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ABSTRACT

The main resources needed for an alternative fuel are availability and renewability, that is, less dependence on restricted raw materials accompanied by no or less
pollution. Due to being eco-friendly and non-toxic to nature, biodiesel is attracting more and more interest. Biodiesel has many important technical advantages
compared to petroleum diesel, such as inherent lubricity, low toxicity, derivation of renewable and domestic raw materials, biodegradability, insignificant sulfur
content, and lower exhaust emissions. However, they have some important disadvantages that include the high cost of the raw material, lower storage and oxidative
stability, lower volumetric energy content, lower low-temperature operability, and in some cases, higher NOx exhaust emissions. One of the major challenge obstacles
is the high cost of refined vegetable oil as raw material, which consists of almost 70% of the total production costs. Therefore, in order to reduce the cost of biodiesel,
non-edible sources such as residual cooking oil (WCO), algae oil, non-edible vegetable oil, and residual fats are commonly used for the production of biodiesel due
to its low cost and don't affect the food chain. The most common method used in the production of biodiesel is the transesterification of vegetable oils and animal
fats. Production and process are influenced by several factors, such as temperature and reaction time, the molar ratio of alcohol to oil, and type and concentration of
catalyst. Therefore, this review focuses on the recent discovery of the transesterification of inedible sources for biodiesel, the influence of the composition of the raw
material on the quality of biodiesel, and the possible solutions to its disadvantages for the production of biodiesel.
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1. INTRODUCTION

Biodiesel is defined by ASTM International as a fuel composed of monoalky!l
esters of long-chain fatty acids derived from renewable vegetable oils or animal
fats that attend the requirements of ASTM D6751[1731, Vegetable oils and animal
fats are mainly composed of triacylglycerols (TAG) consisting of long-chain
fatty acids chemically linked to glycerol (1,2,3-propanotriol). The chemical
process by which biodiesel is prepared is known as the transesterification
reaction and involves a TAG reacting with short-chain alcohol normally in the
presence of a catalyst at an elevated temperature to form alkyl fatty acid esters
(FAAE) and glycerol as a by-product(t2,

The second and third generation of biodiesel is produced from non-edible
foods from crops (vegetable oil and algae) and waste oil (residual animal oil and
WCO), respectively. In addition, the feasibility of using a wide range of raw
materials, process optimization, and cost reduction for biodiesel production has
been a challenge for more than 20 years. This led to the search for low-cost
alternatives, such as non-edible resources and raw materials of animal origin®l.
Therefore, the use of waste oil sources (WCO and animal fats) is increasing for
the production of biodiesel on an industrial scale, which makes the production
process more sustainables],

Biodiesel has been perceived as a potential source of renewable sources and
environmentally friendly energy in the future, replacing the exhaustible diesel
derived from petroleum. A significant amount of research conducted worldwide
for the production of biodiesel due to its vast advantages compared to
conventional diesel. For example, biodiesel is superior to diesel in terms of sulfur
content, flash point, aromatic content, and biodegradability®7l. However, the raw
material for the production of biodiesel is derived from renewable sources, which
are abundant and inexhaustible. Therefore, the production of biodiesel
guaranteed the sustainability of human development and the energy source in the
futurel8l,

Despite the bright prospect of biodiesel as a sustainable source of energy, its
marketing efforts have been very limited worldwide. One of the biggest obstacles
is the high cost of refined vegetable oil as a raw material, which consists of
almost 70% of the total production costs[®*?. Therefore, in order to reduce the
cost of biodiesel, low-quality residues or oils/fats that are cheap and readily
available are being used as raw materials. However, the challenge of using this
cheap raw material is the presence of impurities, such as water and free fatty
acids (FFA), which are common components in residual oils/fats®4. The
interaction of FFA with water in the presence of an alkaline catalyst in the
biodiesel production process has limited the use of low-grade, cheap, recycled
raw material, or whatever can significantly reduce biodiesel costs*2.

Subsequently, the limitations of the homogeneous catalytic reaction led
researchers to focus on alternative technologies in the production of biodiesel.
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According to West et al.[*3], the solid acid-catalyzed process for the production
of biodiesel is more efficient than homogeneous acid and alkaline catalysis and
supercritical processes. The study also emphasized as having the lowest capital
investment with the highest return on investment, through a technically simple
process. Thus, numerous solid acid catalysts have been developed to overcome
the disadvantages of homogeneous catalysts currently used in the industry. The
numerous problems identified in relation to the catalyst the production of
biodiesel stimulated research both in industry and academia to explore better
options with greater emphasis on better catalyst systems and flexible raw
materials.

This article discusses various non-edible raw materials used for the production
of biodiesel with its benefits, disadvantages, and characterization. It also
describes the different biodiesel production processes with a primary focus on
the transesterification process. In addition to providing a description of the
properties and quality assessment of biodiesel in relation to the raw material
used. This review will help researchers to analyze and compare different
generations of biodiesel.

2. NON-EDIBLE SOURCES FOR BIODIESEL PRODUCTION

Biodiesel can be obtained from different raw materials, such as vegetables,
algae, microbial oil, and animal fats, thus obtaining a biofuel with different
purities and compositionsttl. The main stage for the production of biodiesel is the
selection of raw material because it influences on several factors, such as
biodiesel purity, cost, composition, and conversion. The availability and type of
raw material source are the main parameters for classifying biodiesel as edible,
non-edible, and based on residual originsil.

Inedible oils can be seen as important future sources for the production of
biodiesel compared to edible oils (Figure 1), which are competitive to people's
food needs. They can be obtained from crops grown on land in remote areas and
degraded forests. In addition, they can also be grown in areas of agricultural
fields, irrigation channels, and roadside[*®l. The selection of raw materials for the
production of biodiesel is also dependent on regions, taking into account the
country's availability and economic aspect. As an example, we have canola oil,
which is widely used as a raw material in Canada and soy oil, which is used as a
raw material in Brazil and the USA. Coconut and palm oils are widely used in
Indonesia and Malaysia as a raw material for biodiesel. Among the oils that have
been used a lot before as a raw material for biodiesel, we have sunflower oil,
rapeseed oil, soybean oil, and mustard oil, but due to the unfavorable results of
being widely used in food plants, there was a slowdown in use as raw materials
for biodiesell6l,
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Figure 1. Non-edible sources used in biodiesel production: (A) Jatropha oil, (B) Karanja oil, (C) Neem oil, (D) Linseed, (E) Babassu oil, (F) Jojoba oil, (G)
Cottonseed Oil, (H) Rubber tree seed, (1) Animal tallow, (J) Distillate from soybean oil deodorization, (K) Cooking oil residues, (L) Algal oil.

The use of edible oils as raw materials for biodiesel faces several problems,
due to the use of these raw materials directly affecting the food chain. From
numerous researches, it can be concluded that the consumption of non-edible oil
as a raw material for biodiesel has many benefits, for example, it is
biodegradable, has a low amount of sulfur, with no effect on the food chain, low
aromatic content and availability. Some advantages and disadvantages of non-
edible oils are shown in Table 1.

Table 1. The advantages and disadvantages of non-edible oils[t32178l,

Advantages Disadvantages

= Tolerant and adaptability to | = The toxic compounds made it
different environmental conditions unfavorable for human
for cultivation. consumption.

No competition with agricultural | =
crops, human food, and animal feed
products.

The production cost is high due
the high content of free fatty
acids (FFAS).

Higher production rate and quality
of biodiesel.

Generation of useful by-products.
Non-edible oils are preferred
because of their liquid nature
portability, ready availability,
renewability, higher heat content,
lower sulfur content, lower
aromatic content, and
biodegradability.

