Fe3O4-CeO2-25K,
Sr:0.33Al showed a maximum biodiesel yield of 98.5 %, 97.33 %, 96.13 %, and 99.4 %
from raw materials such as linseed oil, lard oil, rapeseed oil, and waste cooking oil,
respectively. The Sr: 0.33Al nanocatalyst also exhibited 99.7% FAME yield from lard oil
at optimum reaction conditions. The yield of biodiesel was influenced by the reaction
conditions such as oil to methanol ratio, reaction temperature, reaction time, and catalyst
amount. The biodiesel production is lower when catalyst amount is less than the optimum
amount, and there is a decrease in FAME conversion due to a decrease in the availability
of active sites and a hindrance to phase separation with increased amount of catalyst
above the optimal value (Article I-IV).
Generally, the FAME yield was negatively affected by an increase in methanol
concentration beyond the optimum value due to mainly the excess and the solubility of
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glycerol to the ester phase, making the separation of biodiesel difficult. The surplus
methanol possibly favors the reverse reaction than the production of biodiesel.
Furthermore, biodiesel production drops with a rise in temperature due to the possible
evaporation of methanol at elevated temperature. Fig. 23 shows the optimum methanol
concentration and reaction temperature for each transesterification reaction performed
using various nanocatalysts (Articles I-IV). The biodiesel yield remains constant or
decreases with an increase in reaction time after optimum value. The decline in FAME
production is due to the hydrolysis of esters (Articles I-IV).Fig. 23d, the maximum
biodiesel yield was achieved in a shorter reaction time with a lower amount of catalyst
and an oil to methanol ratio. This is due to the reduction of possible saponification by
lowering the phase boundary in reactants and offering a faster separation of biodiesel and
glycerol (Article I-IV).

Fig. 23a. Influence of transesterification conditions on biodiesel yield using TiO20.5C4H5KO6 (Article I).
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Fig. 23b. Influence of transesterification conditions on biodiesel yield using CaO0.5LiOH (Article II).

Fig. 23c. Influence of transesterification conditions on biodiesel yield using Fe3O4-CeO225K (Article III).
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Fig. 23d. Influence of transesterification conditions on biodiesel yield using Sr: 0.33Al
(Article IV).
Table 9. Maximum biodiesel production from various sources using different
nanocatalysts (Article I-IV).
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4.6 Properties of the synthesized biodiesel

The parameters of obtained biodiesel were measured using the EN 14214/ ASTM D6751
method, as shown in Table 10 a. The algal FAME properties such as cetane number (CN)
and iodine value (IV) were determined using the empirical formula (Eq.5 and Eq.6)
depicted in Table 10b. All the properties depicted in Table 10 have a significant role in
biodiesel quality. The high acid value beyond ASTM and EN ISO limits cause problems
such as engine filter clogging and corrosion of engine rubber parts. The density and
kinematic viscosity values above standard value result in issues in fuel injection operation
and lead to the formation of engine deposits. Flashpoint is a crucial property of fuel, and
it is critical to establish flash point value for fuel management and storage. The rest of the
chosen features, such as cloud point, calorific value, iodine value, pour point, and cetane
number are also within the limits of EN ISO/ASTM standards (Article I-IV and submitted
Article V).
Table 10 a. Properties of FAME from different feedstocks using nanocatalysts.

Property

Acid
value (mg
KOH/g)
Density at
15°C
(kg/m3)

FAME from
linseed oil
(using TiO20.5C4H5KO6 )

FAME from
lard oil
(using CaO0.5 LiOH)

0.3

0.282

FAME
from
rapeseed oil
(using
Fe3O4CeO2-25K)
0.308

891.52

881.76

880.30

FAME from
lard oil (using
Sr: 0.33Al)

FAME
from WCO
(using Sr:
0.33Al)

0.29

0.31

882.1

885.6

4.7 Regeneration and reusability of nanocatalysts

Kinematic
viscosity
at 40°C
mm2/s
Flash
point (°C)

67

3.5709

4.08

4.37

3.98

4.01

173

130

171

131

138

Cetane
Number

57

62.6

-

63
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Cloud
point (°C)

4

7

-

8

9

Pour
point (°C)

2

5

-

5

7

Calorific
value
(MJ/kg)

40.89

41.23

-

39.92

40.45

Table 10b. FAME properties of different algal species grown in aquaculture wastewater
with in ten days.
Properties

Iodine
value

Chlamydomonas sp
AqWW1

AqWW2

88.74

82.25

55.05

59.44

S. communis
AqWW1

S. ecornis

AqWW2

AqWW1

AqWW2

77.54

77.69

82.57

76.24

55.11

56.38

60.25

65.53

(g I 100g-1)
Cetane
number

4.7 Regeneration and reusability of nanocatalysts

Catalyst reusability shows a significant part in an eco-friendly biodiesel production
process, and the regeneration of nanocatalysts after transesterification was initially done
by washing with heptane or methanol or their combination. The washed catalysts were
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dried and calcined to reactivate the used catalyst. The catalyst deactivation was mainly
due to deposition of impurities, minor changes in the catalyst structure and composition,
reduction in BET surface area, oil content or thermal deactivation, and metal leaching.
The stability of nanocatalysts after different cycles was evaluated by determining the
leached metal ion concentration after each cycle with the help of ICP-OES (Article I-IV).
Table 11 shows the reduction in biodiesel production efficiency and stability of various
nanocatalysts after five cycles of transesterification.
Table 11a. Reduction in activity of different nanocatalysts after five cycles.
Nano catalysts

Biodiesel yield cycle I

Biodiesel yield cycle V
(%)

(%)
TiO2-0.5C4H5KO6

98.5

93.1

CaO-0.5LiOH

97.33

94.4

Fe3O4-CeO2-25K

96.13

80.94

Sr: 0.33Al (Lard oil)

99.7

95.1

Sr:0.33Al ( WCO)

99.4

93.7

Table 11b. Stability of different nanocatalysts after five cycles of transesterification.
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Total metal leaching after five cycles (mg/L)
Ti

K

Ca

Li

Ce

Sr

Al

TiO2-0.5C4H5KO6

0.043 0.0004 -

-

-

-

-

CaO-0.5LiOH

-

-

-

0.32 -

-

-

Fe3O4-CeO2-25K

-

0.56

-

-

0.038 -

-

Sr: 0.33Al

-

-

-

-

-

0.024 0.0072

4.8 Comparison of main outcomes of biodiesel production with
existing literature

Table 12 presents comparison of biodiesel production using the synthesized catalysts
during in this research with other previously reported catalysts. Biodiesel production from
linseed and lard oils using a heterogeneous catalyst that has not been explored earlier, has
been successfully implemented in this research work. The conversion of these oils to
biodiesel was better with our synthesized catalysts than other reported catalysts. The
synthesized Fe3O4-CeO2-25K showed better efficiency in the conversion of rapeseed oil
to biodiesel compared to KF/CaO-MgO nanocatalyst but lower than MgO. Moreover, in
comparison to other reported nanomagnetic catalysts presented in Table 3, Fe3O4-CeO225K showed better production of FAME but lower than Al2O3/Fe3O4. The MgO and
Al2O3/Fe3O4 nanocatalyst require high temperature for optimum production of biodiesel
compared to Fe3O4-CeO2-25K. The synthesized Sr: 0.33Al nanocatalyst showed a better
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conversion of lard and WCO compared to other reported catalysts. Furthermore, in the
current research work, Scenedesmus sp. showed a FAME yield of 11.0% and 10.5% of
DW. The obtained FAME (% DW) in this study is slightly higher than in other previously
reported studies [90], [91].
Table 12. Comparison of obtained biodiesel yield using various catalysts
Feed stock

Catalyst

Co-solvent

Linseed oil
Linseed oil

NaOH
CaO

Linseed oil

TiO20.5C4H5KO6
KOH
CaO-0.5LiOH
Sr-0.33Al
KF/CaO-MgO
MgO
Fe3O4-CeO2-25K
CaO-MgO

Diethyl
ether
-

Lard oil
Lard oil
Lard oil
Rapeseed oil
Rapeseed oil
Rapeseed oil
Recycled waste
cooking oil
WCO
Used cooking
oil
Used cooking
oil
WCO

Biodiesel yield Reference
(%)
88-96
[87]
98.08
[88]
98.5

Article I

THF
-

96
97.33
99.7
95
98
96.13
98.95

[89]
Article II
Article IV
[12]
[12],[34]
Article III
[12]

Al2O3/Fe3O4
Ti(SO4)O

-

99.1
97.1

[67]
[12]

TiO2/PrSO3H

-

98.3

[12]

Sr-0.33Al

THF

99.4

Article IV

4.8 Comparison of main outcomes of biodiesel production with existing
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5 Conclusion
The conversion of various feedstock such as edible, non-edible, animal fat, waste oil, and
algal oil derived from various algal biomass to biodiesel was successfully investigated in
this thesis work. The potassium doped TiO2 (TiO2-0.5C4H5KO6), lithium impregnated
CaO (CaO-0.5LiOH), nano-magnetic potassium doped ceria (Fe3O4-CeO2-25K), Sr-Al
double oxides (Sr:0.33Al) were used for nanocatalytic transesterification of different oils
such as linseed oil, lard oil, rapeseed oil, and waste cooking oil. The characterization of
the synthesized nanocatalysts and impregnation of alkali metal on to nanomaterials were
confirmed by FTIR, XRD, TEM, SEM, XPS, BET, and basicity test using Hammett
indicators benzene carboxylic acid titration method. The regeneration and reusability test
of the catalyst was effectively completed. The optimum reaction conditions for each
feedstock using respective nanocatalysts were determined. The characterization and
quality of obtained biodiesel were successfully evaluated. The current work also
illustrates the efficient cultivation of different algal strains such as Chlamydomonas sp.,
S. ecornis, and S. communis in aquaculture wastewater (AqWW1 and AqWW2) as a
nutrient medium for biodiesel production, which provides potential benefits in
environmental and energy perspective.
The potassium impregnated TiO2 showed better conversion of linseed oils to biodiesel
compared to other reported catalysts. Lithium doped CaO nanocatalysts was prepared
using lithium hydroxide as a new precursor, which resulted in a FAME yield of 97.33 %.
The novel nano-magnetic potassium doped ceria (Fe3O4-CeO2-25K) as a catalyst for
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transesterification of rapeseed oil showed the FAME yield of 96.13 %. However, the
biodiesel yield was slightly lower than of other nanocatalysts is due to lower basicity of
catalyst. The synthesized Sr: 0.33Al nanocatalyst showed a better conversion of lard and
WCO compared to other previously reported catalysts. All the synthesized catalysts in
this research work showed a promising solution for efficient biodiesel production. The
impregnation of alkali metals and the presence of alkaline earth metals enhances basicity,
thereby improves the transesterification efficiency of nanocatalysts.
The reusability test of catalyst showed that CaO-0.5LiOH showed better stability than
TiO2-0.5C4H5KO6

and

Fe3O4-CeO2-25K.

The

existence

of

co-solvent

in

transesterification reaction raises the reaction rate, decreases the amount of catalyst used,
and reduction in methanol consumption for maximum yield of biodiesel compared to the
usual transesterification reaction. The regeneration of catalysts and co-solvent studies
help to determine the economic viability and eco-friendly nature of catalyst and to resolve
issues related to transesterification reactions respectively.
The synergic approach of algal biodiesel production and wastewater treatment was also
studied in this research work. The S. ecornis, and S. communis species showed better
carbon dioxide tolerance than Chlamydomonas sp. The lower nutrient concentration in
wastewater enhances the content of triglycerides. The co-solvent lipid extraction from
different algal strains resulted in improved FAME content. Therefore, it is a promising
solution to the world energy crisis, climate change and also for the removal of pollutants
such as COD, TN, and TP from wastewater.

