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Presentation

Despite countless valuable scientific texts and books highlighting the research into
biofuels, the field is not fully explored in order to address all alternative sources of
biomass, new technologies for biodiesel production and its characterization as well
as the current green technologies on sample preparation for elemental determination
and smart use of coproducts. In this book, the authors start to address the use of
alternative non-food feedstock oilseed species to produce biodiesel, covering the
new opportunities and challenges about the viability for exploring the biodiesel
production in an economical way. New technologies for the synthesis of biodiesel
via alternative protocols accompanied by alternative techniques for characterization
are reported. The following chapters also address the current technologies to cover
the alternative blends composed by multifunctional antioxidants (sometimes called
secondary antioxidants) which are followed by the uses of chalcones and their
derivatives to overcome the drawback associated with the biodiesel quality and
provide its stabilization more efficiently and more cost-effectively. Moreover,
efforts were made to cover some aspects based on biodiesel characterization,
providing alternatives to overcome some of the limitation with the uses of tradi-
tional method, especially, showing the potential use of portable systems and the
fluorescence spectroscopy as an alternative analytical tool for, in situ and in real
time, monitoring the oxidative stability of biodiesel. The concerns about the recent
advances on green technologies for sample preparation and for determination of the
content of metallic species are also addressed, focusing in the alternatives based on
nondestructive measurement for elemental determination in the entire biodiesel
production chain. The last chapter brings the current technologies for smart use of
coproducts, addressing how the biodiesel byproduct can provide alternative uses for
glycerol as a source of energy and high valuable chemicals. Finally, in the book, we
focused in many topics—sometimes neglected in previously published books. This
allows the readers to understand the challenges regarding technological resources
and research required to overcome the drawback associated with the biodiesel
production chain, starting from the choice of non-food feedstocks up to the use of
coproducts.
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Chapter 1
Renewable Energy Sources: A Sustainable
Strategy for Biodiesel Productions

Kassia R. N. da Silva, Marcela Z. Corazza and Jorge L. Raposo Jr.

Abstract Nowadays, the world energetic scenario is moving toward a search for
renewable energy matrices, allowing energy sources to be enlarged to produce
diesel and/or biodiesel. Biodiesel is a renewable and clean-burning biofuel that is
gradually being incorporated into conventional diesel as a means of limiting the
production of fossil fuels to motivate the productivity of “ecologic friendly” biofuel.
However, some oilseed species used as raw materials, even those with lower
operational cost for the production of the vegetable oil, are still a great challenge for
the petrochemical industry, given the economic competitiveness of biodiesel
against the diesel obtained from fossil fuels. The use of alternative oilseed species
to produce biodiesel may increase costs, which may exceed the price of the barrel of
diesel, leading to non-viable biodiesel production. On the other hand, the high taxes
on petroleum products can reduce the difference between them, allowing biodiesel
production to become economically viable. This situation makes the exploration of
economical alternative non-food feedstocks (e.g., Jatropha curcas) an important
research topic. Biodiesel is made from diverse feedstocks including soybean,
rapeseed/canola, sunflower, safflower, palm, Jatropha curcas, Raphanus sativus,
cottonseed, corn, peanut, coconut, recycled cooking oil, animal fats, and also algae.
In the context of renewable sources for biodiesel energy, the great biodiversity of
alternative oilseeds and others oily biomass makes Brazil, the USA, Canada, and
some countries in Europe and Asia greater potential markets to produce biofuels
from these alternative sources. The incentives for using renewable species for
biodiesel production rather than conventional petroleum diesel fuel are the absence
of sulfur or aromatic compounds, high content of oil, low cost of crop maintenance,
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improvement of the environment, creation of new jobs, and a significant contri-
bution to the domestic economy.

Keywords Biofuels - Biodiesel - Inedible oil

1.1 Introduction

Energy generated by the burning of fossil fuels represents about 80% of world
production (Lee et al. 2017). Currently, Saudi Arabia, Russia, and the USA are the
largest oil producers, with around 40% of world production (Panorama
Internacional Petroleo 2017). Other countries in Central America, South America,
Europe, and Africa also contribute a large share of oil production. However, due to
the increase in consumption of this source by the energy sector, it is possible that
the world market needs to evaluate alternative solutions to avoid the exhaustion of
this resource. The importance of fossil fuels in energy production in the trans-
portation sector is almost 98% (Baskar and Aiswarya 2016). According to the
Energy Forum, world reserves of fossil fuels, coal, natural gas, and oil will be
available for less than 10 decades (Pandit and Fulekar 2017), and a significant
decline in production (30%) is expected by 2035 (Baskar and Aiswarya 2016).

In light of possible economic oscillations caused by the fall in oil production, the
search for the development of alternative sources for energy production, whether
through solar, wind, geothermal, tidal, or biomass energy, has been the subject of
research by the scientific community (Nguyen et al. 2017). Among these possi-
bilities, the production of energy using renewable sources obtained from the use of
biomass is an economically viable alternative and is sufficiently promising, since
the raw material for the production of biofuel can have local subsidies that con-
tribute to the sustainable development and creation of new employment opportu-
nities (Rajaeifar et al. 2017). The demands of the energy sector, not only in Brazil
but also globally, have boosted this sector toward the implementation of programs
to generate employment and income from the production of biodiesel to obtain
environmental and social benefits (Silva et al. 2016a, b).

Among the renewable energy sources obtained from biomass, ethanol is
undoubtedly the biofuel with the highest production level. However, the production
of biodiesel has received great incentive as it has numerous advantages and may be
a competitor and/or even substitute for diesel oil (Farobie and Matsumura 2017).
Particulate emissions from diesel engines are a large environmental problem, since
in June 2012 the World Health Organization classified diesel engine emissions as
carcinogenic (Wang et al. 2017). Biodiesel, a biodegradable and low toxicity fuel,
has gained special attention from a number of government agencies that have made
it mandatory to add biodiesel to diesel (Batista et al. 2016).

Legislative acts of the European Union (EU) state the need for fossil fuels to be
replaced by biofuels in the transport sector and that by 2020 at least 10% of the total
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energy consumption of the transport sector of each EU member should come from
renewable energy sources (Budzaki et al. 2017).

1.2 Biofuels

Due to the constant drive toward reducing the use of fossil fuels due to increasing
levels of undesirable gas emissions, the scientific interest in biofuels has received
dedicated attention. In addition to creating new jobs, biofuels could improve the
energy security of oil and gas imports (Azadi et al. 2017) and allow the inclusion of
smallholders, rural development, and decentralization of energy systems
(Hunsberger et al. 2017). Ambitious targets for renewable energy are being set by
nations and international institutions in the Sustainable Development Agenda 2030
(German et al. 2017).

Bioenergy is considered a clean source of alternative energy that will play an
important role as a substitute and complementary energy in the very near future (Su
etal. 2017). The first important policy measures to promote the large-scale production
and consumption of biofuels in the EU and the USA were legislated in 2003 and 2005,
respectively (Azadi et al. 2017). In 2006, the production and consumption of biofuels
increased rapidly worldwide (Hunsberger et al. 2017). Biofuel production from 2000
to 2009 was concentrated in some countries and sectors, such as sugarcane ethanol in
Brazil and palm oil-based biodiesel in Colombia, Indonesia, and Malaysia
(Hunsberger et al. 2017). In 2016, world biofuel production increased by 2% com-
pared to 2015 and reached 135 billion liters (REN21 2017).

Gaseous biofuels are commonly used for the production of heat and energy,
while liquids are used in the transportation industry. Biofuels include biomethanol
(MeOH), bioethanol (EtOH), bio-dimethyl ether (DME), synthetic natural gas
(bio-methane), Fischer—Tropsch (FT) fuels, and H, fuels (Sikarwar et al. 2017).
They can be classified as first-, second-, third-, and fourth-generation biofuels
(Sikarwar et al. 2017).

Biomethanol, also known as “wood alcohol,” is among the ten most important
chemicals produced in the global sphere (Swain et al. 2011). It can be produced by
fermentation or by distillation of cultures containing sugar and starch, once it is
converted to simple sugars and finally to biomethanol (Rodionova et al. 2017). This
product is a liquid under normal conditions of temperature and pressure, which
facilitates transport and handling. The main application of biomethanol as raw
material is to produce formaldehyde (Swain et al. 2011).

Bioethanol is the most common biofuel in the world, particularly in Brazil and
the USA. It is produced by fermentation of sugar obtained from wheat, corn, sugar
cane, and molasses and can be used in blends with gasoline in any proportion or as
a substitute (Ullah et al. 2015). This biofuel reduces emissions of lead, sulfur, CO,
and particulate matter (Bahadar and Khan 2013). Ethanol used as fuel in Brazil
reduces carbon emissions from 9.56 to 106 tons, contributing to a 15% reduction of
total emissions in the country (Bahadar and Khan 2013).
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Bio-dimethyl ether is a colorless, non-toxic, non-carcinogenic, and non-
corrosive gas (Bhattacharya et al. 2013). It can be used as a diesel substitute
because it has a high cetane number. Its combustion is smoke-free due to its low
self-ignition temperature, high oxygen content, and absence of C—C bonds in the
molecular structure (Bhattacharya et al. 2013). In addition to these intrinsic merits,
bio-dimethyl ether has gained much attention as a fuel, since this biofuel can be
produced from biomass (Delparish and Avci 2016).

Biogas, obtained from organic materials by anaerobic fermentation, has a
composition of 40-70% methane, 60—30% carbon dioxide, and other gases (hy-
drogen sulfide, hydrogen, nitrogen, and carbon monoxide) (Bayrakci and Kocar
2012). Due to numerous applications in energy generation, such as heat, electricity,
and vehicles fuel, the biogas industry has developed rapidly in recent years,
especially in the EU and Asia (Xia et al. 2016).

Fischer—Tropsch synthesis is an important technology for the conversion of syn-
thesis gas (CO and H, obtained from natural gas, coal, or biomass) in hydrocarbon
products (Xiong et al. 2017). This route is effective in producing clean fuels and
non-petroleum-based chemicals (Xiong et al. 2017). These fuels are of high quality
due to the absence of aromatic compounds, sulfur, and nitrogen (Zhang et al. 2017).

Bio-hydrogen can be produced from various raw materials such as lignocellu-
losic biomass (Saba et al. 2015), whose only by-product is water and which does
not cause damage to the environment (Chen et al. 2017). The production of
hydrogen by biological methods can be divided into two categories: photo-energy-
dependent fermentation and anaerobic fermentation (Singh and Wahid 2015).
Bio-hydrogen can be used to generate energy, whether by combustion or by fuel
cell systems. It is an important product that can also be used to produce fertilizers
(e.g., urea) and other chemicals (Chen et al. 2017).

Biodiesel is one of the best sources of renewable energy, not only because it
produces less impact on the environment but also because it offers the advantage of
sustainability, being biodegradable and non-toxic (Hilioti et al. 2017). In the last
decades, biodiesel is an alternative to fossil fuels and receives increasing attention
(Rodionova et al. 2017). It can be produced from renewable biological materials
and can replace petroleum diesel (Rodionova et al. 2017). It is produced by
transesterification of various animal fats and vegetable oils, usually with the help of
methanol or ethanol (Rodionova et al. 2017). It can be used in pure form (B100) or
blends with petroleum diesel in any concentration in most diesel injection pumps
(Bayrakci and Kocar 2012).

1.3 Raw Materials for Biodiesel Production

More than 300 oils have been investigated as raw material candidates for biodiesel
production based on economic viability and availability (Mishra et al. 2017). The
most frequently used raw materials for the production of biodiesel are soybean,
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coconut, palm, sunflower, canola (Rattanapoltee and Kaewkannetra 2014), cotton,
corn, forage turnip, fungue, crambe (Chaves et al. 2010), bovine and ovine tallow,
bird oil, oil of fish, almond, andiroba, babassu, barley, copra, cumaru, camelina,
peanut, laurel, pequi, rice (Demirbas 2009), grape seeds (Ramos et al. 2009), insect
fat, gross larvae fat (Nguyen et al. 2017), wheat, sorghum (Zivkovic’ et al. 2017),
and linseed (Bacenetti et al. 2017).

According to Zivkovié et al. (2017), biodiesel can be classified into three cat-
egories depending on the type of raw material used in production: first, second, and
third generation. First-generation biodiesel is produced from edible oils,
second-generation biofuel is produced from inedible oils, and third-generation oils
have been recently explored and include micro- and macro-species, such as algae
(Baskar and Aiswarya 2016).

In addition to inedible species and frying residual oil, deodorized distilled
soybean oil, which is a by-product in soybean oil refining, may be a potential
low-cost feedstock for biodiesel production due to its high content of triglycerides
and free fatty acids (Yin et al. 2017).

First-generation biofuels could have serious environmental impacts in relation to
competition for farmland, water, emissions to the atmosphere, and loss of biodi-
versity. However, choosing a suitable harvesting type may contribute to the
reduction of this impact (Bacenetti et al. 2017). The main barrier to the commer-
cialization of biodiesel is the high added value, which makes it possible to use
cheaper and non-edible oils in industrial-scale production (Yin et al. 2017).
Table 1.1 presents different raw materials used in the production of biodiesel and
their respective percentages of oil.

Due to doubtful competition in the use of traditionally edible oils used for food
versus energy production purposes, the oils of the species Cynara cardunculus L.,
Jatropha curcas, Brassica carinata, and Pongamia pinnata (Martinez et al. 2014),

Table 1.1 Oil content

. ) Type of oil Feedstock Oil content % (w/w)
preser}t in the main raw Edible Soybean 1520
materials used to produce
biodiesel (Baskar and Rapeseed 38-46
Aiswarya 2016) Sunflower 25-35
Peanut oil 45-55
Coconut 63-65
Palm 30-60
Non-Edible Jatropha seed 3540
Pongamia pinnata 27-39
Neem oil 20-30
Castor 53
Other sources Rubber seed 40-50
Sea mango 54
Cotton seed 18-25
Microalgae 30-70
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microalgae, residual cooking oil (Nguyen et al. 2017), microbial and insect oils
(Zivkovié et al. 2017), castor oil, tobacco seed oil, neem oil, rice bran oil, and
rubber seed oil have been identified as promising raw materials for the production
of oil and/or biodiesel (Negm et al. 2017).

Inedible crops can be planted in many parts of the world, including extensions of
partially destroyed land. This activity can reduce the rate of deforestation and avoid
competition with food crops (Agarwal et al. 2017). In addition, biodiesel derived
from edible oils presents a higher cost than inedible oils, which generates a negative
overall impact on the economy (Agarwal et al. 2017). Therefore, the scientific
community has turned its interest to oils that are inedible due to the presence of
some toxic components (Leung et al. 2010). Some inedible raw materials deserve to
be highlighted and will be presented below.

1.3.1 Jatropha

Jatropha curcas L. is a small tree that can be from 5 to 7 m in height. Native to
South America, it belongs to the Euphorbiaceae family, which contains about 175
known species (Kumar et al. 2016). Jatropha seeds contain 27-59% oil (Rodrigues
et al. 2016; Zhang et al. 2016), whose main fatty acids are linoleic, oleic, stearic,
and palmitic, with a composition of 22.5% saturated fatty acids and 77.5%
unsaturated fatty acids (Kumar et al. 2016).

The plant presents five roots, one deep primary and four peripheral ones, and
exhibits articulated growth with morphological discontinuity; its branches contain
latex (Laviola et al. 2017). Trees are deciduous, spreading their leaves in the dry
season and flowering during the rainy season, usually twice a year during the
summer and autumn (Laviola et al. 2017). Jatropha is a monoecious plant with
inflorescences with separate female and male flowers, and the transport of the
pollen by the wind is limited due to its weight and adhesiveness (Montes and
Melchinger 2016). Therefore, insects play an important role in its pollination
(Montes and Melchinger 2016).

It is a plant that adapts to poor soils and severe climatic conditions (Meloni et al.
2016) and can grow in annual rainfall conditions of up to 1500 mm; it is therefore
capable of resisting long periods of drought (Naresh et al. 2012) if it develops in
tropical and subtropical regions (Lim et al. 2016) and shows resistance to pests
(Nalgundwar et al. 2016). Because it is an inedible species, there is no competition
between the food and fuel production sectors (Meloni et al. 2016). This species
contains a certain amount of fatty acids that are suitable for the production of
biodiesel (Nalgundwar et al. 2016), besides being used in the production of soaps
and bio-pesticides (Muldalkar et al. 2016).
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1.3.2 Crambe

Crambe (Crambe abyssinica Hochst) is an annual herb of the Cruciferae family and
originated in the Mediterranean region (ftavo et al. 2016). It has an oil content of
approximately 38%, containing high levels of erucic acid (50-60%). Erucic acid is
a monounsaturated fatty acid having 22 carbon atoms (Wazilewski et al. 2013) and
is applied in the pharmaceutical, cosmetic, lubricant, and plastics industries (Santos
et al. 2015; Lara-Fioreze et al. 2013). Crambe oil, in turn, is not edible, as it can
cause damage to the heart and disturbance in the physiological processes of animals
(No et al. 2013), besides being used as a corrosion inhibitor in the manufacture of
synthetic rubber, nylon, and adhesives (Rogério et al. 2013). Recently, this oil has
been applied in the production of biodiesel (Pitol et al. 2010).

About 35 species of this genus are known in four geographic regions:
Macaronesia, Mediterranean, East Africa, and FEurosiberia—Southwest Asia
(Tarikahya-Hacioglu 2016). The plant may be 1.0-2.0 m in height, and the
spherical seeds have diameters of 0.8-2.6 mm (Santos et al. 2015). Due to
robustness, early cultivation, and resistance to drought, pests, and diseases, the
maintenance of this crop can be done with the same implements as are used for
traditional crops, such as soybean (Dos Santos et al. 2013). The ideal moisture
content for the crambe crop should be 14% (Da Silva et al. 2012) and its life cycle is
short, since flowering occurs between 40 and 50 days and seed maturity between 75
and 90 days (Chhikara et al. 2012).

Crambe is a winter crop with a low production cost and is easily adaptable to
crop rotation (De Marins et al. 2018) with soybean, corn, wheat, and so on (Tavares
et al. 2017). Its crop requires lower amounts of fertilizers and water compared to
other oil crops, and the seed yield is between 1000 and 1500 kg/ha (Tavares et al.
2017). It is highly self-pollinated and presents only a low frequency within its own
species (Carlsson et al. 2014).

1.3.3 Castor Bean

The castor bean (Ricinus communis) is part of the Euphorbiaceae family and is
believed to have originated in Africa, especially in Ethiopia, as there is a greater
variety of wild and semi-cultivated castor bean in this region than in any other
region of the world (Singh et al. 2015). Castor oilseeds (Ricinus communis) have an
oil content of 50% and are used for the extraction of castor oil, which has many
applications ranging from cosmetics to the biofuel industry (Hilioti et al. 2017). In
addition, it is used in the manufacture of paints, varnishes, lubricants
(Torrentes-Espinoza et al. 2017), synthetic nylon fibers, greases, waxes, and
detergents (Omonov et al. 2017).

The main component of castor oil is ricinoleic acid (12-hydroxy-9-octadecenoic
acid), which comprises between 86 and 92% of the fatty acids found in this oil
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(Torrentes-Espinoza et al. 2017). The cultivation and processing of this species
results in the production of significant amounts of dry residues with large amounts
of ricinus, which is highly toxic to humans and animals, so it is necessary to
perform a process before discarding them (Hilioti et al. 2017). A large proportion of
castor oil is produced in countries with tropical climates such as India, China, and
Brazil (Omonov et al. 2017).

Castor oil has been identified as an important inedible source for biodiesel
production, and castor bean seeds require less fertilizer, pesticides, and water. This
species can grow on marginal lands and provides an excellent opportunity for
several regions to use their land more effectively (Akhabue et al. 2014). This
species presents low costs of implementation and production and relative resistance
to water stress, attributes that allow it to develop in adverse climatic and soil
conditions (Bueno et al. 2017). Its productivity is 1180 kg of oil per hectare
(Torrentes-Espinoza et al. 2017).

1.3.4 Pongamia Pinnata

The Pongamia pinnata is a medium-sized tree that belongs to the family Fabaceae
and subfamily Papilionaceae (Mariprasath and Kirubakaran 2016). Native to India
and its subcontinents, it was also successfully introduced in the humid tropical
regions of the world such as Australia, Newlands, China, and the USA (Mariprasath
and Kirubakaran 2016). It exhibits rapid growth and can reach 20 m in height
(Dwivedi et al. 2017). The oil content is 30-40%, and it is resistant to drought, heat,
and salt conditions. This plant is used as a remedy for skin diseases, as pesticide,
and as fertilizer, and the feasibility of its application in the biofuel industry has
recently been recognized (Mariprasath and Kirubakaran 2016).

Small clusters of purple and pink flowers bloom in their twigs throughout the
year, ripening in brown seed pods (Dwivedi et al. 2017). Pongamia pinnata con-
tains a wide range of biologically active compounds such as flavonoids, terpenoids,
phenols, saponins, alkaloids, and vitamins (Ambika and Sundrarajan 2015). Its
seeds contain 46% oleic acid, 27% linoleic acid, 6% linolenic acid, and a small
amount (0.1%) of low molecular weight fatty acids, such as lauric and capric acids
(Malaikozhundan et al. 2017).

Pongamia has inedible oil and presents great potential for biodiesel production,
being able to grow in several types of soils, and its productive life is more than
40 years (Dwivedi and Sharma 2015). Overall, many countries including Australia,
India, and Hawaii have initiated economic modeling practices to encourage
Pongamia planting programs as a source of renewable raw material for biodiesel
(Radhakumari et al. 2017). It is used to control soil erosion by joining sand dunes
due to its dense network of lateral roots (Sahu et al. 2017).



1 Renewable Energy Sources: A Sustainable Strategy... 9

1.3.5 Waste Cooking Oil

Waste cooking oil is produced after the frying of edible oils (soybean oil, corn,
sunflower, household fats, and so on), which alters the oils’ physical and chemical
properties. However, these changes do not affect biodiesel production (Xiang et al.
2017). In the biofuel production process, part of the WCO is transformed into
biodiesel (80%) and glycerol (10%), while the 10% remaining is discarded (da
César et al. 2017).

Besides the utility in the production of biodiesel, the residual oil can also be used
in the manufacture of soaps and oil paints (da César et al. 2017). About 15 million
tons of waste cooking oil (WCO) is discarded annually around the world (Dos
Santos et al. 2017); it has a lower cost than refined oils and can also cause damage
to the environment. Therefore, the production of biodiesel from WCO will reduce
environmental pollution as well as the cost of production of this biofuel (Wang
et al. 2017), as it is an undesirable waste from residences, restaurants, and industries
(Manique et al. 2012) and also there is no competition with the food market
(Atapour et al. 2014).

Initiatives for the use of WCOs are found in several countries, including
Australia, China, Germany, Italy, Portugal, the UK, the USA, Austria, and Spain.
Brazil also produces WCO biodiesel; however, its quantity in the energy matrix is
still low (da César et al. 2017). In 2015, only 0.5% of biodiesel was produced from
WCO and it is estimated that only 2.5% of the oil produced in the country is reused
while the remainder is improperly discarded (da César et al. 2017). Biodiesel
produced from jatropha oil and WCO is about four times cheaper than biodiesel
produced from palm oil (Zivkovié et al. 2017).

1.3.6 Microalgae

Microalgae are eukaryotic and prokaryotic photosynthetic microorganisms with a
simple structure that allows them to grow rapidly. Under optimal growth condi-
tions, some microalgae species can produce and accumulate 30-70% oil (Faried
et al. 2017). Microalgae, bacteria, fungi, and yeasts are the most important
microbial microorganisms, with microalgae being the best candidate for biodiesel
production due to their higher photosynthetic efficiency, higher biomass production,
and faster growth (Vicente et al. 2017).

Microalgae contribute to the reduction of CO, emissions, as they convert carbon
into lipids, carbohydrates, and proteins. This oily source can be produced on land
unsuitable for agriculture, such as deserts and coastal areas (Vicente et al. 2017),
and therefore does not compete with food crops for arable land and water (Faried
et al. 2017). Microalgae can produce hundreds of times more oil than soybeans, as
shown in Table 1.2.
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Table 1.2 Compari.son ) CI'Op 0il yleld (L/ha)
betw'een the productloqs of oil Canola 1190
by different raw materials
(Faried et al. 2017) Coconut 2689
Corn 172
Jatropha 1892
Microalgae® 136.900
Microalgae® 58.700
Oil palm 5950

#710% oil (by wt) in biomass
°30% oil (by wt) in biomass

1.3.7 Brassica Carinata

Brassica carinata, commonly called Ethiopian mustard (Marillia et al. 2014), is a
member of the Cruciferous family of plants and is composed of two genomes; one
originating from the genome Brassica nigra B. and one from the genome Brassica
oleracea C. (Canam et al. 2013). It was grown mainly in Ethiopia as a vegetable
and oilseed crop (Li et al. 2009). It has valuable agronomic characteristics, such as
better tolerance to heat, drought, disease resistance, and seed burning (Seepaul et al.
2016). The species B. carinata presents a strong competitiveness with weeds, and
therefore, the use of herbicidal inputs (Marillia et al. 2014) can be minimized.

This species presents two types of seeds that are characterized by the color of
their coats: brown and yellow. Generally, B. carinata with yellow seeds has larger
seed size and higher oil and protein content than brown seed lines (Xin and Yu
2014). Typical B. carinata straw contains about 10% water, 16% hemicellulose,
29% cellulose, and 16% lignin (Stamigna et al. 2012).

The oil content represents about 40.0% (Seepaul et al. 2016); however, the seeds
have a high glucosinolate content (>95%) that interferes with thyroid metabolism
and damages vital organs (Marillia et al. 2014). Recently, this species was identified
as one of the first seven crops destined for the production of biofuels, and tests
indicated emissions without sulfur, with the reduction of 25% of the particles and
50% of the carbon (Marillia et al. 2014).

1.4 Biodiesel Production Processes

Biodiesel is defined as a monoalkyl ester of long-chain fatty acids derived from
renewable lipid raw materials, produced by the transesterification of oils with
short-chain alcohols, such as methanol or ethanol, in the presence of acid or basic
catalysts (Lyra et al. 2010; Pereira et al. 2013) (Fig. 1.1). In the transesterification, a
sequence of three consecutive reversible reactions occurs, in which the triglycerides
are converted sequentially into diglycerides, monoglycerides, and glycerol.
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Fig. 1.1 Typical transesterification reaction of triglycerides to monoalkyl esters conversion of
fatty acids (biodiesel)

Each step produces an ester, where each molecule of triglyceride produces three
molecules of ester (Yaakob et al. 2013).

In the transesterification reaction, methanol is the most widely used acyl acceptor
because of its viability and economical accessibility compared to other alcohols
(Wang et al. 2017). In the transesterification reaction, heterogeneous catalysts
(CaZrOs;, Al,03-SnO, Li/MgO, Al,03/KI, KOH/Al,0;, KOH/NaY, and K,COj3;
supported with alumina/silica) (Shu et al. 2010), homogeneous (H,SO,4, NaOH,
KOH), or enzymatic (lipase) (Baskar and Aiswarya 2016) are often used. In
addition, the use of supercritical technology is observed in transesterification,
whose reaction occurs in the absence of the catalyst (Baskar and Aiswarya 2016).

The current production of industrial biodiesel is performed using a homogeneous
catalyst, and the main factor to be considered in the selection of this catalyst is the
contents of water and free fatty acids present in the raw material (Zivkovi¢ et al.
2017). Although homogeneous catalysts are inexpensive, they need to be neutral-
ized and removed from the reaction product and this process includes washing
steps, which makes the process more complex (Zivkovié et al. 2017). The basic
catalysts are the most common, since the process is faster and the reaction condi-
tions are moderate (Vicente et al. 2004). The acid-catalyzed reaction requires large
amounts of alcohol to provide a good yield of esters (Baskar and Aiswarya 2016).

Heterogeneous acid catalysis offers some advantages over the homogeneous
type, such as easy separation of the reaction mixture and reuse (Rajaeifar et al.
2017). Like homogeneous catalysts, heterogeneous catalysts are classified into two
types: acid and basic (Yaakob et al. 2013). The heterogeneous catalysts are not
hydroscopic solids and can be easily removed by filtration; they catalyze the
transesterification of oils and the esterification of contaminated acids (Negm et al.
2017). Highly effective heterogeneous catalysts derived from residues such as
eggshell, oyster shell, shrimp shell, crab shell, and mollusk waste shells were used
in biodiesel production (Chakraborty et al. 2011).

Enzymatic production is possible using intracellular and extracellular lipases
(Ranganathan et al. 2008). In comparison with chemical catalysis, enzymatic
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catalysis allows the conversion of high free fatty acid content of oils into biodiesel
without the formation of soaps or the need for severe reaction conditions (Rajaeifar
et al. 2017). In this type of catalysis, lipase is the first choice among researchers
(Baskar and Aiswarya 2016). When lipase catalyzes the transesterification reaction,
glycerol can be easily recovered, biodiesel can be purified in a simple way, and the
process results in a higher yield of biodiesel (Yaakob et al. 2013).

Nanocatalytic transesterification has become the focus of efficient biodiesel
production due to its highly specific surface area and resistance to saponification. In
addition, the raw material used reduces pollution, is profitable, and has no toxicity
(Pandit and Fulekar 2017). Nanocatalysis presents high selectivity due to the
nano-dimensional pores at the surface, and the catalytic activity was found to be
unchanged even after the second cycle (Baskar and Aiswarya 2016).

Supercritical transesterification can be performed without using any catalyst,
allows easier separation of the products, and has faster reactions (Campanelli et al.
2010). In addition, the water and free fatty acid contents do not affect the yield of
esters (Campanelli et al. 2010). The supercritical conditions require high temper-
ature and pressure and are some of the biggest obstacles to commercialization (Tan
et al. 2010). In addition, this process uses a large excess of alcohol and has a high
energy consumption and a high capital cost (Yaakob et al. 2013). The transester-
ification of triglycerides and the esterification of fatty acids occur simultaneously
(Farobie and Matsumura 2017).

The final yield of the transesterification reaction is influenced by several
important parameters, such as the reaction temperature, type of catalyst, type and
structure of the alcohol, amount and concentration of the catalyst, reaction time, and
technical aspects related to the system (Martinez et al. 2014). The glycerol obtained
in the transesterification reaction after the purification step can be used for various
commercial purposes in the production of cosmetics, pharmaceuticals, and food or
can be recycled as a source of catalyst (Agarwal et al. 2017). The treatment step of
the methyl ester includes evaporation of the alcohol, neutralization, purification,
and distillation (Zivkovié et al. 2017). The remainder of the catalyst, soap, salts,
alcohol, and free glycerol are removed from the biodiesel by washing with water
(Agarwal et al. 2017).

In addition to transesterification, techniques such as microwave-assisted,
ultrasonic-assisted, in situ transesterification, and membrane-assisted techniques
(Rajaeifar et al. 2017) as well as pyrolysis and micro-emulsification have been used
in the production of biodiesel (Budzaki et al. 2017).

The production of biodiesel includes the step of lipid isolation of the raw
materials with organic solvents in order to avoid interference in the synthesis of
methyl esters of fatty acids (Lee et al. 2017). Another process used as an alternative
form of this isolation is supercritical fluid extraction (Lee et al. 2017).
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1.5 Biodiesel Properties and Environmental Impacts

Biodiesel has four to eight methyl esters as the main constituents, such as myristate
(C15:0), palmitate (C17:0), stearate (C19:0), oleate (C19:1), linoleate (C19:2), and
linolenate (C19:3) (Thangaraja et al. 2016). The variations in the concentrations of
saturated and unsaturated methyl esters in biodiesel due to the different raw
materials used influence their physicochemical properties and consequently the
characteristics of the engines (Mishra et al. 2017). Biodiesel containing a high
content of saturated molecules presents a higher cetane number and energy content
than biodiesel containing unsaturated molecules (Tongroon et al. 2017). Similarly,
the cloud point and the cold point connection are larger for a bigger fraction of
saturated fatty acids (Tongroon et al. 2017).

This biofuel is a clear liquid with a color ranging from light yellow to dark
yellow, boiling point greater than 200 °C, flash point between 145 and 175 °C,
distillation range of 195 and 325 °C, and vapor pressure (mm Hg at 22 °C) of less
than 5.0 (Yaakob et al. 2013).

Biodiesel has a higher flash point, lubricity, cetane number, biodegradability,
non-toxicity (Gonca and Dobrucali 2016), and renewability (Zhang et al. 2012).
The degradation of biodiesel can reach about 90% after 30 days, while that of diesel
reaches only 25% under the same conditions (Zivkovi¢ et al. 2017). The com-
bustion emissions of biodiesel are free from heavy metals such as Cd, Co, Cu, Pb,
V, and Ni and other pollutants such as NO, and SO, (Orozco et al. 2014). In
addition, its use eliminates the emission of black smoke and reduces the emission of
particulate material (Nogueira and Do Lago 2011).

The benefits of biodiesel still include compatibility with existing engine cycles,
increased storage and transport safety, and the easy formation of blends with diesel
oil (Dhamodaran et al. 2017). The production technology is easy to use and eco-
nomically viable, and the existing infrastructure can be used (Agarwal et al. 2017).

With the use of biodiesel, there is a 78% reduction in CO, emissions compared to
diesel oil, since plant species use atmospheric CO, to perform photosynthesis
(Dhamodaran et al. 2017). Biodiesel has an oxygen mass of 10 to 12% in the molecular
structure, which improves the combustion efficiency and reduces emissions of carbon
monoxide (CO) and hydrocarbons (Giilim and Bilgin 2015) (Table 1.3). It is a
non-flammable and non-explosive biofuel (Xue et al. 2016). It is beneficial for
reservoirs, lakes, marine life, and other environmentally sensitive places (Giiliim and
Bilgin 2015).

Table 1.3 Comparison of greenhouse gas emissions by diesel fuels, soybean biodiesel, and
microalgae (Zivkovi¢ et al. 2017)

Fuel Type of GHG (g/MJ)

CO, CH,4 N,O
Conventional diesel 14.69 2.48 0.07
Soybean biodiesel =72.73 0.42 0.58
Microalgae —59.49 0.74 -16.54
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In addition to the above-mentioned advantages, biodiesel was used to remove oil
from affected littoral or sediments and to stimulate oil degradation when applied to
contaminated sand in laboratory tests (Fernandez-Alvarez et al. 2007). Its use as an
alternative solvent in polymerization techniques has been reported (da Costa et al.
2016), and it can also be used as a cleaning and preserving solvent for processed
metal (Shah et al. 2016). Two significant advantages in the biodiesel life cycle are
the reductions of greenhouse gas emissions and of the national dependence on fossil
energy (Zivkovi¢ et al. 2017).

Biodiesel has some disadvantages, such as high viscosity, low calorific value and
volatility, low oxidation stability, and hydroscopicity, and if used as a solvent it can
cause corrosion of components, attacking some plastic materials used for hoses and
coatings (Gonca and Dobrucali 2016). In addition, the production of biodiesel from
vegetable oils and animal fat presents a higher cost compared to diesel; up to 50%
higher (Giiliim and Bilgin 2015). This high cost for the production of biodiesel is
the biggest obstacle to commercialization (Giiliim and Bilgin 2015).

The use of biodiesel based on methyl esters has a negligible effect on the
unregulated emission of acrolein, propanol, and acetone compared to diesel
(Agarwal et al. 2017). However, the use of biodiesel based on ethyl esters increases
the emission of unregulated species such as acetaldehyde, acrolein, propanol, and
acetone and, to a lesser extent, formaldehyde compared to diesel (Agarwal et al.
2017).

1.6 Blends of Diesel Fuel and Biodiesel

The biodiesel can be added to diesel fuel, forming blends for application in diesel
engines. The composition of a biodiesel/diesel blend is indicated by “Bx,” where
“x” represents the percentage of biodiesel (v/v) present (Corach et al. 2016). As
long as these products are new, they are completely miscible and the composition of
the blends can be chosen according to the requirements of the engine (Corach et al.
2016).