Due to their high potential for
conversion to biodiesel, they can
generate rural employment.

However, there are some raw materials in increasing use that can also be used
to produce biodiesel such as tallow oil, animal fats, fish oil and microalgae etc[4,
Therefore, the main sources of biodiesel production are divided into two different
categories (edible and non-edible) as shown in Figure 2.
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Figure 2. Different sources for biodiesel production®,

The selection of raw material can be done through the analysis of various
parameters of the raw material, such as fatty acid composition (Table 2),
adequacy, chemical composition and physical propertiest™. Raw materials that
do not compete with the food chain for the production of biodiesel can be
categorized mainly into three main groups:

1) Non-edible vegetable oils: Jatropha oil (Jatropha curcas)*”l, Karanja oil
(Pongamia pinnata)!8l, Neem oil (Azadirachta indica)*?, Linseed (Linum
usitatissimum)2%l, Rubber seed (Hevea brasiliensis)l, Cotton seed
(Gossypium)[22, Jojoba oil (Simmondsia chinensis)[2!, Babassu (Orbignya
sp.)24 and Castor oil (Ricinus communis)2s],

2) Waste oil (vegetable and animal): Cooking oil wastel®], Soybean oil
deodorization distillate®”), Animal tallow?®], Chicken fat?®l, Fish 0il*
and Lard(4,

3) Algal oil.
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Table 2. Fatty acid compositions of some animal fats and fatty acid compositions of various non-edible feedstock4.17,

% (by weight)

Feedstock 12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3

(lauric) (myristic) (palmitic) (palmitoleic) (stearic) (oleic) (linoleic) (linolenic)
FAC of animal fats
Chicken fat - 0.5 24 5.8 5.8 38.2 23.8 1.9
Duck tallow - - 17 - 4 59.4 19.6 -
Mutton fat 0.2 3 27 2 241 40.7 2 -
Fish oil - 6.3 121 8.1 11 11.9 4.2 0.9
Lard - 1.7 23.2 2.7 104 42.8 19.1 64.7
FAC of non-edible
feedstock
Jatropha - 0.1 151 0.9 7.1 447 314 0.2
Karanja - - 3.7-79 - 2.4-8.6 445-71.3 10.8-18.3 -
Neem - 0.2-0.26 14.9 0.1 20.6 43.9 17.9 0.4
Linseed - - 4.4 0.3 3.8 20.7 15.9 54.6
Rubber seed - 2.2 10.2 - 8.7 246 39.6 16.3
Cotton seed - - 28 - 11 13 58 0
Jojoba - - 16 - 6.5 435 344 0.0
Babasu 48.8 17.2 9.7 - 4 14.2 1.8 -
Castor - - 11 0 31 4.9 13 0.6

Each oil raw material will have a different fatty acid composition. The fatty
acid composition of the raw material and alcohol play important roles in
determining the properties of biodiesel, including viscosity, melting point, heat
of combustion and oxidation stability!®233, According to KnotheB, the
properties of fatty acids that affect the properties of biodiesel are: degree of
unsaturation, length and branching of the chain. For example, oil-based raw
materials, such as soybean oil and rice bran oil, have low oxidation stability due
to the high amount of linoleic acid for having double bonds in the carbon
chainl3l,

2.1 Vegetable oil

Different types of edible and non-edible vegetable oils are used for the
production of biodiesel in several countries. The United States exports edible oil
that uses soy for the production of biodiesel, while European countries use
rapeseed oil as a raw material for the production of biodiesel. Tropical countries,
such as Malaysia, use palm oil or coconut oil, while India uses inedible vegetable
oils, such as Jatropha, Simarouba and Karanjal®l. In Australia, papaya seed oil
and fruit kernel oil are popular inedible vegetable oils for the production of
biodiesel®. Due to economic issues and pressure on food security, the use of
non-edible oils is preferable to edible vegetable oilsi371,

2.1.1 Jatropha (Jatropha curcas)

Jatropha is an oilseed plant and is grown in semi-arid and marginal areas.
Shrubs can be collected twice a year and are usually not seen by cattle and remain
productive for 30 to 50 years. The seeds can be obtained from the plant after 1
year of planting and its productivity is higher after 5 years of plantingl®. The
Jatropha plant belongs to the Euforbiaceae family and the maximum plant height
is up to 5-7 mP. The countries India, Argentina, United States, Paraguay,
Brazil, Africa, Bolivia and Mexico are home to the jatropha crop*41. In India,
Jatropha tree has been recognized as one of the main sources of biodiesel, where
about 64 million hectares of area are classified as uncultivated or waste area. The
seeds of the Jatropha plant have approximately 20 to 60% oil*4l. The density and
viscosity value of Jatropha oil are 916 kg.m= (at 15 °C) and 37.28 mm?2.s! (at 40
°C), respectivelyl*2. Jatropha has mainly unsaturated components, such as oleic
(34.3 - 44.7%) and linoleic acid (31.4 - 43.2%), some saturated components, such
as palmitic acid (13.6 - 15.1%) and stearic acid (7.1 - 7.4%)“31.
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Jatropha as an inedible vegetable oil has been considered as a commercially
viable alternative to edible oil for the production of biodiesel due to its
physicochemical characteristics*4l. Different methods, such as traditional
methods (using the simple hand held machine) and advanced methods, such as
oil presses (yield of 1 liter of biodiesel for every 4 kg of seed) have been used for
the extraction of Jatropha oil*l. Salar-Garcia et al.*] used Jatropha oil to
produce biodiesel and reached the maximum yield of FAME (99.5%) and 100%
conversion at a temperature of 325 °C in a reaction time of 90 min.

2.1.2 Karanja (Pongamia pinnata)

The main producing countries of Karanja are Southeast Asia, Australia, China
and the USA, It belongs to the legume family, and the maximum height of
the Karanja plant is 15 to 25 m. After 3 to 4 years, the flowering of the plantation
begins and matures 4 to 7 years after planting. The Karanja plant has 9 to 90 kg
of seeds in a single plant. It has a huge inconsistency in the amount of oil in
Karanja seeds (25-40%)[1447). The density and viscosity values for Karanja oil
are 933 kg/m3 (at 15 °C) and 39.9 mm?/s (at 40 °C) respectively?, Karanja oil
has stearic acid (2.4-8.9%), linoleic acid (10.8-18.3%) and oleic acid (44.5-
71.3%)48], A recent study using Karanja oil obtained 97% biodiesel through the
transesterification process at a reaction temperature of 65 °C using 1% (m/m)
KOH in a molar ratio of methanol to oil of 6:1 in a reaction time of 2 h449],

2.1.3 Neem (Azadirachta indica)

The main Neem producing countries are in parts of Bangladesh, Australia,
India, Japan, Burma, Sri Lanka, Indonesia and Pakistan. Neem belongs to the
Meliaceae family, and can be grown in all types of sand, such as limestone, dry,
alkaline, saline, shallow, rocky and clayey. The Neem plant can reach a
maximum height of 12 to 18 m. For the cultivation of the Neem plant, between
140 and 120 cm of rain are required annually. The age of the Neem plant is
around 150 to 200 years and, after 15 years of planting, it shows greater
productivity. The amount of oil is 20 to 30% in the Neem seed 4501, Some of the
physical properties, such as density and viscosity of Neem oil, are 929 kg.m-2 (at
15 °C) and 38,875 mmZ2.s! (at 40 °C), respectively®2. Nem oil mainly contains a
large amount of unsaturated fatty acids, such as oleic acid (25 to 54%) and
linoleic acid (6 to 16%) and saturated parts like stearic acid (9 to 24%)[511.