4.8 Comparison of main outcomes of biodiesel production with existing
literature

73

The biodiesel production from different potential renewable feedstocks was successfully
achieved with the reusable catalyst in a sustainable approach. The properties of all
obtained biodiesel were within EN ISO / ASTM limits. Thereby resulted biodiesel can as
a fuel with preferred features.
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6 Future research
The results of this work can serve as a foundation for further research in the future. The
increased stability, easy, and efficient reusability of catalyst for transesterification of
feedstock with high water content or FFA content can be attained by the 3D printed
nanostructured catalyst. All the catalyst prepared in this research work was metallic in
nature so they can be easily 3D printed using metallic printers for continuous flow
reactors to carry out biodiesel production process [12], [83]. Moreover, glycerol, the byproduct obtained after the transesterification reaction can be converted to hydrogen
because fossil fuels are the primary source for hydrogen production [84]. Moreover, algal
biomass after lipid extraction are rich in carbohydrates (starch and cellulose) and can be
used for the production of ethanol by fermentation, and the remaining residues of algal
biomass after biodiesel and ethanol production can be used for biogas production
[85],[86].
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ABSTRACT: The current work comprises the investigation of biodiesel production from linseed oil using TiO2 and a
potassium L-tartrate monobasic (C4H5KO6)-modiﬁed TiO2 nanocatalyst. Diﬀerent amounts of C4H5KO6 were considered for
TiO2 modiﬁcation. The nanocatalyst TiO2−0.5C4H5KO6 (1:0.5 molar ratio) showed the best conversion rate for biodiesel
production. The nanocatalyst was characterized by FTIR, XRD, TEM, BET, and XPS, and the Hammett indicator−
benzenecarboxylic acid titration method was used for basicity measurement. The biodiesel was characterized by GC-MS and 1H
and 13C NMR. Furthermore, the optimum reaction parameters for transesteriﬁcation reaction were analyzed, and the yield was
determined by GC-MS and 1H NMR. The maximum yield of 98.5% was obtained with 6 wt% catalyst amount and 1:6 oil-tomethanol ratio at 60 °C for 3 h. The properties of biodiesel obtained from linseed oil were determined using the EN 14214/
ASTM D6751 method. The reusability of the catalyst was tested up to ﬁve cycles and showed promising results.

1. INTRODUCTION
The energy crisis is a major issue confronting the whole world
due to the dependency on conventional energy reserves.1,2
Ongoing increases in population result in the growing
utilization of fossil fuels, which leads to two major issues:
direct environmental pollution and global warming.2−4
Biodiesel is a fatty acid methyl ester (FAME) compound
that has been suggested as a suitable alternative fuel, produced
by the transesteriﬁcation of fats/oils using alcoholmainly
methanol or ethanolwith a suitable catalyst.5−8 FAMEs can
act as renewable sources of energy due to their features such as
biodegradability and eco-friendly nature.9
Generally, vegetable oils, algal oils, and animal fat/oils are
used as feedstock for biodiesel production.10−12 It is preferred
that the feedstock used for biodiesel production be less
expensive and not in competition for food production.13,14
Hence, linseed oil was tested as feedstock for biodiesel
production. The oil content of linseed oil is similar to that of
edible oils such as rapeseed oil and higher than that of soybean
and sunﬂower oils. Moreover, the linolenic acid content (C18:3)
in linseed oil is higher compared to other acids in other oils.13
Kumar et al.15 reported 88−96% conversion eﬃciency of
linseed oil with alkali transesteriﬁcation. Gargari and
Sadrameli16 observed that FAMEs yield up to 98.08% biodiesel
in the presence of diethyl ether as a co-solvent and calcium
oxide as a heterogeneous-based catalyst in a ﬁxed-bed reactor.
The transesteriﬁcation reaction is commonly conducted
using a homogeneous catalyst, heterogeneous catalyst, or
biocatalyst.8,9,13,17 Heterogeneous nanocatalysts have received
great attraction in the ﬁeld of biodiesel production due to
features such as increased stability, activity, and selectivity.5,17,18 Previous research reports suggest that potassiumdoped metal oxides provide promising results in biodiesel
production; for example, potassium doped on titanium dioxide
(TiO2, also called titania) using potassium bitartrate as
© 2018 American Chemical Society

precursor resulted in good biodiesel yields with both edible
and non-edible oils.3,19−22 Additionally, TiO2 alone serves as a
catalyst for transesteriﬁcation and also acts as a good support
in heterogeneous catalysis due to its high chemical stability,
thermal constancy, and commercial availability.7,23 Therefore,
potassium impregnated on titania using potassium bitartrate as
precursor was used for biodiesel production from linseed oil.
In the present study we target the production of biodiesel
from linseed oil using a heterogeneous nanocatalyst. The
purpose of our work is to investigate the eﬀect of
heterogeneous nanocatalysis on linseed oil, which has not
been explored yet. Hence potassium impregnated TiO2 as a
nanocatalyst was synthesized. The eﬀect of C4H5KO6 loading
on catalytic activity was also investigated. The TiO2−
0.5C4H5KO6 nanocatalyst showed signiﬁcant conversion of
linseed oil to biodiesel. Characterization of the synthesized
nanocatalyst was done using Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM),
X-ray diﬀraction (XRD), X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), atomic-force
microscopy (AFM), and Brunauer−Emmett−Teller (BET)
analysis. Further, the nanocatalyst was used for transesteriﬁcation reactions, where production conditions such as
temperature, molar ratio of oil to methanol, catalyst amount,
and time were optimized. The biodiesel was analyzed by gas
chromatography−mass spectrometry (GC-MS) and 1H and
13
C nuclear magnetic resonance (NMR) spectroscopy.

2. MATERIALS AND METHODS
2.1. Material. Linseed oil (acid value = 0.606 mg KOH/g, average
molecular weight = 887.9354), titanium dioxide nanopowder (TiO2),
Received: September 21, 2018
Revised: October 23, 2018
Published: October 27, 2018
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3. RESULT AND DISCUSSION
3.1. Screening and Selection of Nanocatalyst for
Transesteriﬁcation of Linseed Oil. The nanocatalyst for
biodiesel production from linseed oil was selected by screening
the catalytic activity of diﬀerent catalysts such as TiO2 and
TiO2/C4H5KO6 with 1:0.25, 1:0.5, 1:0.75, and 1:1 molar ratios
at 60 °C with 6 wt% of each catalyst and 1:6 oil-to-methanol
molar ratio for 3 h. The catalyst composition, surface area, total
basicity of synthesized catalyst, and catalytic performance of
each catalyst are summarized in Table 1. The basic nature and

potassium bitartrate (C4H5KO6), and methanol were purchased from
Sigma-Aldrich. All the chemicals used were of analytical grade.
2.2. Synthesis and Screening of Catalyst. The TiO2 modiﬁed
by C4H5KO6 was synthesized by an impregnation method. In this
method, catalysts were prepared by mixing TiO2/C4H5KO6 in molar
ratios of 1:0.25, 1:0.5, 1:0.75, and 1:1. The solutions were stirred
continuously for 5 h and subsequently dried at 90 °C. Finally, dried
samples were calcined at 500 °C in a muﬄe furnace (Naberthermb180). The unmodiﬁed TiO2 and the series of catalysts
synthesized by mixing of TiO2/C4H5KO6 in various molar ratios
were screened for fatty acid methyl ester (FAME) production.
Furthermore, a series of the catalysts was synthesized by doping
various concentrations of potassium ion to titania to allow us to
investigate the capability of diﬀerent catalysts in the transesteriﬁcation
of linseed oil as well as to reveal the eﬀect of C4H5KO6 loading on the
catalytic activity of TiO2.
2.3. Characterization of Catalyst. FTIR spectra of the catalysts
were recorded using a Bruker Vertex 70 spectrometer in the range of
400−4000 cm−1. TEM images of the samples were obtained using a
Hitachi HT7700 transmission electron microscope. The nanocatalyst
was dispersed in ethanol with the help of sonication in order to obtain
dispersed particles in suspension. A drop of the suspension was added
to a carbon-coated copper grid. SEM images of catalysts were
recorded using a Hitachi SU3500 scanning electron microscope to
examine sample spread on colloidal graphite with 5 kV accelerating
voltage. XRD patterns were obtained with a PANalytical Empyrean Xray diﬀractometer over a 2θ range of 10−120° with a Co Kα X-ray
source of 0.178 nm at 40 mA and 40 kV. The surface area of the
catalysts was determined using Micromeritics Tristar II plus
instrument for BET analysis. The catalyst samples were degassed at
80 °C overnight to remove moisture from the samples.
AFM images of the nanocatalysts were collected using a Park
Systems NX10 atomic force microscope for better illustration. The
surface composition and the binding energies of elements in the
nanocatalysts were examined using an ESCALAB 250 X-ray
photoelectron spectrometer with an Al K X-ray source of
1486.6 eV. The basicity of the catalysts was tested with help of a
titration method. Hammett indicator−benzenecarboxylic acid (0.02
mol L−1 anhydrous methanol solution) titration was performed to
determine the basic strength of the synthesized catalysts using
Hammett indicators such as neutral red (H_6.8), bromothymol blue
(H_7.2), phenolphthalein (H_9.8), and 2,4-dinitroaniline
(H_15).24,25
2.4. Biodiesel Production. Linseed oil was used as feedstock for
biodiesel production. The reaction for screening the diﬀerent catalysts
was performed by mixing oil and methanol in a 1:6 molar ratio and
with 6 wt% of each catalyst. All the reactions were carried out in a 250
mL three-neck round-bottom ﬂask with mechanical stirrer and reﬂux
condenser at 60 °C for 3 h. After the reaction, the samples were
centrifuged, resulting in three separate phases: catalyst at the bottom,
methyl ester at the top, and glycerol in the middle. The catalyst was
isolated, excess methanol was removed by an evaporator, and the
obtained biodiesel was analyzed by GC-MS (Agilent-GC6890N, MS
5975) with an Agilent DB-wax FAME analysis GC column of
dimensions 30 m, 0.25 mm, 0.25 μm. The inlet temperature was 250
°C, and the oven temperature was programmed at 50 °C for 1 min,
increasing at a rate of 25 °C/min to 200 °C, and then at 3 °C/min to
230 °C, where it was held for 23 min. The concentration and presence
of ester carbonyl groups of FAMEs were determined by 1H and 13C
NMR at 400 MHz with CDCl3 as solvent. The percentage of linseed
oil conversion to FAME (C %) was determined by the equation given
below:13
C(%) =

Table 1. Eﬃciency of Various Catalysts for
Transesteriﬁcation of Linseed Oil
catalyst

molar
ratio

total basicity
(mmol g−1)

BET surface
area (m2 g−1)

FAME
conversion
(%)

TiO2
TiO2/C4H5KO6
TiO2/C4H5KO6
TiO2/C4H5KO6
TiO2/C4H5KO6

−
1:0.25
1:0.5
1:0.75
1:1

0.1
0.3
1.80
1.56
0.89

37.58
25.43
16.25
10.65
7.37

no reaction
<5
98.54
80.10
50.88

total basicity of the synthesized catalyst were determined by
Hammett indicator−benzenecarboxylic acid titration.8,24−26
The TiO2 showed no reaction, probably due to its lower
basic strength. The basicity of the catalyst increases with
increasing loading amount of C4H5KO6, which increases the
activity of the catalyst. Further increase in the amount of
C4H5KO6 after the optimum value reduces the catalytic
activity, possibly due to a decrease in both surface area and
basicity. The TiO2/C4H5KO6 with a 1:0.5 ratio showed
signiﬁcant conversion of biodiesel from linseed oil due to the
optimum loading of C4H5KO6. Therefore, TiO2−0.5C4H5KO6
was selected for the optimization of reaction parameters for
higher yielding production of biodiesel.
3.2. Characterization of Catalyst. The FTIR spectra of
unmodiﬁed TiO2 and TiO2−0.5C4H5KO6 are shown in Figure
1. The FTIR spectrum of TiO2−0.5 C4H5KO6 shows new
peaks at 895.82, 1368.324, and 1458.00 cm−1. New peaks
could be due to the integration of potassium ions into the TiO2
structure. However, the spectrum also shows a broad band in
range of 2900−3300 cm−1 due to stretching vibrations of the
Ti−O−K bond.3,19
Figure 2 shows the XRD pattern of both unmodiﬁed TiO2
and TiO2−0.5C4H5KO6. XRD analysis of unmodiﬁed TiO2
depicts a good match to standard reference codes ICSD:
154607 and ICDD: 98-015-4607. The XRD pattern of
potassium−titanium−oxide obtained as result of modiﬁcation
of TiO2 with 0.5 molar C4H5KO6 provides a consistent
harmony to reference standard code ICSD: 73465, ICDD: 98007-3465. The crystallographic parameters of synthesized
catalysts are shown in Table 2.
Surface morphology of catalyst was analyzed by SEM. Figure
3 shows the SEM images of unmodiﬁed TiO2 and TiO2−
C4H5KO6 (1:0.5 molar ratio) with 5 kV magniﬁcation. By
comparing two images, it was observed that there was a
signiﬁcant diﬀerence in the structure of TiO2−C4H5KO6 (1:0.5
molar ratio) due to the doping of potassium. The unmodiﬁed
TiO2 catalyst looks ﬂuﬃer and comparatively uniform particles
with some aggregates. It is very clear from SEM image of
TiO2−0.5C4H5KO6 that ﬂat surface of diﬀerent shapes was
dispersed in the catalytic material indicates a diﬀerent

2 × integration value of protons of methyl ester
× 100
3 × integration value of methyl protons
(1)
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Figure 1. FTIR spectra of TiO2 (unmodiﬁed) and TiO2−C4H5KO6 (1:0.5 molar ratio).