Due to environmental and supply concerns, regulations in many countries state
that diesel should be mixed with biodiesel of a certain value (Corach et al. 2016). In
addition, in many developing countries, the small-scale production of biodiesel
using local feedstock has become an economically viable alternative to the oper-
ation of rural machines using biodiesel blends and diesel (Corach et al. 2016). In the
USA and Canada, mandatory addition of 20% biodiesel to diesel is carried out; in
the Czech and Slovak republics, the required addition is 30%, and in the EU and
Argentina, it is 5% (Roveda et al. 2016). Biodiesel can be used in blends with diesel
because it has similar properties (Table 1.4).

According to the US Environmental Protection Agency (EPA), the use of B20
[20% (v/v) biodiesel and 80% (v/v) diesel] can reduce particulate emissions by
10.1% compared to the use of 100% diesel oil and the emission of carbon monoxide
and hydrocarbons can be reduced by 21.1 and 11.0%, respectively (Liu et al. 2017).
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Table 1.4 Comparison physicochemical parameters for diesel and biodiesel based on American
Society for Testing and Materials (ASTM) (Helwani et al. 2009)

Property Diesel Biodiesel
Standard number ASTM D975 ASTM D6751
Composition Hydrocarbon (C;9—C5) Fatty acid methyl Ester (C{,—C;,)
Specific gravity (g/mL) 0.85 0.88

Flash point (K) 333-353 373-443
Cloud point (K) 258-278 270-285

Pour point (K) 243-258 258-289
Water (vol.%) 0.05 0.05

Carbon (wt%) 87 77

Hydrogen (wt%) 13 12

Oxygen (Wt%) 0 11

Sulfur (wt%) 0.05 0.05

Cetane number 40-55 48-60

According to Arad et al. (2017), most researchers agree that there is a 50%
reduction in emissions of particulate matter from diesel engines when biodiesel is
used. Several factors have been suggested to explain the reduction of emissions of
particulate matter by the use of biodiesel or blends of biodiesel and diesel: the
oxygen content in biodiesel molecules, the absence of aromatic compounds in
biodiesel, the different oxidative reactivity between the particles of diesel and
biodiesel, the absence of sulfur in biodiesel, and the long start time of biodiesel
combustion (Arad et al. 2017).

1.7 Biodiesel Quality Parameters

In Brazil, the criteria for quality control of biodiesel are established by the National
Petroleum, Natural Gas and Biofuels Agency (ANP). The ANP, in accordance with
Resolution no. 45 of August 25, 2014, defined biodiesel as a fuel composed of alkyl
esters of carboxylic acids of long chain, produced from the transesterification and/or
esterification of greases, of fats of vegetable origin or animal, and that meets the
specification contained in the Technical Regulation, an integral part of this
Resolution (ANP 2014). The standard procedures established by the ANP have the
purpose of verifying the efficiency of the biofuel purification stage (Ferreira et al.
2015).

Similarly, the EU and the USA established standards for biodiesel through
Resolutions EN 14214 and ASTM D6751, respectively (Batista et al. 2016)
(Table 1.5). It is necessary to improve the quality of biodiesel to avoid engine
damage and environmental impacts, as there is a great interest in this biofuel and
dedicated efforts to achieve a high technological level for its production
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Table 1.5 Physicochemical parameters used to biodiesel characterization in accordance with
current legislation (Zivkovi¢ et al. 2017)

Property, unit EN 14214 ASTM 6751
Limit Test method Limit Test method

Density at 15 °C, g/cm® 0.86-0.90 | EN ISO 3675 - -

EN ISO 12185
Viscosity at 40 °C, mm?/s 3.50-5.00 | EN ISO 3104 1.9-6.0 D445
Flash point, °C 120 min | EN ISO 3679 130 min | D93
Cetane number 51 min EN ISO 5165 47 min D613
Sulfur content, mg/kg 10.0 max | EN ISO 20846 15.0 max | D5453

EN ISO 20884
Phosphorus content, mg/kg 10.0 max | EN 14107 10.0 max | D4951

Metals I (Na and K), mg/kg | 5.0 max EN 14538 - -
Metals II (Ca and Mg), mg/kg | 5.0 max | EN 14538 - -

Water content, mg/kg 500 max | EN ISO 12937 500 max | D2709
Acid number, mg KOH/g 0.50 max | EN 14104 0.80 max | D664
Free glycerol, % mass 0.02 max | EN 14105; EN 14106 |0.02 max | D6584
Total glycerol, % mass 0.25 max |EN 14105 0.24 max | D6584
Sulfated ash content, % mass |0.02 max |ISO 3987 0.02 max | D874
Methanol content, % mass 0.20 max | EN 141110 - -
Monoglycerides, % mass 0.80 max | EN 14105 - -
Diglycerides, % mass 0.20 max | EN 14105 - -
Triglycerides, % mass 0.20 max | EN 14105 - -
Ester content, % mass 96.5 min | EN 14103 - -
Linolenic acid methyl ester, 12.0 max | EN 14103 - -

% mass

Carbon residue, % mass - - 0.05 max | D4530
ITodine value, g 1,/100 g 120 max | EN 14111 - -

Oxidation stability at 110 °C, | 6 min EN 14112 — —
time
Copper corrosion (3 h at No. 1 EN ISO 2160 No. 3 D130
150 °C), degree of corrosion

Distillation 90% recovered, ° |- - 360 max |DI1160
C

(Amais et al. 2012). The quality control of biodiesel is an important issue for its
commercialization (Batista et al. 2016).

The determination of inorganic constituents is also important in the evaluation of
biodiesel quality control, because in high concentrations, the metals can cause
environmental damage and problems in engines (Korn et al. 2010), accelerate the
decomposition of the biofuel, catalyze the oxidation reaction, reduce the thermal
stability and efficiency, contribute to corrosion of internal parts of the engines, and
compromise the catalytic system (Ferreira et al. 2015).
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Some metals are introduced during the production process (Na, K, Ca, and Mg);
others are present in the raw material (P, S, and Zn) or are used as additives (Si, Mn,
Cr, Fe, and Ni) (Almeida et al. 2014) to increase the performance of biodiesel
(Quadros et al. 2011). In addition, they can be introduced into biodiesel during oil
extraction, washing, refining, transport, and storage (Ferreira et al. 2015). The
metals Fe, Ni, Mn, Co, and Cu are commonly found in metallurgical barrels and
tanks that store biodiesel (Almeida et al. 2014). In addition to metals, residual
alcohol, soaps, free glycerol, and residual glycerides are contaminants that also
impair the performance of biodiesel in diesel engines (Squissato et al. 2017).

1.8 Biodiesel in Brazil

During the 1940s, Brazil carried out the first attempt to exploit energy from oils and
fats in internal combustion engines. There are reports of studies on the use of
vegetable oils derived from babassu, coconut, chestnut, and cotton (Pousa et al.
2007). In 1975, the National Alcohol Program (PROALCOOL) was created to
reduce imports of petroleum with the production of ethanol from sugarcane. This
program presented positive environmental, social, and economic results
(Goldemberg et al. 2004).

In 1980, the PRO-OLEO program, whose purpose was to incorporate up to 30%
vegetable oils, was created during the oil crisis. However, later, with the drop in the
price of oil on the international market, this program was abandoned in 1986 (Pousa
et al. 2007). The first incentive for biodiesel production came in 2002 with the
Brazilian Program of Technological Development for Biodiesel (PROBIODIESEL),
which was responsible for the official introduction of biodiesel into the Brazilian
energy matrix (De Oliveira and Coelho 2017).

In 2004, Brazil developed the National Biodiesel Production and Usage Program
(PNPB), in which it determined the mandatory use of this biofuel in blends with
diesel with a progressive percentage (Oliveira et al. 2017). The principle of the
program was based on social inclusion and regional development, through political
incentives for the production of biodiesel from oilseeds derived from family
farming (Rico and Sauer 2015).

In 2005, a PNPB instrument entitled Social Fuel Stamp based on the social and
productive inclusion of family agriculture, regional development, and sustainable
production of renewable raw materials was introduced (Selo Combustivel Social
2015).

Biodiesel production in Brazil increased from 736 m® in 2005 to approximately
2.7 million m® in 2011 (Castanheira et al. 2014). From January 2008 to November
2014, the mandatory amount of biodiesel in blends with diesel increased from 2%
(B2) to 7% (B7) (Oliveira et al. 2017), and an increase in biodiesel consumption in
Brazil was quickly seen (Quadros et al. 2011).

Currently, Brazil is one of the world leaders in the production of bioethanol and
biodiesel (Silva et al. 2016a, b). Different oilseeds used in the production of
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Fig. 1.2 Raw materials used to produce biodiesel in Brazil in February 2017 (Bulletin 2017)

biodiesel can be grown in Brazil, due to the great extension of land suitable for
agriculture and the great variety of climate and soil (Quadros et al. 2011).
Figure 1.2 shows the mainly raw materials used in 2017.

The biodiesel currently produced in Brazil is consumed in the country. Until
2012, soybean biodiesel, produced mainly in the south and midwest, accounted for
more than 85% of the cumulative production of biodiesel under the PNPB program
(Naylor and Higgins 2017). The main policy objectives of promoting renewable
energy and agricultural interests combined with the efficient use of by-products
from the soy sector allowed Brazil to emerge as the third largest world producer of
biodiesel after the US and Germany (Naylor and Higgins 2017).

As mentioned earlier, different raw materials can be used for the production of
biodiesel. However, those most frequently exploited in Brazil are presented in
Table 1.6.

The Decennial Energy Extension Plan 2023 foresees that in the year 2023, there
will be a domestic demand for six billion liters of B7 and 8.6 billion liters of the
B10 blend (De Oliveira and Coelho 2017). The incentive to produce biodiesel,
regardless of its source of raw material, aims to reduce diesel pollution more and
more, as declared in the National Energy Plan 2030, created in 2007 by the Energy
Research Company (EPE) (De Oliveira and Coelho 2017).

Biodiesel is already a reality in the country and guarantees Brazil a leading
position in relation to the rest of the world. Together, ethanol and biodiesel
strengthen the participation of biofuels in the national energy matrix and the image
of Brazil as a country that values the diversity of energy sources (Biodiesel 2017).
In 2017, it is mandatory to add 8.0% biodiesel to the diesel fuel sold to the final
consumer (Shimamoto and Tubino 2016), and in March 2019, that content will be
raised to 10% (Brasil 2016).
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Table 1.6 Main raw materials used for biodiesel production in Brazil by region in February 2017

(Boletim 2017)

Feedstock North Northeast Midwest Southeast South
%

Soybean oil - 47.02 75.65 26.72 65.35
Bovine fat 100 20.61 4.07 52.34 18.59
Cotton oil - 5.77 - - -
Other fat - 7.08 20.05 1.37 2.82
Used cooking oil - 0.03 0.12 7.26 0.14
Pork fat - - 0.09 0.01 9.72
Chicken fat - - 0.02 1.18 1.05
Palm oil - 19.49 - 11.11 -
Rapeseed/canola oil - - - - 2.34

1.9 Production of Biodiesel in Other Countries

Several countries have invested in the production and commercial viability of
biodiesel through production units with different capacities, mainly in Europe
(France, Austria, Germany, Belgium, the UK, Italy, the Netherlands, Finland, and
Sweden), North America (USA), and Asia (Japan) (Lobo et al. 2009).

Many countries have introduced biodiesel into their energy matrices, and it has
been used in compression ignition engines designed for diesel oil with few or no
modifications (Silva et al. 2016a, b). On a global scale, biodiesel is expected to
account for 70% of the growth in demand for transport fuel by 2040 (Naylor and
Higgins 2017). The volume of biodiesel produced from 2002 to 2013 grew by a
factor of 15 (De Oliveira and Coelho 2017) (Fig. 1.3). The use of different raw
materials for biodiesel production in each country depends on local availability and
is presented in Table 1.7.
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Fig. 1.3 World production of biodiesel from 2000 to 2013 (De Oliveira and Coelho 2017)
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Table 1.7 Main raw

g v Country Feedstock
materials used by biodiesel - - - -
producing countries (Agarwal Australia Waste cooking oil, animal fat
et al. 2017) Brazil Soybean, palm, castor, cottonseed
Canada Canola, animal fat
China Jatropha, waste cooking oil
Finland Rapeseed, animal fat
France Rapeseed, sunflower
Germany Rapeseed
India Jatropha, karanja
Indonesia Palm, jatropha
Italy Rapeseed
Japan Waste cooking oil
Korea Waste cooking oil
Malaysia Palm
Mexico Animal fat, waste cooking oil
New Zealand Waste cooking oil, animal fat
Philippines Coconut, jatropha
Russia Rapeseed, soybean, sunflower
Spain Sunflower
Sweden Rapeseed
Thailand Palm, coconut, jatropha
UK Rapeseed, waste cooking oil
USA Soybean, waste cooking oil

Since 2000, the EU has expanded biodiesel consumption, and the USA, Brazil,
Indonesia, and Argentina are also big producers of biodiesel. Other countries, such
as Thailand, Colombia, Malaysia, and Canada, have significant market shares
(Naylor and Higgins 2017), as shown in Table 1.8.

In 2013, world production and consumption of biofuels in transport increased by
7.0%, representing more than 116 billion liters, of which biodiesel represented
26 billion (De Oliveira and Coelho 2017). In 2016, the world production of biofuels
increased by 2.0% in relation to 2015 and reached 135 billion liters (Fig. 1.4). Of
this production, 72% was ethanol fuel and 23% was biodiesel (REN21 2017).

The participation of renewable energy sources in total global energy production
is expected to increase from 21% in 2012 to 33% in 2040. China is the leading
country in the use of renewable energy sources, even ahead of the European Union,
the USA, and Japan together (Budzaki et al. 2017). In 2013, almost 70% of the total
funds earmarked to subsidize the production of renewable energy were consumed in
five countries: Germany ($22 billion), USA ($15 billion), Italy ($14 billion), Spain
($8 billion), and China ($7 billion) (Budzaki et al. 2017).

Between 2005 and 2015, biodiesel production in the EU tripled and production
capacity increased more than five times, as large agribusiness firms have set up
biodiesel refineries for imports of potentially competitive raw materials (Naylor and
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Table 1.8 Biodiesel production in different countries in 2015 (Naylor and Higgins 2017)

Country 2015 Biodiesel production, billion liters World total (%)
Argentina 2.1 7.0
Brazil 4.0 13
Canada 0.3 1.0
Colombia 0.6 2.0
EU 13.5 43
Indonesia 1.2 4.0
Malaysia 0.6 2.0
Thailand 1.2 4.0
USA 4.8 15
Rest of World 33 10
World 31.6 100
140
Biodiesel = Fuel ethanol
120
., 100
£
3 80
=
£ 60
@ 40
20
0
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Year

Fig. 1.4 World production of biofuels biodiesel, etanol, and hydrotreated vegetable oil
(HVO) from 2006 to 2016 (REN21 2017)

Higgins 2017). In 2016, the EU market accounted for 8.0 billion liters (Table 1.9)
of biodiesel production and its share of the global market was around 26% (REN21
2017). The EU is encouraging the research and implementation of second- and
third-generation fuels (Agarwal et al. 2017).

Biodiesel production in the USA accounted for 18% of world production in
2016, with a production of 5.5 billion liters (REN21 2017). The US Renewable
Fuel Standard (RFS), introduced in 2005 and strengthened in 2007, requires the use
of at least 136 billion liters of renewable fuels in the USA in the transport sector by
2022 (Naylor and Higgins 2017). Through the RFS and tax incentives, the price of
biodiesel could be lower than that of diesel; however, currently the price of bio-
diesel is higher (Rico and Sauer 2015). The USA is the world’s largest producer of
soybean biodiesel, followed by Brazil (Rico and Sauer 2015).
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Table 1.9 Top 14 biodiesel  Coyntry Biodiesel (billion liters)

produc1f1g countries and Argentina 30

EU-28 in 2016
Belgium 0.5
Brazil 3.8
Canada 0.4
China 0.3
Colombia 0.5
EU-28 8.0
France 1.5
Germany 3.0
Indonesia 3.0
Poland 0.9
Spain 1.1
Thailand 1.4
United Kingdom 0.2
United States 5.5
World total 30.8

Adapted (REN21 2017)

Argentina exports a large part of the biodiesel produced there. Of the 2.78 bil-
lion liters produced in 2012, 60% was exported (Rico and Sauer 2015). Similarly,
between 2008 and 2014, 70% of the biodiesel production in Argentina was
exported (Naylor and Higgins 2017). The country has experience in the production
and promotion of bioethanol and biodiesel, with the biodiesel coming from soy-
bean, sunflower, rapeseed, safflower, and peanut vegetable oils (Lamers et al.
2008).

Thailand developed the Alternative and Renewable Energy Development Plan in
2012 and the government established a B7 mix mandate, with pilot projects for
trucks and fishing boats with blends ranging from B10 to B20. It is the third largest
producer of palm oil after Indonesia and Malaysia and has developed its biodiesel
sector almost exclusively from that oil (Naylor and Higgins 2017).

The biodiesel industry in Indonesia has grown rapidly. The Indonesian Ministry
of Energy and Mineral Resources (MEMR) plan seeks to diversify domestic bio-
diesel consumption beyond the transportation sector to include the industrial and
electrical sectors. Fuels are subsidized and production costs are the lowest com-
pared to other countries (Rico and Sauer 2015). According to the development of
biofuels, the Indonesian government established a mandate to replace 15 and 20%
of fossil fuels with bioethanol and biodiesel, respectively, by 2025 (Indrawan et al.
2017). The use of palm biodiesel in Indonesia generates independence from fossil
fuels (Indrawan et al. 2017).

After Indonesia, Malaysia is the second largest producer of palm oil, which is
intended to domestic demand for oil and fats as well as export (Rico and Sauer
2015). Indonesia and Malaysia have plans to emerge as the main oil producers
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(20 and 14%, respectively) by 2021. It is expected that in 10 years the total pro-
duction of palm oil of the two countries will increase by 37%. As it provides
independence in the supply of raw materials such as palm oil, the country has
sufficient reasons to support the production and use of biodiesel on an industrial
scale. A biodiesel blend (B5) was officially introduced by the National Biofuel
Policy at the end of 2009 (Ashnani et al. 2014). Currently, the country meets its B7
biodiesel mandate (Naylor and Higgins 2017).

The First National Energy Conference was convened in 1998 to promote the use
of new and clean energy in Taiwan and the development of biodiesel was one of the
projects planned at that meeting. In 2005, the second meeting was held and it was
decided to increase the contribution of biodiesel to 100 million liters per year by
2010 and 150 million liters by 2020 (Huang and Wu 2008).

The Chinese biodiesel industry is in its primary stage with a global trend of
biodiesel development. China has a brilliant potential in biodiesel production
capacity. Currently, three types of raw materials are used for the production of
biodiesel: rapeseed oil, cottonseed oil, and jatropha oil, and these raw materials will
change to residual frying oil and subsequently microalgae in the future (Xu et al.
2006).

Biodiesel is emerging in Africa with large-scale investment projects for the
beginning of its commercial production in several countries, including Ghana,
Zambia, Liberia, Tanzania, Ethiopia, Nigeria, Senegal, Kenya, and South Africa.
Currently the main inedible resource for biodiesel production in Africa is jatropha,
but studies indicate that inedible oils such as jojoba, mahua, castor, and karanja
present adequate properties for biodiesel and are widespread in many parts of the
continent (Yang et al. 2014).

In Canada, the promotion of renewable fuels is an important component in
reducing greenhouse gas emissions and mandates on fuel blends, and federal
production subsidies have been used to stimulate growth in biofuel production.
Canola accounts for more than half of the raw materials used in domestic pro-
duction of biodiesel with recycled vegetable oil, and animal fat has a secondary
paper (Naylor and Higgins 2017).

The first studies related to biodiesel in Turkey began in 1931 at the Agriculture
Congress. Turkey has great potential for cotton and sunflower production and
produced 17,729 tons of biodiesel in 2012 and 21,876 tons in 2013. According to
the legislation, it became mandatory that diesel provided in the trade as fuel oil
should contain 1.0% ester methyl fatty acid from January 1, 2014; 2.0% from
January 1, 2015; and 3.0% from January 1, 2016 (Eryilmaz et al. 2016).

In the production of biodiesel in Peru, two types of potential raw materials were
identified, namely palm oil and jatropha. In 2009, blends of 2.0% biodiesel with
diesel started to gradually increase to 5.0% biodiesel by 2011. The development of
the biodiesel industry in Peru is emerging, and the Romero group has vertically
integrated biodiesel processing for its palm oil production facilities in the Amazon
(Quintero et al. 2012).

Primary energy demand in Iran is expected to rise to an annual average of 2.6%
from 2003 to 2030, 5.0% lower than in the past decade. Canola, cotton, and
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soybeans are the most favorable biodiesel production sources in Iran; however,
sesame, olive, sunflower, safflower, almond, corn, and coconut are other potential
oils. Total oilseed production in Iran from 2007 to 2008 was 3,678,540.43 tons
(Ardebili et al. 2011).

Colombia is the fourth largest producer of palm oil in the world, and the country
has the potential to boost biodiesel production to the local market. To promote the
production of biodiesel, the Colombian government has promoted laws and policies
establishing tax exemptions and subsidies as well as mandates for blends of diesel
and biodiesel (Espinoza et al. 2017). Colombia’s national blending mandate is set at
B10 (and B8 for some remote rural areas) and the industry operated at around B7.9
in 2015 (Naylor and Higgins 2017).

Based on extensive research conducted at agricultural research centers, it was
decided to use jatropha as the main raw material for the biodiesel program in India.
However, commercial production of biodiesel in that country has not started (Khan
et al. 2009).
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Employment of Alternative Raw Materials
for Biodiesel Synthesis
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Abstract The search for renewable fuels has increased in recent times, since
petroleum-derived fuels are depleting supplies and contributing to accumulation of
carbon dioxide in the environment. In this way, biodiesel presents economic, social,
and environmental advantages as a renewable biofuel. This chapter aims to inform
the reader about different raw materials that can be used to synthesize biodiesel.
Moreover, the main physicochemical parameters are presented based on the stan-
dard agencies around the world. In general, the raw materials (algae, castor oil,
soybean, waste frying oil, and Chrysomya albiceps larvae) represented satisfactory
sources to produce biodiesel.
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2.1 Biodiesel

Biodiesel is a biofuel characterized by a mixture of fatty acid alkyl esters. The most
common way to produce biodiesel is by transesterification. In this reaction,
triglycerides (TG), the main components of vegetable oils, react with an alcohol to
produce fatty acid monoalkyl esters and glycerol. It can be produced from diverse
raw materials such as vegetable oils (Vieira et al. 2016), microorganisms (Hobuss
et al. 2011), and waste materials (Boey et al. 2012). Nowadays, this alternative
energy source is receiving more attention due to the high rate of pollution, health
damage, and environmental impact caused by fossil fuels. Moreover, most of
petroleum and its derivatives’ reserves are heading to depletion and, thus, enlarging
the importance of biodiesel in the near future (Ramos et al. 2009; Bazooyar et al.
2011; Sajjadi et al. 2016).

Historically, the first use of vegetable oils as fuel that occurred in early twentieth
century when France was interested in providing local fuel aiming for its distant
colonies becomes energetically independent. From this first incentive to the end of
World War II (WWII), there were several reports in the literature about the potential
use of vegetable oils as fuels in a way that they were also related to energy
independence. However, after WWII its use as fuel declined and it was largely
substituted by fossil fuels. Nevertheless, vegetable oils became again a promising
source of combustible mainly because of the energy crisis that emerged in the late
1970s. Nowadays, along with an environmental purpose, these oils are returning to
gain prominence mainly as biodiesel (Knothe and Razon 2017).

Itis widely known that energy demand will increase dramatically in the next years,
due to factors such as a population growth and economic development. However, the
main source of power in the whole planet is still based on fossil fuels that are a
non-renewable source. For instance, in 2015 almost 86% of the energy consumed in
the world came from petroleum-based sources. That has led to an consumption of 11
billion tons yearly of fossil fuels in 2015, which contributed to depletion of natural
resources, global warming, degraded environmental quality, besides economic and
human health crisis (Sajjadi et al. 2016). In this order, energy sources which can be
renewable and safe to the environment are important to ensure good quality of life to
the future generations (Bazooyar et al. 2011; Oliveira et al. 2013; Knothe and Razon
2017). In this concept, Table 2.1 compares the gases emitted by diesel, a 20% blend
of biodiesel in diesel (B20) and pure biodiesel (B100).

Table 2.1. Diese?l, .1320, and Diesel B20 B100?

iz?(?nzlilzgeirglsswn on Carbon monoxide (ppm) 1292 1172 456
Carbon dioxide (%) 9.38 8.86 7.84
Nitrogen oxide (ppm) 1275 1251 1180
Nitrogen dioxide (mg/Nm?) 2873 2716 2214
Oxygen (%) 8.06 8.86 14.4

Adapted from (Ilkilic 2010)
“Properties in accordance with ASTM specifications
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’;‘abli.Z.dZ. Dliesgllg(r)ld rice Properties Diesel B100*

p;g/nsicl)ochflsneicgl prol;:erties Density 26 °C (kg L) 0.84 0.88
Viscosity 26 °C (mm?* s™") 3.20 430
Calorific value (kJ kg_l) 42.90 40.76
Flash point (°C) 58 148
Cetane number 48 51
Sulfur value (ppm) 0.05 <0.01
Acidic index 0.22 0.13

Adapted from (Ilkili¢ 2010)
“Properties in accordance with ASTM specifications

Biodiesel is known for being a biodegradable, non-toxic, and renewable source
of combustible compared to fossil fuels. Moreover, it has low or no sulfur content,
inherent lubricity, and high flash point—features that make it a very promising
biofuel. However, biodiesel faces several challenges in order to be fully adopted as
a common combustible, such as higher cost compared to fossil fuels and parameters
as oxidative stability, cold flow properties, and viscosity (Ramos et al. 2009; Sajjadi
et al. 2016). In this context, future research is needed for accomplishing these
parameters set by standard agencies around the world and, thus, makes biodiesel a
feasible source of energy (Knothe and Razon 2017). Table 2.2 exposes some
parameters seen in pure biodiesel (B100) and diesel.

According to the literature, worldwide production of biodiesel reaches approx-
imately 29.7 billion liters. From this amount, 4.7 billion liters were produced in the
USA, followed by Brazil (3.4 billion liters), Indonesia (3.1 billion liters), and
Argentina (2.9 billion liters). The European Union accounted for 11.6 billion liters
altogether. The production of biodiesel is increasing year after year and however
still stumbles in feedstock availability and agricultural land even with numerous
subsidies and regulatory efforts facilitating its production and use (Knothe and
Razon 2017).

2.1.1 General Procedure for Biodiesel Synthesis

Early studies on vegetable oils as a source of energy used raw vegetable oils;
however, high viscosity, density, iodine values, and poor volatility of these oils led
to issues such as gumming and formation of carbon deposits in the engines. In order
to improve these parameters, several methods have been developed, such as
microemulsification, pyrolysis, hydrodeoxygenation, and transesterification
(Bazooyar et al. 2011; Sajjadi et al. 2016).

Transesterification has become the most employed methodology since it is
economically advantageous compared to the other procedures. This method con-
verts almost 98% of triglycerides into alkyl esters (biodiesel) through the reaction of
triacylglycerol with a short-chain alcohol, being the main products of this reaction
alkyl esters and glycerol as by-product. Nowadays, methanol is the most employed
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alcohol in transesterification, since it is cheaper and reacts more easily than other
compounds from the same chemical class. Alkali catalysts, such as sodium and
potassium hydroxide, are also more used than acid catalysts in this type of reaction,
because alkali-catalyzed transesterification can be done at low temperatures and
pressures, which decrease its production/commercial cost (Ramos et al. 2009;
Bazooyar et al. 2011).

Biodiesel can be synthesized from several sources (i.e., there are more than 350
crops recognized as potential source for biodiesel production); however, soybean oil,
rapeseed oil, palm oil, and sunflower seed oil dominate its production. Generally,
biodiesel feedstock can be divided into four classes such as edible, non-edible, waste
oils, and animal fats; therefore, more than 95% of the commercial biodiesel comes
from edible oils. The transesterification reaction does not alter the composition of the
acylglycerol; thus, the characteristics of biodiesel are defined by the fatty acid com-
position of the raw material. In this order, the chain length of the fatty acids is related
to biodiesel parameters, such as density and viscosity due to fact that the unsaturation
index is related to the oxidative stability of the biofuel (Ramos et al. 2009).

It is known that approximately 75% of the biodiesel cost comes from feedstock;
thus, choosing a proper source is essential. In this context, non-edible and waste oils
are eminent sources, since they are not used for human nutrition and can be
obtained from several regions of the planet, which could reduce deforestation and
the fuel/food debate (Ramos et al. 2009). Waste oils are promising sources to
produce biodiesel, because the oil is reutilized instead of discarded into the envi-
ronment, minimizing the pollutant release which could be released to the envi-
ronment. However, there are still several barriers for its widely reutilization, due to
the infrastructure and logistics needed for this type of operation. Moreover, waste
oils must go through several steps of cleaning before transesterification, which
could increase the production costs (Sajjadi et al. 2016).

Triglycerides are the main components of the raw oils from vegetable sources
which are largely used for biodiesel production. In transesterification reaction,
triglycerides are converted to diglyceride, monoglyceride, and finally converted to
glycerol. Transesterification reaction to obtain biodiesel is represented in
Scheme 2.1. Below are presented the main methodologies used for biodiesel
synthesis.

2.1.1.1 Alkaline Catalysis

Alkaline-catalyzed homogeneous transesterification is the most common and
cheaper method employed to biodiesel production. Generally, sodium hydroxide
(NaOH), sodium methoxide (CH30ONa), potassium hydroxide (KOH), and potas-
sium methoxide (CH;0K) are the most common catalysts. These catalysts are more
effective than the acids; thus, transesterification reaction occurs faster (Rashid and
Anwar 2008; Ehsan and Chowdhury 2015).

To production of biodiesel by alkaline catalysis, potassium hydroxide (0.34 g)
was dissolved in methanol (26 mL). This solution was diluted in 50 mL of selected
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R%20 HO

O‘g + 3ROH =— i +  HO
Catalyst R2” ~OR4

O>= HO
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Methyl Esters
(Biodiesel)

Scheme 2.1 Transesterification process to biodiesel production

oil, and the resulted content was put under reflux and constant stirring during 1 h.
Afterward, the products of the reaction were transferred to a separating funnel in
order to separate biodiesel from glycerol. Biodiesel was washed with solution of
chloridric acid (30 mL, 0.5% v/v) and subsequently with a saturated aqueous
solution of sodium chloride (NaCl) (30 mL). Finally, anhydrous sodium sulfate
(Na,SO4) was added to organic phase, the biodiesel was filtered, and the solvent
was evaporated under vacuum.

2.1.1.2 Acidic Catalysis

As a general rule, the use of acid catalysts produces lower quality and lower yield
biodiesel than the alkali-catalyzed transesterification. However, when the raw
material is rich in free fatty acids the acidic catalysts have showed very good yields.
Based on that, acidic catalysis has being widely used to produce biodiesel from
waste frying oil (Felizardo et al. 2006). The main disadvantage of acidic-catalyzed
homogeneous reactions is that the process is about 4000 times slower than the
alkali. Sulfuric acid (H,SO,), hydrofluoric acid (HF), and p-toluenesulfonic (p-
TSA) acid are the most common acids used in biodiesel synthesis by acid catalysis
(Lotero et al. 2005).

For the synthesis of biodiesel, firstly, 1.5 g of p-toluenesulfonic acid was dis-
solved in 40 mL of methanol. This solution was diluted in 50 mL of oil, and the
resulted content was put under reflux and constant stirring during 2 h. After that, the
products of the reaction were transferred to a separating funnel in order to separate
biodiesel from glycerol. Sequentially, biodiesel was washed with 30 mL of distil-
lated water and with 30 mL of ethyl ether. Finally, anhydrous sodium sulfate was
added to this phase, the biodiesel was filtered, and the solvent was evaporated under
vacuum.
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2.1.1.3 Two-Step Synthesis

Alkali-catalyzed transesterification is the most common method employed to bio-
diesel synthesis. However, raw materials with high free fatty acid make it difficult to
produce biodiesel using this method. The two-step synthesis of biodiesel is an
alternative to ensure the free fatty acid esterification as well as the transesterification
reaction of low-cost feedstocks.

Firstly, 20 mL of methanol containing 0.5 g of KOH was mixed to 50 mL of oil.
The mixture was then introduced in a simple reactor equipped with a reflux device
and kept under agitation at 70 °C for 60 min. Then, 30 mL of methanol containing
0.75 mL of H,SO, was added to the mixture and the reaction was kept under the
same conditions for another hour. Soon after the transesterification reaction had
ended and the mixture had cooldown, it was filtrated using a vacuum pump (to
separate the salts formed when acid and base were mixed) and transferred to a
separating funnel (to separate the glycerin). Lastly, the biodiesel was washed three
times with 50 mL of water at 70 °C, taken to the rotary evaporator (to eliminate the
volatiles), and dried by bubbling nitrogen (N») for 15 min under a 0.4 mL min ™"
flux (Oliveira et al. 2013).

2.1.2 Quality Parameters

The analysis of biodiesel comprises several tests to measure the quality of the
biofuel synthesized, so as the possible contaminants. Generally, these parameters
are set by regulatory agencies. The most important of these organizations are
American Society for Testing and Materials (ASTM) and European Standards
(EN). However, other countries have their own legislation, such as Brazil (National
Agency of Petroleum, Natural Gas and Biofuels—ANP). ASTM published the first
quality parameters for pure biodiesel (B100) in 2002. Since then, some updates
were made including several new methods to ensure the biodiesel quality (Alleman
et al. 2013; Knothe and Razon 2017).

In 2006, almost 59% of biodiesel samples collected in the USA were out of the
parameters set by ASTM. The analyzed biofuels failed in parameters such as flash
point, oxidative stability, and glycerol content. In this context, methods that can
determine the quality of biodiesel are extremely important, since low-quality fuels
cause several issues in vehicles as well as in the environment (Alleman et al. 2013).

Regarding biodiesel quality, the following section presents the most important
parameters and the main analytical methods performed to investigate such
standards.
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2.1.2.1 Kinematic Viscosity

Reducing viscosity is one of the main reasons to the production of biodiesel by
transesterification. This property is of extreme importance to the quality of bio-
diesel, since a high viscosity fuel leads to several engine problems, such as engine
deposits and gum formation (Knothe and Steidley 2005). Generally, the viscosity of
biodiesel increases as the fatty acid’s chain length is longer and decreases as its
unsaturation level increases. Following this line of thought, Crizel et al. (2016)
made use of viscosity analysis as a potential tool to detect adulteration in biodiesel.

Saybolt viscometer is used as a standard test by ASTM. To this test, the biodiesel
must be added to a preheated viscometer at 40 °C. Sequentially, biodiesel is run
gradually under gravitational force while the time for its complete downfall is
measured. According to ASTM, kinematic viscosity at 40 °C must be between 1.9

and 6 mm” s~' while European standards set a range of 3.5-5 mm?” s~ .

2.1.2.2 Flash Point

This property is related to the minimum temperature which a volatile liquid releases
a sufficient amount of vapor to ignite. Vegetable oils tend to have a greater value of
flash point when compared to its respective alkyl esters. Residues from the syn-
thesis, such as alcohol, can also decrease this parameter; thus, the flash point could
be used to determine the residual alcohol in biodiesel (Boog et al. 2011). This
property is important to comprehend storing conditions, transporting, and handling
as well other circumstances of safety. According to ASTM, flash point must be
greater than 130 °C while European standards accept a value greater than 120 °C
(Alleman et al. 2013; Knothe and Razon 2017).

Experimentally, when the test starts, biodiesel is exposed to a flame that grad-
ually increases its temperature. The lowest temperature at which the biofuel suffers
ignition is recorded and the test is finalized. The flash point values determined for
biodiesel are relatively higher than those of mineral diesel (approximately 55 °C).

2.1.2.3 Iodine Value

This parameter measures the total unsaturation level of oil, and this value is used to
assess the oxidative stability of the biodiesel. The test is related to the interaction
between iodine and unsaturated fatty acids present in the biodiesel. According to
European standards, iodine value must be lower than 120 g x 100 g™ '. There is no
American legislation about this parameter (Knothe and Razon 2017).