2.1.4 Linseed (Linum usitatissimum)

Linseed (Linum usitatissimum L.) belongs to Linaceae and is an annual
dicotyledonous crop2. The main linseed producing countries are Argentina,
India, Europe and Canada. Linseed is the seed of linen (Linum usitatissimum),
belongs to the Linaceae family, from which linseed oil is extracted. Linseed oil
is considered a drying oil and is frequently used in varnishes and paints(52l.
Although linseed oil is edible, its use is very limited due to its strong odor and
taste. Physical properties such as density and viscosity are 924 kg.m= (at 15 °C)
and 26.24 mm2.st (at 40 °C), respectively. It has a high composition of
unsaturated fatty acids such as linolenic acid (46.10-51.12%), oleic acid (20.17—
24.05%) and linoleic acid (13.29-14.93%) and saturated part contains palmitic
acid (5.85-6.21%) and stearic acid (5.47-5.63%)[14531,

2.1.5 Rubber seed (Hevea brasiliensis)

The rubber tree that is widely used as a natural source of rubber has reported
that its seeds are rich in oil. Although there are variations in the oil content of
seeds from different countries, the average oil yield has been reported to be
40%/054. The main producer country of rubber seeds is Brazil and some other
producing countries are Indonesia, Malaysia, Thailand and India. It belongs to
the Euphorbia family. The rubber tree can reach a height of up to 34 m®.. The
growth of the rubber plant requires an environment without frost and rain. Its
seeds have about 50 to 60% oill*45€l, Physical properties such as density and
viscosity of rubber seed oil are 917 kg.m-® (at 15 °C) and 42.54 mm?2.s! (at 40
°C), respectively2. Rubber seed oil has a high amount of unsaturated fatty acids,
such as linolenic acid (16.3%), linoleic acid (39.6%) and oleic acid (24.6%) 571,

2.1.6 Cotton seed (Gossypium)

Cotton (Gossypium arboreum) belongs to the Malvaceae family, or mallow.
The seed contains oil seeds surrounded by a hard black outer shell that produces
fibers and linters, 20-25% high quality proteins, carbohydrates and other
constituents, such as vitamins, minerals, lecithin, sterols, etc. The oil has good
lubricating properties and was reported by Ertugrul and Filiz®¢ as being a good
additive for lubricating oil. However, the refined oil is edible and the by-product
is used for animal feed. The crude oil is black and is usually refined and bleached

to remove impurities and the black color to produce marketable light yellow
0ills9],

The main cotton producing countries are Europe, China and the United States.
The main species of cotton plants are Gossypium herbaceum and Gossypium
hirsutum, widely used in the production of cottonseed oil. Cotton plants can reach
up to 1.2 min height. This oil has a density in the range of 917 to 933 kg.m- (at
15 °C) and viscosity of 34.79 mm2.s! (at 40 °C), respectivelyl*2., Cotton seeds
contain oil contents in the range of 17 to 25%. Cottonseed oil has fatty acid, such
as oleic from 19.2 to 23.26%, palmitic from 11.67 to 20.1% and linoleic acid
from 55.2 to 55.5%[501,

2.1.7 Jojoba (Simmondsia chinensis)

Mexico, California, Arizona and India are the main producers of Jojoba plant.
The jojoba plant belongs to the Simmondsiaceae family. The main product
obtained from the Jojoba plant is the oil obtained from its seeds. The maximum
height of the plant is 1 to 2 m. The leaf profile of the Jojoba plant is oval and has
a width of approximately 1.5 to 3 ¢cm, and is greyish green in color461, The
density and viscosity value of Jojoba oil is 868 kg.m- (at 15 °C) and 24.89 mm?2.s-
1 (at 40 °C), respectively!, The seeds of the Jojoba plant have about 40 to 50%
oil, being in their composition linoleic fatty acids, about 25.2-34.4% and oleic
acid with approximately 43.5-66% oil content Jojobal®a. Unlike vegetable oils
and animal fats, jojoba oil is not a triglyceride, but a mixture of chain esters (97-
98% by weight) of fatty acids and alcohols, and is therefore more appropriately
referred to as a wax(l.

2.1.8 Babassu (Orbignya sp.)

The babassu palm (Orbignya sp) belongs to the Arecaceae family. Its fruit
consists of a fibrous outer part (epicarp), a fibrous-starch intermediate
(mesocarp), and a woody inner part (endocarp), where the almonds are found®41.
Maranhdo is the largest producer of babassu nut in Brazil. It is responsible for
the production of almost 80% of the national production, corresponding to 120
thousand tons in the base year of 2005[%4l. Babassu oil has a high percentage of
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saturated fatty acids, 91%, composed mainly of lauric acid (48%), myristic acid
(16%), palmitic acid (10%), stearic acid (2%), and others (5 %). They also
present 19% of unsaturated fatty acids, mainly oleic (14%) and linoleic acids
(5%)L61,

2.1.9 Castor (Ricinus communis)

Extracts from castor oil seeds usually contain 40-55% oil, a very high potential
compared to most other commonly used oilseeds (soy: 15-20% (w/w), sunflower:
25-35% (w/w), rapeseed: 38-46% (w/w) and palm: 30-60% (w/w))cel. In
addition, the cost of cultivation can be 50% less than the cost of cultivating
rapeseed and 25% of the cost of cultivating jatropha. Moreover, castor beans are
not suitable for human consumption, so the use as an energy source does not
compete with food production.

Castor oil contains about 80-90% of branched fatty acids from ricinoleic acid
and about 10% of unbranched fatty acids, mainly oleic and linoleic acids. Such
a composition brings a disadvantage for its use in the production of biodiesel,
since its viscosity is about 7 times higher than that of other vegetable oilsl®?). To
avoid this disadvantage, castor oil biodiesel, when mixed with petrodiesel, makes
use of effective standards specifications(®l. It is the presence of the hydroxyl
group (-OH) linked to the hydrocarbon chain in the ricinoleic acid of the castor
oil molecule that makes castor oil chemically very different from other oils;
especially its high viscosity and polarity making it extremely valuable for the
industrial production of coatings, plastics and cosmetics®70l,

2.2 Waste oil (vegetable and animal)
2.2.1 Waste cooking oil

The cooking oil residue is widely used to produce biodiesel due to its low cost
and high availability(™. The cooking oil residue is composed of TGs or
glycerides that may contain animal fat or vegetable oil. Font de Mora et al.[’2]
classified the residue of cooking oil into yellow and brown grease, obtained from
palm oil, canola, corn, sunflower and other oils used in food preparation. The
cooking oil residue can also be classified based on the source from which it is
collected, such as restaurants, coffee shops and homes. Alkali and acid-based
catalysts can be used to produce biodiesel from waste[*3],

Researchers recently focused their studies on optimizing biodiesel production
using cooking oil waste as a basis for developing new catalysts. For example,
Hamze et al.[’¥l evaluated the effects of catalyst load, reaction temperature and
catalyst concentration on the molar ratio on the biodiesel yield produced from
cooking oil residue. Maximum biodiesel yield (99.38% by weight) was obtained
under ideal conditions of 1.4% (m/m) of catalyst, reaction temperature of 65 °C
and 7.5:1 of the molar ratio of the concentration of the catalyst in relation to oil.
However, the most important parameter was the concentration of the catalyst.