Figure 2. XRD pattern of TiO2 (unmodiﬁed) and TiO2−C4H5KO6 (1:0.5 molar ratio).

Table 2. Crystallographic Parameters of Unmodiﬁed TiO2 and TiO2−0.5C4H5KO6
catalyst

crystal structure

a (nm)

b (nm)

c (nm)

α (deg)

β (deg)

γ (deg)

TiO2
TiO2−0.5C4H5KO6

tetragonal
tetragonal

0.379
1.02

0.379
1.02

0.941
0.296

90
90

90
90

90
90

The TEM images of unmodiﬁed TiO2 and TiO2−C4H5KO6
(1:0.5 molar ratio) are depicted in Figure 4. The unmodiﬁed

morphology of particles due to impregnation of potassium
particles on the surface of TiO2 (Figure 3b).
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Figure 3. SEM images of (a) TiO2 (unmodiﬁed) and (b) TiO2−C4H5KO6 (1:0.5 molar ratio).

TiO2 nanocatalyst. All the dimensions are shown in nanoscale.
Particle dimensions measured from the AFM images agree well
with TEM analysis and support potassium loading. All the
catalyst characterization conﬁrms the impregnation of
potassium ion to titania.
The surface area, pore volume, and pore size were
determined by BET analysis. Surface area analysis of
unmodiﬁed TiO2 and TiO2−0.5 C4H5KO6 using the BET
method is shown in Table 3. The decrease in porosity of TiO2
modiﬁed with C4H5KO6 catalyst was due to the insertion of
potassium ions.25 Even though there is a decrease in porosity
and surface area, there is an increase in catalytic activity for
transesteriﬁcation, which is seen in Table 1. This may be due
to the strength of basic sites in the catalyst.25 The N2
adsorption−desorption isotherm for TiO2 and TiO2 modiﬁed
with C4H5KO6 from BET analysis is given in Figure 6. The
hysteretic loop isotherm indicates the presence of mesoporous
materials.
XPS was applied to examine the surface properties and
binding energies (BEs) of elements in unmodiﬁed TiO2 and
TiO2−C4H5KO6 (1:0.5 molar ratio). The chemical environment of Ti, O, and K was simulated by Gaussian curve-ﬁtting
of the Ti 2p, K 2p, and O 1s spectra of unmodiﬁed TiO2 and
TiO2−0.5C4H5KO6. Figure 7 depicts XPS ﬁtted spectra of
unmodiﬁed TiO2 and TiO2−0.5C4H5KO6 nanocatalyst. Both
unmodiﬁed TiO2 and TiO2−0.5C4H5KO6 give Ti 2p signals
with two peaks at BEs of 463.66 and 457.96 eV, assigned to Ti

Figure 4. TEM images of (a) TiO2 (unmodiﬁed) and (b) TiO2−
C4H5KO6 (1:0.5 molar ratio).

TiO2 catalyst has a particle size of 23−46.7 nm, whereas
TiO2−C4H5KO6 (1:0.5 molar ratio) modiﬁed catalyst has a
particle size of 26−179 nm. The size of the particles in the
catalyst was conﬁrmed from the TEM images. Moreover, the
TEM image of unmodiﬁed TiO2 also shows a large quantity of
well distributed uniform particle with agglomerates, while
TEM studies of TiO2−0.5C4H5KO6 show a long, ﬂat structure
in addition to uniform particles with aggregates. SEM results
also match with TEM images.
The AFM images of TiO2 and TiO2−C4H5KO6 are
portrayed in Figure 5 with scan rate and amplitude of 0.26
Hz and 15.04 × 103 nm, respectively. The AFM images also
agree with the beneﬁt of integration of potassium ions into

Figure 5. AFM images of (a) TiO2 (unmodiﬁed) and (b) TiO2−C4H5KO6 (1:0.5 molar ratio).
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using eq 1, which was already discussed above. With the help
of 1H NMR, the FAME conversion percentage of the sample
obtained after transesteriﬁcation with TiO2−0.5C4H5KO6 was
found to be 98.5%. Figure 8 illustrates the 1H and 13 C NMR
spectra of the FAME sample obtained with help of TiO2−
0.5C4H5KO6 catalyst. These spectra help to characterize the
FAME and can be used to conﬁrm the existence of methyl
esters in the biodiesel. Moreover, the proposed catalyst
resulted in better conversion of linseed oil to biodiesel in
comparison with previously reported studies using alkali as well
as CaO solid catalysts.15,16
In 1H NMR spectra, a signal at 3.65 ppm indicates a
methoxy group (AME) of FAMEs, and a signal at 2.28 ppm
corresponds to a methylene group (ACH2). The presence of
these signals in the biodiesel sample veriﬁes the presence of
methyl ester. Apart from the signal used for the quantiﬁcation,
there are other identiﬁable peaks, such as a signal at 0.86−0.87
ppm for CH2−CH3 or for the latter methyl group. The peaks
in the range of 1.24−2.34 ppm represent CH2 (methylene
group). The signal at 5.3 ppm indicates the presence of CH
CH (double bond) groups or oleﬁnic groups.29−31 In 13C
NMR spectra, signals at 174.25 and 51.35 ppm indicate ester
carbonyl −COO− and C−O, respectively. The unsaturation in
the biodiesel sample was conﬁrmed by the presence of signals
at 131.88 and 127.05 ppm. In addition to these signals, there
are other signals at 14.03 and 14.19 ppm, indicating the
presence of terminal −CH3 groups. The presence of a −CH2
group was revealed by signals in the region of 22−34 ppm.29
3.4. Inﬂuence of Various Parameters on Biodiesel
Production. The yield of biodiesel depends on reaction
conditions such as catalyst amount, oil-to-methanol ratio,
temperature, and time (Figure 9). Based on the preliminary
screening of catalysts, TiO2−C4H5KO6 (1:0.5 molar ratio) was
found to be an eﬃcient catalyst for the conversion of linseed
oil to FAME. The optimum reaction conditions for higher
conversion of linseed oil to biodiesel using TiO2−0.5C4H5KO6
were determined by a series of transesteriﬁcation reactions.
3.4.1. Catalyst Amount (wt%). The inﬂuence of catalyst
concentration on transesteriﬁcation was studied by performing
reactions at various catalyst concentration from 3 wt% to 12 wt
% of the oil. A 98.5% biodiesel conversion was obtained within
3 h of reaction time at 60 °C by using 6 wt% catalyst and 1:6
oil-to-methanol molar ratio (Figure 9a). The conversion of oil
to biodiesel depends on the catalyst amount: if the catalyst

Table 3. Results of Brunauer−Emmett−Teller Surface Area
Analysis
parameters
Surface area
BET surface area (m2/g)
BJH adsorption cumulative surface
area of pores (m2/g)
BJH desorption cumulative surface
area of pores (m2/g)
Pore volume
single-point adsorption total pore
volume of pores (cm3/g)
BJH adsorption cumulative
volume of pores (cm3/g)
BJH desorption cumulative
volume of pores (cm3/g)
Pore size
adsorption average pore width (Å)
BJH adsorption average pore
diameter (Å)
BJH desorption average pore
diameter (Å)

unmodiﬁed
TiO2

TiO2−C4H5KO6
(1:0.5 molar ratio)

37.58
34.32

16.25
12.49

34.41

12.75

0.06

0.03

0.10

0.09

0.11

0.09

64.31
122.41

72.43
296.76

129.24

291.11

2p1/2 and 2p 3/2, respectively. The BE gap between these two
core-level orbitals suggests that the chemical valence state of Ti
in the synthesized nanocatalyst is +4. The O 1s spectra of
unmodiﬁed TiO2 and TiO2−0.5C4H5KO6 show BE = 530.1
eV, which corresponds to O2+ forming an oxide with the
metal.27 Figure 7b represents K 2p with BE = 292.37 and
294.97 eV, which are assigned to 2p3/2 and 2p1/2 in the K−O
group of TiO2−0.5C4H5KO6.28
3.3. Characterization of Biodiesel. The FAME made
from the linseed oil was characterized by GC-MS, 1H NMR,
and 13C NMR. The quality of the produced biodiesel was
tested using the EN 14214/ASTM D6751 method.
The chemical composition of biodiesel was demonstrated by
comparison of the GC-MS chromatogram with the National
Institute of Standards and Technology (NIST) 2014 MS
library. The components of biodiesels obtained after transesteriﬁcation of linseed oil with TiO2−0.5 C4H5KO6 were
identiﬁed with the help of a library match, as represented in
Table 4.
The analysis of FAME from linseed oil was conducted by 1H
and 13C NMR spectroscopy. The biodiesel yield was calculated

Figure 6. N2 adsorption−desorption isotherms of (a) TiO2 (unmodiﬁed) and (b) TiO2−C4H5KO6 (1:0.5 molar ratio).
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Figure 7. XPS spectra of (a) TiO2 (unmodiﬁed) and (b) TiO2−C4H5KO6 (1:0.5 molar ratio).

amount is lower than the optimum concentration, there is a
reduction in FAME conversion due to a decrease in the
availability of active sites and hindrance to phase separation.19,25,32
3.4.2. Oil-to-Methanol Molar Ratio. Figure 9b depicts the
progressive increase in biodiesel conversion when the oil-to-

methanol molar ratio was increased from 1:3 to 1:6. The
reaction was carried out at 6 wt% catalyst at 60 °C for 3 h of
reaction time. The biodiesel conversion was negatively aﬀected
by increasing the methanol concentration above the optimum
value, which was due to the increased solubility of glycerol in
the ester phase, resulting in diﬃculty in separation of biodiesel.
11650
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Table 4. Composition of Biodiesel Attained after Transesteriﬁcation with TiO2−0.5 C4H5KO6

3.4.3. Temperature. The eﬀect of temperature on biodiesel
yield was investigated by conducting the reaction at various

It may also favor the reverse reaction over the production of
biodiesel.33,34
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Figure 8. (a) 1H and (b) 13C NMR spectra for the biodiesel sample obtained with TiO2−0.5C4H5KO6.

After 180 min, instead of an increase in the yield of biodiesel,
reduction in ester content with an increase in reaction time was
observed. This is due to the reversible nature of the
transesteriﬁcation reaction. After a prolonged reaction time,
backward reaction/reverse of the transesteriﬁcation reaction is
favored, which leads to the hydrolysis of esters.35,37
3.5. Properties of Synthesized Biodiesel from Linseed
Oil. The properties of linseed oil methyl esters were
determined using the EN 14214/ASTM D6751 method as
shown in Table 5. All these parameters play important roles in
biodiesel quality. The acid value of linseed oil methyl ester was
found to be 0.3 mg KOH/g, within the limits of the EN ISO
method. Increases in the acid value can create issues like

temperatures using 6 wt% catalyst and 1:6 oil-to-methanol
molar ratio for 3 h reaction time (Figure 9c). The FAME
conversion increased signiﬁcantly up to 60 °C, which resulted
in the optimum yield of FAME. After 60 °C, biodiesel
conversion decreased with increasing temperature, which is
due to the fact that elevated temperature favors vaporization of
methanol.25,35,36
3.4.4. Time. The inﬂuence of reaction time on the
transesteriﬁcation reaction was examined by performing
reactions for diﬀerent time intervals using 6 wt% catalyst and
1:6 oil-to-methanol molar ratio at 60 °C as depicted in Figure
9d. The percentage of FAME conversion rose with the increase
in reaction time up to 180 min, where it reached its maximum.
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Figure 9. Inﬂuence of reaction conditions on biodiesel yield: (a) catalyst amount, (b) oil-to-methanol molar ratio, (c) reaction temperature, and
(d) reaction time.