Iodine value can be determined experimentally by the dissolution of biodiesel in
cyclohexane and Wijs solution. The iodine value is found by titrating with sodium
thiosulphate (Na,S,03) solution (Sandha and Swami 2009).
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2.1.2.4 Saponification Value

This test is used as an indicator of average molecular weight. Generally, vegetable
oil and its respective biodiesel tend to have similar saponification values (Endo
et al. 2005). Since this property is only a relative measure to predict the chain length
of all fatty acids in the oil sample. The USA and European standards do not regulate
it. The saponification value is experimentally determined by the reaction of bio-
diesel with a certain amount of potassium hydroxide (KOH) and subsequent
titration with HCIl. The saponification value is expressed as the amount of alkali
(sodium or potassium hydroxide) required to complete saponification of 1.0 g of the
oil. The reaction could be visualized in Scheme 2.2.

2.1.2.5 Thin-Layer Chromatography

Chromatography is an area of chemistry that is related to separation of a specific
compound in a complex sample. In this context, it is an important tool to evaluate
the progress of biodiesel synthesis through the fatty acid profile. Chromatography is
not regulated by standard agencies and is performed as a complementary study to
determine some parameters of this biofuel (Oliveira et al. 2013).

Thin-layer chromatography (TLC) is a type of chromatography which is based
on different interactions between the sample and the stationary and mobile phases,
in order to separate them. This procedure can be experimentally done through the
dissolution of the biodiesel and application in the stationary phase of the TLC plate
that will be placed in contact with stationary phase. After the effect of the capillary
action, the compounds are separated and are prepared to be revealed by iodine
vapors. An example comparing the vegetable oil with the respective biodiesel is
shown in Fig. 2.1.

=0

=<R Q HO

0O o}

© ot Ho—§ o3 RJ\O'K+

0 HO Soap
>=O Glycerol
R

Triglyceride

Scheme 2.2 Saponification reaction
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Fig. 2.1 Thin-layer
chromatography comparing
waste frying oil and its
biodiesel (Rf = Retention
factor)

2.1.2.6 Gas Chromatography
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Many chromatographic methods have been employed for biodiesel analysis, and in
this context, gas chromatography (GC) is a fundamental tool to determine biodie-
sel’s fatty acid composition. This measure is an important feature since this profile
is related to several other parameters analyzed which are fundamental to ensure
biodiesel’s quality, although there is no legislation in the USA or Europe regarding
GC analysis (Alleman et al. 2013).

Experimentally, the fatty acid profile of biodiesel can be determined as fatty acid
methyl esters (FAME) through GC analysis as described by Hobuss and co-authors
(2011). Fatty acid profile confirmation is obtained by comparing with a standard

FAME Mix. Table 2.3 presents GC conditions.

Table 2.3 GC analysis
parameters and conditions

Parameter Condition

Column (100 m x 0.25 m x 0.25 um)
Injection volume 1 puL

Split ratio 1:25

Head pressure 44.695 psi

Flow 1.2 mL min~!

Injector temperature 250 °C

Oven profile

Initial temperature 100 °C

Hold time 5 min

Ramp 1 7 °C min~" to 200 °C
Hold time 2 min

Ramp 2 5°C min~' to 230 °C
Hold time 10 min

Detector Flame ionization detector
Detector temperature 250 °C
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Fig. 2.2 Fatty acid analysis by GC-FID. / palmitic acid (C16:0); 2 palmitoleic acid (C16:1); 3
stearic acid (C18:0); 4 oleic acid (C18:1n9); 5 linoleic acid (C18:2n6); 6 a-linolenic acid
(C18:3n3); 7 eicosenoic acid (C20:1); 8 a-linolenic acid (C18:3n3)

Figure 2.2 shows a representative chromatogram of a fatty acids analyzed by gas
chromatography—flame ionization detection (GC-FID), in order to characterize
biodiesel’s fatty acid profile.

2.1.2.7 Acidic Index

One of the parameters of biodiesel quality is the content of free fatty acids, which is
called acidic index. The acidic index is an important parameter to evaluate biodiesel
corrosive potential. It can also be determined for a starting material (vegetable oil)
as an indicative of the type of catalyst that should be used in its transesterification
reaction (Xie et al. 2017). This value is expressed as amount of potassium
hydroxide needed to neutralize a certain fraction of the oil or fat. ASTM and EN set
a maximum of 0.50 mg of KOH g~' of biodiesel. Acidic index can be determined
experimentally through a titration of biodiesel with aqueous KOH using phe-
nolphthalein as indicator (Wang et al. 2008).
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2.1.2.8 Density

This property is related to the chain length and unsaturation index in the biodiesel
fatty acids. Generally, vegetable oil has a greater density value when compared to
transesterified oils. Density is a key aspect of biofuels, since such parameter is
related to the quantity of combustible that enters the combustion chamber, which
directly affects engine performance. The values of density are not set by the USA
standards; however, it must be between 860 and 900 kg m ™ at 15 °C according to
the European Standards (Knothe and Razon 2017).

2.1.2.9 Ocxidative Stability

The unsaturated fatty acids of biodiesel are susceptible to oxidation upon exposure
to oxygen, elevate temperature, light, metals, and peroxide. Oxidative stability
affects biodiesel quality, since it is associated with storage conditions as well as
antioxidant addition (Knothe 2007). In order to improve the oxidative stability of
biodiesel, new stabilizing agents have been reported in the literature (Rockembach
et al. 2015). Rancimat apparatus must be used to evaluate oxidative stability
according to the EN and ASTM. For the EN, the biodiesel oxidative stability must
be 8 h minimum. On the other hand, the ASTM set an oxidative stability of 3 h
minimum.

2.1.2.10 Glycerol Content

Glycerol (1,2,3-propanetriol) is the main by-product of biodiesel industry. The
presence of small amounts of glycerol in a biofuel can cause several problems in an
engine such as failure and coking (Bondioli and Bella 2005). According to EN and
ASTM standards, free glycerol must be lower than 0.02% of the mass of the
biodiesel.

As explained in this topic, the characteristics of biodiesel may vary according to
several factors, such as fatty acid composition of the raw material, production
process, conditions of storage and handling. Table 2.4 summarizes the chemical
analyzes and its respective variation range accepted by standard agencies in Europe,
USA, and Brazil (National Agency of Petroleum—ANP).
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Table 2.4 Specifications for B100

Specification ASTM EN ANP

Kinematic viscosity at 40 °C 1.9-6 3.5-5 2.5-5.5

(mm? s

Cetane number (min) >47 >51 >42

Oxidation stability at 110 °C (h) >3 >8 >6

Density at 15 °C (kg m ) Not 860-900 875-900
specified

Free glycerol (% mass) <0.02 <0.02 <0.02

Monoacylglycerols <04 <0.7 Not

(% mass) specified

Total glycerol (% mass) <0.24 <0.25 <0.38

Cold filter plugging point (°C) Not According to climate Not
specified zone specified

Acid value <0.5 <0.5 <0.8

(mg KOH g ")

Flash point (°C) >93 >101 >100

Iodine value (g I, gfl) Not <120 Not
specified specified

2.2 Sources for Biodiesel Synthesis

2.2.1 Algae

Algae composes a very complex and diverse group of aquatic organisms, ranging
from unicellular forms to multicellular, which can be up to 80 meters long. They are
important components of many environments, which vary from tropical oceans to
cold ecosystems, such as those from the Antarctic region. Eukaryotic algae are
primarily divided according to its pigment components, and there are currently nine
divisions (Vassilev and Vassileva 2016). The most important are Rhodophyceae
(red algae), Chlorophyceae (green algae), Phaeophyceae (brown algae),
Pyrrophyceae (dinoflagellates), Chrysophyceae (golden-brown algae), and
Bacillariophyceae (diatoms) (Harwood and Guschina 20009).

These organisms are known to have several classes of lipids in its constitution,
such as phytosterols, carotenoids, and fatty acids. Alongside, numerous other fac-
tors make algae biomass a very feasible source to produce biodiesel, because of its
abundance, high rate of reproduction, and the fact that most of it is not used for
human consumption (Nautiyal et al. 2014; Vassilev and Vassileva 2016). However,
synthesis of biodiesel through this renewable source is still very expensive com-
pared to other matrices, due to a costly cultivation, harvesting, separation, and the
processing step. Moreover, the extraction process of its oil is not selective to fatty
acids and, thus, extracts contaminants that may impact in the yield of the biodiesel
synthesis, so as its purity and physicochemical properties (Viégas et al. 2015).
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In order to initiate the synthesis of biodiesel from algae biomass is necessary a
previous lipid extraction step. In this procedure, organic solvents interact with the
membranes of the organism in which fatty acids can be found. For an effective
extraction, it is not only necessary to use a solvent that dissolves the lipids readily,
but also can overcome the interactions from the lipids and the tissue matrix (Viégas
et al. 2015). Several extraction methods, which employ a multiplicity of organic
solvents, have been proposed in the literature. Usually, they are based on the
extraction potential of organic solvents or a mixture of these, followed by a phase
separation and, finally, an isolation of the lipids. Most lipid extraction methods use
a mixture of organic solvents with the endogenous water in the tissue as a ternary
component of the system to extract lipids from the sample (Mandal and Mallick
2009).

In this work, microalgae Scenedesmus obliquus was evaluated for its potential as
a raw material to the production of biodiesel. The fatty acid profile of the biodiesel
from S. obliquus analyzed by GC-FID is shown in Table 2.5. The identification of
the peaks from the chromatogram was made throughout a comparison to a standard
comprised of a mixture of 37 fatty acid methyl esters (Supelco TM).

According to the results seen at Table 2.5, linoleic, oleic, and palmitic acids
were the most abundant fatty acids found in the sample. However, other com-
pounds, such as palmitoleic, stearic, and linoleic acids, were found in small
quantities. The fatty acid composition in microalgae is due to endogenous and
exogenous factors, such as genetic, temperature, and salinity that may induce the
microalgae to produce certain types of fatty acids (Nautiyal et al. 2014). The pro-
portion between unsaturated and saturated fatty acids is an important parameter to
determine the quality of the biodiesel synthesized. A prevalence of unsaturated fatty
acids may be easily oxidized and solidified at lower temperatures. In this case,
biodiesel from S. obliquus proved to overcome this parameter (Guldhe et al. 2015).

Although not investigated in this work, several reports from the literature indi-
cate that biodiesel from algae can easily overcome some specified parameters from
standard agencies that control the quality of biodiesel. Usually, biodiesel from

Table 2.5 Fatty acids Fatty acid Quantity (%)

(FAs) (% of area) found in — -

biodiesel from algae Palmitic acid (C16:0) 18.3
Stearic acid (C18:0) 2.9
Palmitoleic acid (C16:1) 6.9
Oleic acid (C18:1n9) 39.8
Eicosenoic acid (C20:1) 1.9
Linoleic acid (C18:2n6) 26.5
y-Linolenic acid (C18:3n6) 2.4
o-Linolenic acid (C18:3n3) 1.3
>~ Saturated FAs 21.2
>~ Monounsaturated FAs 48.6
>~ Polyunsaturated FAs 30.2
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Table 2.6 Standards values and test results of biodiesel from algae Scenedesmus obliquus

Parameter Literature | ASTM EN ANP References
range
Density (kg m ) 877 860-900 |860-900 | 875-900 | Guldhe et al. (2015)
Saponification index | 195.03 Not Not Not Wu and Miao (2014)
(mg KOH g ") specified | specified | specified
ITodine index (g 71.62— Not <120 Not Wu and Miao (2014),
1, 100 g_l) 98.68 specified specified | Guldhe et al. (2015)
Cetane number 51.77- >47 >51 Not Wu and Miao (2014),
58.17 specified | Guldhe et al. (2015)
Acid index (mg 0.42 <0.8 <0.5 <0.5 Guldhe et al. (2015)
KOH g1
Oxidative stability 3.54 >3 >6 >6 Guldhe et al. (2015)
(h)

microalgae is capable of attending some specifications of biodiesel, such as vis-
cosity and density, due to a considerable concentration of medium-sized chain
monounsaturated and polyunsaturated fatty acids in its composition (Guldhe et al.
2015; Viégas et al. 2015). The standards and the test’s results of biodiesel from
algae can be seen at Table 2.6.

According to Table 2.6, biodiesel from algae met several important parameters
set by standard agencies in Europe, USA, and Brazil, such as viscosity, iodine
index, and acid index. Therefore, according to data previously reported in the
literature, microalgae S. obliquus proved to be a great source for the production of
biodiesel, especially because of its fatty acid profile and the balance between
unsaturated and saturated fatty acids.

2.2.2 Castor 0Oil

The castor oil plant (Ricinus communis L.) is a tree from hot weather environments,
which makes India, China, and Brazil the biggest growers. Fifty percent of the
castor seed total weight is a crude oil which has several applications in the phar-
maceuticals, polymers, and lubricants industry. Regarding its potential, currently
this plant is being used to produce biodiesel and, therefore, aiming to substitute
edible vegetable oil biodiesel production (Dias et al. 2013; Azad et al. 2016).
According to the previous studies, the oil from the castor seed is mainly com-
posed of ricinoleic acid. The massive presence of this compound gives this oil
several unique features, such as high viscosity, increased polarity, stability, and a
considerable hygroscopicity. These characteristics are due to the presence of an
additional hydroxyl group in its carbon chain (Armendariz et al. 2015). However,
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these seeds are poisonous and may cause health problems to individuals who deal
with the plant and, thus, making it wide use difficult (Bateni et al. 2014). However,
it is still expected that this second-generation biodiesel can overcome the currently
dominating edible oil sources, due to the fact that these new fat alternatives also
address social, economic, and environmental challenges beyond energy production
(Azad et al. 2016). Figure 2.3 shows the chemical structure of ricinoleic acid.

Although very cheap and sustainable, castor oil is a very challenging matrix to
produce biodiesel regarding its unique physicochemical properties discussed pre-
viously. Moderate solubility of ricinoleic acid in alcohols makes the transesterifi-
cation process more practical to produce biodiesel. The literature indicates several
ways to transesterify fatty acids from castor oil mainly using short-chain alcohols
and alkaline catalysis. However, several factors may interfere with such process, for
example, different catalysts, temperature, molar ratio between oil and alcohol, and
reaction time (Armendariz et al. 2015).

According to the literature, the kinematic viscosity of biodiesel from castor oil at
40 °C ranges between 18.3 and 60.9 mm?* s™'. This value is higher than the EN and
ASTM standards which indicate a viscosity at least smaller than 5 and 6 mm?* s,
respectively. Thus, this biodiesel may cause insufficient atomization in automo-
biles’ engines leading to soot and deposits (Knothe and Razon 2017).

The main reason for this high value of kinematic viscosity from castor oil is
related to the prevalence of ricinoleic acid in its fatty acid profile, since this
molecule has a hydroxyl group which is soluble in the main by-product of the
biodiesel synthesis. This fact makes purification of biodiesel more difficult and
incomplete, which leads to a small presence of glycerol in the final product and,
thus, an increased viscosity (Oliveira et al. 2013).

In this work, the biodiesel from castor oil was synthesized employing the basic
catalysis and a yield close to 79% was obtained, a result that was influenced by the
high density of the oil. Thus, increasing the time of the reaction and the stirring can
be used to improve the synthesis of biodiesel. On the other hand, p-TSA as a
catalyst had an 81% of yield. Therefore, this acid catalyst proved to be a good
alternative to the conventional basic catalysis.

According to reports in the literature, biodiesel from castor oil failed in several
parameters set by EN, ASTM, and ANP, as viscosity, density, and acid value.
Based on that, this green combustible should not be used in its integral form. On the
other hand, it can be employed blended to diesel or to other types of biodiesel. On
the other hand, biodiesel from castor oil met several important parameters, such as
iodine value, flash point, and cetane number. The standards and the test results of
biodiesel from castor oil can be seen at Table 2.7.

Fig. 2.3 Chemical structure 0
of ricinoleic acid

OH
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Table 2.7 Standards values and test results of biodiesel from castor oil

Parameter Literature | ASTM EN ANP References
range

Viscosity (mm? s™) | 18.3-60.9 | 1.9-6 3.5-5 3-6 Armendériz et al. (2015)

Saponification value | 179.3 Not Not Not Sanchez et al. (2015)

(mg KOH g1 specified | specified | specified

ITodine value (g 80.5 No limit | <120 No limit | Sajjadi et al. (2016)

L 100 g h

Acid value (mg 0.70-1.19 | <0.5 <0.5 <0.5 Sanchez et al. (2015),

KOH g_l) Sajjadi et al. (2016)

Flash point (°C) 147 <93 <101 <100 Bateni et al. (2014)

Density (kg m ™) 936-950 860-900 |860-900 |875-900 | Dias et al. (2013),

Armendariz et al. (2015)

Cetane number 42.3-604 | <47 <51 Not Azad et al. (2016),

specified | Sajjadi et al. (2016)

2.2.3 Soybean Oil

The soybean (Glycine Max L.) is a species that can be found in several countries
with subtropical and tropical climates; thus, USA, Brazil, and Argentina are its
largest production countries. This plant is widely known for its high amounts of oil
and protein—fact that made it one of the most produced crops around the world.
Since biodiesel synthesis is spiking every year, this species was one of the first to be
used to produce biodiesel. For instance, in the USA alone, biodiesel jumped from
50,000 gallons in 1999 to 450 million of gallons in 2006 and keeps growing
nowadays. Therefore, a considerable amount of oil was needed and soybean
showed as one of the most promising (Chand et al. 2009).

According to previous studies, soybean oil is mainly composed by the
polyunsaturated fatty acid known as linoleic acid (approximately 53% in weight)
with a minor quantity of oleic, palmitic, and linolenic acids. However, the massive
presence of polyunsaturated fatty acids makes biodiesel from this oil very unstable
with regard to oxidation. Another limitation to the employment of biodiesel from
soybean oil is that soybean is widely used for nutritional purposes, and so there
could be some competitiveness for this feedstock. In order to overcome these
obstacles, several researches are being made to introduce antioxidants in the bio-
diesel from this matrix to decrease oxidative instability (Rockembach et al. 2015).

Usually, biodiesel from soybean oil is made according to an alkaline catalysis
and convention heating. Currently, there is a great interest to produce these green
combustible employing alternative sources of energy like microwaves or ultrasound
since they decrease the time of the reaction so as to increase its conversion. On the
other hand, waste cooking oil has been extensively explored for the production of
biodiesel gradually replacing virgin soybean oil. This is due to the fact the waste
cooking oil is cheaper and is environmental-friendly (Boey et al. 2012).
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Soybean oil biodiesel’s kinematic viscosity, iodine index, and flash point were
evaluated in order to characterize the obtained fuel. Results from this tests along
with similar others found in the literature can be seen in Table 2.8. According to our
experimental results and reported in the literature, biodiesel from soybean oil met
several important parameters set by standard agencies in Europe, USA, and Brazil.
Among these are viscosity, iodine value, acid value, flash point, total glycerol, and
cetane number. However, this type of biodiesel failed in free glycerol and oxidative
stability, due to its fatty acid profile. In other words, antioxidants should be added to
biodiesel from soybean oil in order to increase its stability.

2.2.4 Waste Frying Oil

Waste oils may include a variety of low-value materials such as used cooking or
frying oils, and other waste materials. In most of hotels, restaurants, and in other
food industries, the waste cooking oil is either simply discharged into the river or
dumped into the land. Used or waste frying can be obtained from the restaurant
industry, and they range from free up to 60% less expensive than neat vegetable
oils, depending on the source and availability (Predojevic 2008).

The recent concerns with sustainability, environment, and raw material costs
have made the use of waste frying oils attractive to the industry, especially if
stimulated with economic benefits associated with the use of blends of biodiesel and
fossil diesel (Zhang et al. 2003). Hydrolytic and oxidative reactions cause degra-
dation on used vegetable oils, resulting in changes in the chemical and physical
properties when compared to neat oils, such as increases in oil viscosity and acidity,
color, odor, and aspect (Costa et al. 2000). Waste oils are normally characterized by
relatively high free fatty acids, water contents, and solid materials that must be
removed before biodiesel synthesis.

Waste cooking oil contains a high percentage of free fatty acid, making the
alkaline reaction not suitable for biodiesel production from feedstock. In other
words, because the base reacts with free fatty acid and forms soaps by saponifi-
cation reaction, biodiesel conversion is reduced. In most of the cases, the waste oil
must be filtered to remove the solid particles. The free fatty acids, however, have
not been removed prior the biodiesel synthesis, since scientists have described the
two-step transesterification reaction (Canakci and Van Gerpen 2001). In this
reaction, the feedstock is treated usually with sulfuric acid to convert free fatty acids
to the corresponding fatty acid methyl ester and followed by the transesterification
reaction with a strong base as catalysts, usually sodium hydroxide or potassium
hydroxide, to produce biodiesel (Naik et al. 2008). In summary, despite the addi-
tional cost of the two-step procedure, it readily accommodates high free fatty
acid-containing low-cost feedstocks for the preparation of biodiesel (Canakci and
Van Gerpen 2003).
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Table 2.8 Standard values and test results of biodiesel from soybean oil

Parameters | Experimental | Literature | ASTM EN ANP References
value range
Viscosity 4.2 4.14.2 1.9-6 35-5 |3-6 Ramos et al.
(mm? 571 (2009), Sajjadi
et al. (2016)
Todine 110 118-128 Not <120 | Not Ramos et al.
index (g specified specified |(2009), Sajjadi
L 100 g h et al. (2016)
Acid index |- 0.14-0.18 | <0.5 <0.5 <0.5 Ramos et al.
(mg (2009), Sajjadi
KOH g ") et al. (2016)
Flash point | 188 140-171 >093 > 101 > 100 Ramos et al.
°O) (2009), Sajjadi
et al. (2016)
Cetane - 44-49 >47 >51 Not Ramos et al.
number specified | (2009), Sajjadi
et al. (2016)
Oxidative - 1.3 >3 >6 >6 Ramos et al.
stability (h) (2009)
Free - 0.07 <0.02 <0.02 | <0.02 Ramos et al.
glycerol (% (2009)
mass)
Total - 0.00 <0.24 <0.25 | <€0.35 Ramos et al.
glycerol (% (2009)
mass)

Based on that, biodiesel from waste frying oil was synthesized by a two-step
process and analyzed for its quality parameters. The physicochemical properties
evaluated on this work aim to comprehend the biodiesel quality and composition.
The results are presented in Table 2.9. In summary, the biodiesel produced on this
work showed similar values to the presented literature for all the properties
evaluated.

In general, the parameters analyzed were all according to the literature reports
and the regulatory agencies. Based on that, catalysis method investigated was
confirmed to be effective for biodiesel synthesis.

2.2.4.1 Chrysomya Albiceps Larvae

Organic wastes, such as animal waste, household and commercial waste, mainly
restaurant waste, are generated daily in large quantities, which can cause pollution
and induce major health risks if not treated correctly (Li et al. 2011). Restaurants are
one of the most responsible for the waste generation. In Japanese restaurants,
salmon, for example, is discarded practically whole since there is no used to pro-
duce the dishes.
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Table 2.9 Physicochemical parameters of biodiesel produced from waste frying oil

Parameter Synthesized Literature
biodiesel

Saponification index (mg KOH 100 g~' of |208.2 207 (Yaakob et al. 2013)

sample)

Acidic index (mg KOH g™' of sample) 0.08 0.15-0.47 (Felizardo et al.
2006)

Iodine index (mg I, 100 g_l of sample) 114 123-130 (Felizardo et al.
2006)

Viscosity (mm? s™") 4.47 4.1-6.3 (Felizardo et al.
2006)

Flash point (°C) 155 160-170 (Felizardo et al.
2006)

This substrate is ideal for the development of several species in the form of
scavengers insect. The production of biodiesel from flies larvae has been previously
reported in the literature (Li et al. 2011). In this context, adult specimens of
C. albiceps are attracted and may develop in this development medium. Lipids play
an extremely important role in insects, in which they are constituents of cellular
structures, act as hormones, and are important energy sources, where it is related to
an insect flight activity. Due to their high efficiency, higher breeding rate, and
shorter life cycle than plants, insects demonstrated the potential to substitute plants
as raw material for biodiesel production (Li et al. 2012).

Based on the important relationship between lipids and insects, the objective of
this study was to evaluate the lipid profile of C. albiceps fed with salmon head
carcass from a restaurant to evaluate its use as biodiesel raw material.

To the development of the larvae, specimens of C. albiceps were collected in an
urban setting, actively. After collection, the individuals were kept in plastic and
transparent cages. They were fed diets based on sugar and protein, where they were
kept under controlled temperature (£25 °C), relative humidity (70 & 10%), and
photoperiod of 12 h. The posture stimulus was performed by placing salmon car-
cass inside the cages for approximately 2 h. After that period, each meat with
posture was removed from the cages and placed in a double organza closed system
containing wet sawdust. As the larvae left the development medium, the pre-pupae
were removed, washed with distilled water, dried on filter paper, and sacrificed at
—4 °C.

Lipid extraction was performed following Soxhlet methodology. To this method,
10 g of C. albiceps in the pre-pupae stage were macerated and conditioned in the
cartridge for extraction in the Soxhlet (hexane, 700 mL) under reflux (6 h). After
the time, the solvent was evaporated under vacuum with 5% of yield. The biodiesel
synthesis was performed according to a based catalyzed methodology described by
Hartman and Lago (1973).

Biodiesel derived from C. albiceps was obtained in a moderate yield (50%). The
Soxhlet extraction method was presented as an inexpensive method to obtain fatty
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Table 2.10 Fatty acid
composition of C. albiceps
pre-pupae biodiesel (% in area
of total fatty acids)

B. S. Pacheco et al.

Fatty acid Quantity (%)
Myristic acid (C14:0) 1.69
Pentadecanoic acid (C15:0) 0.22
Palmitic acid (C16:0) 17.17
Palmitoleic acid (C16:1) 3.42
Heptadecanoic acid (C17:0) 0.16
Stearic acid (C18:0) 2.66
Oleic acid (C18:1n9) 38.27
Linolelaidic acid (C18:2n6t) 0.19
Linoleic acid (C18:2n6) 18.25
y-Linolenic acid (C18:3n6) 0.27
Linolenic acid (C18:3n3) 6.63
Arachidic acid (C20:0) 0.24
cis-11-Eicosenoic (C20:1) 1.06
cis-11,14-Eicosadienoic (C20:2) 0.92
cis-11,14,17-Eicosatrienoic (C20:3n3) 0.40
cis-8,11,14-Eicosatrienoic (C20:3n6) 0.36
Arachidonic acid (C20:4n6) 0.51
cis-5,8,11,14,17-Eicosapentaenoic 2.66
(C20:513)

Behenic acid (C22:0) 0.88
Erucic acid (C22:1n9) 0.22
cis-4,7,10,13,16,19-Docosahexaenoic 3.36
(C22:6n3)

Lignoceric acid (C24:0) 0.23
Nervonic acid (C24:1) 0.24
>~ Saturated FAs 23.25
> Monounsaturated FAs 43.21
>~ Polyunsaturated FAs 33.55

acids. Fatty acid profile of biodiesel from C. albiceps was analyzed by GC-FID, and
the results are shown in Table 2.10. These data showed a balance of the fatty acids
(saturated FAs 23.25%, monounsaturated FAs 43.21%, polyunsaturated FAs
33.55%), making a starting material for future research into biodiesel.

2.3 Conclusion

Different raw materials for biodiesel synthesis were presented. Different chemical
routes for the preparation of biodiesel have also been shown. Certain materials such
as soybean, castor and frying oils are commonly used as sources for biodiesel
production and their physicochemical properties have been already determined.
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However, there are alternatives that still deserve further research, such as algae and
fly larvae. However, it is imperative to mention that biodiesel comprises an
important product with a high demand in the world. This theme is an object of study
in research, with low cost and the main advantage of being a renewable fuel.
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Chapter 3

Alternative Multifunctional Additives
for Biodiesel Stabilization: Perspectives
for More Efficiency and More
Cost-Effectiveness

Ana Carolina Roveda and Magno Aparecido Goncalves Trindade

Abstract In this chapter, we address the current technologies to cover the alter-
native blends composed by multifunctional antioxidants—sometimes called sec-
ondary antioxidants—used to overcome the problems of degradation and provide
more stability to the biodiesel which is derived from different raw materials. To this
end, some valuable works with notable studies of conventional antioxidants, and
sometimes synergetic binary/ternary blends and their applications, were briefly
reviewed. However, the chapter attempts to cover only an overview of the recent
advances in the field of multifunctional alternative additives, which provide a more
efficient stabilization of the biodiesel. Also, its activities allow lowering the con-
centration of additives into biodiesel while maintaining their required specification.
Furthermore, the chapter brings some aspects of the chemistry behind the multi-
functional activities, focusing on the key benefits that afford in their multifunctional
properties. Lastly, considering the vast scale in which the biofuel can be processed,
we also show that the target additives improve the performance of conventional
antioxidants more cost-effectively.

3.1 Introduction

As it is well-known, the search for alternative fuels was stimulated by the energy
crisis of the 70’s. As a consequence, the vegetable oils gained attraction as a
potential biofuel for uses in diesel engines. In fact, the increased demand for energy
in the industrialized world and the pollution problems caused by the widespread use
of fossil fuels have also contributed to the need for new and renewable energy
sources with less environmental impacts. Thus, biodiesel production has undergone
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rapid and extensive technological reforms in industries and academies as the reg-
ulations were developed and this promoted the use of green fuels in the market and
the increase of its commercialization.

Currently, one key search through biodiesel arises in the studies to improve its
performance based on its physicochemical characteristics in order to maximize its
stabilization. There are vast researches in this field, and many of them were pre-
viously reviewed. There is a drawback pointed for biodiesel production, though.
Unlike fossil diesel, the methyl esters from vegetable oils, animal fats, and other
alternative feedstock consisting mainly of triacylglycerols with its chemical nature
make it more susceptible to oxidative processes and lower performance under cold
conditions (Knothe 2007; Rasimoglu and Temur 2014; Knothe and Razon 2017).
These issues are the most important in the evaluation of the biofuel quality because
it involves the whole biodiesel logistics chain: from producer to final consumer.
This is a fact that has led groups of researchers to solve these problems (Knothe
2007; Medeiros et al. 2014; Rasimoglu and Temur 2014; Knothe and Razon 2017).
Cold flow and viscosity are two physical properties that are affected by poor
feedstock quality. The problem associated with these properties is due to the fact
that it can directly affect the biodiesel quality in its clean form and in blends with
diesel. The main problems of operability are caused by the formation of solids and
crystals that grow and agglomerate rapidly, creating problems in engine operation
by choking fuel pipes and filters (Dwivedi and Sharma 2015; Knothe and Razon
2017). The cold flow properties are related to the amount of monoalkyl esters from
the fatty acids present in the oils (Dwivedi and Sharma 2015). Viscosity is a
measure of resistance to flow, and the biodiesel derived from feedstock with higher
amounts of saturated chains in their composition tends to crystallize at lower
temperatures. The main effect of high kinematic viscosity is to decrease the fluidity
of the biofuel, which in turn, impairs the operationality of the fuel injection system.
Thus, this parameter has been reported as one of the most harmful when using
biodiesel blends in diesel engines. Eventually, this effect can be controlled by using
oils with higher amounts of unsaturated fatty acids present in their composition.
However, while the cold clogging temperature tends to decrease because of the
lower content of saturated chains, the oxidative degradation of the biodiesel sta-
bility tends to increase due to the fact that the oxidative reactions easily take place
in unsaturated fatty acids.

The low oxidative stability of biodiesel during the production and prolonged
storage processes has been one of the drawbacks before its consolidation in the
world energy matrix. Oxidative stability is reported as a parameter of biodiesel
quality, and it is fundamental to evaluate the performance of automotive engines,
especially, for increasing the useful life of parts, making the composition of fatty
acids present in biodiesel the most important factor that influences their properties
(Pullen and Saeed 2012). Thus, as there is an increase in the proportion of unsat-
urated fatty acids, biodiesel becomes more susceptible to oxidative processes
(Cosgrove et al. 1987; Pullen and Saeed 2012). The process is directly related to the
presence of allylic and bis-allylic carbons in the fatty acids that compose the bio-
fuel. As the reaction is energetically favorable, the removal (from the radical) of a
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hydrogen atom from these groups leads to the formation of resonance-stabilized
allylic and bis-allyl radicals (Medeiros et al. 2014). The formed radicals are sus-
ceptible to being attacked by atmospheric oxygen, converting into other radicals
(peroxides). The peroxide radical reacts with the fatty acid present in the biodiesel
forming the hydroperoxides, the primary products of oxidation (peroxides and
hydroperoxides). In turn, its structures depend on the nature of the fatty acids which
is present. As the enthalpy of this reaction stage is relatively low, this phase occurs
more rapidly. The abstraction of the hydrogen from the fatty acid by the peroxide
radical (ROO")—for the formation of the hydroperoxide radical (ROOH) and the
radical (R"y—preferably occurs in the carbon bonds where the energy of dissoci-
ation is low, such as the hydrogen of the bis-allyl position of the polyunsaturated
fatty acid (Pokorny et al. 2001; da Silva et al. 2017). This stage results in an
autocatalytic process, since the formed radicals act as propagators of the reaction.
Fig. 3.1 shows how the biodiesel oxidation process happens. This process can be
summarized in three main steps, commonly called as initiation, propagation, and
termination (da Silva et al. 2017).

The presence of oxygen, water, and metals as well as the exposure to high
temperatures and light incidence are factors that contribute to the reduction of
oxidative stability of the biodiesel, which may trigger hydrolytic, photooxidative,
and autooxidative reactions (Knothe 2007; Pullen and Saeed 2012; Fattah et al.
2014; Kivevele and Huan 2015; Knothe and Razon 2017). Transition metals have
been reported as potent catalysts of biodiesel degradation processes even at
trace-level amounts, leading to free radical formation that accelerates the oxidation
of unsaturated fatty acids to produce primary and secondary oxidation products
(Knothe 2007; Pullen and Saeed 2012). The presence of these contaminants in
biodiesel can be derived from various sources, such as the storage and/or transport,
during distillation and refining processes and also when blended with petrodiesel.

Initiation R—H —> R + H

Propagation R° + 0O, —> R—O0—0O’
R—O0—O0 + R—H —>» R—O—OH + R’

Termination (R —Q—0Q  + R° — R—O0—OR

Stable

R—O0—0 + R—O0—0 —>» R—O0—OR + O,
Products

R + R —> RR

Fig. 3.1 Schematic lipid oxidation reaction. RH: unsaturated fatty acid, R": free radical, ROO":
peroxide radical, and ROOH: hydroperoxide
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In this way, the knowledge of the chemical composition of biodiesel is fundamental
to understand the causes of its instability.

Additives, such as antioxidants, have been introduced into biodiesel to block the
formation of free radicals and ensure that over long periods of storage the biofuel
meets with the quality demands from the market. Unfortunately, the addition of
antioxidants into biodiesel also adds value to the final cost of production, making it
less attractive than diesel. Thus, this chapter presents an overall overview of the
action of natural and synthetic alternative multifunctional additives proposed to
stabilize biodiesel (derived from several feedstocks), ensuring its improved quality
in a more cost-effective way.

3.2 Biodiesel and Its Standardization

With the increasing interest in the use of methyl esters as biofuel, especially, since
the end of the 90’s, the establishment of quality standards is necessary to guarantee
its quality. These include establishing the limits of contaminants that do not
undesirably affect the quality of the emissions from the fuel burn, as well as the
performance, the integrity of the engine, and the safety in the transport and
handling.

Austria was the first country to define and approve the quality standards for
biodiesel (e.g., biodiesel from rapeseed methyl esters). Subsequently, quality
standards have been established in other countries. Currently, the American stan-
dard of quality, developed by American Society of Testing and Materials (ASTM)
in the ASTM D6751, and the European Committee for Standardization (Comité
Européen de Normalization—CEN) established in the European Union by the EN
14214 are recognized as the most well-known and are generally used as a reference
or basis for other standards (Knothe 2005; Knothe and Razon 2017). These stan-
dards address a variety of fuel quality problems caused by monoalkyl esters from
fatty acids and minor components (contaminants) that are constituents of biodiesel
(Knothe and Razon 2017). The existence of standardization for biodiesel restricts
the production of low-quality biodiesel, encouraging the producers to provide an
appropriate biofuel, which in turn, provides the customers with more consistent
products. Standards can be met with a variety of raw material and manufacturing
processes. Therefore, the biodiesel market is currently not based on the feedstock
used, but on the standards that are met. This could mean that if customers are
interested in using a biofuel from specific feedstock, they may have to adjust the
fuel specifications to meet their needs since ignoring parts of the standard can
impact the engine’s warranties.