2.2.2 Soybean oil deodorization distillate

The deodorization distillate is a by-product formed in the last stage of the
vegetable oil refining process. It consists of deodorizing the oil to remove
compounds responsible for bad odor and taste. Due to the conditions used in the
distillation process, the obtained distillate also contains sterols, tocopherols,
squalene, free fatty acids, triglycerides, diglycerides, monoglycerides, and sterile
esters(’l, This by-product is harmful to the environment when it cannot be used
to benefit industrial activities”®l. Due to the high content of free fatty acids, this
by-product becomes a potentially cheap raw material for the production of
biodiesel. For example, Vilas-Boas et al.’ evaluated the effect of distillate from
vegetable oil deodorization as a source of lipid raw material in biodiesel
production, in which a maximum conversion of 88% was obtained under ideal
conditions of 5% (w/w) of chemical catalyst, reaction temperature of 70 °C and
a molar ratio of 45:1 alcohol/oil. However, there are few reports in the literature
on the production of biodiesel using soy oil deodorization distillate as a raw
material.

2.2.3 Animal tallow

In Brazil, animal tallow is considered the second-largest raw material after soy
oil for the production of biodiesell”. In addition, tallow-derived biodiesel
produces between 17% and 35% impact of diesel with low sulfur content, which
can be considered an environmental advantage. Chavarria-Hernandez et al.l’®]
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showed that cattle and poultry FFA can be used as a potential low-cost source
for biodiesel production in Mexico. Considering that animal fat can be used as a
viable raw material for the production of biodiesel and is available on the
international market at low prices, this will make biodiesel competitive with
petro-diesell“8, As reported by Sander et al.®4], biodiesel produced from animal
fat sources met the standard specifications for biodiesel fuel in terms of free
glycerin content.

Bolonio et al.[?2 suggested that biodiesel from animal fat can be produced
through a two-step process: 1) hydrolysis of raw animal fat into free fatty acids,
and 2) reaction of free fatty acids with ethanol. Suwannapa and Tippayawong!#]
used a two-step process for the production of biodiesel from beef tallow. The
optimal conditions were: microwave irradiation time of 30 min, the molar ratio
of oil to methanol of 1:12, H,SO, loading at 1.35% in the first stage, followed by
microwave irradiation time of 25 min, and in the second stage, a molar ratio of
oil to methanol of 1:9 was used, and loading of NaOH to 0.62%, which resulted
in 99% biodiesel yield. On the other hand, Punsuvon et al.[% used biodiesel
production in two stages by acid and alkaline esterifications and obtained 86.10%
FAME yield under optimal conditions at a reaction temperature of 60 °C, using
2.40% sulfuric acid in methanol for a molar ratio of animal fat of 6:1 in a reaction
time of 1.5 h.

2.2.4 Waste chicken fat

Residual chicken fat has been used as a source of raw material for the
transesterification reaction for the production of biodiesel. The fat content in
chicken is about 10% by weight, which is very high and its cost is low.
Commercial chicken meat has been reported to have relatively high levels of
polyunsaturated lipids compared to organic chickenl8sl. The researchers reported
that chicken fat constitutes about 25% to 35% saturated and 40% to 75%
unsaturated fatty acids. Palmitic acid, together with stearic acid, linoleic acid,
and oleic acid, is the main fatty acids in chicken fat[8¢87],

Studies in the literature show that under optimal conditions in the molar ratio
of methanol to FFA of 30:1, a quantity of solid catalyst of 25%, reaction
temperature of 90 °C and reaction time of 3 h, a yield of 93.7% biodiesel],
According to a recent study by Abid et al.[%, a 97.5% biodiesel yield was
obtained in a two-stage extraction of lipids from chicken skin under ideal
conditions at a reaction temperature of 65 °C, a reaction time of 30 min, at a
proportion 1:3 methanol to oil and 1% H,SO,.

2.2.5 Waste Fish Oil

Waste fish oil is another potential inedible source for the production of
biodiesel. The fishing industry generates a large amount of waste and its
indiscriminate disposal poses a threat to the environment!®l, In 2016, world fish
production was around 171 million tons, of which 88% was destined for human
consumption and the rest was used for non-food products®!l. Approximately 76
million tons of fish waste (heads, tails, fins, viscera, and skin) were generated
that year. These residues form the fishing industry contain approximately 40%
and 65% of oil, which can be converted into biodiesel by chemical catalysis!®2I,

Fadhil et al.[*l obtained in their studies a high biodiesel yield (96%) from
residual fish oil, in which it was obtained from the transesterification of fish oil
under the optimized condition of a 6:1 molar ratio (methanol in oil), 0.50% KOH
(w/w), at 32 °C for 60 min of reaction. Otherwise, reports of a mixture of two
inedible sources (castor and residual fish oil) were used for the production of

biodiesel®l. In which obtained biodiesel with a yield of 95.20% in an optimum
condition of 8:1 molar ratio of methanol to oil, 0.50% (w/w) KOH, 30 min
reaction at a temperature of 32 °C, in which the mixing ratio of the two sources
used was 50:50%.

2.2.6 Lard pork

Lard is a by-product of the pork industry with other limited uses and a low
market price. Due to its high availability, the pork industry in Greece consumes
around 120 M kg of pork[®l, and in appropriate waste management schemes, an
additional increase in production is expected. Lard is widely used as a raw
material in the animal feed industry. However, the increased risk of animal
disease has had a detrimental effect on the use and prices of this raw material of
animal origin. Therefore, currently, the biodiesel industry has shown itself to be
an alternative market for the use of this raw material, which also contributes to
the sustainability of the use of biodiesel¥.

2.3 Algae oil

Micro and macroalgae are grown in natural and artificial environments, as need
light, carbon dioxide, nutrients, and other inorganic substances to grow![®®!. Better
efficiency in the production of algae biomass was achieved through the
cultivation of microalgae in an open and closed system in the treatment of
wastewaterl®9, After harvesting, algae can be used as an inedible source for
biodiesel production!'®, Its lipid content (40-80% dry weight) is 15-300 times
higher than in other cultures'’l. In general, the most significant advantages of
producing biodiesel from microalgae are less land use and a high accumulation
of TGs of 20 to 509%[* 1011,

The transesterification process is the predominant method for commercially
producing biodiesel from algae and this biodiesel can be mixed with petroleum
diesell2, In addition, the production of biodiesel from algae using the
transesterification method is more economical than biodiesel produced from
vegetable oils and animal fats[*3l, It is well documented that a wide range of
microalgae species, such as Chlorella minutissima, Chlorella vulgaris, has been
used for the production of biodiesel®l. In addition, transesterification can
reduce the viscosity of FAME for the production of biodiesel from algae[*1%],

In the extraction of oil from algae, pretreatment is one of the crucial steps to
accelerate the lipid extraction process, which improves the lipid yield of algae.
Pre-treatment methods include enzymatic hydrolysis, ultrasound, high-pressure
homogenization, microwaves, ball bearing, and chemical methods, such as
microwaves(%l, In the pretreatment stage, it involves cell disruption, drying,
particle size reduction, followed by lipid extraction by different methods and
removal of cellular debris and solvents. After pre-treatment, the drying step is
carried out to reduce the water content in the algae and can be carried out using
different methods such as solar or steam[4.107],

The most important step in the production of biodiesel from algae is the lipid
extraction process. et Wang al.[%¢ studied the effects of liquid/solid ratio, acid
concentration, and reaction temperature on lipid extraction. The results showed
that the ideal condition is the use of formic acid of 5.57 g/g and HCI of 0.1 g/g,
liquid/solid ratio of 10:1, and reaction temperature of 100 °C. The total lipid yield
was 45.6%, while the FAME yield of Chlorella prototecoides was 85.8%!“1.
Table 3 shows recent results on the production of biodiesel from different
microalgae species.