Table 5. Properties of Linseed Oil Methyl Estersa
property
acid value
(mg KOH/g)
density at 15 °C
(kg/m3)
kinematic viscosity at
40 °C (mm2/s)
ﬂash point (°C)
cetane number
cloud point (°C)
pour point (°C)
caloriﬁc value
(MJ/kg)

EN 14214 test
method

limits

oil methyl esters were 891.52 kg/m3 and 3.5709 mm2/s,
respectively. Another important parameter is the ﬂash point,
which indicates the minimum temperature at which fuel starts
to igniteit is important to know the ﬂash point value for fuel
handling and storage.41 The rest of the measured features,
including caloriﬁc value, cloud point, cetane number, and pour
point, are also within EN ISO/ASTM limits.
3.6. Reusability and Stability of Catalyst. The
reusability of the catalyst makes the transesteriﬁcation process
cost-eﬀective and more eco-friendly. Catalyst deactivation is
mainly due to deposition of impurities, oil content, or thermal
deactivation. Regeneration of the catalyst was usually attained
with the help of suitable solvent washing and calcination.42 To
analyze the reusability of TiO2−0.5 C4H5KO6 nanocatalyst,
ﬁrst it was separated from linseed oil methyl esters and
glycerol. After transesteriﬁcation, the separated catalyst was
washed several times with heptane to remove impurities. The
washed catalyst was dried at 90 °C and calcined at 500 °C for 3
h to reactivate it. The catalytic reusability of TiO2−0.5
C4H5KO6 over linseed oil using 6 wt% catalyst and 1:6 oil-tomethanol molar ratio within 180 min of reaction time at 60 °C
is represented in Figure 10. Conversion of linseed oil to FAME
decreased from 98.5% to 93.1% over ﬁve cycles.
The stability of the nanocatalyst after each cycle was
evaluated by determining the leached metal ion concentration,

value for methyl
ester from linseed
oil

Pr EN 14104

0.5 max

0.3

EN ISO 12185

860−900

891.52

EN ISO 3104

3−5

3.5709

EN ISO 2719
EN ISO 5165
ASTM D2500
ISO 3016
ASTM D6751

−
≥51
−
−
−

173 °C
57
4
2
40.89

a
Reaction conditions: TiO2−0.5 C4H5KO6 catalyst at 6 wt%
concentration, 1:6 oil-to-methanol ratio, reaction temperature 60
°C, and reaction time 3 h.

corrosion of rubber parts of engines and ﬁlter clogging.38 The
other two important fuel parameters which inﬂuence the fuel
injection operation are density and kinematic viscosity. Higher
values of these parameters can adversely aﬀect the fuel
injection process and result in the formation of engine
deposits.39,40 The density and kinematic viscosity of linseed
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Figure 10. Reusability analysis of TiO2−0.5 C4H5KO6 catalyst up to ﬁve transesteriﬁcation reactions.
(2) Singh, S. P.; Singh, D. Biodiesel production through the use of
different sources and characterization of oils and their esters as the
substitute of diesel: A review. Renewable Sustainable Energy Rev. 2010,
14, 200−216.
(3) Li, Y.; Qiu, F.; Yang, D.; Li, X.; Sun, P. Preparation,
characterization and application of heterogeneous solid base catalyst
for biodiesel production from soybean oil. Biomass Bioenergy 2011, 35,
2787−2795.
(4) Rashtizadeh, E.; Farzaneh, F. Transesterification of soybean oil
catalyzed by Sr-Ti mixed oxides nanocomposite. J. Taiwan Inst. Chem.
Eng. 2013, 44, 917−923.
(5) Hu, S.; Guan, Y.; Wang, Y.; Han, H. Nano-magnetic catalyst KF/
CaO-Fe3O4 for biodiesel production. Appl. Energy 2011, 88, 2685−
2690.
(6) Liu, H.; Su, L.; Shao, Y.; Zou, L. Biodiesel production catalyzed
by cinder supported CaO/KF particle catalyst. Fuel 2012, 97, 651−
657.
(7) Madhuvilakku, R.; Piraman, S. Biodiesel synthesis by TiO2-ZnO
mixed oxide nanocatalyst catalyzed palm oil transesterification
process. Bioresour. Technol. 2013, 150, 55−59.
(8) Qiu, F.; Li, Y.; Yang, D.; Li, X.; Sun, P. Heterogeneous solid base
nanocatalyst: Preparation, characterization and application in
biodiesel production. Bioresour. Technol. 2011, 102, 4150−4156.
(9) Kaur, M.; Ali, A. Lithium ion impregnated calcium oxide as nano
catalyst for the biodiesel production from karanja and jatropha oils.
Renewable Energy 2011, 36, 2866−2871.
(10) Baskar, G.; Selvakumari, I. A. E.; Aiswarya, R. Biodiesel
production from castor oil using heterogeneous Ni doped ZnO
nanocatalyst. Bioresour. Technol. 2018, 250, 793−798.
(11) Ding, H.; Ye, W.; Wang, Y.; Wang, X.; Li, L.; Liu, D.; et al.
Process intensification of transesterification for biodiesel production
from palm oil : Microwave irradiation on transesterification reaction
catalyzed by acidic imidazolium ionic liquids. Energy 2018, 144, 957−
967.
(12) Teo, S. H.; Islam, A.; Taufiq-Yap, Y. H. Algae derived biodiesel
using nanocatalytic transesterification process. Chemical engineering
research and design 2016, 111, 362−370.
(13) Ambat, I.; Srivastava, V.; Sillanpäa,̈ M. Recent advancement in
biodiesel production methodologies using various feedstock : A
review. Renewable Sustainable Energy Rev. 2018, 90, 356−369.
(14) Aransiola, E. F.; Ojumu, T. V.; Oyekola, O. O.;
Madzimbamuto, T. F.; Ikhu-Omoregbe, D. I. O. A review of current
technology for biodiesel production: State of the art. Biomass
Bioenergy 2014, 61, 276−297.
(15) Kumar, R.; Tiwari, P.; Garg, S. Alkali transesterification of
linseed oil for biodiesel production. Fuel 2013, 104, 553−560.

as depicted in Figure 10. Metal concentration was measured
with an Agilent 5110 inductively coupled plasma−optical
emission spectrometry (ICP-OES) system. It was detected that
from cycle 1 to cycle 5, the Li concentrations in solution were
less than 0.043 mg/L. Moreover, Ti concentration in solution
was null up to three cycles; after that, there was a slight
leaching of Ti ions to solution which was less than 0.0004 mg/
L.

4. CONCLUSION
Biodiesel was successfully synthesized from linseed oil with the
help of TiO2−0.5 C4H5KO6 nanocatalyst. Modiﬁcation of
TiO2 with C4H5KO6 enhanced the properties of the nanocatalyst due to impregnation of potassium and showed better
conversion in comparison to unmodiﬁed TiO2. FTIR, XRD,
SEM, TEM, and AFM conﬁrmed the integration of potassium
ions into the TiO2 nanostructure. The best activity was
obtained at an optimum loading of C4H5KO6 to TiO2 in 0.5:1
molar ratio. The nanocatalyst yielded 98.5% fatty acid methyl
ester using 6 wt% catalyst amount and 1:6 oil-to-methanol
ratio at 60 °C within a reaction time of 3 h. The properties of
this biodiesel, such as acid value, density, kinematic viscosity,
and ﬂash point, were within the EN 14214 limits. Thus, the
FAME obtained was of good quality. All these results support
the eﬃcient performance of TiO2−0.5 C4H5KO6 as a catalyst
for biodiesel production from linseed oil as a feedstock. The
reusability of the catalyst also showed a promising result, which
makes it economically feasible.
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Eﬀect of lithium ions on the catalytic eﬃciency of
calcium oxide as a nanocatalyst for the
transesteriﬁcation of lard oil†
Indu Ambat,

*a Varsha Srivastava,a Esa Haapaniemib and Mika Sillanpääa

The present work encompasses the eﬀect of Li+ ions on CaO nanoparticles for the transesteriﬁcation of lard
oil. The modiﬁcation of CaO nanoparticles was achieved by the impregnation of diﬀerent molar ratios of
lithium hydroxide. Later, each catalyst was screened for the catalytic conversion of lard oil to a fatty acid
methyl ester (FAME). The nanocatalyst CaO–0.5LiOH (1 : 0.5 molar ratio) showed the best conversion
rate for FAME. The synthesized nanocatalyst was characterized using Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray diﬀraction (XRD), transmission electron
microscopy (TEM), Brunauer–Emmett–Teller (BET) analysis, and Hammett indicators for the basicity test.
The obtained FAME was analyzed by gas chromatography with mass spectrometry (GC-MS) and 1H and
13

C nuclear magnetic resonance (NMR). The eﬀect of optimum reaction parameters such as catalyst
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weight percentage, oil-to-methanol ratio, reaction time, reaction temperature, and reusability of the
catalyst for the transesteriﬁcation reaction was analyzed by 1H NMR. The maximum FAME yield of 97.33%

DOI: 10.1039/c9se00210c

was obtained with 4 wt% catalyst amount and 1 : 6 oil-to-methanol ratio at 65  C in 120 minutes. The
physical properties of the synthesized FAME were also determined.

rsc.li/sustainable-energy

1. Introduction
FAME is the ester of fatty acids obtained by the transesterication of fats/oils with methanol in the presence of
various kinds of catalysts. It can act as a substitute for
conventional fuels because it is readily accessible, technically
feasible, and renewable and has a sustainable nature.1–3,30,33
Moreover, FAME is a renewable fuel that can be produced from
various sources such as vegetable oils, algal oils, and animal fat/
oils.1–6
Usually, vegetable oils such as rapeseed, sunower, and
soybean oils are used as the feedstock for FAME production.
The feedstock used in the present work was lard oil because it is
less expensive and does not compete with food production.2,7,8,39,40 Moreover, FAME synthesized from animal fat has
a higher caloric value and cetane number in comparison with
FAME obtained from vegetable oils.9
Currently, nanocatalysts play a signicant role in FAME
production from diﬀerent feedstocks due to their higher catalytic activity, increased surface area, reusability, easy operational procedures, and reduced mass transfer resistance.1,3,10
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CaO-based nanocatalysts are recommended for FAME production because they are cost-eﬀective and eco-friendly and have
higher basicity.11,12,37,38
The present work was reported to enable the production of
FAME from lard oil using lithium ion-doped CaO as the nanocatalyst. One way to reduce the FAME production costs is to use
less expensive feedstocks. Thus, lard oil was selected as the
feedstock for FAME production. The selection of CaO as the
nanocatalyst for the transesterication of lard oil was due to the
positive response of CaO when compared to those of other
commercially available nanocatalysts such as MgO, TiO2, and
ZnO. Later, lithium ions having various concentrations were
impregnated into CaO nanoparticles using lithium hydroxide as
a precursor to determine the doping eﬀect of lithium ions on the
catalytic activity. Moreover, to the best of our knowledge, to date,
the transesterication of lard oil using lithium-doped CaO has
not been investigated. In previous research studies, the transesterications of sunower oil, cottonseed oil, and soybean oil
were performed using LiNO3-doped CaO, nanocrystalline
lithium doped CaO, and Li2CO3-doped CaO, respectively,
whereas the current study focused on the transesterication of
lard oil using LiOH-doped CaO.17,19,20 FTIR, SEM, XRD, TEM,
BET, and the use of Hammett indicators for basicity tests were
carried out for the characterization of the synthesized catalyst.
Moreover, the synthesized catalyst was used for the transesterication of lard oil, where the reaction parameters such as
the molar ratio of oil and methanol, temperature, catalyst
amount, and time of transesterication were optimized. FAME

This journal is © The Royal Society of Chemistry 2019
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was analyzed by GC-MS and 1H and 13C NMR techniques to
investigate its various important characteristics.

2.
2.1

Experimental
Chemicals

Lard oil (FFA% ¼ 0.423, average molecular weight ¼ 866.82),
calcium oxide nanopowder (CaO), magnesium oxide nanopowder (MgO), titanium oxide nanopowder (TiO2), zinc oxide
(ZnO) nanopowder, methanol ($99.8%), and lithium hydroxide
were purchased from Sigma-Aldrich. All the chemicals were of
analytical grade.
2.2

Catalyst synthesis and selection

The conversion of lard oil using diﬀerent catalysts (MgO, TiO2,
ZnO, and CaO) was conducted by mixing oil to methanol in 1 : 6
molar ratio with 4 wt% of each commercial catalyst at 65  C for
2 h. Aer the investigation of the primary result of transesterication, CaO was selected for Li+ ion impregnation and
was further used for lard oil transesterication. Later, CaO
nanoparticle modication by Li+ ion impregnation was carried
out by the incipient wetness impregnation method.
The catalysts were prepared by blending CaO/LiOH in
diﬀerent molar ratios of 1 : 0.15, 1 : 0.25, 1 : 0.5, and 1 : 0.75.
The reason behind the selection of LiOH instead of lithium
carbonate or lithium nitrate was to avoid nitrate and carbonate
ion residues over the nanocatalyst as the leover residual
concentration of anions can aﬀect the surface properties of the
catalyst and hence the FAME synthesis from lard oil. The CaO–
LiOH solutions were stirred continuously for 7 h at room
temperature and later dried at 50  C.2,3,13 The dried samples
were calcined at 400  C in a muﬄe furnace (Nabertherm 180) for
4 h. The as-prepared Li+ ion-impregnated CaO nanocatalysts
(Li–CaO) with diﬀerent molar ratios of 1 : 0.15, 1 : 0.25, 1 : 0.5,
and 1 : 0.75 were screened for fatty acid methyl ester (FAME)
production. Moreover, the eﬀect of lithium ions on the
enhancement of CaO catalytic activity in the transesterication
of lard oil was examined with a set of lithium-impregnated CaO
catalysts.
2.3