Currently, there are more than 350 oilseeds globally recognized as potential
sources for biodiesel production. The wide variety of raw material for the pro-
duction of biodiesel represent one important advantage for its consolidation in the
world energy matrix. The acquisition of feedstock is reported as being responsible
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for more than 75% of biodiesel production costs (Othman et al. 2017). Besides that,
the cost of production can be significantly variable since it also depends on the
production process, the place where it is stored and of course the amount of
additives that are needed to maintain its stability (Abbaszaadeh et al. 2012). On the
one hand, higher demand may stimulate oilseed production by increasing the scale
of grain production and supply, which can result in lower costs. On the other hand,
it can increase competition between food and fuel production, resulting in higher
grain value, hence raising the cost of production. For example, rapeseed is the main
source of biodiesel in Europe, while soybean oil is the most common source for
biodiesel production in the USA, Argentina, and Brazil (Canakci and Sanli 2008;
Mahmudul et al. 2017). To reduce costs, the use of animal and vegetable fatty
wastes has been used for the production of biodiesel. However, even highly satu-
rated esters can rapidly lose their stability if they contain a low amount of
antioxidants.

Researchers have looked for alternative oil sources that present higher amounts
of natural antioxidants, such as tocopherols and carotenoids, in their composition
promoting greater stability for oxidation and oil quality (Grajzer et al. 2015; Smyk
2015; Lima et al. 2017). However, most of these natural antioxidants may be lost
during the transesterification and refining processes of biodiesel (de Souza et al.
2017). In this way, the biodiesel quality may vary according to the molecular
structures of its constituent esters or due to the presence of contaminants from the
feedstock and the production process or formed during the biodiesel storage. The
Rancimat method (raised by EN 14214) is the recognized standard method (method
EN 14112) used for the analysis of the oxidative stability of biodiesel, whose
minimum induction period of 8.0 h is required.

To meet the requirements of standards and to preserve the biodiesel quality for a
long time, it is necessary to use effective additives. In this context, synthetic
antioxidants have been widely used to preserve biodiesel, leading to an increase in
its quality. However, it has been observed that the stability against oxidative
degradation and the effectiveness of antioxidants are factors that are directly related
to the final production costs. Thus, these issues have justified the growing interest in
the research for newer and cheaper additives that can be applied to the biodiesel
preservation, aiming to improve the effectiveness in a more cost-effective way.

3.3 Improving Biodiesel Stability with Conventional
Antioxidants

As aforesaid, the quality of biodiesel is influenced by the oxidation of the fuel. As a
consequence, properties such as kinematic viscosity, density, acid, and peroxide
values are also impaired. The use of additives in order to retard oxidation processes
and maintain the properties of biofuels can directly impact in the storage and
distribution phases in the market. There are two types of additives: those that
modify the physical characteristics, such as antiwear-lubricity, flavoring, coloring
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among others, as well as those that modify the chemical characteristics, such as
antioxidants, anticorrosive, antirust, antifoams, detergent-dispersant (Rudnick
2013). In general, those whose proportion of addition to the product is given at
extremely low levels in concentration are acceptable to the market.

Depending on their mode of action, antioxidants can be classified into groups
such as free oxygen radicals and peroxides scavengers, metal-ion chelators (e.g.,
which catalyze oxidation of lipids), or light absorbers. The primary antioxidants act
in two ways. The first one is interrupting the chain reaction by donating electrons or
hydrogen to free radicals. These actions transform the antioxidant into thermody-
namically stable compounds or react with free radicals, forming lipid—antioxidant
complexes that react with other radicals (Adegoke et al. 1998; Pokorny et al. 2001;
Pullen and Saeed 2012). The second one is the antioxidant acts in the initiation
stage of the oxidative processes, through the complexation of metals, oxygen
sequestration, decomposition of hydroperoxides to form non-radical species,
deactivation of singlet oxygen or absorption of radiation (Pokorny et al. 2001;
Pullen and Saeed 2012). In some cases, these agents can be used to increase the
activity of primary antioxidants (Knothe 2007). The combination of two or more
antioxidants is named synergism, in which the effect of the combination is greater
than the sum of the individual antioxidant. Synergy may occur by the addition of
two or more primary antioxidants or in a combination of primary and secondary
antioxidants, being classified into homo- or hetero-synergism, respectively
(Varatharajan and Pushparani 2017). The synergistic effects provided by mixtures
of additives not only improve stability, but also allow a reduction in the amount of
antioxidants needed. Thus, it directly influences in the final cost of biodiesel.

Antioxidants should be added as soon as the biodiesel is produced to maintain
their properties and prevent the initiation of degradation processes. In order to have
an effective stabilization in biodiesel, the additives must present some character-
istics such as: absence of toxicity, low volatility, effectiveness in low concentra-
tions, high thermal stability and light, high solubility in biodiesel, long duration in
periods of storage, and low cost (Embuscado 2015). These additives can be clas-
sified as natural or synthetic antioxidants and are composed of phenolic groups,
amines, or thiophenols. Much of the natural antioxidants have polyphenols, and
they are similar to phenolic antioxidants. Due to potential sulfur emissions, thio-
phenols are not used to improve biodiesel stability. Furthermore, phenolic antiox-
idants are more efficient when compared to amine antioxidants (Varatharajan and
Pushparani 2017). Among the natural ones, ascorbic acid, vitamin E, and
B-carotene can be highlighted. Figure 3.2 shows five of the most important syn-
thetic phenolic antioxidants that can be used, which are: ters-butylhydroquinone
(TBHQ), butylhydroxytoluene (BHT), butylhydroxyanisole (BHA), propyl gallate
(PG), and pyrogallol (PY) (Adegoke et al. 1998; Pokorny et al. 2001; Jakeria et al.
2014). The phenolic structure of these compounds allows the donation of a proton
to a free radical, regenerating the acylglycerol molecule and disrupting the mech-
anism of free radical oxidation. In this way, phenolic derivatives are transformed
into free radicals. However, these radicals can stabilize without promoting or
propagating oxidation reactions.
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BHA is a more effective antioxidant in suppressing oxidation in animal fats than
in vegetable oils. However, this antioxidant has been reported to have a suitable
affectivity in the control the oxidation of short-chain fatty acids in some vegetable
oils, such as those contained in coconut and palm oil (Maia et al. 2011). Like most
phenolic antioxidants, the effectiveness of BHA is limited in unsaturated oils. The
steric hindrance is responsible for a poor efficacy in vegetable oils. Nonetheless, this
steric configuration helps protect the OH group, which is responsible for increasing
thermal stability, especially, in animal fats (Min and Smouse 1985).

BHT has similar properties to BHA. Nevertheless, it is one of the most volatile
antioxidants in phenolic groups. The rapid consumption resulting from high
volatility and low thermal stability is the main disadvantages of BHT when added to
biodiesel. The two t-butyl groups present on the BHT molecules affect their
hydrogen donation ability caused by steric hindrance. Because it has less steric
hindrance, the hydroxyl group of BHA is more favorable to the release of hydrogen
than BHT. Thus, BHA exhibits more efficacy than BHT, not only in stabilizing
biodiesel, but also in thermal stability, especially at 110 °C (Orives et al. 2014).
Despite the low thermal stability and its steric hindrance, BHA presents better
synergistic when added with gallates than BHT. However, both BHA and BHT are
recognized to have a proper synergism with each other. While BHA acts as a
sequester of peroxides radicals of unsaturated fatty acids, BHT acts synergistically
(by the donation of electrons) to enhance the BHA effect (e.g., regeneration of
BHA) (Omura 1995). The study highlighted by the authors shows that the structure
of the antioxidant is fundamental to its activity (protective effect), especially in
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minimizing the effects of the thermo-oxidative decomposition of unsaturated fatty
acids.

TBHQ is considered one of the most effective antioxidants in many types of
biodiesel fuels. In general, TBHQ is more effective in vegetable oils than BHA or
BHT. As for animal fat, it is as effective as BHA and more effective than BHT or
PG (Chahine and Macneill 1974). The antioxidant potential of TBHQ is higher than
BHA and BHT due to its molecular structure since it has two (against one presented
by BHA and BHT) active hydroxyl groups (OH) attached to the aromatic ring with
different substituents attached at the para-position (Orives et al. 2014). Thus, the
lack of steric hindrance improves the TBHQ’s electron release capacity, which is
responsible for its improved activity as well as the best thermal stability when
compared to BHA and BHT.

Gallic acid derivatives such as propyl gallate and pyrogallol are effective in
stabilizing polyunsaturated fats. The trihydroxy structure present in the aromatic
ring of the molecule is crucial for its effectiveness as an antioxidant. An inconve-
nience is that these compounds have better solubility in water than in oils and
biodiesel. The volatility is relatively lower when compared to TBHQ, BHA, and
BHT, and this property provides high thermal stability, besides being able to react
with metallic ions. Gallates are effective in preventing the enzyme-induced oxi-
dation of fatty acids (lipoxygenases) (Richard-Forget et al. 1995) and are reported to
be more effective in stabilizing biodiesel. However, these compounds have a higher
cost because the obtaining of the starting material is made from the plants (e.g.,
gallic acid), which in turn have been reported to be very costly (Fiege et al. 2000).

Researchers have found that the efficiency of a particular antioxidant depends on
the feedstock (e.g., presence of natural antioxidants) and technology used in the
production of biodiesel (e.g., pH control), which highlights the importance of
conducting specific investigations for the esters produced by different matrices and
reaction types (Mittelbach and Schober 2003). Mittelbach and Schober have studied
the effect of the antioxidants PY, PG, TBHQ, BHA, and BHT on methyl esters
produced with sunflower, waste frying oils, and animal tallow (distilled and not
distilled). The antioxidant concentrations ranged from 100 to 1000 parts per million
(ppm), and they used the Rancimat method to determine the efficiency of the
additives. The authors found that PY, PG, BHA, and TBHQ significantly increased
the stability of the studied biodiesel samples, whereas BHT was not very efficient
even at higher concentrations than the other antioxidants. Jain and Sharma (2012)
have also showed that the addition of PY led to a more pronounced effect followed
by PG > TBHQ > BHT > BHA in increasing the stability of Jatropha biodiesel.
Agarwal and Khurana (2013) demonstrated that for Karanja biodiesel the reported
efficacy of various antioxidants tested was in the order of
PY > PG > BHA > BHT > TBHQ.

Pullen and Saeed (2014) studied the efficiency of TBHQ in stabilizing biodiesel
from four different types of biomass feedstocks (palm, olive, soybean, and
Jatropha). It was verified that the biodiesel with high content of polyunsaturated
fatty acids presented little improvement in the oxidative stability containing the
same amount of antioxidant. The effect of temperature in the induction period
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(IP) of biodiesel derived from animal fat, soybean oil, and cooking oil, using BHT
as an antioxidant, was reported by Lapuerta et al. (2012) as a very important
parameter to be evaluated. It was emphasized that at high temperatures (higher than
130 °C) the concentration of additive needed for meeting the required 8.0 h
(specified in EN 14214) was significantly increased (higher than 25,000 ppm).

Pantoja and coworkers (Pantoja et al. 2013) evaluated the efficacy of BHA, PG,
and TBHQ (at concentration level between 500 and 4000 ppm) in the stabilization
of biodiesel produced from agai (Euterpe oleracea Mart.), passion fruit, and linseed
oil. It was showed that the difference in the level of unsaturation can significantly
influence in the performance of the additive. The PG was considered the most
effective antioxidant to stabilize the biodiesel from all studied feedstocks. For
example, as far as the biodiesel obtained from agai is concerned, the PG was more
effective even at lower concentration (500 ppm) than BHA and TBHQ, respec-
tively. In a more significant effect, it was observed that their performance was
enough to increase the induction period (IP) from 1.5 h (biodiesel without PG) to
21.3 h (biodiesel with PG). BHA was the second most effective antioxidant to
stabilize the biodiesel from target feedstocks. However, to obtain a similar effect
to PG, in some cases (e.g., biodiesel from passion fruit), it was necessary to double
the amount of BHA.

Rawat et al. (2015) investigated the efficacy of individual and binary antioxi-
dants to improve the oxidation stability of Jatropha and Karanja biodiesels. The
antioxidant synergism was investigated using 500, 600, and 700 ppm for combi-
nation of the antioxidants, such as the mixtures of PY: PG, PY: TBHQ, and PY:
BHA in different proportions. They observed that PY, PG, TBHQ, and BHA, when
used individually, showed improvement in the induction period (IP) of biodiesel.
However, a more significant improvement in the IP was observed using the binary
mixture among these antioxidants, even when compared to the individual dosage at
similar concentration. The highest concentrations of binary mixture produced
negative synergy when the binary systems were composed by PY: PG and PY:
TBHQ at proportion of 1:3 (weight/weight). Suitable synergism was observed. In
the meantime, the binary mixture of PY: BHA resulted in antagonism in all con-
centrations and formulations studied. According to the authors, the efficiency of the
binary system was found in the order of 1: 3/3: 1 > 1: 2/2: 1 > 1: 1 > 1: 9/9: 1.

As it was highlighted, the synthetic antioxidants are used as additive to improve
the oxidation stability of biodiesel. However, depending on the physicochemical
characteristics of biodiesel, large quantities of additives are needed to meet the
specifications required by the standards. This leads to an increase in production
costs. Synergistic combinations among these antioxidants can be used to improve the
stability of biodiesel and to reduce the amount of required additives. Then, the
ineffectiveness (e.g., as metal-ion chelators and light absorbers), low biodegrad-
ability, and toxicity of most of these antioxidants have been the focus of some
publications. Thus, extensive research is needed to find more effective biodegradable
alternative additives with low toxicity that work properly to preserve physico-
chemical characteristics, especially, in keeping the biodiesel quality more economic.
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3.4 Improving Biodiesel Stability with Multifunctional
Additives

Another drawback for improving biodiesel stability is that many of the commonly
used antioxidants are very expensive. Then, perhaps the main challenges regarding
the improvement of biodiesel stability using multipotent antioxidants and/or mul-
tifunctional additives are the cost-benefit ratio. Recent technological advances to
obtain more efficient and more cost-effective additives have been observed and will
certainly change this scenario. To overcome these challenges and understand how
multifunctional additives can be effectively used to stabilize biodiesel, numerous
synthetic and natural antioxidants have been proposed to be used individually or in
combination (Fattah et al. 2014; Rawat et al. 2015; Varatharajan and Pushparani
2017).

For environmental and health reasons, there was a growing interest in the use of
natural additives in both edible and biofuel derived from bio-based feedstocks. In
general, vegetable oils present natural antioxidants such as tocopherols, toco-
trienols, polyphenols, chlorophylls, ascorbates, lignins, and carotenoids that play an
essential protective role in the oxidation of fatty acids (Varatharajan and Pushparani
2017). On the one hand, biodiesel produced from unrefined vegetable oils may
contain more natural antioxidants and it can be more stable when compared to the
biodiesel produced from other raw materials (Knothe 2007). On the other hand, the
concern involving biofuel derived from target vegetable oils is due to the fact that
many naturally occurring antioxidants may be destroyed or partially removed
during the biodiesel production process. The loss of natural antioxidant also hap-
pens because most of the extracted vegetable oils (e.g., oilseed radish) need to be
subjected to a degumming process to eliminate gums, phospholipids, among other
substances that have direct impact on the quality and the yield of biodiesel (Diana
da Silva Araujo et al. 2014; de Souza et al. 2017). To solve this shortcoming, it is
still essential to use synthetic antioxidants within biodiesel to suppress its oxidation
during storage processes.

3.4.1 Natural Multifunctional Additives

Most phenolic compounds derived from plant have antioxidant properties. These
include tocopherols, carotenoids, lycopene, gallic acid, caffeic acid, vanillin,
synapic acid, ferulic acid, protocatechuic acid, para-coumaric acid, eugenol,
vanillic acid, and cinnamic acid. Thus, most of these compounds can be com-
mercially produced. Several studies have been done with plant extracts in search of
compounds that present antioxidant, antitumor, anti-inflammatory, among other
properties. Kreivaitis et al. (2013) tested the efficiency of sage and thyme extracts in
preventing the oxidation of rapeseed oil during 70 days of storage. The addition of
antioxidants prolonged the induction period of colza oils twice, with sage extract
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being more efficient than thyme extract. Extracts from sage, rosemary, clove, all-
spice, thyme, cinnamon, oregano, marjoram, eucalyptus, artichoke, and saffron, for
example, are also reported as effective antioxidants in food products (Embuscado
2015). However, apart from some extract containing tocopherols, few studies have
been conducted aiming the uses of these natural compounds as antioxidants in
biodiesel.

Moser (2012) studied the efficacy of gossypol and y-tocopherol in the inhibition
of the oxidation of biodiesel produced from soybean oil, residual cooking oil, and
technical grade methyl oleate. Unexpectedly, it was observed that natural antioxi-
dants, even at the amount of 250 and 500 ppm, were less effective when compared
with BHT. Moser (2008) also investigated the effectiveness of myricetin oil
extracts, which is obtained from the Moringa oleifera seed, in soybean oil biodiesel
and reported that myricetin has a better antioxidant activity than a-tocopherol. Most
studies report that tocopherols have a limited antioxidant activity in biodiesel when
compared to synthetic antioxidants. This limitation arises from the fact that toco-
pherols can be partially consumed before their action as antioxidant, because they
are easily oxidized by air and also by the lipoxygenase enzyme present in most
feedstocks (Hékansson and Jagerstad 1990).

Damasceno et al. (2013) tested the antioxidant activity of caffeic acid (CFA),
ferulic acid (FA), and TBHQ in biodiesel to evaluate the effect on stability during
the storage period. It was demonstrated that the efficiency of target antioxidants was
in the order of: CFA > FA > TBHQ, in which the CFA at 1000 ppm was able to
stabilize biodiesel (meeting with EN 14214 specifications) even after three months.
The authors reported that in the hydrogen donation process by CFA its free radicals
generated a dimer that has excellent antioxidant properties to provide additional
protection. Nivetha and Roy (2013) evaluated the efficacy of natural and synthetic
antioxidants such as BHT, 2,6-di-tert-butylphenol (DTBP), quercetin (QC), gallic
acid (GA), methanol extracts of green tea (GT-M) and pomegranate hull (PH-M)
and green tea chloroform extract (GT-C) on the biodiesel stability of Hevea
brasiliensis. In general, the authors observed that the performance of synthetic
antioxidants was better compared to their natural counterparts. The order of
antioxidant  activities in  concentrations  above 1500 ppm  was:
DTBP > BHT > GA > GT-C > GT-M > QC > PH-M, in which the DTBP was
the most effective as a protection factor.

Curcumin has been reported as a potential antioxidant for biodiesel in replacing
synthetic antioxidants. The promising activity was supported by its capacity to
increase biodiesel stability by up to 83%. This protective activity is significantly
better than BHT and B-carotene (De Sousa et al. 2014; Serqueira et al. 2015). In
general, synthetic antioxidants are still more effective than natural antioxidants in
improving oxidation stability, since lower amounts of additives are required to meet
specifications when compared to natural antioxidants. To overcome these issues and
other shortcomings, several studies have reported the use of binary and ternary
combinations of various natural and synthetic antioxidants. In this sense, Niki and
coworkers (Niki et al. 1984) evaluated the synergistic effect between o-tocopherol
and ascorbic acid when added to methyl linoleate. The combination showed
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positive synergy, in which ascorbic acid was reported as an effective hydrogen
donor to regenerate o-tocopherol. In this way, the mixture was better able to
improve the biodiesel preservation than the individual additives.

Hras et al. (2000) evaluated the synergistic effect of rosemary extract in com-
bination with citric acid, ascorbylpalmitate, and a-tocopherol in sunflower oil. All
combinations showed synergistic effects, and the mixture containing rosemary
extract with ascorbylpalmitate was the most effective for the protection of sunflower
oil. Later, Medeiros et al. (2014) in turn showed that the mixture containing the
combination of ethanol extract (from rosemary) and TBHQ has positive synergism
in stabilizing biodiesel produced with cottonseed oil. In addition, Deyab (2016) has
shown that ethanol extracts from rosemary leaves reduce the corrosion rate of
aluminum in biodiesel. Serrano et al. (2013) reported that citric acid-washed bio-
diesel showed better stability with all types of antioxidants. Spacino et al. (2016)
have also shown a significant synergistic activity with the addition of alcoholic
extracts of rosemary and oregano at a ratio of 1:1 in methyl ester of soybean.

Currently, natural occurrence antioxidants have not achieved remarkable com-
mercial success mainly due to their higher acquisition cost and greater quantity
needed to meet biodiesel quality parameters. Therefore, another important point to
be considered in this issue is regarding the composition of biodiesel that can be
significantly altered by the presence of high amount of additives. However, with the
reported inefficiency of the primary antioxidants when used individually in pre-
serving the biodiesel against degradation from exposure to metals and UV radiation,
the search for natural multifunctional antioxidants derived from bio-based feed-
stocks is still on demand. In addition to poor ability to complex with metals, most
synthetic antioxidants (e.g., such as BHA and BHT) can also volatilize or
decompose at temperatures around 110 °C (temperature used in the Rancimat®
test), leading to a wrong result of the oxidative stability test (Lamba et al. 2013).

In addition to the aforementioned, it is also reported that the conventional
synthetic antioxidants, even when used in high concentrations, have not been
effective in providing satisfactory results against degradation of biodiesel in the
presence of heat or contamination by metals (Sarin et al. 2010a; Fattah et al. 2014;
Sulistyo et al. 2015). The presence of metal ions, even at trace levels, may act as
potent catalysts to accelerate the oxidation and polymerization reactions of unsat-
urated fatty acids. The reaction takes place because transition metals can act as a
Lewis acid to catalyze the polymerization of polyunsaturated hydrocarbon mole-
cules present in most feedstock, which are thus present in biodiesel (Banga and
Varshney 2010). The occurrence of metal ions in biodiesel may not be fully
avoided. For example, iron and copper may be present in biodiesel from the raw
material and/or in the manufacturing process (e.g., if corrosion occurs in the storage
tanks). Similarly, the alkali metals (responsible for the formation of sediments that
cause injector failures) can originate from raw material (depending on the mode
cultivation) and during the transesterification process. The consequences of the
presence of alkali metals in biodiesel can also be very dangerous for the engines.
For example, alkali metals accelerate the saponification process and contribute to
the formation of insoluble or water mist in diesel blends (Banga and Varshney
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2010). In this context, efforts should be placed in search for multipotent and/or
multifunctional additives that work properly in overcoming these shortcomings and
in being as economic as possible.

3.4.2 Alternative Multifunctional Additives

Multipotent and/or multifunctional additives are defined as compounds containing
groups with characteristics of acting further than the proton donation (which is
raised by conventional antioxidants) to the radicals generated by the oxidation
process. In recent years, several studies have been devoted to finding alternative
additives in an attempt to combine radical-scavenging (or radical-generation-
preventing) activity and other properties such as pro-oxidative metal inhibitors,
singlet oxygen deactivation, oxidative enzyme inhibitors, and UV absorbers
(Sarin et al. 2010b; Comin et al. 2017). Knowing this limitation, Sarin and
coworkers (Sarin et al. 2010b) proposed the combination of BHT and N,N'-
disalicylidene-1,2-diaminopropane to be added to the Jatropha biodiesel as suitable
strategies to combine multiple functions for radical-scavenging (BHT) and metal
deactivator properties (N,N'-disalicylidene-1,2-diaminopropane). In this study, the
authors address the ability of metal deactivators in chelate transition metal ions to
inhibit their catalytic effect on the oxidation of biodiesel.

Among the researches involving some naturally occurring antioxidants, most of
the studies on the preservation of biodiesel are related to the synergistic effect
exploring the properties of primary synthetic antioxidants (phenolic type) and
secondary antioxidants (including some natural extracts). Researchers have shown
that conventional antioxidants (primary antioxidants) can be combined with metal
deactivating compounds (secondary antioxidants) to stabilize biodiesel contami-
nated with metals (Sarin et al. 2009, 2010a; Roveda et al. 2016; Comin et al. 2017).
In general, these secondary antioxidants are added to regenerate the primary
antioxidants during its action, leading to an increase in their action time. This issue
has great cost-effectiveness importance, since it allows a decrease in the amount of
primary antioxidants (that are usually expensive), while maintaining their activity
during long-term action. Ethylenediaminetetraacetic acid (EDTA), diethylenetri-
aminepentaacetic acid (DTPA), sodium tripolyphosphate, N,N'-
disalicylidene-1,2-diaminopropane, and citric acid are well-known classic chelating
agents and used to solve the aforesaid limitations of the primary antioxidants
(Varatharajan and Pushparani 2017). Binary and/or ternary mixtures containing
conventional antioxidants and chelating agent can potentially be more suitable to
provide a synergistic effect, leading to a higher effectiveness as pro-oxidative metal
inhibitors that are present in biodiesel.

Another way to use binary and/or ternary mixtures and have satisfactory syn-
ergistic effects is regarding the combination of conventional antioxidants and
alternative additives, the so-called solvent dyes or markers dyes (Trindade et al.
2007, 2010, 2011). The argument behind the use of these markers in biodiesel arose
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from the fact that in the last three decades dyes were used as fuel additives,
especially in petroleum products, with the purpose of marking to differentiate their
different types and quality (Trindade and Zanoni 2009). With the increasing quality
control of petroleum and its derivatives, especially in the content of sulfur com-
pounds (Trindade et al. 2014) and the possible adulterations with solvents
(Romanini et al. 2009; Trindade et al. 2012), the guarantee of these products was
associated with the use of markers dyes (Trindade et al. 2011). For environmental
reasons, these specifications were even more important for diesel because it is one
of the most critical petroleum derivatives. The marking practice makes it possible to
monitor the widespread use of low-quality fuels (high sulfur content) in on-road
vehicles as well as to control low taxation products—subsidized for exclusive use in
off-road vehicles, heating oil among other purposes (Trindade et al. 2011). In view
of that, researchers (Roveda et al. 2016, 2017; Comin et al. 2017; de Souza et al.
2017) proposed the use of some markers dyes (Picture 3) in the field of biodiesel
stabilization.

The structures in Picture 3 show that the markers dyes have favorable structures
to be used as biofuel additives due to the presence of groups of substituents with
their hydrogen donation capability. Moreover, the presence of chromophores
groups (color-bearing group) and also auxochromes groups (color helpers: sub-
stituent groups with electron donating capacity), makes it potentially attractive as
biodiesel additives due to their very important characteristic as light absorbers.
These groups may not only help in the hypsochromic shift but also in the ability
to form metal-ion chelators. The chelators are generally water soluble, but some
(e.g., citric acid) will exhibit solubility in lipids. For this reason, they are recognized
as effective metal complexant in oleaginous samples (Decker et al. 2010). Thus,
considering the fact that markers dyes, as shown in Fig. 3.3, are soluble in petro-
leum products, this characteristic can be explored to inactivate the metal ions in the
biodiesel from the formation of soluble metal complexes. The formation of soluble
metallic complexes with transition metal ions eventually present in biodiesel or in
the fossil fuel plays an important role in the challenges to avoid catalytic biodiesel
degradation caused by the contact with these metals (Comin et al. 2017).

Following the positive aspects aforesaid, Roveda and coworkers (Roveda et al.
2016) evaluated the thermodegradation of soybean biodiesel stabilized with the
combination containing synthetic antioxidants (BHT and PG) and an alternative
additive based on the anthraquinone dye (1,4-dihydroxyanthraquinone, DHQ). The
authors showed that the combinations of antioxidants and DHQ were more effective
in stabilizing the biodiesel than the individual addition at similar concentration. The
same group (Roveda et al. 2017) also studied the efficacy of the combination
containing the antioxidant TBHQ and the anthraquinone compound, named 1,4-bis
(ethylamino)-9,10-anthraquinone (BEQ). All the proposed combinations between
the additives presented positive synergism, allowing reductions in the amount of the
primary antioxidant (TBHQ) in the mixture, leading to a lower cost than its indi-
vidual addition.

de Souza et al. (2017) evaluated the effect of a binary combination, having
TBHQ and a dye, the so-called solvent blue 35 (SB-35), on the thermal stability of
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Fig. 3.3 Chemical structures of a 1,4-bis (ethylamino)-9,10-anthraquinone (BEQ), b CI solvent
blue 35 (SB-35), ¢ alizarin (ALZ), and d quinizarin (QNZ)

oilseed radish (OSR) and the biodiesel from the extracted oilseed radish (OSRB).
The study showed the importance of using the alternative combination on the field
of biofuel stabilization, for which OSR and OSRB were more effectively stabilized
when using the proposed combination. The mixture (TBHQ + SB-35) had strong
antioxidant activity even at very low concentrations when compared to the addition
(at similar concentration) of individual compounds. Comin et al. (2017), in turn,
analyzed the effect of transition metal ions on the stability of soybean biodiesel
(SB) in the presence and in the absence of binary and ternary mixtures. The
combinations were composed by alizarin (ALZ) as the alternative additive, TBHQ
and citric acid (CA) as the conventional antioxidants. They concluded that even at
very low concentration, the metals promptly degrade the SB in the absence of
additives. A similar effect was observed for the SB blended with the additives added
individually. However, even at low concentrations, the proposed combination had a
positive impact on SB stability compared to the effects of individual additives.
These authors showed that this issue has great impact on the effectiveness of the
cost because the amount of primary antioxidant TBHQ (expensive) was reduced
without any negative impact on its activity during a long-term action.

Among the above researches, a way to calculate the effectiveness of the binary or
ternary mixture is the use of a simple calculus to find the synergistic effect. As
mentioned earlier, synergism is the combined use of two or more additives to
produce a greater effect than the sum of any individual additive. In general, syn-
ergism can be achieved by the addition of primary antioxidants (homo-synergism)
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or by the combination of primary and secondary antioxidants (hetero-synergism)
(Varatharajan and Pushparani 2017). Synergism not only improves the stability but
also allows a significant reduction in the amount of the antioxidants that are needed
to meet the desired requirement, which in turn, allows a reduction in the final cost of
the biodiesel production. For an effective combination, the synergistic action should
always be greater than zero (Pokorny et al. 2001). To evaluate the percentage of
synergism (% SYN), induction period (IP) values are used in Eq. 1 to calculate this
occurrence (Marinova et al. 2008; Rawat et al. 2015).

(1P 9 — IPyg)) — [(IPy) — IPg)) + (IPp) — IPyg)) ]
(1P — IPg)) + (P — IP(g)) ]

%SYN = x100 (1)

where 1P| is the induction period of the biodiesel without additives, IP;; and 1P
are the induction periods measured for the individual additives, and IP[; »; is the
measured induction period for the target combination. When the term (IPj3-1Pjg)) is
used for ternary combination, it can be entered into the numerator and denominator,
respectively. Thus, the authors have used this equation to evaluate the occurrence of
synergism and they found that, in general, when values are positive (e.g., great than
20%), the combination has great ability to stabilize biodiesel, maintaining some
quality parameters (oxidative stability, density, peroxide, and acid values) lower
than the specified values.

3.5 The Chemistry Behind the Multifunctional
Antioxidant Activity

The hydrogen-donating ability is one of the main factors (in antioxidants activity) to
be considered for the screening of antioxidants (Varatharajan and Pushparani 2017).
Primarily, the hydrogen bonding reaction takes place as a function of bond
dissociation enthalpy (BDE) in which the ability of this action can predict if
the additive is able to effectively neutralize free radicals. The bonding energy of the —
OH and —NH groups of an antioxidant should be considerably lower than the values
BDE of peroxides and free radicals of hydroperoxide (Varatharajan and Pushparani
2017). In some cases, other factors may also play an important role in determining
the antioxidant effectiveness, as the presence of bulky groups near the —OH and —NH
groups generates steric hindrance (Barclay and Vingvist 2003). Likewise, the
mobility and solubility to migrate freely in the medium are very important. Low
molecular weight antioxidants are not recommended, since they are volatile in nature
and the loss by evaporation (at moderated temperature) becomes inevitable.

Based on the previous work that covers the chemistry behind the antioxidant
activities and/or synergetic effects (Choe and Min 2009; Pisoschi and Pop 2015;
Yehye et al. 2015), the primary antioxidants such as TBHQ, BHA, BHT, and PG
are mainly responsible for blocking the formation of hydroxyl free radical or
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superoxide radical anion via hydrogen donation. Secondary antioxidants such as
citric and ascorbic acid, in turn, are responsible for promoting the decomposition of
hydroperoxides, inhibitors of pro-oxidative metals, deactivation of singlet oxygen,
oxidative enzyme inhibitors, UV radiation absorbers, among others. When com-
bined, the occurrence of synergistic interaction has been noticed and for this reason,
the antioxidants can regenerate each other.

According to the study developed by Comin et al. (2017), the insight into how a
marker dye with a very low concentration is able to bring about the synergistic
effect claimed with multifunctional additives was put forward. The authors have
proposed a mechanism to explain how a diaminoanthraquinone derivative is able to
enhance the effectiveness of a hydroquinone in stabilizing the substrate toward
oxidation. The proposed mechanism (Fig. 3.4) shows that the regeneration may
happen through a third additive, citric acid (CA). In this pathway, the CA becomes
a hydrogen donor (i.e., pKal = 3.0, pKa2 = 4.7, pKa3 = 5.4) and, then, while the
donor is consumed, the TBHQ propagates its oxidation inhibition (Fig. 3.4a). In the
next step, the hydrogen donor CA can be regenerated by alizarin (ALZ, pKa = 7.0),
in which, CA becomes able to donate one more hydrogen to the radical TBHQ.
This mechanism shows that the hydrogen donation is favored thanks to the stability
of ALZ radical by resonance (Fig. 3.4b). In the third step (second cycle of CA
regeneration), the stabilization of CA happens because the radical from ALZ
donates its second hydrogen and becomes a diketone and it can easily chelate with
the metal ions (Fig. 3.4c).

In that mechanism, the synergistic effect observed with both secondary antiox-
idants (ALZ and CA) occurs because ALZ is able to regenerate the CA, which in
turn is capable of continuing the regeneration (by hydrogen donation) of the pri-
mary antioxidant TBHQ. Thus, ALZ is claimed here as the multifunctional additive,
since its function allows the donation of its hydrogen and consequently the formed
radical is able to chelate the pro-oxidative metals. The process helps to maintain the
activity of TBHQ in inhibiting the formation of fatty acid radicals, even at a low
level of concentration and the presence of pro-oxidative metal.

3.6 Cost Estimation for Using Multifunctional
Antioxidants

Generally, the most important influences on the cost of biodiesel production are
highlighted as: (i) capital and operating costs of the plant (e.g., the buildings, the
processing plant, services, catalyst as well as the feedstock and product storage),
(i) feedstocks used in the production process (e.g., tallow, vegetable and/or waste
oil, and alcohol, typically ethanol or methanol), (iii) the glycerol byproduct (e.g.,
which can provide a secondary revenue stream), and (iv) the yields as well as the
quality of the biodiesel (which may include stabilization process) and glycerol
(Haas et al. 2006; Liu 2015). Although the price of stabilization is not addressed
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Fig. 3.4 General schematic mechanisms for the synergistic interaction between the additives
TBHQ, CA, and ALZ. a Cycle of regeneration of TBHQ, b cycle of regeneration of CA, and
¢ chelation of diketone from ALZ with metals from metallic additives. Reproduced from Ref.
(Comin et al. 2017) with permission from Elsevier. Copyright 2017, Elsevier Publisher

(by the authorities concerned) as one of the main components on the cost of
biodiesel production, this issue can provide a basis on which the final cost of
biodiesel production must be compared to.