Table 3. Recent results on the production of biodiesel from different species of algael“l.

Species Pretreatment type Catalyst type

cL i LC Yield
o | TCO | RTO MR gy | (o)

Nannochloropsis oculata Sonication and- biphasic

Heterogeneous nanocomposite of Mn-ZnO

35 60 4 15:1 - 87.5

egg shell waste

solvent capped with poly ethylene glycol (PEG)
Lactuca Ultrasound and autoclave | Waste clay doped with zinc oxide 8 55 0.8 9:1 - 97.43
Acutodesmus obliquus Microwave Immobilized C. rugosa lipase 15 50 8 31 57.03 95.36
Chiorella vulgaris . Calcium oxide (CaO) derived from chicken 139 70 3 101 ) 92.03

* CL is catalyst loading. LC is lipid content. MR is molar ratio (alcohol/oil). RT is reaction time. T is temperature.
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3. BIODIESEL PRODUCTION PROCESSES

Vegetable oils cannot be used in engines due to high viscosity, low volatility
and the presence of unsaturation in the carbon chainl®l. To overcome these
problems, several methodologies have been developed for the production of
biodiesel. The most used methods: direct mixing (dilution), pyrolysis, micro-
emulsion and transesterification?%l. Transesterification is the most common
method for converting triglycerides to methyl or ethyl esters, as the conversion
efficiency is greater when compared to other methods!*!%l. Researchers report in
their studies that transesterification is highly suitable for low investment
production(2],

3.1 Direct use and blending of oils

In the direct mixture (dilution), crude oil is mixed with diesel in a certain
proportion, but problems such as high viscosity, high acidity, presence of free
fatty acids and formation of dreg are seen as obstacles to use as fuelltt3],
Therefore, the use of vegetable oils in diesel engines requires significant
modifications, including changing the types of injectors, otherwise, the operating
time will decrease, thus increasing maintenance costs due to increased wear and
the risk of major engine failures*4l,

3.2 Pyrolysis

Pyrolysis is also known as thermal cracking. The term pyrolysis refers to a
chemical change due to the application of thermal energy in the presence of a
catalystand in the absence of air or nitrogen. The substrates used for the pyrolysis
method in the production of biodiesel are vegetable oils, animal fats, fatty acids
or fatty acid methyl esters. Singh and Singh[5] reported that the pyrolysis
process is effective, simple and free pollution. It was also found that the cetane
number of pyrolyzed vegetable oil or fat was lower than that of diesel. In
addition, pyrolyzed vegetable oils have an acceptable amount of sulfur, carbon
residues and pour pointl*l, The pyrolysis process can be divided into three
subclasses by operational condition: conventional pyrolysis, rapid pyrolysis, and
instant pyrolysis, according to the reaction rate, residence time and heating rate.
The main product of slow pyrolysis is solid coal, while the main products of fast
and instant pyrolysis are biofuels or liquid fuels[*17],

3.3 Microemulsification

The microemulsion method is widely used to improve the high viscosity, low
liquidity and other disadvantages of biodiesel fuels[*8], Microemulsions involve

(o)

e P e
i + R—OH 0= 2 + R
{O>=O O{OH

R

Triglyceride Alcohol
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amixture of oils with emulsifying agents used, such as alcohol, mainly methanol,
ethanol, propanol or butanol to form a microemulsion biodiesel fuel. The main
obstacle associated with the use of microemulsions is the formation of carbon
deposits in the engine and incomplete fuell*3l. The microemulsion method is
activated by a simple and direct reduction in the viscosity of biodiesel. However,
when the combustion engine or fuel produced by the microemulsion method for
a long time, problems can occur, such as a composition of large amounts of
carbon, incomplete fuel and increased lubricant viscosity*18l,

3.4 Transesterification

Transesterification is a process catalyzed by exchanges the alkoxy group of an
ester for alcohol like methanol or ethanol (acyl acceptor), thus converting
triglycerides into methyl or ethyl esters and glycerol1%120], |n addition to being
one of the main approaches to the production of biodiesel because it is simple
compared to other types of production methods as oil microemulsion, pyrolysis
or catalytic cracking.

Rudolf Diesel, the diesel engine pioneer, conducted experiments with crude
peanut oil in the diesel engine in the late 1890s. However, the use of crude
vegetable oil in the diesel engine is considered too viscous for combustion,
causing inconsistency during the ignition cycle that causes damage to the engine.
Therefore, transesterification aims to reduce the viscosity of the fuel without
changing the caloric value of the fuel generated (1161211,

In the transesterification process, a source of triglycerides, such as oil or fat, is
used to react with methanol or ethanol in the presence of a catalyst. As mentioned
before, the conversion consists of breaking the glycerides into a simpler form,
thus forming the methyl or ethyl ester. In general, the glycerol produced is
considered to be a by-product however, the glycerol can be refined to a greater
purity due to its commercial value in the pharmaceutical, food and cosmetic
industry(121.122],

4. CATALYTIC AND NON-CATALYTIC TRANSESTERIFICATION
PROCESS

The type of catalyst used in transesterification changes is a critical element that
affects biodiesel production. It can be chemical compounds, such as bases and/or
enzymes, depending on the method (Table 4) used for the production of
biodiesell'9, The general process involves three consecutive and reversible steps
that produce intermediate monoglyceride molecules!%23] (Figure 3).

0}
O

O—R

1

Diglyceride Alkyl ester

(o}
+ A —_—
o=(_ 9 B—H HO -
(0] OH 1
OH
Diglyceride Alcohol Monoglyceride Alkyl ester
0o
>_ < OH o
o + Ri—OH o—— 60 + R —(
HO{ o-R,
OH OH
Monoglyceride Alcohol Glycerol Alkyl ester

Figure 3. Step-by-step reactions for biodiesel production (R is a small alkyl group, R1, R2 and R3 are fatty acid chains) 1521801,
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Table 4. Advantages and disadvantages at different types of catalysts used in the biodiesel production.

Type Example Advantages Disadvantages References
Alkali NaOH, KOH High catalytic activity, low cost, | Low FFA requirement, anhydrous | Leung etal. (2010); Ruhul
Homogeneous favorable kinetics, modest conditions, saponification, emulsion | etal. (2015); Norjannah et

formation, more wastewater from | al. (2016)
Preferred method for low-grade | purification, disposable
feedstock
Hazardous for the environment
compared to heterogeneous catalysts
Hydroscopic nature (NaOH, KOH)
Heterogeneous | CaO, CaTiOs, CaZrO;, CaO- | Noncorrosive, environmentally Low FFA requirement, anhydrous | Leung et al. (2010);
CeO,, CaMnOg, benign, recyclable, fewer disposal | conditions, more wastewater from | Norjannah et al. (2016)
CayFe;0s, KOH/AI,O3, | problems, easily separation, | purification, high molar ratio of
KOH/NaY, Al,O4/Kl, higher alcohol to oil requirement, high
ETS-10 zeolite selectivity, longer catalyst | reaction temperature and pressure,
lifetimes diffusion limitations, high cost
Zn0/|2, ZrOZ/SOAZ' y
TiO,/SO.%, carbon-based | Catalyze  esterification and | Low acid site concentrations, low
solid acid catalyst, | transesterification simultaneously, | microporosity, diffusion limitations,
carbohydrate-derived recyclable, eco-friendly high cost
catalyst, niobic acid,
sulphated zirconia,
Amberlyst-15, NafionNR50
Acid Concentrated sulphuric acid Catalyze esterification and Equipment corrosion, more waste from | Leung et al. (2010);
Homogeneous transesterification simultaneously, | neutralization, difficult to recycle, | Norjannah etal. (2016)
avoid soap formation higher reaction temperature, long
reaction times, weak catalytic activity
Non-catalyzed | Supercritical alcohol Super-fast reaction, high vyield, | High temperature and pressure, high | Norjannah et al. (2016)
reaction can convert FFA, no catalyst, easy | cost of
product purification, no waste reactor, high alcohol to oil molar ratio
Enzymes Candida antarctica fraction | Avoid soap formation, | Expensive, denaturation Leung etal. (2010); Ruhul
B lipase, Rhizomucor mieher | nonpolluting, easier purification etal. (2015); Norjannah et
lipase Long process time due to very slow | al. (2016)
Tolerate free fatty acids and water | reaction rate
content
High possibility to reuse and
regenerate the catalyst