Catalyst characterization

The XRD patterns of bare and modied nanocatalysts were
collected by a PANalytical – Empyrean X-ray diﬀractometer with

Table 1

an X-ray source with Co-Ka of 0.178 nm at 40 mA and 40 kV over
an FTIR instrument. The SEM images of the catalysts were
scanned by SEM Hitachi SU3500 with 5 kV accelerating voltage.
The TEM images of the samples were recorded using HT7700
(Hitachi) TEM by dissolving the sample in ethanol. The catalyst
samples were degassed at 40  C overnight to remove the moisture, followed by BET analysis (BET, Micromeritics Tristar II
plus) to determine the surface area of the nanocatalyst.
The
Hammett
indicator–benzenecarboxylic
acid
(0.02 mol L1 anhydrous methanol solution) titration was
conducted to determine the total basicity of the catalyst. Hammett indicators such as bromothymol blue (H_7.2), phenolphthalein (H_9.8), 2,4-dinitroaniline (H_15), and 4-nitroaniline
(H_18.4) were used to determine the basic strength of the
synthesized nanocatalyst with diﬀerent molar ratios of
CaO : LiOH and also for TiO2, MgO, ZnO, and CaO with the help
of the titration method.3,13,14

2.4

FAME production

FAME production from lard oil via the transesterication
process using diﬀerent catalysts was done by blending oil to
methanol in a 1 : 6 molar ratio with 4 wt% of each nanocatalyst. The reactions were carried out in triplicates in
a 250 mL three-neck round bottom ask with a mechanical
stirrer and reux condenser at 65  C for 120 min in order to
select the best catalyst among all the synthesized nanocatalysts for FAME production. Moreover, various methanolto-oil ratios, temperatures, catalyst amounts, and reaction
times were reported for the transesterication studies and
theoretically, the 3 : 1 molar ratio was enough for the transesterication reaction. Besides, diﬀerent reported research
works indicate that there is more chance of methanol vaporization aer 65  C and the CaO-based catalyst amounts of 3–
5 wt% show better results in the transesterication studies.
Due to these facts, the above-mentioned reaction conditions
were selected for the initial research studies.1,2,12,14,20 The
centrifugation of the samples was followed by the reaction to
obtain the fatty acid methyl ester. Excess methanol in the ester
phase was recovered by a rotary evaporator. FAME was
analyzed by GC-MS (Agilent-GC6890N, MS 5975) with an Agilent DB-wax FAME analysis GC column having the following
dimensions: 30 m, 0.25 mm, and 0.25 mm. The inlet temperature was 250  C and the oven temperature was programmed

The eﬃciency of various catalysts for the transesteriﬁcation of lard oil

No.

Catalyst

Molar ratio

Catalyst basic strength

FAME yield (%)

Total basicity
(mmol g1)

BET surface
area (m2 g1)

1
2
3
2
3
4
5
6

MgO
ZnO
TiO2
CaO
CaO : LiOH
CaO : LiOH
CaO : LiOH
CaO : LiOH

—
—
—
—
1 : 0.15
1 : 0.25
1 : 0.5
1 : 0.75

H_ < 7.2
H_ < 7.2
H_ < 7.2
7.2 < H_ < 9.8
9.8 < H_ < 15
9.8 < H_ < 15
15 < H_ < 18.4
15 < H_ <18.4

No reaction
No reaction
No reaction
66.55
71.25
83.30
97.33
85.09

0.25
0.1
0.1
0.68
0.96
1.23
1.85
1.45

23.5
24.2
37.58
22.09
11.95
6.37
2.41
1.51
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at 50  C for 1 min. It was raised at the rate of 25  C min1 to
200  C and that of 3  C min1 to 230  C; then, it was held for
23 min. Moreover, the esters of lard oil aer the transesterication reaction were analyzed by 1H and 13C NMR
(Bruker). The fatty acid methyl esters were analyzed by 1H
NMR and 13C NMR at 400 MHz with CDCl3 as the solvent. The
conversion percentage of lard oil to fatty acid methyl esters
(C%) and the percentage of the FAME yield were estimated by
eqn (1) and (2), respectively.2,3,34
Cð%Þ ¼

2  integration value of protons of methyl ester
3  integration value of methyl protons
100

Biodiesel yield ð%Þ ¼

(1)
mass of biodiesel
 100
mass of oil

(2)

3.2. Characterization of the nanocatalyst
The FTIR spectra of CaO, CaO–0.5LiOH, and regenerated CaO–
0.5LiOH are shown in Fig. 1. The peaks observed at 3600 and
1350 cm1 are due to the OH stretching and bending, respectively. The FTIR bands at 489.85 cm1, 713.57 cm1,
1087.71 cm1 are possibly due to Li–O stretching.15 The FTIR
bands due to Li–O stretching, especially the band at
489.85 cm1, were more intense and sharper for the CaO–
0.5LiOH catalyst. Furthermore, the non-regenerated and
regenerated CaO–0.5LiOH samples showed similar FTIR
spectra.
Fig. 2 shows the XRD patterns of bare CaO, lithium ionimpregnated CaO–0.5LiOH, and regenerated CaO–0.5LiOH
nanocatalysts. The X-ray diﬀraction pattern of unmodied CaO
matched well to the standard reference code ICDD: 98-002-8905.
Concisely, the diﬀractogram of lithium ion-impregnated CaO is

Furthermore, in the current study, optimization was done
using the best catalyst obtained aer the screening process.
This was conducted by varying the oil-to-methanol molar ratio,
catalyst amount, reaction time, and reaction temperature.

3.

Results and discussion

3.1. Screening and selection of the nanocatalyst for FAME
production from lard oil
The transesterication of lard oil using a series of catalysts
such as MgO, ZnO, TiO2, CaO, and CaO/LiOH (1 : 0.15, 1 : 0.25,
1 : 0.5, and 1 : 0.75 molar ratios) was performed using oil to
methanol in the molar ratio of 1 : 6 with 4 wt% of each nanocatalyst at 65  C for 120 min in order to select the best catalyst.
The catalytic performance of each catalyst is shown in Table 1.
Moreover, the reaction parameters for the chosen catalyst were
optimized to obtain a high yield of the fatty acid methyl esters
(FAME).
Based on Table 1, we can see that CaO shows a positive
reaction in the conversion of lard oil to FAME compared to
other catalysts such as MgO, TiO2, and ZnO. This is probably
due to two factors: one is that the activity of the catalyst depends
on the chemical composition of the feedstock and the other one
is the basicity of the catalyst. Therefore, the transesterication
ability of the CaO catalyst improved aer impregnation of
diﬀerent molar ratios of LiOH. The CaO : LiOH ratio for which
a relatively high conversion of feedstock into FAME was obtained was 1 : 0.5, showing the best conversion of lard oil to
FAME. This is due to the optimum loading of the lithium ions
into CaO, which oﬀers suﬃcient active sites for the fatty acids to
bind with the catalyst as well as the basic nature of the catalyst.3,13,29,31 Moreover, the increase in the amount of LiOH aer
the optimum value reduced the catalytic activity possibly due to
the decrease in both the surface area and basicity.2,3 On the
basis of the preliminary examination of the conversion of lard
oil to FAME, CaO : LiOH with 1 : 0.5 ratio (named as CaO–
0.5LiOH) was selected for the optimization of other reaction
parameters for FAME production.
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FTIR spectra of CaO, CaO/LiOH in diﬀerent molar ratios and the
regenerated CaO–0.5LiOH.

Fig. 1

XRD patterns of CaO, CaO/LiOH in diﬀerent molar ratios and
regenerated CaO–0.5LiOH.

Fig. 2
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Fig. 3
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SEM images of (a) CaO, (b) CaO–0.5LiOH and (c) regenerated CaO–0.5LiOH.

consistent with the reference standard code ICDD: 98-041-3207.
The intensity of the XRD peaks due to lithium impregnation is
higher for CaO–0.5LiOH. Moreover, the lithium ionimpregnated peaks are also visible for regenerated CaO–

0.5LiOH. Thus, both the XRD and FTIR results supported the
impregnation of lithium ions into the CaO nanostructure.15–17
The surface structure and composition of nanocatalysts were
studied by SEM. Fig. 3a and b depict the SEM images of

Fig. 4 TEM images of (a) CaO, (b) CaO–0.5LiOH and (c) regenerated CaO–0.5LiOH.
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Table 2

Surface area

Pore volume

Pore size

Parameters

Unmodied CaO
nanocatalyst

CaO–0.5LiOH
nanocatalyst

BET surface area (m2 g1)
BJH adsorption cumulative surface area of pores (m2 g1)
BJH desorption cumulative surface area of pores (m2 g1)
Single point adsorption total pore volume of pores (cm3 g1)
BJH adsorption cumulative volume of pores (cm3 g1)
BJH desorption cumulative volume of pores (cm3 g1)
Adsorption average pore width (A )
BJH adsorption average pore diameter (Å)
BJH desorption average pore diameter (Å)

22.09
19.14
19.00
0.04
0.08
0.09
70.60
177.30
189.23

2.41
2.03
2.83
0.006
0.023
0.028
103.26
455.41
389.56

unmodied CaO and CaO–0.5LiOH, respectively. From the SEM
images, it is clear that there is a signicant diﬀerence in the
structure of CaO–0.5LiOH (1 : 0.5 molar ratio) due to the
impregnation of lithium ions. The at surface is possibly due to
the impregnation of lithium ions on the surface of CaO
(Fig. 3b). Remarkably, the SEM micrographs in Fig. 3 and S1†
reveal that the irregular at surface increases with lithium
concentration. This results in the agglomeration of the particles
and reduction in the porosity of the catalyst. Fig. 3c illustrates
that the regenerated catalyst is in good agreement with lithiumdoped CaO before transesterication.
The TEM images of CaO (unmodied), CaO–0.5LiOH, and
regenerated CaO–0.5LiOH are depicted in Fig. 4a–c, respectively. The CaO (unmodied), CaO–0.5LiOH, and regenerated
CaO–0.5LiOH catalysts have particle sizes in the range of 54.5–
127 nm. The TEM results conrmed the size of the particles in
the catalysts. Furthermore, aer Li-ion impregnation, the
agglomeration of particles was also observed (Fig. 4b). Moreover, the agglomeration of irregular shapes with the increase in
lithium concentration represents the reduction in catalyst
porosity (Fig. 4 and S2†). Fig. 4c indicates that the catalyst aer
the reaction is also in good agreement with CaO–0.5LiOH. The
TEM images are in good agreement with the SEM results.
Nitrogen adsorption/desorption measurements were obtained to determine the surface area, pore volume, and pore size
of the catalysts. The surface area analysis of CaO and CaO–

Fig. 5

Paper

0.5LiOH using BET is shown in Table 2. The decrease in the
porosity of CaO–0.5LiOH was probably due to the insertion of
lithium ions in the pores. Even though there was decrease in
porosity and surface area, we observed increase in the catalytic
activity for transesterication, as depicted in Table 1. This may
be due to the action of the strength of basic sites in the catalyst,
which can enhance the transesterication of lard oil.14,15 The
addition of alkali metals to the CaO catalyst resulted in the
enhancement of catalyst sintering, thus causing decrease in the
surface area and increase in the basicity of the catalyst.2,31 The
BET adsorption–desorption isotherm plots for CaO and CaO–
0.5LiOH are given in Fig. 5. The nature of an isotherm species
the presence of mesoporous materials.

3.3. Characterization of FAME synthesized from lard oil
The representation of the possible mechanism of the transesterication of triglycerides in the presence of the catalyst and
FAME obtained aer the transesterication of lard oil with
CaO–0.5LiOH is shown in Fig. 6a and b, respectively. According
to the catalyst characterization analysis, the nature of the
synthesized catalyst is basic. During the transesterication
reaction, methanol and triglycerides were adsorbed on two
nearby sites of the catalyst. Based on previously reported
studies, the mechanism of a basic catalyst involves the
adsorption of methanol on Brønsted and Lewis base sites of the

BET adsorption–desorption isotherm plots of (a) CaO and (b) CaO–0.5LiOH.
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(a) The possible mechanism of transesteriﬁcation of triglyceride with methanol in the presence of CaO–0.5LiOH. (b) GC-MS spectrum of
FAME obtained after transesteriﬁcation with CaO–0.5LiOH.