Here, the cost of stabilization process was estimated at the time of writing this
chapter and the basis for evaluating the cost of additives per ton of soybean bio-
diesel was the chemical values obtained from Sigma-Aldrich Company, USA. It
can be seen from Table 3.1 that when each additive is compared to its combina-
tions, cost varies significantly. It is worth noticing that, even after the addition of
three compounds, the combination is still considerably less expensive than the
standard antioxidants (e.g., TBHQ and PG). The large cost difference happens
because in order to get target standards additives to have similar effects, they need
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Table 3.1 Cost of the additives per ton of soybean biodiesel samples doped with the
combinations as well as with each additive individually

Additives and concentrations Cost per ton Cost reduction
(USD) (%)

TBHQ (500 mg kg™ $187.50 _
PG (500 mg kg ™) $223.00 _
BHT (500 mg kg™ ") $74.40 _
TBHQ (100 mg kg™") + ALZ (50 mg kg™ $43.50 77
TBHQ (100 mg kg™ ') + ALZ (50 mg kg™') + CA $43.60 77
(10 mg kg™

PG (50 mg kg™") + DHQ (10 mg kg™") $25.50 89
PG (100 mg kg™ ') + DHQ (50 mg kg™") $60.80 73
BHT (50 mg kg™ ') + DHQ (10 mg kg™") $10.70 86
BHT (100 mg kg ') + DHQ (25 mg kg™ 1) $23.00 69

to be added in high concentration. This means that if these standards are being more
costly than the alternative additives, it will strongly influence the final price of the
biofuel.

Particularly, Roveda and coworkers as well as Comin and coworkers (Roveda
et al. 2016; Comin et al. 2017) were responsible for showing that the addition of
compounds containing the anthraquinone group offers greater stability to biodiesel
when added to synthetic antioxidants, such as TBHQ, PG, and BHT. The authors
have also shown that the use of ternary and binary combinations containing tar-
get alternative additives provides a highly satisfactory cost/benefit ratio (Table 3.1),
since there is a reduction of up to approximately 88% in the cost of additives
needed to provide higher stability and ensure that the biofuel meets quality
specifications.

Roveda et al. (2016), for example, have shown that the mixtures containing PG
(100 mg kg™') and the claimed alternative additive DHQ (50 mg kg™"), when
added to the soybean biodiesel, are responsible for an induction period (IP) of
13.7 h. Meanwhile, the same biodiesel containing only PG at a concentration of
500 mg kg~ showed an IP of 10 h. It is important to note that this combination not
only allowed a significant reduction of 70% of the additives inserted into biodiesel,
but also a reduction of 73% in the cost of additives. Likewise, Comin et al. (2017)
showed that their proposed mixtures containing TBHQ, ALZ, and citric acid
(CA) offered a reduction of cost (almost four times) with high benefit, assuming an
average cost of about $43.60 USD per ton (combination), against $187.50 USD for
additivation only with TBHQ. The mixture of additives containing 100 mg kg~ ' of
TBHQ, 50 mg kg~ ' of ALZ, and 10 mg kg~ 'of CA provided an IP of 14.6 h, while
the mixture containing only TBHQ at 500 mg kg™ ' had the IP of 6.6 h. However,
they extended their studies to show that when transition metals were added to the
biodiesel, the combinations were potentially more suitable in maintaining the
oxidative stability than the antioxidant TBHQ added individually at 500 mg kg ".
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Thus, compounds containing the anthraquinone group are potentially suitable for
biodiesel stabilization, especially in lowering the cost of additivation, since they can
be used to combine with primary antioxidants at very low concentration. Even so,
the mixtures are still effective to offer some remarkable improvement in biodiesel
stability and all the combinations that have this type of compounds have been
effective enough to ensure that the biofuel meets the quality specifications.
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Chapter 4
Hydroxychalcones: Synthetic Alternatives
to Enhance Oxidative Stability of Biodiesel

Caroline Carapina Da Silva, Bruna Silveira Pacheco,
Samantha Coelho de Freitas, Lucas Moraes Berneira,
Marco Aurélio Ziemann dos Santos, Lucas Pizzuti
and Claudio Martin Pereira de Pereira

Abstract In this chapter, the main aspects about biodiesel synthesis and estab-
lished quality parameters are reviewed and discussed in the perspective of oxidative
stability. First, the characteristics, which define biodiesel as a promising, renewable
green fuel, are listed. On the other hand, the propensity of biodiesel to oxidation is
explained as one of the limitations to its application. Along this line of thought, the
majority of natural and synthetic antioxidants usually applied in the industry are
discussed, in which it can be noted that phenolic compounds are very representa-
tive. Chalcones containing hydroxyl groups in its structure are phenolic com-
pounds, and so, their origins, sources, and synthetic approaches to obtain these
types of molecules are presented. Antioxidant effects of hydroxychalcones already
reported in the literature are pointed, and then an experimental topic shows the
influence of two synthetic hydroxychalcones, namely (E)-1-(2-hydroxyphenyl)-
3-phenylprop-2-en-1-one  and  (E)-1-(2-hydroxyphenyl)-3-(3-hydroxyphenyl)
prop-2-en-1-one, on the oxidative stability of biodiesel obtained from frying soy-
bean oil. The effects assessed by calorimetric analysis revealed interesting effects on
the enhancement of biodiesel oxidative stability.
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4.1 Biodiesel

Biodiesel is a combustible chemically constituted of a mixture of several alkyl
esters of fatty acids. This product can be obtained from vegetables, animals,
microorganisms, and waste materials sources (Rockembach et al. 2014; Vieira et al.
2016; Marcon et al. 2017). These biological matrices make biodiesel a green
alternative to fossil fuels since it is less aggressive to the environment, contributing
to the recycling of resources and generating less pollution (Sajjadi et al. 2016).
Moreover, it is known that the reserves of fossil fuels will be depleted in the near
future although the energy demand continues to increase. In this way, the devel-
opment of new sources of power, such as biodiesel, is considerably important for
the sustainability of future generations (De Oliveira et al. 2013; Knothe and Razon
2017).

Although biodiesel is considered a green fuel for having several advantages,
such as being biodegradable, non-toxic, environmental-friendly, having low sulfur
content and being renewable, it faces numerous limitations in order to be fully
implemented (Mekhilef et al. 2011). Major limitations are the higher cost of pro-
duction compared to conventional fuels and the possible deviation of food resources
to produce energy (Singh et al. 2011). Besides, due to its chemical constitution,
biodiesel is susceptible to oxidation and has some other properties drawbacks
involving cold flow and viscosity (Hoekman et al. 2012).

Generally, biodiesel is synthesized throughout a transesterification reaction,
which converts triglycerides from the fatty matrix to alkyl esters of fatty acids. This
process is accomplished employing methanol or another short-chain alcohol as a
reactant and alkali or acid as catalysts (Pereira et al. 2012). The final product of this
reaction—biodiesel—is more suitable to be used as a combustible than the crude oil
since its viscosity, density, and volatility are more adequate for combustion in
engines. Moreover, prejudicial factors that could happen when a crude oil is
combusted, such as gumming and formation of carbon deposits, are avoided in this
conversion procedure (Singh and Singh 2010).

In order to be used, the characteristics of the biodiesel produced must agree with
the minimum standards set by Europe (EN 14214) or by the USA (ASTM D6751)
(Knothe 2006). Both these requirements serve as models worldwide and are related
to several properties of the fuel, such as kinematic viscosity, iodine value, cetane
number, acid value, mineral content, and oxidation stability. Ideally, a certain
synthesized biodiesel should be in line with the values established for these
parameters. In most of the cases, however, it fails in one or more of the parameters,
mainly due to its fatty acid composition (Pinzi et al. 2009).

Nowadays, edible oils such as soybean, rapeseed, palm, and sunflower oil are the
main sources for the production of biodiesel. However, alternative feedstock like
non-edible and waste oils are gradually growing in the market, since 75% of
biodiesel production costs are related to its source (Gui et al. 2008). These alter-
native oils also have other advantages compared to conventional feedstock, since
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they are not used in the food market and may occur abundantly from region to
region (Sajjadi et al. 2016; Knothe and Razon 2017).

In many countries, the production of biodiesel has been promoted or facilitated
through regulatory efforts, in which the top producer is the USA (4.7 billion liters).
Overall, other countries with a considerable production of biodiesel include Brazil,
Germany, Argentina, Indonesia, and France (Knothe and Razon 2017). In Brazil,
the synthesis of this fuel was approximately 3.87 billion liters in 2016, with the
majority of its feedstock being from soybean oil (68%). Figure 4.1 shows other
sources that include animal tallow (14%) and waste cooking oil (2.5%).

As mentioned above, the use of waste oils is promising starting materials for the
production of biodiesel. These types of oils can be reutilized, thus returning to the
energetic chain and minimizing possible environmental impacts (Kulkarni and
Dalai 2006). On the other hand, some barriers prevent the use of these oils, mainly
due to lack of infrastructure and logistics for their efficient harvest. Moreover, most
waste oils need to overcome a previous cleaning process in order to be transes-
terified, which could increase its production cost, making it difficult for an extensive
implementation (Wang et al. 2007; Lapuerta et al. 2008).

Generally, the fatty acid profile of most vegetable oils is constituted of common
biomolecules such as palmitic, stearic, oleic, linoleic, and linolenic acid with
concentrations that vary from matrix to matrix (Atabani et al. 2013). These varia-
tions are linked directly to the properties of biodiesel including oxidative stability.
A higher amount of unsaturated fatty acids leads to an oxidative instability in the
fuel as the double bonds present in the fatty acids are reactive toward oxidation
reactions (Knothe 2005).

Other Fatty Materials "
Cottonseed Qil
12.06% 0.13%

Pork Fat LS4%

ChickenFat L11%

Canola Oil 0,15%

Waste Cooking Oil 2. 47%

Others3.63%

Fig. 4.1 Brazilian feedstock matrix of biodiesel (Pinto 2017)
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4.1.1 Oxidative Stability

Oxidative stability can be defined as the amount of time required to oxidize a
certain portion of biodiesel. This subject is extensively researched since it affects
the fuel in early stages of use, during transportation, and storage (Knothe 2007).
The presence of unsaturation is related to autoxidation, which is influenced by the
presence of air, heat, metals, peroxides, and light, among other factors. This
important parameter is evaluated by ASTM D6751 and EN 14214 that indicate a
minimum induction time of 3 and 8 h, respectively (Dantas et al. 2011).

The oxidation of biodiesel influences greatly in the quality of the fuel. Its
degradation is linked to variations in others physicochemical properties such as acid
number, kinematic viscosity, polymer content, iodine value, and peroxide value. In
this context, the oxidized biodiesel can lead to several problems in the operational
system of a vehicle, causing corrosion, obstruction, and formation of deposits in the
interior of the engine (Kumar 2017).

The oxidation process in biodiesel that leads to its deterioration is very complex
and involves the development of hydroperoxides. These reactive species initiate
several secondary reactions, which result in the formation of carboxylic acids,
ketones, aldehydes, polymers, and other undesired compounds. In general, the
degradation is composed of a free radical process divided in stages, namely initi-
ation, propagation, and termination, which are outlined in Fig. 4.2 (Fu et al. 2017).

As it can be seen in Fig. 4.2, the oxidation undergoes a primary reaction in
which hydrogen is removed of a polyunsaturated fatty acid (1). This step is rela-
tively slow and forms the first free radicals (2) that initiate the degradation of the
biodiesel. The propagation stage is characterized by the reaction with oxygen,
resulting in peroxide radicals (3) and hydroperoxides (4) that forms radicals that
feed further reactions. At the termination of this process, the free radicals formed in
the course of the oxidation combine and form stable products (Yaakob et al. 2014).

The degradation process has a correlation with the number of unsaturation,
double bonds close to the ester group, higher chain length of the ester portion and
cis-isomers. The acid number of a fuel is related to hydrolysis and the presence of
oxygen. It can also occur polymerization between fatty acids when the biodiesel is
exposed to high temperature conditions. The presence of trace metals can also
contribute to the formation of radicals acting as catalysts to this process (Knothe
and Razon 2017). Table 4.1 displays the oxidative stability of some biodiesel from
distinct sources indicating that most of them do not reach accepted standards of
stability.

In order to measure the progression of biodiesel decomposition, several tech-
niques and methods were developed (Xin et al. 2009). One of the most used
methods is the Rancimat, in which a stream of air is bubbled into the sample at
elevated temperatures. Other methods can be cited, for example the iodine value,
the active oxygen bomb test, and Schaal’s oven test. It must be noted that thermal
analysis is emerging in this field, mainly by differential scanning calorimetry
(DSC) and differential thermal analysis (Herbinet et al. 2010; Saluja et al. 2016).
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Fig. 4.2 Mechanism of linoleic acid methyl ester oxidation

DSC is a thermal technique that measures energetic differences between the
sample and a reference material as a function of temperature. It has been extensively
used to characterize several physical and chemical properties of combustibles,
lubricant, oils, polymers, and other materials (Dunn 2006). In this technique, a
small quantity of the sample is required and it is contained in a crucible. Then, the
sample alongside a reference material is placed in a furnace in which the temper-
ature and atmosphere can be controlled and measured, resulting in endothermic or
exothermic events (Stuart 2012).
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Table 4.1 Biodiesel and its respective oxidative stability

C. C. Da Silva et al.

Biodiesel source Oxidative stability (h) References

Corn oil 6.5 Serqueira et al. (2014)
Sunflower oil 1.73 Sarin et al. (2007)

Soybean oil 3.80 Sarin et al. (2007)

Waste cooking oil 2.6 Serqueira et al. (2014)

Colza oil 11.2 Serqueira et al. (2014)
Karanjia oil 2.35 Sarin et al. (2007)

Jatropha oil 3.23 Sarin et al. (2007)

Palm oil 13.37 Sarin et al. (2007)

Beef tallow 1.2 Mittelbach and Schober (2003)
Rapeseed oil 9.1 Mittelbach and Schober (2003)
Safflower oil 0.86 Xin et al. (2009)

Cottonseed oil 3.6 Serqueira et al. (2014)

4.1.2 Antioxidants in Biodiesel

It has been established that susceptibility to oxidation is one of the major drawbacks
of biodiesel usage. In this way, it is very important to combine biodiesel with
antioxidants that are effective for the minimization of oxidation stability issues
(Yaakob et al. 2014). Antioxidants may be isolated from natural sources, serving as
examples o-tocopherol (vitamin E), citric acid, and caffeic acid (Fig. 4.3).

HO

CHa

OH

OH
Caffeic acid

HsC :
CH
CHg 8
Alpha-tocopherol
(Vitamin E)
O OH O
HO OH
HO
O~ OH
Citric acid

Fig. 4.3 Structure of some naturally derived biodiesel antioxidants: vitamin E, citric acid, and
caffeic acid (Yaakob et al. 2014)
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Vegetable oils may have considerate quantities of natural antioxidants, but they are
reduced during oil refining processes.

Antioxidants derived from synthetic sources are generally preferable and more
effective, in which the major examples include, but are not limited to: butylated
hydroxytoluene (BHT), butylated hydroxyanisole (BHA), tert-butylated hydrox-
yquinone (TBHQ), propyl 3,4,5-trihydroxybenzoate (PG), 1,2,3-trihydroxybenzene
(pyrogallol—PY), and gallic acid (GA) (Fig. 4.4). Depending on their mode of
action, they can be classified as primary antioxidants that are free radical termi-
nators, metal ion chelators, or oxygen scavengers. Secondary antioxidants are
preventive and can act as chain breakers (peroxide radical quenchers), or reducing
agents (hydroperoxide decomposers), retarding the chain initiation reaction
(Shahidi and Wanasundara 1992; Yaakob et al. 2014).

These antioxidants or potentially new ones are blended with biodiesel in rela-
tively low concentrations ranging from 200 to 2000 ppm (1 ppm: parts per mil-
lion = 1 pg/mL = 1 mg/L) to minimize added costs (Dunn 2008; Pullen and Saeed
2012). Effectiveness of antioxidants will vary depending on the composition of fatty
acid methyl esters, feedstock, and oxidative stability of the biodiesel (Rizwanul
Fattah et al. 2014b; Yaakob et al. 2014).

It can be seen that antioxidant agents are diverse in molecular structure, but most
of them are phenolic substances. Phenolic compounds tend to have a proximate
relationship with antioxidant activity, because the hydrogen from hydroxyl groups
can be easily donated, forming relatively stable radical intermediates (Cao et al.
1997; Heim et al. 2002; Senevirathne et al. 2006; Detsi et al. 2009). The —-OH
groups scavenge reactive radicals, such as peroxyl radicals, and can be stabilized by

OCHg OH
OH CHg
(F_CHg
ch CH3
OH OH
Butylated Hydroxytoluene Butylated Hydroxyanisole tert-butylated Hydroxyquinone
(BHT) (BHA) (TBHQ)
O+~_OH
OH
HO OH
HO O OH HO OH
o} OH OH
Propyl 3,4,5-trihydroxybenzoate  1,2,3-trihydroxybenzene  Gajiic acid (GA)
(PG) (Pyrogallol- PY)

Fig. 4.4 Structure of some synthetic antioxidants used for biodiesel storage (Rizwanul Fattah
et al. 2014b; Yaakob et al. 2014)
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Scheme 4.1 Stabilization of phenoxy radical by delocalization of unpaired electrons around the
aromatic ring (Rizwanul Fattah et al. 2014b)

resonance delocalization and lack of apt sites to be attacked by oxygen
(Scheme 4.1) (Rizwanul Fattah et al. 2014a, b).

Phenolic groups are frequently present in chalcones, which are molecules nat-
urally abundant in edible plants or obtained synthetically. Chalcones are very
versatile molecules and have been associated with many biological activities, in
which antioxidant activity can be highlighted (Detsi et al. 2009; Righi et al. 2011;
Serifi et al. 2013; Dias-Tielas et al. 2016).

4.2 Chalcones and Antioxidant Activity

Chalcones (1, 3-diaryl-2-propen-1-ones) are a class of molecules within the family
of flavonoids, which present two aromatic rings connected by a three-carbon linker
of an a-f-unsaturated system. As it can be seen from Fig. 4.5, one of the aromatic
rings (Ring “A”) is connected to a carbonyl group, while the other aromatic ring
(Ring “B”) is connected to the o-f-unsaturation (Dawane et al. 2009).

Chalcones are a category of open-chain flavonoids, and in fact, some of them are
immediate precursors of other classes of flavonoids, such as aurones. It can be seen
from Fig. 4.6 that chalcones have a close structural and biogenetic relationship with
flavonoids, including aurones, and so they can co-occur in many natural products
(Veith and Grayer 2006).

Chalcones and aurones are major contributors to the yellow to orange pigments
seen in flowering plants, mainly isolated from Leguminosae, Asteraceae, and
Moraceae families (Rozmer and Perjési 2016). These phytochemicals are widely
distributed in seeds, leaves, and flowers of plants and are associated to protection
against photosynthetic stress, reactive oxygen species (ROS), and pathogenic
microorganisms (Serifi et al. 2013). The key enzyme to chalcone synthesis in the
flavonoid biosynthesis pathway, chalcone synthase, is also known to be induced in
plants under stressful conditions, such as high irradiation of ultraviolet light, and
bacterial, or fungal infections, which corroborates the protective effective demon-
strated by chalcones (Dao et al. 2011). The distribution of these compounds is not
limited to plants, as they are also present in fruits (apples, citruses), vegetables
(tomatoes, potatoes), beer, wine, and other dietary components (Tomas-Barberan
and Clifford 2000; Orlikova et al. 2011).
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Fig. 4.5 General structure of a chalcone (Detsi et al. 2009)

Flavonoids Aurones

Fig. 4.6 General structure of flavonoids (Heim et al. 2002) and aurones (Detsi et al. 2009)

Apart from the o-f-unsaturation, the general structure of chalcones is highly
versatile because the aromatic rings can present a wide range of substituents in any
position. Thus, many molecules of natural or synthetic chalcones can be isolated or
obtained, which will differ structurally depending on the substitution pattern of the
parent chalcone (Orlikova et al. 2011; Ritter et al. 2015). Possibilities include, but
are not limited to, methoxylated, hydroxylated, halogenated, and N-containing
chalcones (Padhye et al. 2010). Simple examples of this classification can be seen in
Fig. 4.7.

Chalcones can be multifunctional molecules since one particular compound
may exhibit more than one biological activity, such as the antioxidant,
anti-inflammatory, and chemopreventive activities associated with licochalcone
(Fig. 4.8), which is present in licorice (Lee et al. 2008; Franceschelli et al. 2011).

Many studies have reported an antioxidant activity exhibited by chalcones and
chalcone derivatives, especially chalcones containing hydroxyl groups (hydroxy-
chalcones) (Mathiesena et al. 1996; Heim et al. 2002; Rezk et al. 2002; Sikander
et al. 2011). The radical-scavenging activity of chalcones is influenced by the aryl
groups and their substituents (rings “A” and “B” in Fig. 4.5). It is believed that the
presence of one or more hydroxyl groups can be key contributors to the antioxidant
effect associated with chalcones (Mathew et al. 2017).

Sikander et al. (2011) showed that trans-chalcone (labeled as compound 1 in
Fig. 4.9) inhibited reactive oxygen-triggered lesions induced by hydrogen peroxide
(H,0,), resulting in the protection of hepatocellular carcinoma cells.

Rezk et al. (2002) showed the potent antioxidant activity of a dihydrochalcone,
phloretin (2) and of its respective glucoside, phloridzin (phloretin 2-b-p-glucose)
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Fig. 4.7 Examples of different chalcones based on their substitution pattern
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_CHy
A
HsCO oH

Licochalcone-A Licochalcone-C

Fig. 4.8 Molecular structures of licochalcone-A and licochalcone-C associated with antioxidant,
anti-inflammatory, and chemopreventive activities

(3), which are chalcones without a-f§ double bond containing four and three
hydroxyl groups, respectively (Fig. 4.10). The concentration needed to scavenge
50% of peroxynitrite (ICso PON) and the concentration needed to inhibit 50% of
lipid peroxidation (ICso LOP) were determined. For phloretin, IC5o, PON was
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Fig. 4.9 Structure of trans-chalcone (compound 1) (Sikander et al. 2011)
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Fig. 4.10 Structures of phloretin, phloridzin, 2-hydroxyacetophenone, and concentrations needed
to scavenge 50% of peroxynitrite (ICso PON) and inhibit lipid peroxidation (ICs, LOP) (Rezk
et al. 2002)

3.1 uM and ICs5y LOP was 24 puM, while phloridzin’s ICsy PON was 55 uM and
ICso LOP was 435 uM. The significance of these values can be understood when
the authors also determined these values for a synthetic precursor of chalcones,
2-hydroxyacetophenone, whose ICs, values were higher than 1000 uM. The
authors proposed that the antioxidant pharmacophore in phloretin is the
2,6-dihydroxyacetophenone group due to its stabilization of radicals via
tautomerization.
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Fig. 4.11 Structures of hydroxychalcones 4-9 (Nishida and Kawabata 2006)

Nishida and Kawabata (2006) investigated the effect of number and arrangement
of hydroxyl groups in six synthetic chalcones (4-9) for their DPPH
radical-scavenging activity (Fig. 4.11).

Serifi et al. (2013) reported an antioxidant behavior of 2’-hydroxychalcones by
means of cyclic voltammetry and chronoamperometry. From the 13 synthesized
hydroxychalcones, compounds 10, 11, 12, and 13 showed the lowest ICs, for H,O,
scavenging (0.095, 0.228, 0.287, and 0.303 mM, respectively), which means they
have higher ability to scavenge this oxidizing agent (Fig. 4.12). The ICsq in this

OH O OH O
oo, OO

COOH OCH3;
Cl

Compound 10 Compound 11
ICs0 =0.095 ICs0 = 0.228
OH O OH O Cl
COOH  HsCO OCHj
Compound 12 Compound 13
ICsq = 0.287 ICso = 0.303

Fig. 4.12 Structures of 2'-hydroxychalcones (10-13) with reported antioxidant behavior; 2’
hydroxyl groups are highlighted in blue; ICs, is expressed in mM as the concentration of the
compound required to scavenge 50% of H,O, radicals (Serifi et al. 2013)
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case is the concentration of the chalcone required to scavenge 50% of radicals
(Senevirathne et al. 2006).

Besides experimental studies, some theoretical studies have been made in order
to better understand the structure—activity relationship (SAR) on the antioxidant
activity of hydroxychalcones (Xue et al. 2012; Mathew et al. 2017; Niu et al. 2017).
Two main mechanisms by which hydroxychalcones can act as antioxidants have
been proposed, according to Scheme 4.2, though these mechanisms can occur in
parallel.

Mechanism (i) is referred to as H-atom transfer, in which the ArOH itself
becomes a radical; hydroxylated rings in chalcones can be easily converted to
phenoxy radicals (ArO’). Mechanism (ii) is one electron transfer, in which the
antioxidant agent gives an electron to the free radical and becomes a radical cation
(ArO™).

Experimental results have shown that chalcones have the potential for the
scavenging of various radicals, and that the presence of hydroxyl groups may
represent a higher efficiency of this activity (Xue et al. 2012). The antioxidant
potential of molecules frequently calls attention for their possible therapeutic
application in diseases or disorders associated with oxidative stress, such as
inflammation and cancer (Padhye et al. 2010; Sikander et al. 2011). However, as
described before, oxidative processes can also occur in biodiesel, representing a
serious disadvantage for its usage.

In light of the scientific reports and factors associating hydroxychalcones with
antioxidant activity, herein we report our study of the influence of two hydroxylated
chalcones: (chalcones 16a and 16b; Fig. 4.13) in the oxidation of biodiesel.

4.2.1 Synthesis of Chalcones

Chalcones can be found as naturally in plants, fruits, and vegetables, which contain
the key enzyme chalcone synthase (CSH). CHS is a member of the plant polyketide
synthase superfamily and is structurally classified as a type III polyketide synthase
enzyme. As outlined in Fig. 4.14, CHS catalyzes the sequential condensation of
three acetate molecules derived from malonyl-CoA and p-coumaroyl-CoA
(CoA = coenzyme A). CHS together with stilbene synthase (STS) generates the
chalconaringenin (2',4', 6',4-tetrahydroxychalcone), which can be further cyclized
to narigenin by action of chalcone isomerase (CHI) (step not shown, see Dao et al.
2011 for more details). The action of CHS with chalcone reductase (CHR) can

Scheme 4.2 Proposed ° ° i
mechanisms for antioxidant R + ArtOH—— RH + ArO (i)

activity (Xue et al. 2012) .
R® + AIOH — R~ + A0 (i)
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Fig. 4.13 Structures of chalcones 16a and 16b synthesized and assessed for antioxidant activity in
biodiesel
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Fig. 4.14 Overview of the biosynthesis of chalcones: chalconaringenin (tetrahydroxychalcone)
and isoliquiritigenin (6’-deoxychalcone). Modified from Veith and Grayer (2006) and Dao et al.
(2011)

generate a 6'-deoxychalcone known as isoliquiritigenin (Veith and Grayer 2006;
Dao et al. 2011; Orlikova et al. 2011).

Other cyclization reactions are possible besides the one that yields chalcones,
and CHS can accept other substrates as starting materials to generate corresponding
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chalcones and lactone (cyclic esters) products, such as feruloyl-CoA,
phenylacetyl-CoA, butyryl-CoA (Dao et al. 2011).

Nowadays, it is very practical to obtain series of chalcones by synthetic methods,
and with high purities, which avoids many of the obstacles faced when these
products are isolated from natural sources (Detsi et al. 2009; Aly et al. 2014;
Mathew et al. 2017). The classical type of reaction carried to obtain chalcones is the
Claisen—Schmidt condensation, in which a ketone reacts with an aromatic aldehyde,
generally under basic catalysis (Dawane et al. 2009). This is possible because
ketones, such as propanone or acetophenone, submitted to basic conditions form
enolates, which react with the carbonyl group of aldehydes. It also involves
dehydration to yield a product in which the double bond is conjugated both to a
carbonyl group and to an aromatic ring as follows (Scheme 4.3).

An acceptable proposed mechanism for the formation of chalcones by Claisen—
Schmidt condensation is shown in Fig. 4.15 (Zhuang et al. 2017).

The mechanism of Claisen—Schmidt condensation depicted in Fig. 4.15 shows
that, initially, the oxygen of a base catalyst (such as NaOH or KOH) captures an
acid hydrogen (o-hydrogen) from acetophenone, forming an enolate, which pre-
sents keto—enol tautomerism (shown in brackets). The enolate is a good nucleophile
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H > %\@
+

Acetophenone Benzaldehyde Chalcone

Scheme 4.3 Claisen—Schmidt condensation reaction (Chavan et al. 2016)
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Fig. 4.15 Mechanism of Claisen—Schmidt condensation reaction to obtain chalcones
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and attacks the partially positive carbonyl of the aromatic aldehyde, forming a
tetrahedral intermediate (alkoxide). Under basic conditions, the alkoxide interme-
diate is protonated and the o-hydrogen (from the methylene group) is then removed,
favoring the dehydration final step to yield the chalcone and to regenerate the basic
media.

The synthesis of chalcones containing hydroxyl group (s) under basic conditions
can be problematic because the electrophilicity of the aldehyde carbonyl carbon is
reduced. The hydrogen from hydroxyl groups can be extracted by bases, forming a
less reactive phenoxide anion (Scheme 4.4) or, in case of hydroxyl groups in the
ortho position of the ring, intramolecular bonding with the carbonyl oxygen can be
formed (Scheme 4.5) (Rozmer and Perjési 2016).

These factors result in decreased or no product formation so, in order to work
around this problem, some authors use hydroxyl protective groups under basic
conditions, such as methoxymethyl groups (MOM). The protective group is
inserted prior to the Claisen—Schmidt condensation, which can be removed after the
formation of the hydroxy-chalcone under acidic conditions (Scheme 4.6) (Nishida
and Kawabata 2006; Detsi et al. 2009; Zhuang et al. 2017).

An alternative approach is the use of acids as catalysts for the synthesis of
chalcones, which proceeds with the formation of an enol. Although both ketone and
aldehyde need to be activated in acidic conditions, it can be directly applied for the
synthesis of base-sensitive chalcones without prior use of protective groups (Petrov
et al. 2008; Jayapal et al. 2010; Qian and Liu 2011).

In this way, the potential of chalcones, mainly hydroxychalcones, can be
explored based on the relatively rapid, safe synthetic methods, and structure
diversity of chalcone-based compounds in ways to apply them as antioxidant
agents.
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Scheme 4.4 Formation of phenoxide anion in hydroxy-aldehydes in basic media
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Scheme 4.6 Synthesis of hydroxyl chalcones using methoxymethyl (MOM) protective group

4.3 Methodology
4.3.1 Synthesis and Analysis of Biodiesel

Soybean frying oil was obtained from the restaurant of a University (Federal
University of Pelotas, Brazil). Sequentially, the material was mixed with Celite in a
proportion of 2 parts of oil to 4 parts of waste cooking oil. Afterward, the purified
soybean oil was transesterified according to the methodology proposed by De
Oliveira et al. (2013). The reaction was performed by the addition of 40 mL of a
solution of sodium hydroxide 2.5% (m/v) in methanol in 100 mL of soybean oil,
which was kept under reflux at 70 °C for one hour. The material was cooled to
room temperature, then 60 mL of methanol and 1.5 mL of concentrated sulfuric
acid were added to the system. The reaction was allowed to continue for another
hour under reflux at 70 °C. Finally, the product was washed three times with
distilled water, filtered through anhydrous sodium sulfate, and dried in a rotary
evaporator.

Kinematic viscosity, acid value, iodine value, and flash point were determined
according to ASTM standard methods. Saponification value was determined
according to the AOAC method (AOAC 1997). The standard methods utilized to
determine biodiesel parameters are shown in Table 4.2.

Fatty acid methyl esters (FAME) obtained from the transesterification reaction
were identified in a gas chromatograph equipped with a flame ionization detector
(GC-FID) (Shimadzu QP-2010). Quantitative analysis was carried out by area

Table 4.2 Standard methods  pyrmeter Standard method

gi(r) (;?:S;haraaenzanon of Kinematic viscosity ASTM D445(ASTM 2006)
Acid value ASTM D664-67 (ASTM 2011)
Todine value ASTM D459-97 (ASTM 1997)
Saponification value AOCS CD3-25 (AOAC 1997)
Flash point ASTM 93-94 (ASTM 1995)
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Table 4.3 Chromatographic analysis of fatty acid methyl esters from soybean frying oil

Parameter Conditions

Column (100 m x 0.25 m x 0.25 pm)

Carrier gas Nitrogen

Injection volume 1 uL

Split ratio 1:25

Pressure 44.695

Flow 1.2 mL min~!

Injector 250 °C

temperature

Heating ramp 100 °C (5 min)=7 °C min~" to 200 °C (5 min)-5 °C min"" to 230 °C
(10 min)

Detector Flame ionization detector

Detector 250 °C

temperature

normalization using the GC Solution software in comparison to the FAME Mix
C4Cy4 standard (Supelco). Details of chromatographic conditions can be seen in
Table 4.3.

4.3.2 Synthesis and Characterization of HydroxyChalcones

Solvents and chemicals used in the synthesis were obtained from Sigma-Aldrich Co.,
St. Louis, MO, USA and used without further purification. Chalcones (E)-1-
(2-hydroxyphenyl)-3-phenylprop-2-en-1-one (16a) and (E)-1-(2-hydroxyphenyl)-3-
(3-hydroxyphenyl) prop-2-en-1-one (16b) were synthesized by Claisen—Schmidt
condensation according to Wang et al. (2014) (Scheme 4.7). A solution of sodium
hydroxide 40% in water (2.0 mL) was added to a round bottom flask containing
15 mL of ethanol and 1.0 mmoL of 2-hydroxyacetophenone, in an ice bath. After
30 min, 1.2 mmoL of the substituted aldehyde was added and the mixture was stirred
for 12 h, at room temperature. The reaction was monitored by thin-layer chro-
matography in hexane/ethyl acetate 70/30%. The reaction mixture was neutralized
with hydrochloric acid, and the filtered precipitate was purified by recrystallization
with ethanol. Melting points were determined using capillary tubes on a Fisatom 430
apparatus. The synthetic chalcones had their structure and purity confirmed by gas
chromatography coupled to mass spectrometry (GC-MS) equipped with an AOC-20i
automatic injector and a Rtx-5MS 30 m x 0.25 mm X 0.25 pm column.
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Scheme 4.7 Claisen—Schmidt condensation reaction to obtain chalcones 16a and 16b

4.3.3 Thermal Analysis

Oxidative stability of biodiesel without and with the addition of hydroxychalcones
was assessed by differential scanning calorimetry (DSC), which was carried on a
200 F3 Maia equipment model (NETZSCH-GERATEBAU GMBH). Samples of
biodiesel and chalcones were analyzed in closed aluminum pans, in triplicate,
separately or mixed, in which the final concentration of chalcone in biodiesel was
1250 ppm. The experiments were conducted under nitrogen atmosphere at a flow
rate of 50 mL min~" and under constant temperature heating of 10 °C min~" from
20 to 500 °C.

4.4 Results and Discussion

The crude waste cooking oil used in this work had a dark yellow and a viscous
appearance due to its constant use, which is also linked to its high acidity and
unpleasant odor. In order to be used as a fuel, it needed to surpass a pretreatment
process with Celite so that most of its impurities could be eliminated. The clean up
process was very efficient to remove most of the contaminants in the crude oil, such
as solid particles and water, turning its color into a light yellow. These substances
could interfere in the transesterification reaction leading to poor yields and a bio-
diesel with low quality (César et al. 2017).

The results of the physicochemical analysis of the biodiesel obtained from fried
soybean oil (FSB) are shown in Table 4.4. These results can be compared to the
biodiesel quality norms established in the USA (ASTM), European Union (EN),
and Brazil (ANP).

According to Table 4.4, soybean frying biodiesel met all the regulated physic-
ochemical parameters tested. Between tests was iodine value, which measures the
degree of unsaturation of the fatty esters from the sample. The saponification value
measures the amount of alkali needed to saponify a certain fraction of an oil or fat
and usually increases as the length of the carbon chain decreases. Thus, it serves as
a tool to indicate the formation of low molecular weight compounds throughout the
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Table 4.4 Results and specifications soybean frying biodiesel

. Da Silva et al.

Specification Result ASTM EN ANP

Kinematic viscosity at 40 °C 4.39 1.9-6 3.5-5 2,555

(mm? s7)

Acid value (mg KOH g™") 0.5 Maximum of | Maximum of Maximum of
0.5 0.5 0.8

Iodine value (g I, gfl) 109.65 Not Maximum of Not specified
specified 120

Saponification value (mg KOH | 200.65 | Not Not specified | Not specified

) specified

Flash point (°C) 165 Minimum of Minimum of Minimum of

93 101 101

oxidation of biodiesel. Since this property is only a relative measure to determine
the length of the carbon chains in oil, US and European standards do not regulate it
(Knothe and Razon 2017).