4.1 Alkali based catalysts

The reaction catalyzed by homogeneous alkaline catalysts, using sodium
hydroxide (NaOH) or potassium hydroxide (KOH): Among alkaline catalysts,
potassium hydroxide and sodium hydroxide are the most investigated
homogeneous basic catalysts for the transesterification of vegetable oils['24, Sun
et al.li%! reported the use of KOH as a catalyst to convert methyl alcohol and
cotton oil into biodiesel. The conditions used were molar ratio 1:6 of alcohol/oil,
the residence time of 6 min, reaction temperature of 60 °C and different
concentrations of catalyst. It was concluded that an increase in the KOH
concentration from 0.40% wt to 1% wit led to an increase in the conversion of
methy| ester from 86% to 99.3%, but at concentrations above 1% wt of KOH the
conversion decreased to 94.80%. This reduction in conversion was attributed to
the saponification of the oil with an increase in the KOH concentration from 1.0
to 1.2 wt%. Similarly, the influence of the amount of catalyst was investigated in
the transesterification of soybean oil with three different KOH concentrations of
0.6, 1.2 and 1.8% wt. The results obtained indicated that the percentage of methyl
ester increased when the concentration of the catalyst increased from 0.6 to 1.2%
wt, while a small decrease in the proportion of methyl ester was observed when
using a KOH concentration of 1.8% wtl'®l. In contrast, experiments carried out
with a NaOH catalyst were conducted in different concentrations of NaOH from
0.25 to 1% wt in the transesterification of canola oil in a small column reactor.
The residence time, methanol/oil molar ratio (6:1), temperature and reaction
pressure were kept constant for each concentration of catalyst. The results
showed that the use of higher concentrations of the catalyst obtained a higher
conversion of triglycerides. However, in reactions with concentrations above
0.75%, there were insignificant differences in conversion*?’). However, some
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researchers suggest that homogeneous alkaline catalysts are suitable only for raw
materials with a low content of free fatty acids (AGL)128], If the AGL content is
greater than 6% wt, the basic catalyst is unsuitable for the synthesis of biodiesel.
Thus, it is recommended that AGL content should be less than 2% wtf129), In
contrast, the homogeneous basic catalyst is slowly gaining popularity in the
production of biodiesel for the following reasons!3l: a low reaction temperature
is required to synthesize biodiesel at atmospheric pressure; high conversion of
biodiesel may be possible under ideal conditions; widely available and
economical; easy handling when compared to solid catalysts.

4.2 Acid catalysts

Several heterogeneous catalysts that are characterized as acid catalysts based
on the concepts of Lewis and Bronsted, are being used for the transesterification
of oils for the production of biodiesell*34. Heterogeneous acid catalysts are
considered less active when compared to basic heterogeneous catalysts, and
normally, the reaction temperature required to complete the transesterification
process is higher. However, there are several positive results compared to the
basic heterogeneous catalyst. For example, it is capable of conducting
esterification and transesterification simultaneously for oils with low cost and
high content of AGL,; can be easily separated from the product; eliminate the
washing step of the final product; greater biodiesel conversion; requires a small
amount of catalyst; it’s easily regenerated and recycled32133. While the use of a
homogeneous acid catalyst during the transesterification process for the
production of biodiesel requires additional processing downstream to remove
residual inorganic components, causing a higher production cost34.



4.3 Enzyme catalyzed

In enzyme-catalyzed reactions, the necessary raw materials are oil and acyl
acceptor (usually alcohol) in the presence of an enzyme catalyst, usually a lipase.
The advantages of using enzymes as a catalyst in the production of biodiesel are
the high specificity of the enzyme towards the substrate, a wide range of
substrate, complete catalysis of free fatty acids, high product quality, lower
reaction temperatures, low alcohol/oil ratio and without saponification.
However, the enzyme in biodiesel production is not widely used due to its high
cost, low reaction rates, enzyme inhibition and loss of activity[33131, There are
several factors that can affect the conversion of the biodiesel produced into
enzymatic reactions. Factors include lipase specificity and efficiency, lipase
immobilization, substrate fatty acid composition and types of acyl acceptor. In
addition, operational conditions change from enzyme to enzyme to achieve the
ideal activity such as enzyme quantity, temperature, reaction time, agitation and
otherslt36],

4.4 Non-catalytic

Biodiesel can be produced by the transesterification reaction under
supercritical conditions without using any catalyst. Reaction rates are high (50-
95%) and advanced reactions can occur within the first 10 minutes['7¢l. However,
reaction under supercritical conditions require high temperatures and pressures,
approximately 250-400 °C and 12 psi, respectively27’]. For this reason, this type
of reaction consumes more energy and increases the cost of production. In
contrast, the supercritical conditions in the absence of catalysts offer some
advantages, such as greater production efficiency, ecologically viable and
availability of use of a wide variety of raw materials'37). Supercritical in
methanol, ethanol, propanol, and butanol have been shown to be the best
procedures for the transesterification of triglycerides without the use of a
catalystl130.138],

5. PROCESS PARAMETERS FOR TRANSESTERIFICATION
REACTION

5.1 Effect of molar ratio

The catalytic performance of a specific catalyst is used to determine the molar
ratio between alcohol (methanol or ethanol) and oil (raw material) in the
transesterification reaction[34l. In a process in which the transesterification
reaction is reversible, the excessive amount of alcohol determines the formation
of biodiesel. Consequently, the disproportionate use of alcohol during the
biodiesel process is not recommended, as it can decrease the yield due to the
dilution effect of the catalyst due to the insolubility of the alcohol in the oil and,
therefore, wasting materials. In addition, in the recovery of unreacted alcohol at
the end of the reaction, a greater amount of energy is required, thus increasing
the cost of the process(2l.

Amani et al.['33 reported a 90% conversion of biodiesel using a molar ratio of
20:1 (methanol/oil) and conversion 65% to a molar ratio of 30:1, drastically
reducing the yield when there was an increase in the molar ratio. This study is
compared with the results of Phan and Phan['*, where conversion 88% of
biodiesel in the molar ratio of 8:1 (methanol/oil) was reported and followed by a
reduction to 82% when the molar ratio was increased to 12:1 methanol/oil (12131,
However, it can be concluded that among the reports that in a molar ratio between
alcohol and oil, the use of excess alcohol is necessary, but the disproportionate
use of alcohol during the process can also decrease the conversion, in addition to
the waste of reagents and increasing the cost of the process.