Fig. 6

catalyst to form oxygen anions. A tetrahedral intermediate is
formed as a result of the nucleophilic attack of the adsorbed
alcohol to form esters. Thereaer, two kinds of esters are
formed as a result of the cleavage of the hydroxyl (OH) bond.
The extension of the process produces di- and mono-glycerides.35,36 Each peak corresponding to fatty acid methyl esters
present in the sample was recognized with the support of the
National Institute of Standards and Technology (NIST) 2014 MS
library (Table 3).
FAME characterization and percentage conversion of lard oil
to FAME were estimated using 13C and 1H NMR spectroscopic
analyses, respectively. The 1H NMR and 13C NMR spectra of the
fatty acid methyl ester samples obtained aer the transesterication of lard oil using the CaO–0.5LiOH catalyst are
depicted in Fig. 7a and b, respectively. They provide suﬃcient
information for FAME characterization and also conrm the
presence of fatty acid methyl esters. We calculated 97.33%
conversion of lard oil to fatty acid methyl esters with the help of
eqn (1) and by using the results from 1H NMR analysis.
The signals at 3.64 ppm and at 2.27 ppm in the 1H NMR
spectra correspond to the methoxy group (AME) of FAME and the
methylene group (ACH2). The presence of methyl ester in the

Table 3 The composition of FAME obtained after transesteriﬁcation
with CaO–0.5LiOH

Peak

Retention
time (min)

Library
match (%)

1

7.26

91.7

2
3
4
5
6

8.35
8.52
9.87
10.08
10.52

91.5
94.35
93.51
96.01
96.53

7

11.21

89.09

Compound details
Tridecanoic acid,
12 methyl–methyl ester
Hexadecenoic acid, methyl ester
9-Hexadecenoic acid, methyl ester
Methyl stearate
13-Octadecenoic acid, methyl ester
11,14-Octadecadienoic acid,
methyl ester
9,12,12-Octadecatrienoic acid,
methyl ester

This journal is © The Royal Society of Chemistry 2019

FAME sample obtained via transesterication was conrmed by
these two peaks. Other comprehensible peaks such as the
signals from 0.93 to 0.97 ppm correspond to the latter methyl
group. The presence of olenic groups is conrmed by the
signal at 5.3 ppm, whereas the peaks in the range from 1.23 to
2.3 ppm are ascribed to the methylene group.3,18 In the 13C NMR
spectra, the signals at 174 ppm and 51 ppm indicate the existence of ester carbonyl –COO– and C–O groups, respectively.
The signals at 132.11 ppm and 126.89 ppm show unsaturation
in the synthesized FAME. The signals in the region of 22–
34 ppm support the presence of the –CH2 group. The existence
of methyl ester in the FAME sample obtained via transesterication was conrmed by the signal at 3.64 ppm and the
signal at 2.27 ppm in the 1H NMR spectrum.2,3,18

3.4. Inuence of various parameters on transesterication
The Li–CaO nanocatalyst with 1 : 0.5 molar ratio of CaO : LiOH
was found to be the most eﬃcient catalyst for the conversion of
lard oil to FAME as a result of the initial screening process. In
the present work, optimization was done using the best catalyst
CaO–0.5LiOH under diﬀerent reaction conditions such as
varying the oil-to-methanol molar ratio, catalyst amount, reaction time, and reaction temperature.
3.4.1 Inuence of the nanocatalyst amount (weight%) on
FAME production. The nanocatalyst concentrations from 2 wt%
to 8 wt% of oil were used to examine their eﬀect on the FAME
production. Fig. 8a shows that the conversion of lard oil to
FAME increases with catalyst concentration and the highest
conversion (97.33%) is achieved at 4 wt% concentration within
2 h using 1 : 6 oil-to-methanol molar ratio at 65  C. The rise in
the catalyst amount above the optimum concentration (4 wt%)
caused reduction in the FAME production due to decrease in the
availability of active sites. The extra amount of catalyst leads to
the saponication of oils, which nally inhibits the reaction.2,3
Based on the comparison with previously reported results, the
present catalyst, namely, CaO–0.5LiOH showed better production of FAME.15,19,20
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Fig. 7 (a) The 1H NMR spectrum for the FAME sample obtained with CaO–0.5LiOH. (b) The 13C NMR spectrum for the FAME sample obtained
with CaO–0.5LiOH.

3.4.2 Inuence of the oil-to-methanol molar ratio on FAME
production. The eﬀect of oil-to-methanol molar ratios on the
FAME production was investigated by increasing the oil-tomethanol ratio from 1 : 3 to 1 : 12 using 4 wt% catalyst at
65  C for 2 h reaction time. Fig. 8b shows that the FAME
conversion increases with the increase in methanol concentration up to an optimum value (1 : 6) and thereaer, it is adversely
aﬀected. The reduction in FAME conversion beyond the
optimum value favors the reverse reaction due to increased
solubility of glycerol in the FAME phase.3,6,21,22 Therefore, 1 : 6
oil-to-methanol ratio was used for rest of the optimization
studies.
3.4.3 Inuence of reaction temperature on FAME production. A series of transesterication reactions using 4 wt%

2470 | Sustainable Energy Fuels, 2019, 3, 2464–2474

catalyst, 1 : 6 oil-to-methanol molar ratio, and 2 h reaction
time were performed at various temperatures to determine the
eﬀect of temperature on FAME production. The FAME
conversion increased progressively up to 65  C, beyond which
the elevated temperature supported the saponication reaction and methanol vaporization. The maximum conversion of
lard oil to fatty acid methyl esters observed at 65  C is shown in
Fig. 8c.3,23,24
3.4.4 Inuence of reaction time on FAME production.
Fig. 8d represents a set of reactions conducted for diﬀerent time
intervals using 4 wt% catalyst and 1 : 6 oil-to-methanol molar
ratio at 65  C. The maximum percentage conversion of FAME
was obtained at 120 min and aer that, the FAME content
remained almost constant.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) Inﬂuence of catalyst amount (weight%) on the FAME yield. (b) Inﬂuence of oil-to-methanol molar ratio on the FAME yield. (c) Inﬂuence

of reaction temperature on the FAME yield. (d) Inﬂuence of reaction time on the FAME yield.

3.5. Properties of the synthesized FAME from lard oil
Table 4 illustrates the properties of lard oil methyl esters obtained using the Li–CaO nanocatalyst with 1 : 0.5 molar ratio of
CaO : LiOH. The properties of the synthesized FAME were
within the limits of the EN ISO method/ASTM standard
methods.1,32 The ash point and cetane number of the synthesized FAME were recorded to be 130  C and 62.6, respectively.
The acid value, density, and kinematic viscosity of lard oil
methyl esters were found to be 0.282 mg KOH per g, 881.76 kg
m3, and 4.08 mm2 s1, respectively. Besides, all other factors of
the fuel such as caloric value, cloud point, and pour point were
also within the EN ISO/ASTM limits. The higher values for acid
value, density, viscosity, cetane number, ash point, and cloud
point lead to corrosion, lter clogging, fuel injection problems,
fuel quality, and risk in the storage and usage of fuels.25–28
3.6. Regeneration, reusability, and stability of the
nanocatalyst
Initially, the regeneration of the catalyst aer the transesterication reaction was performed by separating it from the
lard oil methyl esters and glycerol by centrifugation. Aer
centrifugation, the obtained catalyst was washed a few times

This journal is © The Royal Society of Chemistry 2019

with heptane to remove the impurities. The washed catalyst was
dried at 70  C and calcined at 400  C for 4 h to reactivate the
catalyst.2 Fig. 9a indicates that the catalyst activity decreases

Table 4 Properties of lard oil methyl esters (CaO–0.5LiOH catalyst at
concentration of 4 wt%, 1 : 6 oil-to-methanol ratio, reaction
temperature 65  C, reaction time 2 h)

Property
Acid value (mg KOH
per g)
Density at 15  C (kg m3)
Kinematic viscosity at
40  C (mm2 s1)
Flash point ( C)
Cloud point ( C)
Pour point ( C)
Cetane point
Caloric value
(MJ kg1)

EN 14214 test
method

Limits

Methyl ester
from
lard oil

Pr EN14104

0.5 max

0.282

EN ISO 12185
EN ISO 3104

860–900
3–5

881.76
4.08

EN ISO 2719
D2500
ISO 3016
EN ISO 5165
D6751

—

130
7
5
62.6
41.23

$51
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(a) Reusability analysis of CaO–0.5LiOH and (b) stability analysis of CaO–0.5LiOH.

from 97.33% to 94.4% in ve cycles. However, the decrease in
the catalytic eﬃciency might be due to the reduction in the
stability of the catalyst. The stability of the catalyst was evaluated by determining the leached metal ion concentration aer
each run with the help of inductively coupled plasma (ICP,
Agilent 5110). Fig. 9b shows that there is no Ca ion leaching up
to 5 cycles, whereas the Li concentrations in solutions are less
than 0.32 mg L1.

4. Conclusion
The conversion of lard oil to FAME was successfully conducted
with the help of CaO–0.5LiOH (1 : 0.5 molar ratio). The
improved properties of the nanocatalyst were obtained due to
the impregnation of lithium ions into the CaO nanostructure
and better conversion in comparison to that for unmodied
CaO was obtained. The impregnation of lithium ions into the
CaO nanostructure was conrmed by FTIR, XRD, SEM, and
TEM. The best activity was attained at the optimum loading of
Li ions into CaO in 0.5 : 1 molar ratio. The nanocatalyst showed
97.33% fatty acid methyl ester content using 4 wt% catalyst
amount and 1 : 6 oil-to-methanol ratio at 65  C with a reaction
time of 120 minutes. The properties of FAME such as acid value,
density, kinematic viscosity, and ash point were within the EN
14214 limits. All these results indicate that the lithium ionimpregnated CaO nanocatalyst is an eﬃcient catalyst for the
production of superior-quality FAME from lard oil as the feedstock. The reusability of the nanocatalyst exhibits favorable
results, which provides an outlook for its expansion and
applications.
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27

Abstract

28

The current work focused on nutrient removal from aquaculture wastewater integrated with

29

biodiesel production. During this process, freshwater microalgae such as Chlamydomonas sp.,

30

Scenedesmus ecornis, and Scenedesmus communis were used for the treatment of two sets of

31

wastewater (AqWW1 and AqWW2) collected from recirculating aquaculture system (RAS). The

32

growth pattern of different algal species in AqWW1 and AqWW2 was examined. The optimization

33

of physical parameters such as temperature, light intensity, and carbon dioxide amount for all the

34

algal species was studied in two sets of wastewater samples. The biomass productivity, lipid

35

content, lipid productivity, nutrient removal of all three algal species in AqWW1 and AqWW2

36

were monitored. The Chlamydomonas sp. showed higher percentage removal of chemical oxygen

37

demand (COD), total nitrogen (TN), and total phosphorus (TP) in AqWW1 but for S. communis,

38

and S. ecornis in AqWW2. The extraction of lipids from different algal species using 1-ethyl-3-

39

methyl imidazolium diethyl phosphate, [Emim] DEP, and methanol were performed. The

40

Chlamydomonas sp. showed the highest biomass productivity in AqWW1 while S. ecornis and S.

41

communis showed maximum biomass productivity in AqWW2. The lipid content of all algal

42

species was maximum in AqWW1. The co-solvent extraction method of lipids resulted in higher

43

total fatty acid methyl ester, FAME (%DW). The properties of obtained algal biodiesel are within

44

limits of the EN14214 method.

45
46
47
48

Keywords: Aquaculture wastewater, biodiesel production, co-solvent extraction, microalgae,
nutrient removal

49
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57
2

58

1. Introduction

59
60

The drastic increase in population results in an enormous consumption of fossil fuels and water

61

resources which leads to scarcity of water and fuels [1, 2]. Besides, the overutilization of

62

conventional fuels results in pollution of the environment and global warming3, 4. Hence, there is

63

a need for sustainable alternative fuels and the management of water resources using wastewater

64

treatment technologies [2, 5]. Biodiesel is one of the sustainable alternative fuels composed of

65

fatty acid methyl esters (FAME). FAME can act as an alternative fuel source due to its

66

renewability, biodegradability, eco-friendly nature and non-toxicity [6-8].

67

The intensive aquaculture is also developed to support the escalating demand for aquatic food

68

sources for the growing population. Furthermore, the fast-growing aquaculture industry produces

69

a large amount of wastewater discharge rich in nitrogen, phosphorus, and organic matter. To avoid

70

eutrophication, the aquaculture wastewater discharge needs to be treated before disposing to the

71

environment or before reuse [2, 9-11].