In turn, the acid value is the amount of alkali needed to neutralize a certain
fraction of an oil or fat can be used to determine the presence of free fatty acids in
the biodiesel sample. Therefore, it is an important parameter to regulate the quality
of biodiesel since high acid values mean parts of the engine can be corroded
(Georgogianni et al. 2007). Consecutively, kinematic viscosity is the amount of
time needed for a liquid at 40 °C to flow through a viscometer. Generally, the
viscosity of a liquid decreases as its level of unsaturation increases. Parallel to
density, it also increases as the chain length of fatty acids becomes bigger or in the
presence of contaminants such as soaps. This property is related to the amount of
combustible injected in the engine and, thus, is of extreme relevance to the quality
of biodiesel (Encinar et al. 2007).

Chromatographic analysis (Table 4.5; Fig. 4.16) revealed that soybean biodiesel
is composed of several fatty acids. Nonetheless, linoleic acid (C18:2n6c) played a
dominant role in the lipidic profile representing more than half (51.79%) of the
composition of the biodiesel. Oleic acid (C18:179¢) and palmitic acid (C16:0) were
also important constituents representing 28.75 and 11.13%. Other biomolecules
such as linolenic (C18:3x13) and stearic acid (C18:0) were found in small quantities.
Since more than 85% of the fatty acids in the biodiesel were unsaturated, it can be
said that the oxidative stability was relatively lower because these acids are more
reactive toward oxidation reactions (Sajjadi et al. 2016).

In general, the transesterification reaction presented yields close to 96%. In a
similar work, Georgogianni et al. (2007) isolated methy] esters of soybean frying oil
in yields varying from 42 to 97% under mechanical stirring. Encinar et al. (2007)
performed ethanolysis in waste frying oil under alkaline catalysis with yields
ranging from 46.8 to 74.2% of oil conversion into esters.
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Table 4.5 Fatty acid composition of soybean biodiesel

Fatty acid Percentage (per area) Peak number in Fig. 4.16
C16:0 11.13 1

C18:0 3.85 2

C18:1n9¢ 28.75 3

C18:2n6¢ 51.79 4

C18:3n3 4.46 5

> saturated 14.98

> unsaturated 85.02

4
3
,._ﬁ\ ; 5

140 150 16.0 17.0 18.0 19.0 0.0 210 2.0 30 min

Fig. 4.16 Chromatogram of fatty acids in waste soybean cooking oil

In relation to the synthetic chalcones, two products were successfully obtained in
moderate yields of 46% for chalcone 16a and 32% for chalcone 16b. Wang et al.
(2014) obtained the exact structure of chalcone 16a in a 55.7% yield. Kamboj et al.
(2010) obtained the exact structure of chalcone 16b in a 52% yield under micro-
wave irradiation, and Ohkatsu and Satoh (2008) obtained this product in a 13.9%
yield under conventional conditions (without use of microwaves). Data of chal-
cones are shown in Table 4.6.

Results from spectrometric analysis are shown below. The chromatogram and
mass spectrum of chalcone 16a are shown in Figs. 4.17 and 4.18, and chro-
matogram and mass spectrum for chalcone 16b are shown in Figs. 4.19 and 4.20.

It can be seen from the physical properties determined experimentally that the
synthesized chalcones match the expected parameters, so their structures could be
confirmed. Chalcone 16a presented an experimental melting point of 90-91 °C,
which was very proximate to the result found in the literature for the same synthetic
compound (89 °C) (Jhala et al. 2006). The same could be observed for chalcone
16b, which had an experimental melting point of 163—-165 °C, proximate to the one
found by Kamboj et al. (2010) (165-167 °C). It is common to observe some
variations in experimental melting points to the ones found by other researchers,
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Table 4.6 Data of synthesized hydroxychalcones

Code Structure Melting point | Exact
(°C) mass
Chalcone 16a OH O Exp.: 90-91 224.08
(E)-1-(2-hydroxyphenyl)- Lit.: 89 (Jhala
3-phenylprop-2-en-1-one O = O et al. 2006)
Chalcone 16b OH O Exp.: 163— 240.08
(E)-1-(2-hydroxyphenyl)- 165
3-(3-hydroxyphenyl) = OH Lit.: 165-167
prop-2-en-1-one (Kamboj et al.
2010)

Tic

10,411,997

20 TSUHaTY

Fig. 4.17 Chromatogram of chalcone 16a (E)-1-(2-hydroxyphenyl)-3-phenylprop-2-en-1-one

mainly due to the different manipulations or solvents used in the recrystallization
procedures. Chromatograms of both synthetic products show peaks at retention
times of around 20 min, and the integration of the peaks generated the mass
spectrum, which were in accordance to the exact masses of the chalcones.
Figure 4.19 presents a molecular ion of m/z 224 in accordance to the exact mass of
chalcone 16a (224.08), and Fig. 4.21 presented a molecular ion of 240 respective to
the mass of 240.08 of chalcone 16b.

In the last few years, thermal analysis by DSC has been commonly used for the
purpose of antioxidant activity evaluation (Dunn 2008). Two major quality control
tests are assessed by DSC in industry: tests conducted under isothermal conditions
indicate oxidation induction time (OIT), and the ones conducted at different tem-
perature scans indicate the oxidation onset temperature (OOT). The difference
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Fig. 4.18 Mass spectrum of chalcone 16a (E)-1-(2-hydroxyphenyl)-3-phenylprop-2-en-1-one
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Fig. 4.21 DSC thermogram of fried soybean oil biodiesel only

between these calorimetric tests is that, under isothermal conditions, oxidation is
registered as the time the sample exhibits a sudden exothermic event, whereas under
temperature scanning experiments, oxidation is registered as the temperature the
exothermic event occurs (Focke and Van Der Westhuizen 2010).

Recently, our laboratory showed the green synthesis of a series of chalcones with
biological activity (Ritter et al. 2015) and deposited a patent (Brazilian patent BR
1020130300497) of hydroxy-functionalized chalcones applied as oxidative stabi-
lizers in biodiesel (Oliveira et al. 2013). Results from DSC analysis are shown
below in Figs. 4.21 (biodiesel only), 4.22 (chalcone 16a only), 4.23 (chalcone 16b
only), 4.24 (biodiesel with chalcone 16a at 1250 ppm), and 4.25 (biodiesel with
chalcone 16b at 1250 ppm).

It can be seen from Fig. 4.21 (thermogram of biodiesel only) an endothermic
(downwards) event at a temperature range of 200-270 °C (~25 min) associated
with the vaporization of methyl esters present in biodiesel (shown in Table 4.5).
The variation of temperature will depend on the fatty acid composition due to their
differences in structure (Misutsu et al. 2015). The other exothermic events (peaks
facing upwards) starting at around 30 min (~ 300 °C) indicate oxidation processes
affecting biodiesel and combustion of unsaturated fatty acids. Thermogram of
chalcone 16a (Fig. 4.22) shows two endothermic events right before 100 °C tem-
perature, which can be associated with the loss of water (dehydration) and with the
melting point (89-91 °C; Table 4.6) of the synthetic molecule, respectively. The
exothermic event happening at around 325 °C is associated with the oxidation of
chalcone 16a. The same pattern was observed for chalcone 16b, as it can be seen
from its thermogram in Fig. 4.23: two sharp endothermic events associated with
dehydration and melting point (165 °C) and a clear exothermic event of oxidation
at around 300 °C. Chalcone 16a blended with biodiesel at a 1250 ppm concen-
tration does not show an antioxidant activity (Fig. 4.24), but rather caused an
increase of the temperature in which biodiesel started to suffer oxidation, or an
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Fig. 4.22 DSC thermogram of chalcone 16a only
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Fig. 4.23 DSC thermogram of chalcone 16b only

increase in OOT. Chalcone 16b showed a potent antioxidant effect as the ther-
mogram depicted in Fig. 4.25 lacks any exothermic events of oxidation. It seems
that events happening with the chalcone overlap the one observed in biodiesel
(~25 min), and that the chalcone could be suffering or neutralizing oxidation
events itself instead of biodiesel. The other slightly distorted endothermic event
(27-35 min in Fig. 4.25) could be due to the formation of other stable products
resulting from the oxidation of chalcone 16b. Their results showed that the chalcone
16b containing two hydroxyl groups was more effective than chalcone 16a, which
has only one, but that both synthetic molecules influenced in the oxidative stability
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Fig. 4.24 DSC thermogram of biodiesel blended with chalcone 16a at 1250 ppm
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Fig. 4.25 DSC thermogram of biodiesel blended with chalcone 16b at 1250 ppm

of biodiesel. It is important to note the sample of biodiesel in this study was
obtained from used frying oil, which itself has already been exposed to oxidative
and hydrolysis processes. Also, the 1250 ppm concentration of chalcones blended
with biodiesel is within the range of 500-2000 ppm normally used in similar
studies (Dunn 2008). It is likely that a higher concentration of these compounds
mixed with biodiesel would induct a more notable antioxidant effect. Thus, syn-
thetic molecules based on the structural features discussed here are still promising
agents to enhance biodiesel oxidative stability.
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4.5 Conclusion

Biodiesel has many advantages compared to the ephemeral petrodiesel, but its
potential has not yet been fully explored due to some drawbacks. In this chapter, it
was demonstrated that oxidative stability is one of the major limitations associated
with biodiesel. In this way, it is very important to search for agents that can avoid
oxidative processes or enhance biodiesel stability. Phenolic compounds, specially
natural or synthetic chalcones containing hydroxyl groups, have shown interesting
antioxidant effects and, therefore, should be further explored as antioxidant agents
or stabilizers to be applied along with biodiesel production. Finally, calorimetric
analysis performed by DSC proved to be a very helpful tool to assess potential
antioxidant effects resulting from the addition of isolated or synthetic compounds in
biodiesel.
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Chapter 5

Fluorescence Spectroscopy

as an Alternative Analytical Tool
for Monitoring Biodiesel Oxidative
Stability: Thermal Oxidation Effect
on the Endogenous Chromophores
and Fluorophores in Biodiesel

Keurison Figueredo Magalhies, Anderson Rodrigues Lima Caires,
Tiago Andrade Chimenez, Mariele Cappelari Fripp,
Fabiola Machado and Samuel Leite Oliveira

Abstract Thermal stability of biodiesel is an important quality factor and it must
be precisely evaluated. Despite the existence of conventional methods, fast, accu-
rate, and robust analytical procedures are needed and still being developed. In this
study, soybean and canola biodiesels underwent degradation by heating the samples
and a systematic dependence on the concentration of endogenous chromophores
(conjugated dienes, trienes, and tetraenes) and fluorophores (conjugated tetraenes)
was optically monitored. UV—Vis absorption and fluorescence spectra of biodiesel
allowed to identify the molecules formed in the initial thermal degradation stage.
Absorbance and fluorescence intensities systematically changed at thermal treat-
ment over 100 °C. Therefore, monitoring of the degradation compounds allows to
evaluate the biodiesel degradation and the evolution of the degradation compounds
content. The results indicate that analytical methods based on UV-Vis absorption
and fluorescence spectroscopy may be able to monitor the biodiesel degradation,
providing basis for the development of simple, portable, and low-cost devices.
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5.1 Introduction

5.1.1 Biodiesel

Biodiesel is an alternative fuel, environmentally friendly, and economically com-
petitive compared to the fossil diesel (Van Gerpen 2005). Biodiesel is chemically
defined as alkyl esters derived from vegetable oils or animal fats and is usually
obtained by transesterification of triglycerides in the presence of an alcohol and an
acid or basic catalyst, and glycerol as a by-product (Fig. 5.1) (Knothe et al. 2010).

Comparing the emissions of biodiesel and diesel, the combustion of biodiesel
produces less soot than diesel because biodiesel is composed of esters and a small
amount of aromatic compounds, resulting in an incomplete burning of fuel (Dantas
et al. 2011). Physicochemical properties of biodiesel are influenced by the types and
levels of fatty acids present in their composition (Fig. 5.2). It is well established that
biodiesel is more susceptible to oxidation process than fossil diesel during trans-
portation and storage due to the high level of unsaturation of the alkyl esters, unless
its composition be altered by additives, which delay the oxidative process
(McCormick et al. 2007; Navarra et al. 2011).

5.1.2 Biodiesel Stability

Biodiesel quality during storage, transport, and use constitutes an important tech-
nical aspect to be evaluated since products of degradation may cause corrosion in
the engine and clogging of filters and injection system (Singer and Riihe 2014).
Hence, oxidation (formation of free radicals, arrangement with oxygen, formation
and cleavage of peroxides in unsaturation, release of aldehydes, carboxylic acids,
and polymer formation) is a relevant feature to be monitored in the biodiesel cycle
because it contains esters of unsaturated fatty acids such as oleic, linoleic, and
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Fig. 5.1 Transesterification scheme to biodiesel production
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linolenic acids (Chacén et al. 2000; Dos Santos et al. 2011). These compounds
under conditions of heating, ultraviolet radiation, humidity, atmospheric air, and
presence of metals, even for a short time, may undergo oxidation by means of
different mechanisms, for example, thermal oxidation, photo-oxidation, autoxida-
tion, and hydrolytic reactions (Herbinet et al. 2008; Khoury et al. 2011; Atadashi
et al. 2012; Jain and Sharma 2012; Magalhdes et al. 2014; Yaakob et al. 2014).

In turn, biodiesel degradation can be delayed by using antioxidant agents, so
increasing storage time and avoiding formation of by-products harmful to biodiesel
and to engine. Synthetic antioxidants such as butyl-hydroxy-anisole (BHA),
butyl-hydroxy-toluene (BHT), tert-Butylhydroquinone (TBHQ), and propyl gallate
(PG) are the most widespread antioxidants in industry and they are known to retard
the oxidation effects (increase in viscosity, acidity, and peroxide number). In
addition to the synthetic antioxidants, it worth to point out that natural antioxidants
such as tocopherol, chlorophyll, and carotenoids may also be present in biodiesel
(Fig. 5.3) (Dunn 2005; Knothe 2007).

5.1.3 Standard Method to Monitor Biodiesel Stability

Rancimat method is the standard method in Brazil for assessing oxidative stability
of biodiesel at preset temperature in accordance with the European standard EN
14112 (Lapuerta et al. 2012). This method is also used to verify the effect of
different heating on the thermal stability of biodiesel (Dunn 2008; Sarin et al. 2009;
Xin et al. 2009; Karavalakis et al. 2010). In this approach, the oxidation stability is
assessed by passing an air flow (oxygen) through the sample at a predetermined



114 K. F. Magalhaes et al.

OH

HO ~
TBHQ

IO

Propyl gallate

Chlorophyll

B—Carotene
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temperature; then, the induction time to change the maximum oxidation rate of the
sample is determined, which is related to an increase in the conductivity of ultrapure
water contained in a vessel (Fig. 5.4a). The heated biodiesel sample in the presence
of oxygen starts to oxidize, forming organic acids of low molecular weight. Then,
these acids leave the sample and are directed to the measuring cell, which allows to
evaluate changes in the conductivity of the water promoted by these acids.
Induction period is determined by the inflection point of the water conductivity
curve as a function of time (Fig. 5.4b) (Knothe et al. 2010).

Despite the advantages presented by the Rancimat method, as simple operation
and analysis, electrical conductivity profiles distinct from the one shown in
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Fig. 5.4 Rancimat experimental scheme (a) and typical curve of conductivity as a function of
time to determine the induction period (b)
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Fig. 5.4b could be achieved, hampering the proper determination of the induction
period (Knothe et al. 2010).

5.1.4 Alternative Methods to Assess Biodiesel Stability

Chromatographic methods can also be applied as alternative approach to analyze
the degradation compounds from biodiesel (Leung et al. 20006; Jin et al. 2010).
Nevertheless, these techniques are costly and require preseparation steps of the
constituents prior to analysis. Thermal methods such as thermogravimetry (TG) and
differential scanning calorimetry (DSC) have been also used in studies of the
thermo-oxidative stability of biodiesel (Kivevele et al. 2011; Dunn 2012). Among
the analytical approaches already reported, infrared absorption spectroscopy, UV—
Vis absorption, and fluorescence were also indicated as potential methods for
biodiesel stability monitoring (Conceigao et al. 2007; Ferrari and De Souza 2009;
de Lira et al. 2010; Meira et al. 2011; Magalhaes et al. 2014). Although various
techniques have been tested, studies have to be developed to identify alternative
approaches capable of monitoring the degradation processes of biodiesel when
submitted to thermal stress in a rapid and accurate way without the need for sample
pretreatment. In this chapter, an alternative analytical tool for monitoring biodiesel
thermal degradation in the early stages based on endogenous chromophores and
fluorophores is discussed.

5.2 Evaluation of Absorption and Fluorescence Methods
to Monitor Biodiesel Thermal Degradation

5.2.1 Biodiesel Production

Soybean and canola biodiesel were obtained via alkaline transesterification of the
respective refined oils of same brand using NaOH as alkaline catalyst (0.4 wt% with
respect to oil) and 6:1 molar ratio of methanol/oil (Chimenez et al. 2012). Duplicate
aliquots (200 g) of biodiesel were placed into beaker and heated for 12 h from room
temperature to 210 °C. An oven without airflow was used to induce the early stages
of biodiesel oxidation. During the heating process, the samples were maintained
during 1 h at 40, 50, 70, 90, 100, 120, 135, 150, 170, 190, and 210 °C in which
5-mL portion was collected of each batch prior to the temperature change.
Therefore, the samples underwent cumulative effects. Aliquots were stored in dark
bottles until the UV-Vis absorption and fluorescence measurements. Unheated
biodiesel samples were also collected for analysis.
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5.2.2 Fluorescence and Absorption Measurements

Measurements of molecular absorption in the 200400 nm range were carried out
in a Cary 50 spectrophotometer (Varian). These measurements were made at room
temperature using a quartz cuvette of 10-mm and 0.5-mm path length for the diluted
and undiluted samples, respectively. Soybean and canola biodiesel samples diluted
in n-hexane (HPLC grade) (around 1.1 mg/mL) were used to ensure the linear
regime of the Beer—Lambert law and avoid inner filter effects in the fluorescence
measurements (Lakowicz 2006; Divya and Mishra 2008; Magalhaes et al. 2014).

Emission and excitation spectra (emission—excitation contour maps) of the
samples were recorded at room temperature using a bench fluorescence spec-
trophotometer Cary Eclipse (Varian). Excitation wavelength was scanned between
250 and 400 nm, while the emission was monitored from 280 to 600 nm at
intervals of 2 nm with excitation and emission slits of 10 nm for the diluted
samples. Excitation/Emission contour maps from the undiluted samples were
monitored from 370 to 700 nm at intervals of 2 nm with excitation and emission
slits of 5 nm, while the excitation wavelength spanned from 300 to 420 nm.
Fluorescence was measured at a 90° angle relative to the excitation light
(right-angle geometry). All emission/excitation contour maps were recorded at
room temperature using 10-mm path length quartz cells. The n-hexane used in
dilution did not exhibit any fluorescence in the spectral range evaluated (data not
shown).

Figure 5.5 shows the UV-Vis absorption spectra of the diluted canola and
soybean biodiesel for all temperatures used in the thermal treatment. Absorption
bands with maxima around 232, 260, 270, 280, 300, and 315 nm were observed for
both samples, indicating that the same chromophores were responsible for the
obtained absorptions in both canola and soybean biodiesel. However, the concen-
tration of these chromophores in canola and soybean biodiesel is not the same since
the absorption intensities for the corresponding spectral region are different. The
absorption band around 232 nm could be attributed to compounds with two con-
jugated double bonds C=C (conjugated dienes, i.e., conjugated linoleic acid (Sklar
et al. 1977a, b; Arudi et al. 1983). Absorption in the 260-290 nm range may be
assigned to conjugated trienes (i.e., eleostearic acid) (Rekdal and Mel 1995; Fygle
and Melo 1996; Smyk et al. 2009, 2011). In turn, the absorption bands at 300 and
315 nm are associated with conjugated tetraene compounds (i.e., parinaric acid)
(Smyk et al. 2009, 2011; Magalhaes et al. 2014).

The absorbance at around 232, 270, 300, and 315 nm increased in the canola and
soybean biodiesel subjected to temperatures exceeding about 100 °C, as high-
lighted in Figs. 5.6 and 5.7. This increase in absorption could be related to the early
stage of the thermal oxidation of methyl esters that results in changes in the position
and number of carbon—carbon double bonds. As consequence, an escalation in the
concentration of hydroperoxide with two conjugated double bonds C=C and
products as conjugated trienes and tetraenes should be expected. Observed fluc-
tuations in the absorbance values may be associated with the competition between
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Fig. 5.5 Absorbance spectra of the diluted soybean (left) and canola (right) biodiesel as a result of
the temperature

the formation of absorbing species and the kinetics of lipid oxidation. Indeed, the
monitoring of these chromophores in diluted biodiesel by UV-Vis absorption
allows following the early evolution of the concentration of the degradation
products resulting from the heating (Sklar et al. 1977a, b; Arudi et al. 1983; Rekdal
and Mel 1995; Fygle and Melo 1996; Smyk et al. 2009, 2011; Magalhaes et al.
2014).

Conjugated dienes, trienes, and tetraenes were also detected in the untreated
biodiesels; hence, the vegetable oils used as raw materials already had in their
compositions triglycerides with conjugated double bonds. The presence of these
molecules could be explained by either the characteristics of the triglycerides in the
oils or the triglyceride degradation during oil refining, storage, and distribution.

Fluorescence spectroscopy is a valuable tool in studies related to physical—
chemical features of biodiesel (Scherer et al. 2011; Caires et al. 2012, 2014).
Magalhdes and coworkers have attributed the fluorescence from biodiesel in the
350-500 nm range the presence of conjugated tetraenes in its composition
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Fig. 5.6 Absorbance at 232 and 270 nm for the diluted soybean (left) and canola (right) biodiesel
as a function of temperature
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as a function of temperature

(Magalhaes et al. 2014). As UV—Vis absorption spectra reveal that the concentra-
tion of conjugated tetraenes increased as a consequence of the thermal degradation
of the constituents of the biodiesel, excitation—emission contour maps were col-
lected for all samples in order to evaluate whether these molecules could be used as
a fluorescence probe to assess biodiesel degradation in an accelerated degradation
test using an oven without air flow. Figure 5.8 displays representative excitation—
emission contour maps of canola and soybean biodiesel submitted to different
heating temperatures. Measurements were made using the same diluted samples

Intensity (a.u)

Excitation wavelength (nm)

300 400 500 300 400 500 300 400 500 300 400 500 300 400 500

Emission wavelength (nm)

Fig. 5.8 Excitation—emission contour maps for the diluted soybean (on top) and canola (at
bottom) biodiesel in different temperatures. Rayleigh and Raman scatterings are not omitted
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employed in the UV-Vis absorption experiments to allow comparative analysis.
Raman and Rayleigh scatterings were not excluded from the spectra.

Contour maps of both soybean and canola biodiesel exhibit similar spectral
profiles as a function of the heat treatment. Emission between 300 and 350 nm,
characteristic of phenolic compounds, tocopherols and tocotrienols, was observed
under excitation in the 270-310 nm range (Hurtubise 1976; Sikorska et al. 2004,
2005a, b; Dupuy et al. 2005; Zandomeneghi et al. 2005; Escuderos et al. 2009;
Poulli et al. 2009; Ramalho et al. 2011). Two other emission regions between 350
and 550 nm were detected with excitation around 300 and 315 nm, which could be
assigned to conjugated tetraenes (Smyk et al. 2009; Magalhaes et al. 2014).
Figure 5.8 shows also differences in the fluorescence intensities of biodiesel sam-
ples subjected to heating at temperatures above 100 °C. To evaluate these spectral
changes in the fluorescence of diluted soybean and canola biodiesel, Fig. 5.9 pre-
sents the relationship of fluorescence intensity at 420 nm of samples under 300 nm
excitation and heating temperature.

Fluorescence intensity of diluted soybean and canola biodiesel presented similar
dependence with the treatment temperature when excited at 300 nm. A remarkable
increase in the fluorescence intensity at 420 nm with the increasing temperature was
observed for temperatures over 100 °C. Similar tendency was also observed for
fluorescence intensity at 420 nm of samples submitted to 315 nm excitation (data
not shown). As previously stated, this excitation—emission spectral range has been
attributed to conjugated tetraenes (Smyk et al. 2009; Magalhaes et al. 2014).

Consequently, these fluorescence data corroborate the findings based on UV-Vis
absorption measurements which indicated an increase in the concentration of
conjugated tetraenes in biodiesel as a result of the heat treatment. Therefore,
evaluation of conjugated tetraenes in diluted biodiesel by UV-Vis absorption and/
or fluorescence measurements may be useful for monitoring the initial degradation
processes of compounds present in biodiesel.

In addition to the analysis performed with diluted samples of biodiesel, UV-Vis
absorption and fluorescence measurements were also carried out with undiluted
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Fig. 5.10 Absorbance spectra of undiluted soybean biodiesel and absorbance at 320 nm as a
function of the temperature treatment

biodiesel samples (as-made) to evaluate whether dilution would be a fundamental
step of sample preparation to monitor degradation of biodiesel constituents by
means of such techniques. Figure 5.10 shows UV-Vis absorption spectra of the
undiluted samples submitted to different treatment temperatures of the thermal
treatment. Absorptions shoulders at around 300 and 320 nm were detected in the
absorption spectra, which can be attributed to conjugated tetraenes, as previously
discussed (Smyk et al. 2009; Magalhaes et al. 2014). A significant increase in
absorption of these samples subjected to heating at temperatures above 100 °C is
also evident. This behavior may be associated with the formation of new com-
pounds due to the degradation of the biodiesel constituents, producing conjugated
tetraenes. Similar results were obtained for undiluted canola biodiesel (data not
shown).

Figure 5.11 displays fluorescence spectra of the undiluted soybean biodiesel
samples, under excitation at 350 nm, with regards to the different treatment tem-
peratures. The spectra show emission in the spectral range between 350 and
550 nm; this fluorescence band has been attributed to tetraene conjugates in bio-
diesel (Magalhdes et al. 2014). In addition, a decrease in the fluorescence of the
biodiesel samples subjected to treatment temperatures above 100 °C was observed
for the undiluted samples.

Although an increment in UV—Vis absorption has been observed at temperatures
above 100 °C in both, diluted and undiluted samples, fluorescence intensity showed
a distinct behavior. An increase in fluorescence was observed in the diluted samples
as a function of the temperature treatment (Fig. 5.9), while a reduction was detected
in the emission of the same biodiesel samples, however undiluted for measurements
(Fig. 5.11). Analogous results were observed for canola biodiesel (data not shown).

Figure 5.12 shows the excitation—emission contour maps of the undiluted soy-
bean biodiesel samples kept at room temperature, 135 and 210 °C. Each one of the
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Fig. 5.11 Fluorescence spectra of undiluted soybean biodiesel and fluorescence intensity at
430 nm as a function of the temperature treatment
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Fig. 5.12 Excitation/emission contour maps of the undiluted soybean biodiesel for different
temperatures and fluorescence intensity at 430 nm of soybean biodiesel under 360 nm excitation as
a function of temperature treatment

maps reveals only one excitation—emission region, differently from the observed in
diluted biodiesel which exhibited three regions (Fig. 5.8). A systematic decrease in
the fluorescence intensity as well as a redshift of the contour maps can be also
observed as a result of the increase in the temperature treatment, as discussed
previously.

Radiation reabsorption process can occur during fluorescence measurements in
undiluted samples, causing distortions in the absorption and fluorescence spectra.
This process has been called inner filter effect and may involve both excitation and
emission radiation (Lakowicz 2006; Mendonga et al. 2013).
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Excitation radiation is progressively attenuated along the optical path due to the
absorption of chromophores present in the medium. If absorption is significant,
radiation does not excite sample uniformly, reducing the fluorescence detected by
the system. This process is called the primary inner filter effect (Mendonga et al.
2013). Additionally, non-fluorescent chromophores or other fluorophores of either
same or different species can reabsorb the radiation emitted by the initially excited
fluorophores, decreasing the detected fluorescence intensity, and causing distortions
in the emission spectrum (secondary inner filter effect) (Lakowicz 2006; Mendonca
et al. 2013). It is known that the inner filter effect can be attenuated with sample
dilution, optical path reduction, adoption of different experimental geometries
(Lakowicz 20006).

The results shown in Fig. 5.12 are quite distinct of those obtained in diluted
samples, revealing the strong impact of the inner filter effect on the spectral profiles
(Lakowicz 2006; Mendonga et al. 2013). This corroborates the need of dilution of
the sample to properly evaluate the evolution of the concentration of chromophores
and fluorophores present in these samples because of heating treatment. Even
though inner filter effect impacts fluorescence of undiluted samples under the
experimental conditions used, it may be used as a useful tool in the monitoring of
initial degradation steps of biodiesel compounds because alteration in fluorescence
intensity of the undiluted and diluted samples occurred in similar temperatures (Gil
et al. 2006).

5.3 Closing Remarks

The influence of the initial stages of degradation of compounds present in soybean
and canola biodiesel on the UV-Vis absorption and fluorescence spectra was
evaluated. The results revealed dependence between the spectral characteristics and
concentration of the different compounds present in biodiesel, such as dienes, tri-
enes, and conjugated tetraenes. It was also evidenced that at temperatures above
100 °C, soybean and canola biodiesel showed changes in the UV—Vis absorption
and fluorescence spectra for both diluted and undiluted samples. Thus, it is possible
to monitor the initial stages of biodiesel degradation via both absorption and
fluorescence measurements. In summary, the findings indicate that UV-Vis
absorption and fluorescence may be used in the development of new methodologies
and devices for assessing physical-chemical alteration in biodiesel composition due
to the temperature effect.
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Chapter 6

Recent Advances on Sample Preparation
Procedures for Elemental Determination
in Biodiesel

Liriana M. Roveda, Marcela Z. Corazza and Jorge L. Raposo Jr.

Abstract In recent years, renewable oilseeds have been investigated as viable
alternatives sources for enhanced production of biofuels. However, due to the
recent investigation for new energy sources, greater attention is being given to
ensure quality of the final products, in particular to the elemental content, to
increase the diversity of biodiesel. The elemental determination of biodiesel is often
performed by spectrometric techniques, and most of them require a sample pre-
treatment to match the sample characteristics (i.e., high organic matter content,
physicochemical properties, and low concentrations of analyte) to the analytical
techniques available. Moreover, due to the advances on environment-friendly
procedures (based on the principles of green chemistry), alternative sample pre-
treatments based on nondestructive measurement have been proposed, not only for
the determination of metals in biodiesel, but also in the entire biodiesel production
chain. By the way, it is important to emphasize that a nondestructive sample
preparation procedure does not involve the complete decomposition of the matter
by concentrated acid and heating. The use of nondestructive sample preparation in
oily matrices for the determination of metals by atomic spectrometry is still a recent
practice. Some of these are based on extraction procedures or by the formation of
emulsion and microemulsion stable solutions. In many cases, these procedures can
be performed using ultrasonic energies, thermostatic bath, centrifuge, vortex stir-
ring, shaker, and other apparatus which improves the efficiency of the sample
preparation procedure selected.
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6.1 Introduction

Nowadays, the presence of metals in fuels, unless they have been purposely added,
is generally undesirable, since its excess may impair engine performance and cause
oxidation of their parts (Saint’Pierre et al. 2004). In addition, the presence of metals
is an environmental problem, since they can be released to atmosphere during the
combustion of the fuel, damaging air quality. For biodiesel, it is known that metals
exert a deleterious effect on the quality of biofuel, because even in trace amounts
these elements act as catalysts in oxidation processes, reducing their oxidative
stability and impairing their performance.

Metals can be incorporated into biodiesel during the production process, due to
the contact of the oil with the equipment used in reactors and distillation units, and
with metallic parts of the tanks used for storage. In addition, metals are naturally
present in vegetable oils used as raw material for biodiesel production, due to their
absorption from soil and water during the plant growth (Pereira et al. 2013). Metals
such as Na and K, used as catalysts in the biodiesel production, may be present in
the final product as abrasive solids and insoluble soaps, which can contribute to the
wear of automotive engine parts (e.g., injector, fuel pump, pistons, rings). Hard
water and drying agents such as MgSO, and CaO used in cleaning processes can
contribute to increase the Ca and Mg levels in biodiesel. These elements can also
form soaps, incorporate undesirable compounds into the engine, lead to injection
and clogging faults of some engine parts (Lyra et al. 2010; Pereira et al. 2014).
Storage materials composed of brass or bronze contribute to contaminate the bio-
diesel with Cu, Zn, Sn, and Pb, due to its interaction with biodiesel, resulting in
insoluble sediments (Yaakob et al. 2014).

In recent years, many efforts have been directed in the search for effective and
low-cost antioxidant products for biodiesel. However, monitoring the content of
metals and other parameters that influence the oxidation of biofuel is still an
essential step to ensure the quality of the final products. Governments and nationals
agencies around the world have established standard norms that regulate the quality
of biodiesel (B100) by describing requirements and control methods. For instance,
the European Standard EN 14214, the American Standard ASTM D 6751, and other
standards, such as the Brazilian Standard RANP 07/08 and Argentine
Standard IRAM 6515-1:2006 establish the maximum of 5.0 mg kg~ for Na + K,
as well as for Ca + Mg (Knothe 2006; Avila Orozco et al. 2014). By the way, the
limits for transition metals are not established yet, although they act as strong
catalysts in the oxidation of biodiesel, even those in trace concentration (Knothe
and Dunn 2003; Sarin et al. 2009, 2010; Jain and Sharma 2011).

The elemental determination in any type of sample requires the availability of
sensitive analytical techniques that allows simultaneous or at least sequential
determinations. Although standard norms such as EN 14214 recommends the use of
flame atomic absorption spectrometry (FAAS) for the determination of Na and K
(analytical methods EN 14108 and EN 14109) and inductively coupled plasma
atomic emission spectrometry (ICP-OES) for determination of Ca and Mg



6 Recent Advances on Sample Preparation ... 129

(method EN 14538) (Knothe 2006), several methods to determine these and other
metals in biodiesel have been described in the literature during the last years using
other analytical techniques.

Despite the variety of techniques that have been successfully used in elemental
analyses in different areas of analytical chemistry, there is no doubt that the
spectrometric techniques (e.g., ICP-OES, ICP-MS, AAS, AES, and AFS) still figure
as most used for determination of metals in biodiesel (Edlund et al. 2002; dos
Santos et al. 2007; Woods and Fryer 2007; Chaves et al. 2008a, b; de Jesus et al.
2008; de Souza et al. 2008; Aranda et al. 2009; Lobo et al. 2009, 2011; Igbal et al.
2010; Amais et al. 2010; Lyra et al. 2010; Quadros et al. 2011; Barros et al. 2012;
Pillay et al. 2012; Pereira et al. 2013, 2014; Raposo et al. 2014).

It should be noted that each analytical technique available for elemental analysis
has advantages and limitations; in others words, there is no a perfect technique, and
it is up to the analyst to choose the one that is best suited for a specific analysis.
However, whatever the analytical technique adopted, the sample should initially be
subjected to a pretreatment step which covers a series of operations that are nec-
essary to modify chemical and/or physical properties of the sample to make it
compatible with the analytical technique, or improve the performance of the
analysis. There are few commercial instruments that do not require or require the
least amount of sample preparation, but the lack of a reliable calibration method is a
common problem. In many cases, the purpose of the sample preparation steps
includes dissolution of the analyte in a suitable solvent or concentrated acid, the
isolation of the target analyte from the interfering compounds, and preconcentration
of the analyte (Bader and Zimmermann 2012).

6.2 Nondestructive Sample Preparation
Procedures for Biodiesel

It is consensual that sample preparation is the most critical step of the chemical
analysis, since it consumes about 60% of the analytical work and contributes to
30% of the errors of the analysis (Oliveira 2003). Therefore, this step must be
carefully conducted because it depends on the precision and accuracy of the results
as well as the total time and costs involved.

The choice of the adequate sample preparation procedure should consider the
target analyte and its concentration, sample matrix, instrumental technique, amount
of sample required, precision, and accuracy. In general, routine sample preparation
procedures are well described in the literature. In other cases, it will be necessary to
develop a new, reliable, and applicable sample preparation procedure. However,
procedures with low reagent consumption (especially acids and toxic or aggressive
solvents to the environment), low time consuming, and minimal sample handling
are the most desirable.