5.2 Effect of catalyst concentration

The concentration of catalysts has a direct connection to the production of
biodiesel. It is understood that the conversion of biodiesel generally increases
with the concentration of the catalyst, but after an optimum value, the conversion
can decrease or remain constant with the additional increase of the catalyst[4°l.
In previous studies, Meher et al.[! investigated the effect of the concentration
of basic homogeneous catalyst (KOH) using concentrations of 0.25%, 0.5%,
0.75%, 1.25% and 1.5% in the following reaction conditions, such as temperature
65 °C, molar ratio of 6:1 M under agitation of 600 rpm. The conversion obtained
in 2h of reaction using 0.25% of catalyst was about 55%. However, when there
was an increase in the concentration of the catalyst, consequently there was also
an increase in the conversion of biodiesel. However, at concentrations greater
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than 1% of catalyst, there was a decrease in conversion where it was concluded
that the best conversion was in the use of 1% KOH where a conversion of 96%
was obtained in 2 h. Other similar reports were also obtained by Meher et al.[142]
with results obtained in 97% conversion of biodiesel using 1% KOH in 3 h of
reaction.

5.3 Effect of temperature

The temperature considerably influences the reaction and conversion in the
production of biodiesel. At higher reaction temperature, the viscosity of the oils
may decrease. This results in a higher reaction rate and a reduction in reaction
timel*1, During the starting of the reaction, the process normally retard due to
the mingling and distribution of methanol with high viscosity oil. The reaction
temperature normally depends on the type of alcohol used and the temperature is
maintained below the boiling point of alcohol to maintain the alcohol level
constant in the reaction flask#4l. However, Leung and Guo**l investigated that
when the reaction temperature increases beyond the ideal level, the biodiesel
conversion decreases because a higher reaction temperature can accelerate the
saponification reaction of the triglycerides. The reaction temperature must be
lower than the boiling point of the alcohol, in order to ensure that the alcohol
does not vaporize. Depending on the oil used, the ideal temperature ranges from
50 °C to 60 °CI18],

5.4 Stirrer Speed

The mixture of reagents is very important to reach the conclusion of the
transesterification reaction and, consequently, it will increase the yield of the
productl®471481 Therefore, in addition to agitation increasing the collision
between the particles and the diffusion of one reagent into another, it will also
increase the complete mixture of the catalyst with reagents causing a higher
reaction rate. In addition, increasing the agitator speed will decrease the reaction
timel*9 and increase the conversionl'sl, In that case, it is necessary to optimize
the agitator speed according to the different types of raw materials based on their
physical properties. When using an enzymatic catalyst or heterogeneous catalyst,
the reagents must diffuse from the liquid to the surface of the catalyst and also to
the internal surface of the catalyst!’]. Kumari et al.l'51 found that there is an
increase in conversion, increasing the agitator speed from 100 to 200 rpm. But at
250 rpm, there was no significant increase in conversion due to shear in the
enzyme molecules. Therefore, it was suggested that 200 rpm was the ideal speed
for biodiesel production by an enzymatic reaction.

6. INFLUENCE OF FEEDSTOCK COMPOSITION ON BIODIESEL
QUALITY

Biodiesel can be used as a substitute for diesel due to its similar properties. In
addition, biodiesel emits less toxic gases, is renewable, biodegradable, non-toxic,
has good lubricity, and is free of sulfur and aromatics. As a disadvantage, it has
an increase in nitrogen oxide emissions, probably due to the higher temperature
reached inside the combustion chamber compared to traditional diesel2. Since
it is produced from renewable and sustainable raw materials, the quality and
profile of biodiesel fatty acids are largely dependent on the nature of the raw
material. Each raw material has a different chemical composition; therefore,
when the raw material changes, the properties of the biodiesel produced also
change. Therefore, the biodiesel produced must be characterized by the raw
material used, which must satisfy the ranges defined for fuel properties by ASTM
and EN before its commercializationlt%3154, Some of the important biodiesel
properties that are directly influenced by biodiesel composition have low-
temperature operability, storage and oxidative stability, energy content, cetane
number, viscosity, and exhaust emission(13],

Low temperature operability is determined based on three parameters such
cloud point, pour point, and cold filter plugging point. Cloud point refers to the
minimum temperature at which enough crystals (0.5 pm < diameter) appear so
that they are visible to the naked eye, and if the temperature is further reduced,
these crystals agglomerate and hinder the free pouring of biodiesel known as pour
point. The length and degree of unsaturation of the carbonic chains of fatty acids
present in the raw material largely influence the low-temperature property of
biodiesel. In the case of excessive saturated compounds, it has bad properties at
low temperatures. While, in unsaturated compounds with the same length of the
carbon chain and in excess, biodiesel obtains better low-temperature
properties(t32.155],
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Regarding the oxidative stability property, it is one of the valuable factors that
help in the assessment of the quality of biodiesel. Oxidative stability is a
measurement indication in relation to oxidation, caused by reactivity with air and
also serves as an indication for the use of antioxidants**l. Oxidation occurs
because of the presence of chains of unsaturated fatty acids and the double bond
inamolecule, which reacts immediately with oxygen in the air after exposure*571,
The chemical composition of biodiesel makes it more susceptible to oxidative
degradation than the degradation of fossil diesel. The Rancimat method (EN ISO
14 112) is the oxidative stability specification in ASTM D6751 and EN 14 2141,

Another property that is influenced by the composition of biodiesel is the
energy content, also known as the heat of combustion, and is the amount of
thermal energy released when a specific amount of fuel is burned. It is measured
according to the standard method of ASTM D240. The energy content of a fuel
is largely dependent on its chemical composition, and biodiesel produced from
biomass has less energy content compared to fossil diesel. Pure fossil diesel with
mixtures of biodiesel such as B20 and B100 were tested, and the results obtained
were 46.7, 43.8, and 38.1 MJ.kg-1[%5]. The lower energy content in biodiesel can
be attributed to the fact that it contains oxygenated compounds. In addition,
FAME saturation and unsaturation also affect the energy content of biodiesel. As
the degree of unsaturation increases, the energy from biodiesel decreases. On the
other hand, longer chains of saturated compounds have higher energy content.
Thus, the energy content reflects its dependence on the composition of biodiesel,
which in turn varies from raw material to raw materiall*32],

On the other hand, the cetane number (CN) is known as an ignition signal or
the ability to self-ignite quickly after fuel is injected. Ignition quality is always
associated with a higher CN valuel®8l. For the use of biodiesel, CN is one of the
most important parameters considered during the selection procedure of methyl
esters[*%8], CN increases with increasing fatty acid chain length and increased
saturation. A higher CN represents the shortest time between ignition and the
start of fuel injection in the engine's combustion chamber(®!%l, Biodiesel has a
higher CN than conventional petroleum diesel oil, which indicates greater
combustion efficiency.