72

Currently, there are different ongoing techniques used for the removal of nutrients from

73

wastewater, such as biological nitrification/denitrification and chemical precipitation. All these

74

methods are energy demanding and also result in by-products that are not environmentally friendly

75

[2, 9, 11]. Microalgae serves as a sustainable source for biodiesel production due to its low cost,

76

availability, high oil content, high growth rate, and the capability to reduce greenhouse gases

77

(GHGs) in the atmosphere and it does not compete with vegetable oils5, 12-14. Recently, there were

78

reported studies involving the cultivation of algal species on wastewater for nutrient removal

79

coupled with sustainable biodiesel production [2, 9-11, 15-19]. Algae offer efficient nutrient

80

removal process by the utilization of nutrients in wastewater for its growth and production of

81

biomass for biodiesel production [19, 20]. The aquaculture wastewater treatment using

82

bioremediation techniques with algal species is a developing technology, in which the wastewater

83

serves as a feasible medium for algal growth. The combination of wastewater treatment using algal

84

species and biomass production is also one of the eco-friendly and economical ways of biodiesel

85

production [2, 10,11,14,18, 21, 22].

86
87

Algal cultivation, cell harvesting, lipid extraction, and transesterification of lipids are the steps

88

involved in the conversion of algae to biodiesel production. Algal lipid extraction can be carried
3

89

out using different methods such as solvent extraction methods, osmotic shock method, enzyme

90

extraction method, bead beating, microwave-assisted extraction method, sonication method and

91

ionic liquid extraction method [2, 14, 22, 23]. Ionic liquids (ILs) are salts that remain liquid at

92

moderate to room temperature (0-140 °C). Primarily, ILs can act as an attractive alternative for

93

volatile organic solvents due to their non-volatile nature and thermal stability. Usually, cation of

94

ILs comprises of a nitrogen-containing ring structure (e.g.: pyrinidine or imidazolium) to which a

95

wide range of functional side groups can be attached. Besides, the low vapor pressure, shorter

96

reaction time, specific stability, polarity, and high-performance yield, make ILs as an attractive

97

substitute for volatile solvents [22, 24-26]. Earlier research work indicates that 1-ethyl-3-methyl

98

imidazolium diethyl phosphate, [Emim] DEP showed as best ionic liquid22. Polar covalent

99

molecules (PCM), are solvents that possess a polar functional group covalently bonded

100

hydrocarbon chain. The solvents with strong polarity can enhance the extraction of oils and fats.

101

The previous reported studies shows methanol as good choice as co-solvent for lipid extraction

102

[27].

103

The present work was targeted to an integrated approach of cultivation of Chlamydomonas sp.,

104

Scenedesmus ecornis, and Scenedesmus communis in aquaculture wastewater collected from a

105

recirculating aquaculture system for nutrient removal and biodiesel production. Furthermore, to

106

the best of our knowledge, the cultivation of these algal species on wastewater for biodiesel

107

production has not been reported. The growth pattern of different algal species in aquaculture

108

wastewater samples was observed, and physical conditions such as temperature, light intensity,

109

and carbon dioxide amount for maximum biomass productivity were investigated. The nutrient

110

removal efficiency and lipid productivity of different algal species were studied. The extraction of

111

lipids using greener solvent such as 1-ethyl-3-methyl imidazolium diethylphosphate, [Emim] DEP

112

ionic liquid coupled with PCM as methanol to enhance the lipid yield was also investigated.

113

Moreover, the extraction of lipids using this co-solvent system has not been explored before.

114
115

2. Materials and methods

116
117

2.1 Microalgae species and pre- cultivation

118

4

119

The Chlamydomonas sp., Scenedesmus ecornis, and Scenedesmus communis were provided by

120

one of the authors (E. Peltomaa, University of Helsinki, Finland). All the cultures were maintained

121

in Modified WC Medium (MWC). MWC contains the following ingredients: (1) chemicals

122

CaCl2.2H2O (36.80 g L-1), MgSO4.7H2O (37.00 g L-1), NaHCO3 (12.60 g L-1), K2HPO4.3H2O

123

(11.40 g L-1), NaNO3 (85.00 g L-1), Na2O3Si.5H2O (21.20 g L-1); (2) trace elements EDTANa2

124

(4.36 g L-1), FeCl3.6H2O (3.15 g L-1), CuSO4.5H2O (0.01 g L-1), ZnSO4.7H2O (0.022 g L-1),

125

CoCl2.6H2O (0.01 g L-1), MnCl2.4H2O (0.18 g L-1), Na2MoO4.2H2O(0.006 g L-1), H3BO3 (1 g L-

126

1

127

L-1); (4) TES buffer (0.115 g L-1)[28]. All the pre-cultures were grown in a growth cabinet

128

(SANYO MLR-350 H; 294 L) at 20 °C, in tissue culture flasks containing 250 mL of MWC

129

medium with a continuous light intensity of 150 μmol m−2 s−1.

); (3) vitamin mix thiamine HCL (0.1 g L-1), biotin (0.0005 g L-1), cyanocobalamine (0.0005 g

130
131

2.2 Wastewater collection and characterization

132
133

Aquaculture wastewater (AqWW) was collected from a recirculating aquaculture system (RAS)

134

operated at the Laukaa fish farm of the Natural Resources Institute Finland. The two sets of

135

wastewater were collected from the RAS platform; (a) bottom-drained rearing tank (AqWW1) and

136

(b) concentrated stream from drum filters (AqWW2)[29]. Initially, the pre-treatment of wastewater

137

samples were carried out by filtration and centrifugation. The substrate obtained after the pre-

138

treatment process was sterilized using autoclaving [15, 17]. The physicochemical parameters of

139

the collected wastewater sample before and after pre-treatment and sterilization process were

140

examined. The initial inoculum concentration for Chlamydomonas sp., S. ecornis, and S. communis

141

were 0.25 gL-1, 0.24gL-1, and 0.25gL-1, respectively. The algal culture was introduced into each

142

800 ml of batch culture flask with a working volume of 500 ml of the respective wastewater

143

samples. All the three microalgae species were cultivated as triplicates separately in batch culture

144

flasks for 10 days at 20 °C with a continuous light intensity of 150 μmol m−2 s−1. Microalgae were

145

also grown in MWC medium under the same condition for comparative analysis. COD, total

146

nitrogen (TN) and total phosphorus (TP) of aquaculture wastewater were analysed according to

147

standard methods (APHA, 2012) and measured with a spectrophotometer DR3900 (Hatch,

148

Germany) [30].

149
5

150

2.3 Analytical procedures

151
152

2.3.1 Sampling, microalgae growth rate, and biomass analysis

153
154

The growth of each algal species was examined on alternative days by measuring optical density

155

(OD) at 680 nm using spectrophotometric method and was confirmed by dry weight

156

measurements[10, 15-17]. The algal biomass of each algal species was determined gravimetrically

157

at the initial phase, log phase, and late log phase. The effect of physical parameters such as

158

temperature, light intensity, and CO2 on biomass productivity was studied. The Equation1

159

represents the gravimetric method used for the calculation of biomass productivity at late lag phase

160

[10,11]. The biomass of each algal species was collected separately using centrifugation and then

161

freeze-dried (Christ Alpha 2-4 LD plus).
𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚𝑔𝐿−1 𝑑 −1 ) =

162

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 (𝑚𝑔𝐿−1 )
(𝐸𝑞. 1)
𝑁𝑜. 𝑜𝑓 𝑑𝑎𝑦𝑠

163
164

2.3.2

Determination of nutrient removal efficiency

165

The nutrient removal efficiency of each algae species was determined by collecting 20 ml of

166

samples on alternative days from different cultures separately. The samples were then centrifuged

167

and filtered using 0.45 µm syringe filters from VWR. The filtered samples were analysed for COD,

168

total nitrogen (TN) and total phosphorus (TP) according to standard methods [30] and measured

169

with a spectrophotometer DR3900 (Hatch, Germany). The nutrient removal efficiency of each

170

algal species was determined according to the Equation 2.

171
172

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%) =

Initial concentration−Final concentration
Initial concentration

× 100 (𝐸𝑞. 2)

173
174

2.3.3 Extraction of lipids and determination of lipid productivity

175
176

The lipid extraction was carried out by suspending 500 mg of dried algal biomass in a co-solvent

177

prepared by mixing 1-ethyl-3-methyl imidazolium diethylphosphate, [Emim] DEP and methanol

178

as PCM in 1.2:1 (v/v) ratio. The biomass –co-solvent system was mixed continuously for 18h at

179

65 °C and later, it was then cooled at room temperature. Hexane was added to the mixture to
6

180

dissolve the extracted lipids. The separation of ionic liquid- methanol phase, and lipid containing

181

hexane phase was obtained by centrifugation. The hexane was removed by rotary evaporator for

182

lipid recovery [22, 26, 27]. The total content of lipid in each algal species was determined

183

gravimetrically and lipid content of each algae was expressed as a percentage of dry weight. The

184

lipid productivity of each algal species was calculated using Equation 3[10, 17, 26].

185

𝐿𝑖𝑝𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚𝑔𝐿−1 𝑑 −1 ) = 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ×

𝐿𝑖𝑝𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
(𝐸𝑞. 3)
100

186
187

2.4.3 FAME characterization

188
189

All algal lipids cannot be converted to fatty acid methyl esters (FAME). Therefore it is crucial

190

to analyze the FAME composition of selected algal species after growing in aquaculture

191

wastewater. The preparation was carried out using transesterification of lipids which was

192

performed using 2M potassium hydroxide in analytical grade methanol. The supernatant was

193

collected for gas chromatography with mass spectrometry (GC-MS) after phase separation of the

194

samples. During the analysis of ester, FAME mix C4-C24 and pentadecanoic acid methyl ester

195

(Sigma-Aldrich) were used as a quantitative standard and as an internal standard, respectively[31-

196

34]. The obtained FAME was analyzed by GC-MS (Agilent-GC6890N, MS 5975) with Agilent

197

DB-wax FAME analysis, and GC column dimensions 30 m, 0.25 mm, 0.25 µm. The inlet

198

temperature was 250 °C and oven temperature was programmed at 50 °C for 1 min and it raised

199

at the rate of 25 °C/min to 200 °C and 3 °C/min to 230 °C where it was held for 23 min. The FAME

200

composition was identified and quantified with the help of GCMS chromatogram and National

201

Institute of Standards and Technology (NIST) 2014 MS library [7, 35]. The algal FAME properties

202

such as cetane number (CN), saponification value (SV), and iodine value (IV) were determined

203

using empirical formula given below [36-39].

204
205
206
207

5458
− 0.225 × 𝐼𝑉 (𝐸𝑞 4)
𝑆𝑉
Where SV is saponification value (mg KOH g-1) and IV is iodine value ((g I 100g-1)
𝐶𝑒𝑡𝑎𝑛𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 (𝐶𝑁) = 46.3 +

The iodine value and saponification value of algal FAME can be calculated using empirical
formula given below [37-39].

208
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254 × 𝐹 × 𝐷
(𝐸𝑞 5)
𝑀𝑊
560 × 𝐹 × 𝐷
𝑆𝑉 = 𝛴
(𝐸𝑞 6)
𝑀𝑊
𝐼𝑉 = 𝛴

209
210
211

Where, F is the percentage weight of each fatty acid, D is the number of double bonds and MW is

212

the molecular weight of the respective fatty acid.

213
214
215

All the experiments were performed in triplicates and average values were reported.
3. Results and discussion

216
217

3.1 Wastewater characterization

218
219

The characteristic features of AqWW collected from the RAS for algal cultivation are presented

220

in Table 1. The chemical oxygen demand (COD), total nitrogen (TN), total phosphorus (TP), and

221

salinity of aquaculture wastewater from bottom-drained rearing tank (AqWW1) after pre-treatment

222

process and sterilization were lower than concentrated stream from drum filters (AqWW2). The

223

pH of both wastewater samples was similar before algal cultivation.

224

Table 1. The characterization of aquaculture wastewater before and after pre-treatment and sterilization

Parameters

pH

225
226

Units

-1

Prior to pre-treatment

After pre-

Prior to pre-

After pre-treatment and

and sterilization

treatment and

treatment and

sterilization

AqWW1

sterilization

sterilization

AqWW2

AqWW1

AqWW2

7.09

7.00

7.58

7.32

COD

mgL

180

172

593

583

TN

mgL-1

28

23

47

41

TP

-1

4.08

3.7

8.4

7.5

-1

0.21

0.2

0.30

0.28

Salinity

mgL
mgL

3.2 Algal growth and biomass production
8

227
228

The growth pattern of Chlamydomonas sp., S. ecornis, and S. communis in MWC medium,

229

AqWW1, and AqWW2 are summarized in (Fig. 1). The algal species showed a lag phase of two

230

days in aquaculture wastewater compared to MWC medium. The fast growth in MWC medium

231

was due to the high amount of nutrients compared to aquaculture wastewater [10, 40]. Later, the

232

algal growth moved to an exponential phase where, Chlamydomonas sp., S. ecornis, and S.

233

communis showed a significant rise in biomass production on day eight. The Chlamydomonas sp.

234

showed maximum biomass yield of 2.48±0.01 gL-1 in AqWW1 compared to AqWW2. For S.