130 L. M. Roveda et al.

Concerning the complex samples such as biodiesel, the challenge of making
them suitable for the available analytical technique is large, mainly due to high
organic matter, physical characteristics of the matrix, water immiscibility, and low
concentrations of the target elements (Nunes et al. 2011). However, nondestructive
sample preparation procedures for biodiesel analysis had a major breakthrough due
to the advances in environment-friendly procedures (based on the principles of
green chemistry). Although most of the papers report the use of the conventional
decomposition by concentrated acid and heating on the sample preparation step,
there is an increasing trend focus on the nondestructive sample preparation pro-
cedures field. Most of these procedures are based on direct dilution of the samples
with organic solvents, emulsion and microemulsion solutions, extraction induced
by emulsion breaking, and liquid-liquid extractions. Some of these procedures
reported in the literature for elemental analysis in biodiesel are summarized in
Table 6.1.

Based on this and considering the importance of monitoring the metal content in
biodiesel, the goal of this chapter is to describe some potential nondestructive
samples preparation for elemental analysis of biodiesel in recent years, especially
combined with spectrometric techniques, and some other traditional sample
preparations procedures routinely used.

6.2.1 Sample Dilution

Traditional sample preparation procedures used for elemental determination in
biodiesel are based on direct dilution with organic solvents (dos Santos et al. 2007;
Quadros et al. 2011; Chaves et al. 2011; Barros et al. 2012). Xylene, isobutyl-
methylketone, dimethylbenzene, 1,2-dimethylbenzene, kerosene, pentane, hexane,
and heptane are the most common solvents used (Hardaway et al. 2004). The
European Standards (BS EN 14108/2003; BS EN 14109/2003; DIN EN 14538/
2006), and also the American (ASTM D6751-10 2010), and Brazilian (ABNT NBR
15553:2008; ABNT NBR 15556:2008) norms recommend the dilution of biodiesel
samples in xylene or kerosene for the determination of Na, K, Mg, and Ca by
spectrometric techniques. In these cases, the calibrations are performed with
organometallic standards in base oil dissolved in the same solvent as the samples.

Ghisi et al. (2011) reported the use of tetramethylammonium hydroxide in the
dilution of biodiesel samples for the determination of Cu and Fe by electrothermal
atomic absorption spectrometry. The sample was prepared by mixing 500 mg of the
biodiesel with 500 pL of the 25% (v/v) TMAH solution. After mixing, the flask was
heated to 90 °C in a hot plate for 5 min. The solution was diluted to 5.0 mL with
water. According to the authors, the solution was not clear for some samples, but
the final slurry was enough stable and homogeneous to allow its measurement. The
calibration curves were obtained by dissolutions of the analytes in TMAH medium.

Despite the simplicity, many drawbacks are related to the application of this
preparation procedure, such as toxicity of the solvents, high cost of organometallic
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standards, low analyte stability in the diluted organic standards for calibration,
variations in analyte concentration, and the necessity of high sensitivity determi-
nation techniques due to the dilution of the analyte in the solvents (Korn et al.
2007).

In a paper published by Lyra et al. (2010), the stability of Na, K, Ca, and Mg in
biodiesel samples diluted by 1:10 (w/v) xylene was monitored by flame atomic
absorption spectrometry. The results showed a significant decrease of the analyte
absorbance (38% for Na, 66% for K, 22% for Ca, and 62% for Mg) in only 6 h.
According to the authors, this decrease can be explained by the adsorption of the
metal on the vessel walls, providing uncertain results which affect the precision of
the method.

In addition, the use of organic solvents still presents a reasonable number of
drawbacks when spectrometric techniques are employed. In ICP techniques,
specific configurations of the torches, nebulizers, and modifications in the argon
flux may be necessary to achieve satisfactory results, since the volatile nature of the
organic solvents (Hardaway et al. 2004) and the possibility of destabilization or
extinction of plasma (Korn et al. 2007) may jeopardize the measures. Organic
solvents can produce flames very rich in fuel and unstable for FAAS.
Regarding ETAAS, the difficulties in introducing the sample due to the low vis-
cosity and surface tension and excessive spreading of the sample after its injection
into the oven can be some drawbacks observed. By the way, interference caused by
carbon-containing polyatomic species may occur in ICP-MS.

6.2.2 Emulsion and Microemulsion

Emulsions are heterogeneous and kinetically stable systems, formed by mixing two
immiscible or poorly miscible liquids, where one is dispersed in the form of dro-
plets and the other is the matrix in which the droplets are dispersed, called the
internal phase or the continuous phase (Burguera and Burguera 2012). The emul-
sion formed can be oil-in-water (O/W) type, if the oil droplets are dispersed in
water, or water-in-oil (W/O) type if the water droplets are dispersed in oil (Viana
et al. 2014).

Emulsions are colloidal systems, presenting a typically turbid due to the Tyndall
effect with droplets ranging from 0.5 to 50 (Burguera and Burguera 2012). In
addition, emulsions are thermodynamically unstable and non-spontaneous systems,
which require mechanical or manual agitation of the solutions. The formation free
energy of the emulsion is greater than zero (AG > 0), and by this characteristic the
phases are separated. Thus, when the agitation is interrupted, the droplets coalesce
rapidly and the liquids are separated. Coalescence is often considered as the most
important mechanism of destabilization of emulsions (Capek 2004).

The kinetic stability of the emulsions is easily improved by adding emulsifying
agents (surfactants) to oil-water mixture. Some surfactants have amphiphilic
characteristics, which their structure has a hydrophilic part (water soluble) and
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another part lipophilic (soluble in lipids). In other words, a typical single surfactant
has the R-X structure, where R is a long hydrocarbon chain containing 8-18 C
atoms, and X is a polar (or ionic) group. Depending on X, the surfactants may be
classified as nonionic (e.g., Triton X-100, Triton X-114, Tween 80, Tween 60),
anionic [e.g., sodium dodecyl sulfate (SDS), sodium dodecyl benzene sulfonate
(DDBS)], cationic [e.g., hexadecyltrimethylammonium bromide (CTAB),
cetylpyridinium chloride (CICP)], or amphoterics (e.g., N-alkyl and C-alkyl betaine
and sultaine, alcohol aminophosphatidyl)] (Pelizzette and Pramauro 1985).

One of the major advantages of using emulsions for analytical purposes is the
viability of using aqueous standard solutions in the calibration step. In this case,
O/W emulsions are the most appropriate due to its low viscosity and present a
long-time stability. However, in order to obtain a particular type of emulsion, the
choice of the most suitable surfactant is challenging and requires a certain level of
experience, given the wide variety of compounds with emulsifying characteristics.
To support the choice of the ideal surfactant for a desired purpose, Griffin (1949)
introduced the hydrophilic-lipophilic balance (HLB) concept and established a
numerical ranks system for surfactants (on a scale of 1 to 20) according to their
hydrophilicity or lipophilicity characteristics. This system is based on a fact that all
surfactants have hydrophilic and lipophilic portions, and the balance between these
portions varies from one to other compound. The surfactant becomes more
hydrophilic when the HLB value increases, whereas, for lower HLB values, the
compound is more lipophilic. Generally, in the preparation of emulsions, a sur-
factant with a suitable hydrophilic—lipophilic balance allows relatively high solu-
bility between the immiscible phases. Surfactants which present a tendency to form
O/W emulsions are hydrophilic and have HLB values ranging from 9.6 to 16.7
(Viana et al. 2014). In most cases, the surfactant is chosen by trial and error,
although the ideal is learning to use the HLB values. However, these values apply
only to nonionic surfactants (Burguera and Burguera 2012). In order to choose the
most suitable surfactant for emulsion stabilization, a catalog provided by
Sigma-Aldrich Co offers a variety of nonionic surfactants rated HLB (Merck KGaA
2017).

In relation to the concentration of surfactant used, it is recommended an amount
from 10 to 20% (m/v) to the continuous phase (Thompson and Davidow 2013). But
this amount can be best determined by means of an experimental design where
different amounts of the oily sample and the surfactant are tested to give a stable
emulsion.

Hoar and Schulman (1943) observed that the addition of alcohol to an emulsion
(mixture of oil and a surfactant with water) could convert this initially turbid and
unstable system in an optically clear and thermodynamically stable liquid. In 1959,
the term microemulsion was used to designate this system (Schulman et al. 1959).

Generally, microemulsions are formed by the mixture of water and oil, stabilized
by a surfactant combined with a cosurfactant, wherein the particle diameter is in
order of micrometers (0.01-0.14 nm) (Silva et al. 2015; Burguera and Burguera
2012). These dispersed systems have low viscosity and are monophasic, isotropic,
thermodynamically stable, optically transparent and presented very low interfacial
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tension. The microemulsions may incorporate large amounts of molecules which
are generally insoluble in the continuous phase due to their high surface areas. So,
the efficiency of the microemulsion is measured by its ability to solubilize mole-
cules in their continuous phase (Khodakiya et al. 2012).

Although other components are present, due to their simplicity, microemulsions
should be considered as ternary surfactant/oil/water systems (Burguera and
Burguera 2012). The presence of surfactants can facilitate the emulsification and
stabilization of the solutions by reducing interfacial tension, introduce double layer
and/or solvation forces between the dispersed particles, and improve the interaction
between the immiscible liquids (Pelizzette and Pramauro 1985).

The addition of a cosurfactant to the microemulsions preparation has the effect of
neutralizing the repulsive effect between the polar heads of the surfactant allowing
the formation of a membrane between the micelle and the continuous phase of the
system, which prevents the significant increase of the viscosity of the microemul-
sion (Llorent-Martinez et al. 2011). In addition, the presence of alcohol can
influence the solubility of the aqueous and oily phases, due to the partition of both
phases (Dantas et al. 2003). The most used cosurfactants in microemulsions system
are alcohols and glycols of small or medium molecular weight containing from two
to ten carbons. Among the most common cosurfactants, 1-butanol, 2-butanol,
2-methyl-1-butanol, 1-pentanol, and 1-hexanol (Silva et al. 2015) are frequently
used.

In general aspects, microemulsions are small-scale versions of the emulsions
system and differ from the emulsions system due to its formation procedure, droplet
size, physicochemical characteristics, and appearance (Table 6.2). In addition, the
main emulsion types (O/W and W/O) involve the presence of two phases in
equilibrium, while the structure of the microemulsion is classified into three distinct
types: oil in water (O/W), water in oil (W/O), and bicontinuous structure (mi-
croemulsion in which microdomain oil and aqueous phase are randomly connected
with approximately same volume) (Burguera and Burguera 2012). Although the
amount of surfactant added in emulsions is very small, from 0.1% to 1.0% of the
emulsion total mass, microemulsions are at least 10% of the total weight. These
high levels of surfactants are essential due to the large increase of the interface area

Table 6.2 Main characteristics presented by the emulsions and microemulsions solutions

Parameters Emulsion Microemulsion
Formation Mechanical or manual agitation Spontaneous

Stable Kinetically Thermodynamically
Droplet size (um) 0.5-50 0.01-0.10
Appearance Opaque (cloudy) Transparent
Surface area (m> g~ ") Low (15) High (200)
Interfacial tension Low Ultralow

Surfactant concentration Low High

Cosurfactant type None Short-chain alcohol

Adapted from Burguera and Burguera (2012)
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between the aqueous and oil phase (Khodakiya et al. 2012). On the other hand, a
large sample dilution is necessary for the formation of the microemulsions, which
leads to the development of procedures with lower limits of detection in relation to
emulsions systems (Burguera and Burguera 2012).

In microemulsion systems, the goal is to obtain a critical combination between
the components to achieve the maximum “solubilization” of the dispersed phase
(Oliveira et al. 2004). When the components are grouped at a suitable ratio and
when the interfacial tension is about 10> mN m_l, the microemulsions are formed
spontaneously and may present a similar behavior to aqueous solutions if the
system is based on O/W microemulsion type (Mitchell and Ninham 1981). In this
case, the phases diagram is useful to describe in which experimental condition it is
possible to obtain microemulsions and also the transition regions between emul-
sions, separate phases, and O/W and W/O microemulsions (Oliveira et al. 2004).
Usually, microemulsions are prepared by spontaneous emulsion method (phase
titration method) and represented by pseudo-ternary phases diagram, where the
aqueous phase, the oil phase, and surfactant/cosurfactant mixture are represented at
the vertices of the triangle (Damasceno et al. 2011). The ideal formulation of the
microemulsion corresponds to that required for the resulting system to have the
desired physicochemical properties, such as viscosity, stability, dispersed phase
specific area, technologically efficient application, and, of course, minimum cost
(Oliveira et al. 2004).

Emulsified systems have been successfully applied for fuel samples in elemental
determination carried out by spectrometric techniques, mainly because the emul-
sification system allows to high sensitivity levels without sample decomposition, as
well as to use aqueous standards solution for calibration, and low costs. Moreover,
analyte losses by volatilization or precipitation are eliminated, and contaminations
are reduced because sample handling is minimal. Other significative aspects of the
emulsification are the fact that the viscosity of the sample is closer to those obtained
for aqueous solution and the analyte is easily introduced into the instrument,
keeping its integrity as the original sample. Furthermore, the total organic carbon is
reduced, and the system can be reconstituted by agitation without impairing the
instrumental reproducibility (Burguera and Burguera 2012).

Raposo et al. (2014) developed a method for the determination of Na, K, and Ca
in biodiesel emulsions from different sources by flame atomic emission spec-
trometry (FAES). Triton X-100 and X-114 were tested as surfactants, and ethanol,
n-propanol, and n-butanol alcohols were evaluated as co-solvents. According to the
authors, more stable and homogeneous emulsions were obtained when n-butanol
was used as co-solvent, and the volume of 1.0 mL was sufficient to stabilize 1.0 g
of sample. In order to dissolve suspended particles and convert organometallic
species to inorganic species, as well as to improve the stability of the analytes in the
emulsion, concentrated nitric acid was added to the biodiesel prior to the other
components. Multivariate analysis through a central composite design (CCD) was
applied in order to optimize the proportions of Triton X-100 and nitric acid.
Recoveries in the 89—108% range demonstrated that the emulsification procedure
was not influenced by matrix.
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Aranda et al. (2012) evaluated the effect of the nitric acid concentration on the
stability of biodiesel emulsions, and the results showed that more stable emulsions
can be formed using 4:1 (m/v) of biodiesel:HNOj3. After addition of HNOs, the
aliquot of biodiesel was kept at rest for 15 min. Triton X-100 and isopropanol were
added as surfactant and cosurfactant, respectively. The mixture was conducted to an
ultrasonic bath for 15 min, and a desired volume of ultrapure water was added.
Aliquots of 10 pL of the emulsions were directly injected into a graphite furnace
atomic absorption spectrometer for the determination of Cd and Hg. The analyte
addition method was used as a calibration strategy.

Amais et al. (2010) observed that light mineral oil microemulsions prepared in
ethanol presented less stability compared to microemulsions prepared in
n-propanol. According to the authors, this behavior can be explained based on the
different polarity between ethanol and n-propanol. In other words, n-propanol more
strongly interacts with the oil and the aqueous phase of the microemulsion because
of the lower polarity than the ethanol. Based on this result, stable microemulsions of
biodiesel from different sources (African palm, castor beans, palm, soybeans, and
an unknown oleaginous) were prepared using 0.25 mL of 20% (v/v) HNOs;,
0.25 mL of Triton X-100, 0.5 mL of sample, and 4.0 mL of n-propanol. The
mixture was homogenized using vortex stirrer for 2 min. Cadmium, Cu, Mn, Ni,
Pb, Ti, and Zn were determined in the biodiesel microemulsions by inductively
coupled plasma mass spectrometry (ICP-MS). The argon—oxygen mixture was
added to the plasma as auxiliary gas to correct the matrix effects caused by the high
carbon content in the biodiesel microemulsions. The accuracy of the proposed
method was evaluated by addition and recovery tests and provided recoveries from
76.5 to 116.2% for all analytes except for Zn in castor oil biodiesel (65.0-76.2%).
Recoveries below 86.6% were obtained for samples of palm biodiesel, probably due
to matrix effects.

Oil-in-water (O/W) microemulsions, which are prepared with a large amount of
water, are desirable due to reduced costs and facilitate the optimization of param-
eters for the analysis, as well as making possible the use of aqueous standard
solutions, as already mentioned. Based on this perspective, de Jesus et al. (2008)
attempted to prepare biodiesel microemulsions with large amounts of water for the
determination of Na and K by flame atomic absorption spectrometry. However, an
amount of 20% (m/m) of the hydrophobic phase (biodiesel) could not be stabilized
when more than 8.0% (m/m) of water was used, and only emulsion formation was
achieved. To avoid this drawback, the use of water-in-oil (W/O) microemulsions
was chosen, using a maximum of 8.0% (m/m) water, and the use of aqueous
standards for calibration was not feasible. With a pseudo-range phase diagram, the
authors could determine the optimal proportions of Triton X-100 surfactant and
cosurfactant (n-butanol or n-pentanol). This procedure was able to stabilize up to
90% (w/w) of the sample. Although the use of a maximum amount of sample in the
microemulsion is desirable because it increases the sensitivity of the analysis, it also
promotes increased viscosity and can reduce the efficiency of the nebulization. In
this way, the researchers adopted the amount of 20% (m/m) of sample to continue
the study. Finally, the 57.6% (m/m) of n-pentanol or n-butanol, 20% (m/m) of
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biodiesel, 14.4% (m/m) of Triton X-100, and 8.0% (m/m) of water were adopted for
microemulsion preparation. According to the authors, the K and Na concentration
were stable for 3 and 5 days, respectively. In other words, there were no significant
changes in the analyte signals during the time required to perform the analysis, and
the proposed sample preparation procedure was considered satisfactory for routine
analyzes.

Although surfactants are generally considered a component necessary for the
formation of the microemulsion, the literature has shown that even in the absence of
traditional surfactants, microemulsions can also be formed (Smith et al. 1977; Ni
and Hou 2008; Song et al. 2010; Klossek et al. 2012; Xu et al. 2013). These
microemulsions, called surfactant-free microemulsions (SFMEs), constitute a
ternary system of two immiscible liquids and a solvent partially or completely
miscible with each immiscible liquid, called amphi-solvent (Xu et al. 2013). Among
the amphi-solvents used to form SFMESs, those contain short-chain alcohols
(ethanol, propanol, and butanol), N, N-dimethyl formamide (DMF), acetone, and
tetrahydrofurfuryl alcohol (THFA) (Hou and Xu 2016) have been satisfactorily
applied. Partly, the structures and properties of SFMEs are similar to those observed
to traditional surfactant-based microemulsions (SBMEs). However, emulsions
without surfactants are turbid and thermodynamically unstable and can remain well
dispersed for months, but the separation of the phases will inevitably occur (Sakai
2008). A method for determining Na, K, Ca, and Mg in surfactant-free
microemulsion of biodiesel by flame atomic absorption spectrometry was devel-
oped by Lyra et al. (2010). The optimum composition of the microemulsion was
10% (v/v) biodiesel, 75% (v/v) n-propanol, 1.0% (v/v) concentrated nitric acid, and
14% (v/v) aqueous solution formed by 0.2% (v/v) nitric acid and 0.5% (v/v) ion-
ization suppressor. According to the authors, this mixture resulted in homogeneous
and transparent microemulsions. The stability of the analytes in the microemulsions
was monitored, and it was shown that the absorbances remained stable for a period
of 15 days. The recovery obtained for the analytes ranged from 89 to 101%, which
indicates that there was no influence of the matrix on the preparation of the
microemulsions.

6.2.3 Extraction Induced by Emulsion Breaking

The procedure based on extraction induced by emulsion breaking is a sample
preparation approach initially proposed by Cassella et al. (2010), which consists of
the extraction of the selected elements from the oily samples followed by the
determination by spectrometric techniques. Since then, this method has been suc-
cessfully applied in the elemental analysis of different types of oily samples, such as
diesel oil (Cassella et al. 2012), gasoline (Vicentino and Cassella 2017), lubricating
oil (Caldas et al. 2013), edible oils (Bakircioglu et al. 2014), and also in biodiesel
samples (Pereira et al. 2014, 2013). The method is based on the formation and
breaking of the emulsions prepared by the mixture of oily sample and acidified
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aqueous phase containing the surfactant. During the emulsion breaking process,
which may be induced by heating or centrifugation, the analytes are transferred to
the aqueous phase which is separated from the oil.

One of the most important aspects of the extraction induced by emulsion
breaking is to establish the appropriate operating conditions for quantitative transfer
of the selected analyte in the organic phase to the aqueous phase (Caldas et al.
2013). In this context, the literature has presented studies showing the influence of
the type and concentration of both surfactant and acid, the time required for
emulsion breaking, and the efficiency of the extraction of the analyte.

In a work carried out to determine Cu by graphite furnace atomic absorption
spectrometry, Caldas et al. (2013) found that the type and concentration of sur-
factants (Triton X-100, Triton X-114, and Tween 20) had no influence on extraction
efficiency of the metal from mineral oil. According to the authors, this behavior was
expected, since the surfactant added to the extractive solution should only act as
emulsifying agent, in order to allow a more effective contact between the organic
sample and the aqueous extractive phase. On the other hand, both concentration and
type of surfactant used exerted a strong influence on heating times required for
emulsions breaking. The extraction time increased, mainly due to a greater stability
of the emulsions caused by the increase of the surfactant concentration. Thus, the
use of Triton X-114 is more suitable for the proposed method, since it led to the
formation of less stable emulsions, with less heating time required for emulsion
breaking than the other surfactants tested. In this same work, the authors evaluated
the effect of the concentration and type of the acid (HCI, HNO;, and the HNO3/HC1
mixture) used as extractive solution. Lower analytical signals were observed for
extracts obtained in free acid emulsions, which, according to the authors, reinforces
the idea that the acid interferes with the extraction process. At concentrations higher
than 10% (v/v), no significant variation in the Cu analytical signal was observed,
but the extraction efficiency is higher when nitric acid is used, possibly due to its
greater oxidizing character in relation to hydrochloric acid. The researchers also
found that the heating time needed to achieve emulsion breakdown decreases with
increasing acid concentration, with more significant effect using HNO;.

In other work, the extraction induced by emulsion breaking procedure was used
to biodiesel samples to determine Cu, Mn, and Ni by electrothermal atomic
absorption spectrometry (Pereira et al. 2013). In this procedure, the authors eval-
uvated some parameters that could influence the performance of the method.
According to authors, the concentrations of HNO;, Triton X-100, and extraction
time were the variables that most influenced the development of the procedure. The
recoveries varied from 89 to 109%, which indicated that the metals were extracted
quantitatively from the biodiesel using the proposed procedure, and showed no
matrix interference by ET AAS.

Pereira et al. (2014) reported the determination of Ca and Mg in biodiesel by
FS-FAAS after extraction induced by emulsion breaking. After establishing the
suitable conditions for the procedure, the quantitative extraction of the analytes was
obtained from 20 mL of biodiesel and 4.0 mL of a solution containing 2.1 mol L™
of HNOj and 7.5% (m/v) of Triton X-114. Only after the emulsions formation, the
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flask was heated at 90 °C in a water bath until emulsion breaking was observed,
which took approximately 10 min. Although the analytes are extracted into the
aqueous phase in this sample preparation approach, in this study it was reported that
the presence of surfactant in the extracts caused random errors, possibly because it
was affected by the nebulization process and the transport efficiency of the solution
to flame, making the external calibration strategy unfeasible. In order to overcome
this problem, the internal standardization with Co was adopted as a calibration
strategy.

6.2.4 Dispersive Liquid-Liquid Extraction:
Fundamentals and Applications

Despite the significant advances in analytical instruments and approaches devel-
oped in recent years, the sample pretreatment procedures still are considered the
most important step in an analytical process, since it is used for the isolation and
concentration of components of interest or target analytes from different sample
matrices and ensures the validity of the results obtained (Assadi et al. 2012). Based
on this, great effort has been made by researches to improve the performance of
sample preparation procedures, following the currents trends highly focused on
improving the quality of analytical results, lower reagents consumption, high
selectivity and recoveries using environmental-friendly methods, and introduction
of new technological developments involving miniaturization, simplification, and
automation (Al-Saidi and Emara 2014). Among the procedures previously estab-
lished in the literature, the liquid—liquid extraction (LLE) still is one of the most
traditional and well known for elemental determination in different samples, in
which it is based on the transfer of analyte from the aqueous phase to a water
immiscible solvent. Nevertheless, some shortcomings such as use of large sample
volumes and toxic organic solvents, emulsion formation that obstructs automation
of the technique and generation of large amount pollutants make ELL a tedious
procedure with long extraction times, high cost due to the use of solvents of high
purity and environmentally unviable (Rezaee et al. 2010). Therefore, the devel-
opment of new sample preparation procedures that provide accurate and precise
results with reasonable quantification limits coupled with greater efficiency
extraction, less time consuming, and smaller amounts of organic solvents are
extremely desirable. Miniaturization and improvement of LLE have been started by
several researches since mid- to late-1990s, through strategies using a drastic
reduction of the extractant phase volume. As example, liquid-phase microextraction
(LPME) and single-drop microextraction (SDME) emerged as alternative minia-
turized sample preparation approach using microliter volume of the solvent to
extract analytes from the aqueous sample. These methods are inexpensive and since
very little solvent is used, there is minimal exposure to toxic organic solvents.
However, some disadvantages such as breaking of the organic drop by fast stirring,
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formation of air bubble, and time-consuming extraction propelled some modifica-
tions in order to improve the stability and reliability of LPME methods. Among
them, hollow fiber liquid-phase microextraction (HF-LPME), liquid-phase
microextraction with solidified floating organic droplet (LPME-SFO), cloud point
extraction (CPE), homogeneous liquid-liquid extraction (HLLE) and
liquid-liquid-liquid microextraction (LLLME) deserve attention. These procedures
have numerous positive features including: simplicity of operation, relatively low
costs of instrumentation, versatility, and short time of extraction. Although these
sample preparations have gained their place in the field of analytical sciences, it
faces their own constraints, which makes the development of sample preparation
techniques a continuous process (Assadi et al. 2012; Rezaee et al. 2010; Xiao-Huan
et al. 2009; Yan and Wang 2013).

One of the techniques that have attracted special attention is dispersive liquid—
liquid microextraction (DLLME) introduced by Rezaee et al. (2006) for the pre-
concentration of organic and inorganic analytes from aqueous matrices (Rezaee
et al. 2006). As the name suggests, DLLME is equivalent to a miniaturized type of
LLE that is based on the formation of a cloudy solution (highly turbulent) when a
solvent mixture, composed of a small amount of the extractant solvent and a larger
amount of the disperser solvent, is injected into the sample solution by syringe. The
disperser solvent is miscible in both aqueous and organic phases. This turbulent
gives rise to the formation of small droplets which are dispersed throughout the
aqueous sample increasing the surface area between the extraction solvent and the
aqueous sample. After centrifugation, the dispersed fine particles of extraction
phase sediment on the bottom of the bottle are taken with a microsyringe and
subsequently analyzed. In addition, the equilibrium state is achieved quickly
resulting in extraction time is very short, which characterizes the main advantage of
this method compared with those of the other techniques (Maya et al. 2014). In light
of the merits of DLLME, such as simplicity and efficiency of the extraction process,
low cost, high enrichment factor (EF) due to the high ratio of the aqueous phase
(sample) and extraction solvent, lack of negative environmental impact, DLLME
procedure seems to meet the requirements of green chemistry and to be compatible
with most of the analytical techniques, such as high-performance liquid chro-
matography (HPLC), gas chromatography (GC), electrothermal atomic absorption
spectrometry (ETAAS), and flame atomic absorption spectrometry (FAAS).

It should be noted that the applicability of DLLME is mainly based upon the
distribution coefficient (K) defined as the ratio between the analyte concentration in
extraction solvent and sample solution. Thus, analytes with high or moderate
lipophilic property (K > 500) are favored in the extraction process, unlike neutral
analytes with high hydrophilic properties. However, for the alkaline or acidic
analytes, distribution coefficient could be increased by controlling the pH of sample
solution, resulting in analytes in their nonionic state. Some parameters such as
enrichment factor (EF) and extraction recovery (ER) indicate the performance and
efficiency of DLLME in different sample media. In conventional DLLME, EF is
defined as the ratio between the analyte concentration in the sedimented phase
(Cseq) and the initial concentration of analyte (Cy) within the sample (Eq. 6.1).
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EF = Ct/Co (6.1)

where Cg, can be obtained from a suitable calibration or by conventional LLE. The
extraction recovery is defined as the percentage of the total analyte amount (7))
extracted to the sedimented phase (n,.4) and represented by the following equations:

ER(%) = nsed/}’lo x 100 = Csed/CO X Vsed/Vaq x 100 (62)
ER(%) = Viea/Vaq X EF x 100 (6.3)

where ng and ng.q represent the total and sedimented amount of the analyte, whereas
Viea and V,q are the volumes of sedimented phase and sample solution, respectively.
The extraction efficiency for the target analyte by DLLME is influenced by many
factors: kind and volume of extraction and disperser solvent, ionic strength, pH,
extraction time, and salt addition. It is very important to optimize these in order to
obtain a higher enrichment factor and extraction recovery (Zgola-Grzeskowiak and
Grzeskowiak 2011). Several strategies have been employed for optimization of
these parameters in DLLME, among them one-variable-at-a-time optimization is
frequently used because of its simplicity. However, some other chemometrics
strategies such as central composite, factorial design, and others have been used to
date.

6.2.4.1 Effects of Extraction and Disperser Solvent in DLLME

The choice of an appropriate extraction solvent is one of the most important param-
eters for the DLLME process. Solvents differ in their extraction capabilities depending
on their own and the solute’s chemical structure. High distribution and partition
coefficient, good selectivity toward solution, and little or no miscibility with aqueous
solution are the main desirable properties of the solvents used in extraction proce-
dures. In addition, other factors such as boiling point, interfacial tension, density,
viscosity, toxicity, stability, and cost also affect solvent selection. As already men-
tioned above, extraction solvents commonly utilized in DLLME are selected for
having different density of water, extraction capability of target compounds, low
solubility in water, and miscibility with disperser solvent, besides to being compatible
with the majority of the instrumental techniques. For this, different classes of
extractants are being used in DLLME, like solvents with densities higher than water
(density > 1), solvents with densities less than water, and more recently, ionic liquids
and supramolecular solvents. Most of the high-density extraction solvents are halo-
genated solvents such as chlorobenzene, chloroform, carbon tetrachloride, tetra-
chloroethylene, 1,2-dibromoethane or nonhalogenated solvents such as carbon
disulfide and nitrobenzene. Although the high-density extraction solvents are toxic to
humans and the environment, the use of lower density solvents makes the analysis
relatively tedious and relatively complex, since the collected phase for further
determination is on the upper surface of the sample solution as a microdrop or a thin
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film after centrifugation step. In this case, to overcome this disadvantage and avoid
using different techniques to remove the less dense solvent, as capillary tube
(Farajzadeh et al. 2010) or specialized extraction vessel (Farajzadeh et al. 2009), an
auxiliary solvent can be used to increase mixture’s density favoring the phase sepa-
ration step by centrifugation (Al-Saidi et al. 2015; Rezaee et al. 2010).

Because the high toxicity of extraction solvents commonly used in DLLME and
its limitation in extracting various analytes with different polarities, great attention
has been given to the search for new extraction solvents that are polar and low
density. For example, room temperature ionic liquids (ILs) have been used suc-
cessfully as extraction solvent in DLLME due to their unique physicochemical
properties which depend on the nature and size of their cationic and anionic con-
stituents. These include negligible vapor pressure, nonflammability, tunable vis-
cosity, and miscibility with water and organic solvents (Al-Saidi and Emara
2014; Assadi et al. 2012; Rezaee et al. 2010; Zgola-Grzeskowiak and
Grzeskowiak 2011). ILs are considered a class of liquids entirely comprised of ions,
which usually exist as liquids well below room temperature. Among frequently
used ILs, 1-hexyl-3-methylimidazoliumhexafluorophosphate ([Hmim][PF¢]),
1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [Omim][TF,N],
and 1-hexyl-3-methylimmidazolium bis(trifluormethylsulfonyl)imid, ([Hmim]
[TF,N]) (Gharehbaghi et al. 2009; Molaakbari et al. 2011; Yousefi and Ahmadi
2011) are successfully employed as extraction solventes.

Like ILs, supramolecular solvents have been proposed in DLLME as an alter-
native way to alleviate the impact of organic solvents. Extraction using
supramolecular solvent occurs due to a lyophilized colloid, composed of a set of
separate droplets and constituted by aggregates of surfactants, comprising the
aqueous phase. Its agglomeration property can be modified by altering the nature of
the macromolecule or the coacervating agent (coagulant). Depending on the com-
position of the supramolecular solvent, analyte extraction may be based on different
non-covalent interactions, e.g., hydrophobic interactions with the hydrocarbon
chains or hydrogen bonds with the carboxylic and carboxylate groups. A mixture of
decanoic acid and tetrabutylammonium as coacervating agent has been proposed as
supramolecular solvent in several papers (Lopez-Jimenez et al. 2008; Moral et al.
2009; Jafarvand and Shemirani 2011a, b, c¢). The most significant contribution of
supramolecular solvent in DLLME process is related to improved extraction
capability for analytes in a wide range of polarities/charges rather than only
hydrophobic analytes. It should be noted that the use of decanoic acid was also
highlighted since it meets the criteria of green chemistry.

Similarly, to the solvent extractor, special attention should be paid to the
selection of the disperser solvent. It should be miscible in both the extraction
solvent and the aqueous sample, thus enabling the extraction solvent to be dispersed
as fine particle in aqueous phase to form a cloudy solution (water/disperser solvent/
extraction solvent). There are different groups of disperser solvents based on their
natures and dispersion techniques. Among them, the most usually employed are
acetone, methanol, ethanol, tetrahydrofuran, and acetonitrile because of their high
miscibility in both phases (organic and aqueous).
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Besides the choice of extraction solvent, the exact determination of its volume
has a great effect on the enrichment factor. Thus, with the increase of the extraction
solvent volume, the final organic phase after centrifugation step is increased,
resulting in a lower concentration of the target analyte in organic phase and lower
EF. Therefore, the determination of the optimum volume of extractive solvent (in
general, 5-100 pL) is important to ensure both high EF and enough volume of the
sedimented phase for the subsequent analysis after centrifugation step. Already
disperser solvent volume directly affects the formation of cloudy solution, the
dispersion degree of the extraction solvent in aqueous phase, and consequently the
extraction efficiency (Hashemi et al. 2017; Xiao-Huan et al. 2009;
Zgola-Grzeskowiak and Grzeskowiak 2011). In addition, as disperser solvent plays
an important role in decreasing the interfacial tension between water and extracting
solvent, low volumes not disperse the extraction solvent properly, decreasing the
solution turbulence significantly. Instead of this, high volumes increase the solu-
bility of analytes in water phase, making the extraction process incomplete.

6.2.4.2 Effects of Extraction Time in DLLME

Mass transfer of analytes from the sample solution to the extraction phase is a
time-dependent process. In DLLME, extraction time is defined as the interval time
between the injection of extraction mixture (extraction solvent:disperser solvent)
and the starting of the centrifugation. In general, the equilibrium state in this
extraction is achieved very quickly, since the surface area between the extraction
solvent and the aqueous phase is infinitely large after the formation of cloudy
solution. Thus, the majority of studies of DLLME have shown that the extraction
time is very short, being a remarkable advantage of the DLLME technique (Assadi
et al. 2012; Xiao-Huan et al. 2009).

6.2.4.3 pH

Although the extractions of most compounds are independent of pH, in some cases
the pH of the sample solution plays an important role in complex formation or the
derivatization reaction. Organic compounds can be extracted from aqueous phase in
nonionized form. However, for ionizable compounds the adjustment of the solution
pH favors the formation of the compound in its non-ionizable state (Assadi et al.
2012; Zgola-Grzeskowiak and Grzeskowiak 2011).