Due to the high value of the kinematic viscosity of vegetable oils and animal
fats, they are processed through the transesterification reaction to produce
biodiesel. The result is biodiesel with lower viscosity, an important factor for the
injection of the enginel®l. Therefore, viscosity describes the flow capacity of fuel.
This characteristic plays an important role in the operation of fuel injection and
spray atomization equipment, especially at low temperatures, in which case the
increase in viscosity affects the fluidity of the fuel. The viscosity of biodiesel is
10-15 times greater than diesel derived from fossil fuels. This occurs because it
has a great chemical structure, and consequently a great molecular weight[©¢], At
low temperatures, biodiesel becomes highly viscous or can even solidify. The
high viscosity of biodiesel can affect the volume flow and the characteristics of
the injection spray on the engine. It can also compromise the mechanical integrity
of the injection pump drive system. The maximum acceptable viscosity limit
according to ASTM D445 is 1.9-6.0 mm2.s! and 3.5-5.0 mmZ.s! according to
EN 1SO 3104191601,

Exhaust the engine after the combustion of the fuel is another important aspect
and depends on the type and composition of the fuel being burned. Engine
emission involves NOx nitrogen oxides, HC hydrocarbons, PM particulate
matter, and COx carbon oxides. When burning biodiesel, PM, HC, and CO are
reduced by 48%, 77% and 48%, respectively, but NOx increases by 12%. NOx
emissions are dangerous for the environment, especially in sensitive areas such
as public parks and urban centersl'l, Therefore, the chemical composition of
biodiesel influences NOx emission; there are reports that, by decreasing the
length of the ester chain or increasing the number of double bonds in the carbon
chain, NOx emission is increased[*%2. Thus, the composition of the raw material
has a great influence on the emission of exhaust gases. In general, it can be
concluded that the quality of biodiesel depends on the type and characterization
of the raw materiall*32l,

7. INFLUENCE OF FREE FATTY ACIDS ON BIODIESEL
PRODUCTION

In order to reduce the cost of biodiesel, low-quality residues or oils/fats that
are cheap and readily available can be used as a raw material. However, the
challenge of using this cheap raw material is the presence of impurities, such as
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water and free fatty acids (FFA), which are common components in residual
oils/fats('¢3l, Therefore, the quality of the raw material determines mainly the type
of catalyst or process that is required to produce biodiesel that meets the biodiesel
standards established by ASTM D6751 or EN 14214. If the raw material contains
a significant percentage of FFA (> 3 wt.%), the use of typical homogeneous
alkaline-based catalysts, such as sodium or potassium hydroxide will not be
effective, that is, it will obtain results from an unwanted, in which the catalyst
reacts with FFA to form soap (sodium salt of fatty acid) and water, thus
irreversibly extinguishing the catalyst and resulting in an undesirable mixture of
FFA, unreacted TAG, soap, DAG, MAF, biodiesel, glycerol, and water(2128, In
fact, base-catalyzed transesterification will not occur or be significantly delayed
if the FFA content of the raw material is 3 wt.% or morel*®4l, For example,
biodiesel yield is obtained with homogeneous alkaline-based catalysts in cases
where the FFA content of the raw material is 0.5 wt.% or less[*%1. Another
complex factor with a high content of FFA present in the raw material is the
production of water after the reaction with homogeneous alkaline-based
catalysts. Water is particularly problematic because, in the presence of any
remaining catalyst, it can participate in the hydrolysis of biodiesel to produce
additional FFA and alcohol.

A common approach in cases where the FFA content of raw material is above
1 wt.% is to perform a pre-esterification of the raw material using mineral acid
as a catalyst to decrease the FFA content. In which, the FFA are esterified to
FAME under established temperature, excess of methanol, and the addition of
sulfuric acid as a catalystl'®¢l. After the reduction of FFA content, the pre-
esterified is followed by a transesterification reaction in the presence of
homogeneous alkaline-based catalysts to produce biodiesel. The two-step
procedure promptly allows the use of low-cost raw materials with high FFA
content for the production of biodiesell4el,

Despite the additional costs associated with the production of the integrated
two-stage system, the process is being increasingly applied to produce biodiesel
from low-cost raw materials with high FFA content with good results[t28l, Table
5 shows some examples of biodiesel produced from raw materials with high FFA
content. Other potential strategies for the production of biodiesel from raw
materials with a high content of FFA include purification of raw materials, such
as refining, bleaching, and deodorization to remove FFA and other undesirable
compounds, when presentl’6’l, However, refining the raw material increases
production costs, such as the demand for equipment, time, and necessary
manpowerl?,

Table 5. Examples of biodiesel production from feedstocks high in free fatty
acids (FFA)2.,

Feedstock FFA | Pretreatment Catalys't'for' Yield
(wt %) method transesterification | (wt %)
Pongamia pinnata | Up to 20 H,SO, KOH 97
Jatropha curcas 14/<1 H,SO, KOH 99
Nicotiana tabacum 35/<2 H,SO,4 KOH 91
Hevea brasiliensis 17/<2 H,SO4 NaOH N.R.b
Heterotrophic 8.97a None H.SO, NR.b
microalgal
Acid oil 59.3 None H,SO,4 95
Waste cooking oil | 7.25/<1a H,SO4 NaOH 90 c

a Acid value (mg KOH/g) was given instead of FFA. In cases where two values
are given, the first value is prior to pretreatment and the second is after.

b Not reported.

¢ Conversion to esters (wt %) is provided instead of yield.

8. ADVANTAGES AND DISADVANTAGES OF BIODIESEL

Biodiesel is the only alternative fuel with a low concentration property to
mixtures of biofuels. In addition to being able to be produced from renewable
seed plantations, such as soy, rapeseed, and sunflower. The risks of handling,
transporting, and storing biodiesel are low to those associated with petroleum
diesel. That is, biodiesel is safe to be handled and transported because it is
biodegradable and has a high flash point compared to petroleum diesel. Biodiesel
can be used alone or mixed in different proportions with petroleum diesel. The
most common blend is a blend of 20% biodiesel with 80% petroleum diesel,
also known as B20 in recentscientific research. However, future commercial



applications in Europe provide for a maximum increase of 5.75% in
biodiesel60.1681,

Biodiesel still provides significant reductions in particulate and carbon
monoxide emissions compared to petroleum diesel oil. Therefore, biodiesel is an
ecological fuel with low levels of unwanted emissions and is therefore
considered environmentally useful. Using biodiesel as an alternative fuel is a way
of minimizing global air pollution and, in particular, reducing the levels of
potential or probable carcinogensi®1%9, Biodegradable fuels such as biodiesel
have an increasing potential application and are environmentally friendly.
Biodiesel is non-toxic and degrades about four times faster than petroleum
diesell*™l, Biodiesel also has good lubricating properties compared to petroleum
diesel oil. This is very important to reduce wear on the engine and the injection
system[71, As a result, the use of biodiesel can extend the service life of diesel
engines.

On the other hand, there are some disadvantages to using biodiesel as a
substitute for petroleum diesel. The first disadvantage would be in slightly higher
fuel consumption due to the lower calorific value of biodiesel. Nitrous oxide
(NOx) emissions are also slightly higher than diesel fuel. The freezing point is
higher than that of diesel fuel, and this can be inconvenient in cold climates. In
addition, biodiesel is less stable than diesel oil and therefore long-term storage
(more than six months) of biodiesel is not recommended. It should be noted that
these disadvantages are significantly reduced when biodiesel is used in mixtures
with diesel 0illt72],

CONCLUSION AND FUTURE SCOPE

The wide range of raw materials available for biodiesel production represents
one of the most important advantages of biodiesel production. Selecting the best
raw material is vital to ensure low cost in the production of biodiesel. In addition,
non-edible raw materials, such as Jatropha oil, microalgae oil, and cooking oil
residues are considered promising and sustainable for the production of
biodiesel, yet, it does not compete with food and agriculture. Biodiesel is
produced from oil using different techniques, that is, direct use and blending of
oils, pyrolysis, micro emulsification, transesterification, etc. Among these
conversion techniques, transesterification is the most economical and the
biodiesel produced from this technique has properties comparable to diesel oil.
The present review summarizes that the energy demand of the future cannot be
met by a single source of raw material; a mixture of different sources of raw
materials will be preferred for the production of biodiesel. In future research,
they should focus on the identification of non-edible raw materials for the
production of high-yield biodiesel. There are ample research opportunities
available in the area of reducing the cost of producing biodiesel without affecting
fuel quality. Improvement in photon to fuel conversion efficiency (PFCE) for
biodiesel production will be the main area of future work[41,
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