235

ecornis and S. communis highest biomass yield was 1.43±0.02 and 1.61±0.04 respectively in

236

AqWW2 than AqWW1. The obtained results might be due to the effect of COD, nitrogen and

237

phosphorus concentration on each algal species [10, 19, 40, 41].

238

239
240
241
242

Fig .1 Growth curves of Chlamydomonas sp., S. ecornis, and S. communis in MWC medium,
AqWW1, and AqWW2 for 10 days (mean ± SD).

243
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244
245

3.2 Effect of physical factors on biomass productivity

246
247

The algal growth can be enhanced or inhibited by varying the physical parameters used for

248

cultivation of algae. Therefore the effect of different algal species under different physical

249

conditions was studied to select the best parameters suitable for algal cultivation [19, 42, 44]. The

250

influence of temperature on biomass productivity of Chlamydomonas sp., S. ecornis, and S.

251

communis were studied by cultivating each algal species in batch cultures with a continuous light

252

intensity of 150 μmol m−2 s−1 and at different temperatures such as 15 ºC, 20 ºC, and 30 ºC

253

respectively represented in (Fig. 2a). The maximum yield of biomass productivity was obtained at

254

20 ºC for all species in this study which matches with the findings reported by Abbas et al., 2013

255

[43]. The temperature lower or higher than optimum value can inhibit the cellular metabolism and

256

growth of algal species [41, 42]. The highest biomass productivity was obtained with

257

Chlamydomonas sp. followed by S. communis and then S. ecornis in MWC. The biomass

258

productivity of Chlamydomonas sp. was higher in AqWW1 whereas for S. ecornis and S.

259

communis in AqWW2. The values of biomass productivity were 324 ±3.6 mg L−1 d−1, 248±1.2 mg

260

L−1 d−1, and 240±2.5 mg L−1 d−1 in Chlamydomonas sp. in MWC medium, AqWW1, and AqWW2,

261

respectively. The biomass productivity of S. ecornis and S. communis in AqWW1 was 119 ± 2.1

262

mg L−1 d−1, and 137±1.8 mg L−1 d−1 respectively whereas in AqWW2 it was 143 ±2.4mg L−1 d−1,

263

and 161 ±3.6 mg L−1 d−1.

264

The optimum light intensity for Chlamydomonas sp., S. ecornis, and S. communis were

265

examined by cultivating each algal species as batch cultures at 20 ºC under various light intensities

266

such as 60 μmol m−2 s−1,150 μmol m−2 s−1, and 230 μmol m−2 s−1 correspondingly depicted in the

267

(Fig 2b). The maximum biomass productivity for Chlamydomonas sp., S. ecornis, and S. communis

268

were obtained at 230 μmol m−2 s−1. At this intensity the biomass productivities of 246 ±1.78 mg

269

L−1 d−1, 153±1.4 mg L−1 d−1 and 177±1.2 mg L−1 d−1 were obtained by Chlamydomonas sp., S.

270

ecornis, and S. communis in AqWW2, respectively, whereas productivities of 251 ±1.9 mg L−1

271

d−1, 122±1.2 mg L−1 d−1 and 139±1.6 mg L−1 d−1 were recorded in AqWW1, respectively.

272

The optimum carbon dioxide (CO2) amount for Chlamydomonas sp., S. ecornis, and S.

273

communis were examined by cultivating each algal species as batch cultures by changing the

274

amount of CO2 from 0 (%v/v) to 50 (%v/v) at 20 ºC with a continuous light intensity of 230 μmol
10

275

m−2 s−1 shown in (Fig. 2c). The different volumes of 99.8 % pure CO2 were introduced to the algal

276

cultivation using venting filters (Acro R 37, VWR). The biomass productivity of algal species can

277

increase or decrease depending on the CO2 tolerance of each algal species. The biomass

278

productivity of Chlamydomonas sp. decreased with increase in CO2 amount, but S. ecornis and S.

279

communis showed an increase in biomass productivity until 20% (v/v) amount of CO2 [19, 34,45].

280

The maximum biomass productivity of 181 ±1.5 mg L−1 d−1, and 159±1.3 mg L−1 d−1 were shown

281

by Scenedesmus communis and Scenedesmus erconis, respectively, in AqWW2, whereas

282

productivity was 143 ±1.0 mg L−1 d−1, and 129±0.9 mg L−1 d−1 in AqWW1 at 20 ºC with a

283

continuous light intensity of 230 μmol m−2 s−1 and 20 % (v/v) amount of CO2.

284

285
286
287
288
289
290
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291
292
293
294
295
296
297
298
299
300
301
302
303
304
305

Fig .2 Biomass productivity of Chlamydomonas sp., S. ecornis, and S. communis at (a) different

306

temperature (b) different light intensity (c) CO2 (%v/v)

307
308

3.3 Nutrient removal

309
310

The percentage removal of COD by Chlamydomonas sp., S. ecornis, and S. communis in the

311

aquaculture wastewater samples (AqWW1 and AqWW2) are summarized in Fig. 3a. In earlier

312

studies algal species were used for the treatment of different types of wastewater [19, 42, 46]. The

313

present work shows that there is a drastic decrease in COD level in all experiments. The

314

Chlamydomonas sp. showed higher removal of COD in AqWW1 but S. communis, and S. ecornis

315

in AqWW2. This finding is in good agreement with the research outcome of Kamyab et al., (2015)

316

and Ma et al., (2017) in palm oil effluent and molasses wastewater treatment [41, 47]. The

317

Chlamydomonas sp, S. communis, and S. ecornis exhibited 95.5 %, 89.1 %, and 85.4 % of COD

318

removal in AqWW1 respectively whereas 92.9 %, 91.9 %, and 87 % in AqWW2 correspondingly

319

within ten days.

320

The maximum percentage removal of TN in AqWW1 by Chlamydomonas sp., S. communis,

321

and S. ecornis was 93.8 %, 86.1 %, and 85 % correspondingly (Fig. 3b). The Chlamydomonas sp.,
12

322

S. communis, and S. ecornis showed 90.2 %, 89.1 %, and 86 % removal of TN in AqWW2,

323

respectively within ten days. The current work indicates that Chlamydomonas sp. showed higher

324

removal of TN when the initial concentration of nitrogen was lower in the wastewater samples and

325

this result matches with the reported study by Tao et al., (2016) and Kamyab et al., (2015)[47, 48].

326

The Scenedesmus sp. showed a rise in TN removal with an increase in COD level until certain

327

limit (Ma et al., 2017)[41]. Moreover, in this current study S. communis, and S. ecornis showed

328

maximum removal of TN in wastewater samples with a higher level of nitrogen.

329

Within ten days of cultivation Chlamydomonas sp., S. communis, and S. ecornis in AqWW1

330

showed 94 %, 87.1 %, and 85.9 % removal of TP respectively (Fig. 3c). The TP removal was

331

91.2%, 91.1%, 90% by Chlamydomonas sp., S. communis, and S. ecornis in AqWW2

332

correspondingly. The TP removal by Chlamydomonas sp. was higher in wastewater samples with

333

a low concentration of phosphorus which is in good agreement with the findings reported by Tao

334

et al., (2016)[48]. Ma et al. (2017) stated that Scenedesmus sp. showed an increase in TP removal

335

with an increase in COD content until a specific limit which matches with the current findings. S.

336

communis, and S. ecornis showed a rise in TP removal compared to other reported studies [41].

337

The rise in TP removal is due to the accumulation of precipitated phosphorus in the algal cell as a

338

result of a rise in the pH of culture from 7 to 9 [49].

339
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353

Fig.3 The aquaculture wastewater treatment performance by Chlamydomonas sp., S. ecornis, and

354

S. communis at their optimum condition as percentage removal of (a) COD (b) TN and (c) TP

355
356

3.4 Lipid content and productivity

357
358

The maximum lipid content was observed in Chlamydomonas sp. (38.5%) followed by S.

359

communis (31.1 %) and S. ecornis (29 %) in AqWW1 while 19.9%, 22.9% and 24.7% of lipid

360

content was detected in Chlamydomonas sp., S. ecornis and S. communis in MWC medium (Fig.

361

4). The biomass productivity of Chlamydomonas sp. was 348 mg L-1d-1, and 251 mg L-1d-1 in

362

MWC medium and AqWW1 respectively. The reduction in biomass productivity from MWC

363

medium to AqWW1 by S. communis and S. ecornis were 243 mg L-1d-1 to 142.9 mg L-1d-1 and 231

364

mg L-1d-1 to 139 mg L-1d-1 correspondingly. The biomass productivity of Chlamydomonas sp. was

365

higher in AqWW1 and in S. ecornis, and S. communis in AqWW2. All the algae species in this

366

study shows higher lipid content in the following order AqWW1 >AqWW2>MWC, of the medium

367

used for the cultivation. The resulted algal performance is possible due to the limited amount of

368

nutrients [19, 42, 50]. The lower level of COD helps algal cells to activate lipid production and

369

storage. Moreover, the lower amount of nitrogen and phosphorus enhanced the lipid content [10,

370

17, 40, 50, 51]. The present study showed higher lipid content for Chlamydomonas sp. and
14

371

Scenedesmus sp. relative to results by Kong et al., 2010 and Ansari et al., (2017), respectively

372

[11,52]. The obtained result is maybe due to the low concentration of nitrogen and phosphorus in

373

AqWW1 compared to the previously reported studies [50].

374
375
376

Fig. 4. The lipid content and productivity of Chlamydomonas sp., S. ecornis, and S. communis in

377

MWC medium and aquaculture wastewater samples (AqWW1 and AqWW2) after co-solvent

378

extraction.

379
380

3.5 FAME profile and properties

381
382

The current work shows that the FAME of Chlamydomonas sp., S. ecornis, and S. communis

383

mainly consisted of palmitic acid methyl ester (C16:0), palmitoleic acid methyl ester (C16:1),

384

stearic acid methyl ester (C18:0), oleic acid methyl ester (C18:1n9c), linoleic acid methyl ester

385

(C18:2n6c), and α –linolenic acid methyl ester (C18:3n3) (Table 2). The FAME yields of 23.1%,

386

11.0%, and 10.5% of DW were correspondingly attained by Chlamydomonas sp, S. communis, and

387

S. ecornis in AqWW1. The present work represents higher FAME (% DW) for Scenedesmus sp.

388

than in Duong et al. (2015) and Tossavainen et al. (2018)[53, 54]. The increased content of FAME
15

389

is possibly due to the extraction of lipid using the co-solvent method. The previous work by Choi

390

et al. (2014) observed higher fatty acid content with ionic liquid extraction compared to organic

391

solvent extraction22, which supports the present findings.

392

The properties of algal biodiesel such as cetane number, saponification value, and iodine value

393

were estimated with help of empirical formula, and fatty acid methyl ester profiles were also

394

summarized in Table 2. The fatty acid composition of algal species depends on the environmental

395

conditions such as nutrient concentration, salinity, temperature, and light intensity

396

[34,40,41,51,53]. The lower concentration of nitrogen and phosphorus in the medium increases

397

the content of triglycerides (TGA) and also enhance the concentration of oleic fatty acid and

398

reduces the linolenic fatty acid amount [34, 50]. The drop in linolenic fatty acid or a lower amount

399

of unsaturated fatty acid increases oxidation stability [5, 50, 55]. The lower amount of long-chain

400

fatty acid reduces filter clogging at a lower temperature [5, 56]. The pour point of fuel decreases

401

with an increase in unsaturated fatty acid content [17]. The calculated cetane number and iodine

402

value of all algal FAME were within EN 14214 limits [5, 38].

403

404
16

405

4. Conclusions

406

The findings of the current work clearly illustrate that the removal of nutrients from aquaculture

407

wastewater (AqWW1 and AqWW2) was efficiently achieved by Chlamydomonas sp., S. ecornis,

408

and S. communis within ten days. The biomass productivity, lipid content, and optimum growth

409

conditions differ among the chosen algal species. In contrast to Chlamydomonas sp., the

410

Scenedesmus sp. showed improved biomass productivity with an increased amount of CO2 up to

411

20% (v/v). It is important to note the Chlamydomonas sp. maximum biomass productivity (251

412

±1.9 mg L−1 d−1) and lipid content (38.5%) in AqWW1. The wastewater treatment efficiency and

413

total FAME (% DW) was highest in the following order (a) Chlamydomonas sp., (b) S. communis,

414

and (c) S. erconis. The estimated fuel properties of obtained algal FAME are suitable for proper

415

fuel. The present study revealed that a synergetic approach of growing microalgae in aquaculture

416

wastewater and utilizing microalgae lipid for the low-cost biodiesel can be a sustainable solution

417

of nutrient recovery, wastewater treatment, and production of fuel.

418
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