6.2.4.4 Effects of the Ionic Strength in DLLME

Salt addition is frequently used in extraction process to adjust the ionic strength,
improve the extraction efficiency, and reduce the detection limit. However, in
DLLME two opposite effects were observed when the ionic strength of solution



6 Recent Advances on Sample Preparation ... 147

increases. For analytes hydrophilic, the salt addition usually increases the enrich-
ment factor by increasing the extraction efficiency. On the other hand, by increasing
the amount of salts (e.g., NaCl, KNO;, KCl), the volume of the sedimented phase
would increase slightly due to the reduction in solubility of the extraction solvent in
the sample, therefore reducing the enrichment factor. In addition, the phase sepa-
ration is impaired when high concentration of salts is used (Assadi et al. 2012;
Zgola-Grzeskowiak and Grzeskowiak 2011).

6.2.4.5 Application of DLLME in Elemental Determination

DLLME has been successfully and conveniently applied to the extraction/
preconcentration of a wide range of organic compounds and metal ions, mainly
from water samples. After pesticides, metals are the second most common analytes
that are extracted by DLLME. The toxicity of trace metals in environmental, food,
clinical, and biology samples is still an area of growing interest due to the fact that
the toxicity of many metallic species depends on their form present in samples.
Atomic absorption spectrometry is a powerful technique for the determination of
trace metals in complex matrices, and it has been widely combined with DLLME
since such technique only requires small amounts of sample. In addition, techniques
such as ICP-OES and UV-Vis spectrophotometry also have been explored in
DLLME studies. The versatility of DLLME combined with spectrophotometric
techniques for extraction of metals from various matrixes is depicted in Table 6.3.

As can be seen in Table 6.3, water samples (mainly tap, river, lake, sea, and
wastewater) have been the matrix field in which DLLME has found its major
application due to the ease of execution as well as the weak purification ability.
These samples are considered simple matrices and can be directly performed by the
DLLME procedure or in some cases only require centrifugation step (Al-Saidi and
Emara 2014). However, there is still a deficiency in the development of analytical
procedures of sample preparation efficiently able to check the chemical quality of
samples of great relevance in the international scenario, such as biodiesel. Although
Hashemi et al. (2017) reported recently the advances of the liquid-phase
microextraction techniques describing different approaches related to DLLME for
analysis of environmental pollutants, little has been described regarding the use of
DLLME as a sample preparation procedure for oil samples. One of the first papers
reporting the use of DLLME in oil samples was described by Lopez-Garcia et al.
(2014). Based on this, an analytical method of dispersive liquid-liquid microex-
traction for removal of Cd and Pb ions from edible oils was successfully proposed
and carried out in a reverse mode, using low volume of an acidic solution in the
presence of isopropyl alcohol. Unlike conventional DLLME, in the reverse dis-
persive liquid-liquid microextraction the analytes are extracted from an organic
phase (oil samples) into the aqueous phase. Under the optimized experimental
conditions of some parameters that directly affect the performance of DLLME, high
preconcentration for both analytes was achieved. The enrichment factors obtained
experimentally were of 140 and 146 for cadmium and lead, respectively, whereas
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the detection limit, calculated on the basis of the criterion of three times the stan-
dard error from the calibration graphs, was equal 0.6 ng kg™' for Cd and 10 ng
kg~ for Pb. In addition, it has also been demonstrated through studies that reverse
DLLME procedure does not require sample mineralization and that the levels
extremely low of Cd and Pb were only possible to measure due to the high pre-
concentration factor achieved in the DLLME process. Similarly, in 2015
Lépez-Garcia and coworkers reported the use of reverse dispersive liquid-liquid
microextraction to extract water-soluble arsenic, such as inorganic arsenic,
methylarsonate, dimethylarsinate, and arsenobetaine from the samples marketed as
edible oils into a slightly acidic aqueous medium. The total arsenic content was
measured in the extracts by ETAAS using palladium as the chemical modifier.
Under optimized conditions, very low arsenic concentrations could be measured in
the aqueous extracts due to the high preconcentration effect inherent in the reverse
DLLME process, reaching the detection limit of 0.03 ng As per gram of oil. In
addition, to verify the reliability of the proposed method, addition and recovery
studies were performed and the percentage of arsenic recovery in the extracts was
94-105%, using 300 measures in total (Lopez-Garcia et al. 2015).

As can be seen in this chapter, the most adequate sample preparation procedures
for oily sample are still considered a great challenge due to the matrix complexity.
However, several improvements have been made in recent years following trends in
modern analytical chemistry, such as the development of analytical methods of
sample preparation that involves extraction step without use or with lower volumes
of organic solvents reducing the negative impact on the environment and human
health. By the way, although all of these techniques are characterized by a number
of advantages, it has also several drawbacks and limitations. Thus, the development
of new methodologies for biodiesel still is required taking into account green
chemistry recommendations and the desirable extraction parameters, such as
enrichment factors, low detection limit, and high frequency of sampling.
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Chapter 7

Alternative Uses for Biodiesel Byproduct:
Glycerol as Source of Energy and High
Valuable Chemicals

Caué Alves Martins, Pablo Sebastian Fernandez
and Giuseppe Abiola Camara

Abstract Glycerol was firstly faced as a residue, since it is massively produced
from the transesterification of vegetable oils and animal fat, corresponding to
roughly 10% of the total amount of biodiesel. The recent high availability of
glycerol has decreased its price and increased the risks of environmentally inade-
quate disposal. Now, this small chain alcohol is faced as a powerful alternative for
energy conversion and production of chemicals with commercial interest. Its three
hydrated carbons make this organic a noticeable substrate to produce other carbonyl
compounds and to be used to produce energy in electrochemical devices collec-
tively known as direct alcohol fuel cells. The development in the electrocatalysis
field opened up new strategies to convert glycerol into power and chemicals, by
using fuel cells and electrolyzer reactors. In both systems, the efficiency of the
process depends on several aspects, as the medium, applied potential, and mainly
on the surface reaction taking place at the interface between solution and electrode.
In this chapter, we discuss the use of glycerol in these electrochemical systems and
illustrate some experimental results regarding fundamental and applied science.
Namely, we describe some advances in the understanding of the glycerol
electro-oxidation reaction interpreted by spectroscopy and chromatographic tech-
niques. Novel nanomaterials currently applied to improve the catalysis of the
reaction are also shown. Moreover, we comment some results regarding fuel cells,
microfluidic fuel cells, and electrolyzers fed by glycerol and the perspectives and
challenges of its use.
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7.1 Introduction

The previous chapters of this book made clear the importance of the use of biodiesel
as a source for economic and environmental friendly energy production. The
transesterification of animal fats or vegetal oils, named alcoholysis, is a wide known
method to produce biodiesel, forming esters and glycerol. Such reaction yields
roughly 10% of glycerol (w/w). In this sense, the increasing in biodiesel production
is resulting in a surplus of glycerol in the market, which decreases the price of the
commodity and raises the chances of inadequate disposal.

Tropical countries with adequate climate for oleaginous growth, like Brazil, are
continuously producing biodiesel in industrial scale, which is being used for sta-
tionary engines and vehicles (Oliveira et al. 2016). Part of the regular diesel is
replaced by biodiesel. In Brazil, a presidential decree increased to 8% the amount of
biodiesel in diesel composition in 2017 and will reach 10% until 2019. In 2015, the
country produced 390 million liters of glycerol, which is far beyond its annual
demand of use. Such biodiesel production was bigger than the German’s and
Argentine’s, just behind the USA (Oliveira et al. 2016). Brazilian government
expects to produce 7 billion litters of biodiesel in 2020, which corresponds to
700 million liters of glycerol in the market. Although there is demand for glycerol
in several industry sectors, the availability is so high that might compromise the
environmentally clean characteristic of using biodiesel, because of the lack of
concern regarding the storage and discarding of glycerol. In this sense, the way to
keep inserting the biodiesel fuel inside the economic matrix of energy production is
to find ways of using glycerol, which must be economically viable and environ-
mental friendly.

In the context of energy conversion, the advances in science and technologies of
fuel cells opened up the possibility of using alcohols as fuels to produce energy
efficiently with low environmental impact (Oliveira et al. 2016). These devices, also
named direct alcohol fuel cells (DAFCs), convert the electrical current produced
through two half-electrochemical reactions into available work. DAFCs are basi-
cally composed of anode, cathode, and an ionic exchange layer, usually a polymeric
membrane. The alcohol must be electro-oxidized at the anode while an oxidant,
usually oxygen from air, is electroreduced at the cathode, generating electrical
current. The power output is proportional to the equivalent amount of electrons
extracted from the fuel; therefore, the power output is maximized when the reaction
is complete. Glycerol contains three hydrated carbons in its chain, which allied with
its availability, increases its potential use as fuel for DAFC. However, there are
challenges to be faced before making this technology commercially available.

The anodes of fuel cells are composed of metallic nanoparticles (NPs), com-
mercially available as Pt NPs dispersed on carbon supports (Pt/C). Although Pt is
active for fuel cells fed by hydrogen, it does not reach the required activity for
alcohol electro-oxidation due to the limited ability for C—C cleavage in low
potentials, which prevents total conversion toward CO,, decreasing the overall
efficiency of the device (Oliveira et al. 2016; Martins et al. 2014b). Moreover, the
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anode made of Pt is the most expensive part of a fuel cell. Therefore, much effort
has been spent toward the synthesis of new nanomaterials with enhanced activity
and with lower content of Pt, usually by replacing it partially or totally for other
d-group metals (Figueiredo et al. 2015; Zanata et al. 2016; Fontes et al. 2016; Mello
et al. 2017). In addition to the synthesis of new NPs, research groups have been
dedicating to the understanding of the interface reaction, performing glycerol
electro-oxidation reaction (GEOR) using well-ordered surfaces (Fernandez et al.
2015a, b, 2016; Garcia et al. 2016), to shed a light on the influence of the superficial
atomic arrangement of the catalyst on the electrochemical performance.

Besides its potential use for energy conversion, glycerol has been considered a
matrix reactant for electrosynthesis, when glycerol is converted to other chemicals
by using electrochemical systems, named electrolysers (Roquet et al. 1994a;
Kishida et al. 2005; Yuksel et al. 2010). Similar to fuel cell, electrolyzers are
composed of nanomaterials used as catalysts and the reaction takes place in an
electrode/solution interface. This approach is based on the fact that there are organic
compounds with high market prices, which might be synthesized from glycerol.
The selectivity of the reaction is based on multiple parameters, among which the
catalyst is the most important. The basic difference between fuel cells fed by
glycerol and chemical conversion of glycerol to high valuable compounds is the
thermodynamics involved. Fuel cells are thermodynamically opened systems con-
sidered galvanic cells which continuously convert supplied fuel and oxidant into
electrical energy, while electrolyzers convert glycerol into other chemicals as a
result of an applied potential. In this sense, the investigations of glycerol
electro-oxidation reactions taking place at an electrode/solution interface give great
contribution to the development of both devices.

The overall goal of this chapter is to provide a general overview of the glycerol
electro-oxidation reaction in bulk and nanoparticle electrodes in support of future
researches, materials development, products development, and to guide the
researcher to face some challenges for the use of glycerol in energy conversion and
electrosynthesis. This chapter should not be read as a review because it is limited to
only a fraction of the works regarding the use of glycerol in electrochemical sys-
tems. The scope is limited to some reports addressing glycerol electro-oxidation in
half-cell measurements, experiments using spectroelectrochemical and chromato-
graphic measurements, and some examples of applied systems. This chapter is
outlined as follows: (1) an illustrative overview of fuel cell and electrolyzer fed by
glycerol; (2) proposed pathways for the reaction and the contributions of bulk and
nanoparticle electrodes, including examples of some breakthrough contributions in
the field; (3) examples of applied systems, which intend to shed a light on ongoing
and emerging real devices; and (4) an outlook for future entice students,
researchers, and industrials.
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7.1.1 Fuel Cells

To the moment, there are no fuel cells fed by glycerol running in vehicles or in
mobile devices, and the few devices in operation are still prototypes, but owing to
some attractive features (discussed latter in this chapter), many studies involving the
electro-oxidation of glycerol in fuel cells and half cells are emerging from the
scientific community in the last years (Bianchini and Shen 2009; Simdes et al.
2011, 2012; Zhang et al. 2012a; Falase et al. 2012; Fernandez et al. 2012a;
Marchionni et al. 2013; Holade et al. 2013; Martins et al. 2014b; Bott-Neto et al.
2014; Zanata et al. 2016; Huang et al. 2016).

A fuel cell is an electrochemical device that spontaneously generates electrical
work from two chemical reactions that are interconnected. As these reactions
depend on each other, they are called half-reactions and this interdependence means
that the same electrons that are donated from the first half-reaction (an oxidation)
travel the cell throughout an electrical conductor and enter the second compartment,
where they reduce reactive species in the second half-reaction (a reduction).

Figure 7.1 shows how a fuel cell fed by glycerol operates in a generic way.
A solution containing glycerol enters the first compartment (the anode of the cell),
where the alcohol is oxidized in a proper catalyst (a substance that promotes the
reaction, major details will be given later). The exact number of electrons released
by each molecule depends on the products formed during the oxidation step (Zhang
et al. 2012a; Simdes et al. 2012; Marchionni et al. 2013), but for now, it is enough
to know that once the molecules suffer oxidation, they release protons (H*) and
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Fig. 7.1 Operating principle of a fuel cell fed by glycerol/oxygen. As glycerol oxidizes in the
anode (left side), protons (H"), and electrons are released. Protons cross a proton-exchange
membrane while electrons travel outside the cell and perform electrical work. At the end, protons
and electrons are combined in the cathode (right side) to generate water
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electrons. Protons cross the cell via a polymeric membrane specifically designed for
this purpose (Wang et al. 2011). At the same time, the electrons released by the
alcohol exit the cell through the so-called external circuit and in their way toward
the other compartment they can perform electrical work, after what they enter in the
cell by the opposite electrode (the cathode) and are combined to those protons that
have crossed the membrane and oxygen (captured from air, for instance) to generate
water (Wang et al. 2011; Babir et al. 2012). More recently, there are also fuel cells
that operate with alkaline membranes, but the operation principle is basically the
same, except that hydroxyl species cross the membrane in the opposite direction.
Further details about the half-reactions involved will be given later in this chapter.

Interestingly, both half-reactions can happen at the same place if the molecules
involved in the process (details about what we already know from the mechanism
will be discussed later) are left in the same vessel and the conditions are such that
the reaction can take place. However, in this case, the electrons are directly
transferred from one molecule to another, which means that they cannot be used to
generate electricity. In other words, a fuel cell is a device that splits a chemical
reaction into two parts that are spatially separated (the half-reactions of oxidation
and reduction) and, through electronic conduction, takes advantage of the journey
of the electrons to cause them to generate work. As in any real process, some
energy is lost as heat, but the fuel cell can be designed so that even part of this heat
can be reused as work, which in principle allows theoretical yields exceeding 83%
to be obtained (Pilatowsky et al. 2011).

When compared to classical fuel cells (those fed by hydrogen and oxygen),
direct glycerol fuel cells present some advantages. First, glycerol is a low volatile,
non-toxic, and non-explosive liquid (Gupta and Kumar 2012), which implies that
the storage conditions are simpler than those required for hydrogen. Another
important factor is the price of the two fuels. Owing to the dramatic increase in the
production of biodiesel worldwide, the excess of glycerol on the global market has
made it increasingly inexpensive (current values are around 500 $/ton) (Bagnato
et al. 2017). On the other hand, the costs for production of hydrogen from water
electrolysis were estimated as ~3.3 $/kg (Independent Review Panel Summary
Report 2009) (there are methods of production of hydrogen less expensive than
electrolysis; they include photoelectrochemical water splitting, steam reforming,
fermentation, etc., but the presence of impurities seriously compromises the ener-
getic yield of the fuel cell and makes its use impracticable). These values are 6.6
times higher than those observed for glycerol. When both fuels are normalized by
their respective theoretical energy densities, the costs of energy tie at 0.1 US$ per
KWh. Considering the costs of compressing (in case of hydrogen), storage, and
dispensing of the fuels (Independent Review Panel Summary Report 2009), the use
of glycerol in fuel cells presents a clear advantage over hydrogen in economic
terms.

At this point, some considerations regarding the technology of PEM fuel cells
can be summarized. Concerning hydrogen fuel cells, the kinetics associated with
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the corresponding hydrogen electro-oxidation is fast, particularly in acidic envi-
ronment (Hamann et al. 2007). The problems here are chiefly related to the costs of
the technology—as fuel cells use mostly platinum as catalyst (Song 2002)—and the
costs of adapting an worldwide infrastructure to store and distribute hydrogen,
which is not an straightforward task, since hydrogen is a tiny molecule, and
therefore very diffusive, besides the fact that it is very explosive. That is, we must
take into account the costs of the technology itself and add to it the costs of safety.
However, despite these limitations, we know how to oxidize hydrogen efficiently.
On the other hand, when we talk about direct glycerol fuel cells, we are facing a
different kind of trouble: Despite the fact that the storage and distribution of
alcohols is much easier to build, since they are liquids (for instance, in Brazil, these
facilities already exist for ethanol and could be adapted for glycerol), the truth is we
still are not able to oxidize glycerol efficiently. The reasons for such low efficiency
are closely related to reactions that are generally branched and sluggish (Martins
et al. 2014b). The state of the art of the mechanisms involved will be discussed
later.

7.1.2 Electrolyzers

Another way to use glycerol in electrochemical systems is to reverse the principle of
a fuel cell—that spontaneously generates electrical power while promotes the
occurrence of an electrochemical reaction—by making use of an electrolyzer. In
this kind of device, energy is consumed to promote the electrolysis of the alcohol by
a couple of half-reactions whose global reaction is not spontaneous. Specifically
during the electrolysis of glycerol, the global theoretical reaction of decomposition
is given by Eq. 7.1 (Simdes et al. 2012; Gonzalez-Cobos et al. 2016):

CH,OH-CHOH—-CH,0H +3 H,0 — 3CO, +7H; (7.1)

This reaction means that glycerol can be theoretically used to obtain hydrogen.
Additionally, the gases represented in Eq. 7.1 are produced in separated compart-
ments in the electrolyzer (see Fig. 7.2 for details), which means that hydrogen (and
CO,) with high levels of purity can be obtained, thus circumventing the problems
caused by the impurities typical of hydrogen obtained from fossil resources
(Gonzalez-Cobos et al. 2016). Also, for ethanol in alkaline environment, it has been
demonstrated that hydrogen can be obtained by consuming just about one-third of
the energy required by the electrolysis of water (Bambagioni et al. 2010), which
minimizes the cost problems already mentioned in the previous section.

Figure 7.2 shows the working principle of a proton exchange membrane elec-
trolysis cell. The reader is invited to compare this figure with Fig. 7.1 in the
previous section to see how similar both systems are. Indeed, the reactions that take
place at the anode (the side fed by glycerol) are of the same nature. The other
electrode (the cathode) is the one who determines if the oxidation is spontaneous or
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Fig. 7.2 Operating principle of an electrolyzer fed by glycerol. Glycerol oxidizes in the anode
(left side) owing to the imposition of an external voltage, while protons (H*) and electrons are
released. Protons cross a proton-exchange membrane while electrons are forced to travel toward
the cathode. Protons and electrons are combined in the cathode (right side) to generate gaseous
hydrogen

not, once the occurrence of a reaction in nature is given by a thermodynamic
parameter called standard cell potential (formally described as E°), that in turns
depends on the difference of voltage between cathode and anode. In our compar-
ison, the replacement of (a) a cathode that reduces oxygen by (b) a second one that
reduces protons implies that the oxidation of glycerol is spontaneous in (a) and
generates electric power and non-spontaneous, power-driven in (b). Further details
about the thermodynamics of both processes are beyond the scope of this chapter,
but the reader is invited to consult references (Simdes et al. 2012),
(Gonzalez-Cobos et al. 2016) and (Bambagioni et al. 2010) to deepen the knowl-
edge on this subject.

Besides clean H,(g) at the cathode, the configuration showed in Fig. 7.2 allows
the production (synthesis) of carbonyl compounds. Since glycerol might undergo
toward a myriad of carbonyl compounds, an electrolyzer can be used to massively
synthesize glycerol-derived products. Different from classic wet chemical synthesis,
catalysts, experimental condition and applied potential can be adjusted to tune the
products (Horn et al. 2016). Most of these substances are high-added-value
chemical compounds. Table 7.1 shows some of the reaction products obtained
during the electrolysis of glycerol and their respective prices purchased from
Sigma-Aldrich. The reactions and experimental conditions for production of each
substance are described in reference (Coutanceau and Baranton 2016). The price of
glycerol is also included for ends of comparison, as well as the number of moles of
hydrogen produced per mole of glycerol consumed, as described in (Coutanceau
and Baranton 2016).

Table 7.1 shows that the cogeneration of chemicals during the production of
gaseous hydrogen in glycerol electrolyzers can be an extremely attractive strategy
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Table 7.1 Prices of some of the reaction products of intact chain obtained during electrolysis of
glycerol, with the corresponding moles of hydrogen produced per mole of glycerol consumed in an
electrolyser

Chemical compound Mole H,/mole glyc. | Price (US$ g71)
Glycerol - 0.33
“Sodium mesoxalate monohydrate 5 mol 5.95
(purity > 98%)

Tartronic acid (purity > 97%) 4 mol 6.53
Glyceraldehyde (purity > 90%) 1 mol 86.50
Dyhidroxyacetone 1 mol 1389.60
#Glyceric acid sodium salt (purity > 95%) 2 mol 3812.00
Hydroxypyruvic acid (purity > 95%) 4 mol 18,740.00

“In these cases, the prices of the cheapest salts are presented, once the corresponding acids were
not found in the online catalogue

from the commercial point of view, since some of these substances present a market
price several orders of magnitude higher than glycerol, which certainly compen-
sates the energy expended during the electrolysis. Moreover, a hydrogen/oxygen
fuel cell can be theoretically used in conjunction with an electrolyzer fed by
glycerol to produce energy with no need of storing hydrogen, which means more
safety and reduced costs with gas pressurization in these systems.

Despite the positive aspects discussed in the last paragraph, one of the main
challenges in alcohol electrolyzers is the need to drive the oxidation reaction to
specific routes (and products). Otherwise, a mixture of compounds will be obtained,
whose separation processes of which may be very costly, and eventually override
the advantages discussed herein. The ways of doing so have been intensely debated
in the specialized literature during the last few years and will be commented below.

The arguments raised here make clear that glycerol electro-oxidation provides a
unique opportunity to allow the production of energy and high valuable compounds
in parallel. Considering the investigation of electrolysis of glycerol in a
non-spontaneously system, where some applied potential is used to convert glycerol
into carbonyl products, similar products might be obtained whether the fuel cell is
operating at similar condition (i.e., same solution and catalysts) and equivalent open
circuit potential to the voltage applied in an electrolyzer.

In principle, a major inconvenient in the electrolysis as well as in feeding fuel
cells with molecules relatively complex as alcohols—glycerol has a three-carbon
chain—is the complexity of the electro-oxidation mechanism. The exact nature of
the products formed during the oxidation steps depends on the way how the
molecule and the surface interact. In this sense, parameters as chemical composition
of the surface and even aspects in atomic scale (for instance, how a particular
molecule is bind to a surface) can determine the chemical nature of the products.
The output is miscellanea of parallel reactions that produce several substances.
From an energetic viewpoint, each substance will release a different number of
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electrons and protons, which means that the chemical nature of the product will
determine the efficiency of the global process.

7.1.3 The Catalyst

All the reactions involved in fuel cells and in electrolizers occur over a surface (for
example, metallic NPs). The surface is called “catalyst,” and the chemical reaction
occurring on the catalyst is classified as a “catalyzed reaction.” The catalyst is
probably the most important component in every catalyzed process as it is able to
drive the reaction through different pathways by changing the velocity of the
parallel and consecutive reactions that usually take place during the transformation
of any reactant. By just changing the catalyst, we can go from a fuel cell not
delivering energy to one capable of moving a bus or from an electrolizer producing
a big mixture of products (non-selective reaction) to one able to generate only one
pure substance.

The processes mentioned before occur as it is shown schematically in Fig. 7.3.
This figure shows, in a simplified way, a glycerol molecule reacting on three
different catalysts (for example, Au NPs, Pt NPs, and Ni NPs). Lets imagine the
reactant interacts with the surface (as for example the catalyst in blue) to form three
different products (A, B, and C). When we change the catalyst from the blue to the
yellow one, glycerol interacts with the catalyst in a different manner. In some way
(that can be very difficult to find out), the reaction forming the product A is speeded
up, whereas the production of C does not change and the product B is not observed,
which means that the reaction pathway that renders this product is inhibited. In the
last example, again the three products are simultaneously generated, but the change
of the catalyst has clearly increased the formation of B. Imagine we are thinking in
an industrial process to transform glycerol in product B and we have to choose one
of our materials. In this case, if we consider only the points discussed before
(ignoring the price, for instance), the green catalyst is the most interesting, once it is

Glycerol

Glycerol f Glycerol
A ‘g% .

C

A

Fig. 7.3 Illustrative scheme of the influence of the catalyst on the kinetics and selectivity of
glycerol-derived products. Bigger arrows represent faster kinetics. The bigger the letter is the
higher the production of the molecule
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the one providing a faster reaction and a selective production of B molecules
compared to A and C, which facilitates the purification process.

Considering our previous discussion, we can define a catalyst as a surface that
interacts with reactants, reaction intermediates, and products, changing simultane-
ously the kinetics by decreasing the overall activation energy of the reactions and
tuning the selectivity of a process. In this context, the ability of a researcher or
industrial to produce nanomaterials with very high area/mass ratio is strongly
desired for catalytic processes, due to the fact that for a given material, the rate of
the conversion of a reactant is proportional to the area of the catalyst. Today,
metals, oxides, alloys, etc., can be easily produced in nanometric size. There are a
myriad of methods to produce Au, Ag, Pt, etc. NPs with high specific surface areas
(Solla-Gullon et al. 2013; Sau and Rogach 2010), which have generated an
explosion in the amount of scientific data.

Figure 7.4 shows a model of a NP containing atoms labeled with different
colors. If we look at any atom in the green region, we will see that it is in contact
with other six atoms in the same plane. This configuration is known as (111). The
atoms in the blue regions have four close neighbors, having a configuration known
as (100), and those between these regions have even less atoms in contact with
them, reminding a (110) configuration. Apart from this structural point of view, it is
important to know that the chemical properties of the atoms strongly depend of the
number on neighbors (called coordination number). Thus, even if all the atoms are
Pt, for instance, their physicochemical properties will vary depending on the region
of the nanoparticle where they are. Therefore, a given molecule, for example
glycerol, will interact in a different way in different regions of the nanoparticle, and
the electro-oxidation of the molecule will have different selectivity/rate depending
on which part of the nanoparticle the molecule reached.

Fig. 7.4 Illustrative model of
a nanoparticle
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It is important to know that the complexity mentioned before is far beyond from
the complexity of real systems where we have generally millions of NPs, with a
distribution of different sizes and shapes. These facts multiplied the configurations
described in Fig. 7.4. Moreover, Pt NPs do not show relevant results in terms of
current output and selectivity (as shown in the next sections), so it is necessary to
modify the catalyst by synthesizing alloys and decorated multi-metallic NPs for
glycerol electro-oxidation. These complex NPs are dispersed on carbon support,
which can be amorphous, nanotubes, or even graphene-based materials (Ferndndez
et al. 2012a; Martins et al. 2014a). The specific discussion regarding each of these
topics is beyond the scope of this chapter. Here, we show a general view of the
glycerol electro-oxidation reaction and the influence of the metallic content of the
catalyst on the reaction.

7.2 Glycerol Electro-Oxidation Reaction

Among the researches involving glycerol, those regarding the investigation of the
surface reaction taking place at the electrode/solution interface greatly enhance the
understanding of the glycerol electro-oxidation reaction and help to take steps
forward on the development of fuel cells and electrolyzers fed by this alcohol. One
of the first steps was given by Lamy’s group in the 1990s who investigated the
GEOR on a well-ordered Au surface (Avramov-Ivi¢ et al. 1991a) and identified
some products by using high-performance liquid chromatography (HPLC) (Roquet
et al. 1994b). This work evidenced the importance of the catalytic surface on the
conversion of glycerol in current density and the importance of the experimental
medium to produce different carbonyl compounds via electrochemical reactions.
The analysis of the products of GEOR is feasible by using HPLC to separate
them and a UV-based detector to identify them. The electrochemical reaction
generates an ultra-thin layer of substances close to the electrode surface, and rel-
atively long times of reaction are needed to accumulate an amount of compounds
detectable by HPLC. Therefore, long time electrolysis is performed to increase the
amount of products in solution, while aliquots are removed and injected on the
chromatograph. This kind of ex situ experiment is quite important to mimic real
systems, but multiple steps are required for the analysis. Kwon and Koper devel-
oped a breakthrough technique for analyzing products of GEOR and other elec-
trochemical reactions (Kwon and Koper 2010). These authors combined an
electrochemical surface reaction with HPLC by online sampling solution close to
the electrode surface during electrolysis. This setup allows fast sampling from the
solution precisely close to the electrode surface during an electrochemical experi-
ment. Online HPLC coupled to electrochemical experiments, traditional HPLC, and
others experiments based on these have been used to investigate products of GEOR
on different catalysts (Soares et al. 2016; Thia et al. 2016; Da Silva et al. 2017).
Spectroscopy techniques have also been used to identify products and guideline
the pathways of GEOR. The classic and powerful in situ FTIR has been used by
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Camara’s and Tremiliosi-Filhos’s groups and coworkers for study such reaction
(Martins et al. 2011; Fernandez et al. 2012b; Gomes et al. 2012). In this configu-
ration, a spectroelectrochemical cell is used to allow the interaction between the
infrared beam and a thin layer of substances formed between a working electrode
and a bottom window (transparent for infrared) during the course of the reaction.
This configuration allows the researcher to follow in situ the formation of inter-
mediates and products, whose nature is inferred by the bands that emerge in a
spectrum. Details and examples of in situ FTIR are found elsewhere (Iwasita and
Nart 1997). Moreover, NMR spectroscopy has been recently used to identify
products of GEOR (Fashedemi et al. 2015; Huang et al. 2016). Although very
promising, this last technique is not subject of this chapter.

Therefore, both HPLC-based techniques and in situ FTIR are powerful tools to
help understanding the pathways and mechanisms, in some extent, of GEOR. The
pathways of the reaction are strongly influenced by the catalysts, including the type
of metal, e.g., Au, Pt and their alloys, and the atomic surface arrangement. GEOR is
so sensitive to the atomic surface arrangement that changing the crystallography of
Pt catalyst from a specific configuration [i.e., (111)] to a more less energetic [i.e.,
(100)] changes the product (Garcia et al. 2016). In this sense, it is fundamental to
keep researches focused on finding the best catalyst structure to enhance activity in
terms of energy conversion and in terms of selectivity of the reaction. On the other
hand, real systems require the use of nanomaterials as anodes to enhance the surface
to volume ratio. In this sense, the findings of well-ordered surfaces must be adapted
to nanoscale. This issue will be addressed in item 2.2.

There are plenty of methods to synthesize NPs, since well-ordered (Hutchings
2008; Jin et al. 2011; Chen et al. 2015) to multi-metallic nanomaterials
(Vidal-Iglesias et al. 2010; Ding et al. 2016; Alencar et al. 2016; Caneppele et al.
2017), whose discussion is out of the scope of this chapter. The most important
point here is to clarify how important is the chemical composition of the NPs on the
activity and selectivity of GEOR. In the following items, we show some proposed
pathways of GEOR on Pt and Au surfaces described by us and other groups, as a
result of chromatographic and spectroelectrochemical measurements. Moreover, we
illustrate how the atomic surface arrangement and chemical composition might be
designed to improve activity and enhance selectivity.

7.2.1 Proposed Mechanisms for Glycerol Electro-Oxidation

Back to middle 1990s, Lamy’s group was the precursor team of researchers to
unravel some of the pathways involved in the electro-oxidation of glycerol (Roquet
et al. 1994a). By using HPLC, the authors collected aliquots of acid and alkaline
solution in which glycerol was electrolyzed over a polycrystalline smooth platinum
surface in long-term experiments (around 30 h). Authors realized that some
parameters influence the nature of products and intermediates, as the concentration
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of the reactant, the applied potential, and the pH of the medium (Roquet et al.
1994a). In this study, several substances were detected by HPLC. Namely, the
production of glyceraldehyde, tartronic acid, glyceric acid, glycolic acid, formic
acid, and oxalic acid was confirmed (the last three substances are formed when the
carbon chain of glycerol is broken) (Roquet et al. 1994a). In that occasion, the
authors explained the presence of such oxidation products in terms of interactions
between glycerol molecules (or their intermediates) and the surface of platinum.
Although the explicit mechanism is too technical (and therefore beyond the scope
of this text), a general framework can be traced, based on the original work.

Before detailing the pathways of GEOR, we will discuss some works that have
shed a light into the mechanism of adsorption and the first steps of the reaction
(Martins et al. 2011; Gomes et al. 2013; Garcia et al. 2016). The desired product for
energy conversion application is CO,, which means the glycerol was totally
electro-oxidized. In this context, Martins et al. (2011) investigated the routes to total
oxidation by using in situ FTIR. These authors integrated the bands taken from the
FTIR experiments (Fernandez et al. 2012b) to make it comparable to the electro-
chemical measurements. The authors found that CO is produced at early stages, at
low potentials, with a maximum that coincides with the beginning of CO, pro-
duction. Hence, it became clear that glycerol experiences dissociative adsorption on
Pt surfaces forming CO, which is oxidized to CO,. However, the formation of CO,
kept increasing at high potentials after the observable consumption of CO, sug-
gesting that other pathway(s) must be involved. The authors found that carbonyl
compounds (mainly glyceric acid) appeared at the same time as CO, and are
consumed while CO, production increases (Martins et al. 2011). In this sense, these
authors suggested a mechanism (mechanism here is defined as a pathway consid-
ering the contribution of the surface) for GEOR. At low potentials, Pt in acid
medium is available for glycerol adsorption, producing CO, which generates CO,.
The increase in potential promotes the conversion of glycerol to partially oxidized
carbonyl compounds. Concurrently, an oxide layer made of —O and —OH grows on
Pt surface while the potential is increased. Hence, at high potentials, those carbonyl
compounds might react with —O and —OH groups from Pt surface to form CO,
(Martins et al. 2011). The adsorption of glycerol on Pt was investigated by the same
research group (Gomes et al. 2013). The authors found that glycerol molecules
compete with H species by Pt active sites. Hence, the CO formation is dependent on
the H desorption step (Gomes et al. 2013).

By using online mass electrochemical spectroscopy, Garcia et al. (2016)
investigated the adsorption steps and mechanism of GEOR. These authors found
that the reaction might follow two main mechanisms depending on the atomic
surface arrangement of the Pt surface, as discussed in the item 2.2.1. Here, we
would like to highlight the existence of two main adsorbed intermediates, one
double bonded to Pt by the terminal carbon and another one single bonded to Pt by
the terminal and central carbons and each one leads to different pathways (Garcia
et al. 2016). In an attempt to understand the contribution of each of the three carbon
on the CO, production, Fernandez et al. (2012b, 2013) followed the reaction by
in situ FTIR using isotopically labeled glycerol. As expected, the authors found the
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terminal carbons are more likely to be oxidized, mainly due to an steric probability,
but more interestingly, they found that CO, production from terminal carbon is 19
times more intense than from the central one (Fernandez et al. 2012b).

There are a plenty of publications proposing new routes, pathways, and mecha-
nisms for GEOR. The real mechanism is really far from full understanding, and the
few works regarding the steps of the reaction are those responsible for elucidating it.
Most of the pathways published are highly useful to shed a light on the possible
products but do not help to clarify the whole mechanism. In our point of view, the
mechanism must consider the presence of the catalyst and adsorbed species accord-
ingly. Figure 7.5 gives a small idea of such complex possible pathways that glycerol
might undergo during its electro-oxidation, considering the publications to date.

Figure 7.5 shows an overview of the possible pathways that might occur in both
acid and alkaline medium. The only difference would be the protonated or
non-protonated acid hydrogen at the molecules. Moreover, in alkaline medium, the
production of carbonate (CO5%) is expected instead of CO, in the bulk solution.
The trigger of glycerol electro-oxidation might be summarized in two paths, one
started with dihydroxyacetone and another one initiated with glyceraldehyde.
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Fig. 7.5 Illustrative suggested pathways for glycerol electro-oxidation reaction. It has been
reported similar pathways for both acid and alkaline medium, with the difference at the protonated
acid hydrogen




7 Alternative Uses for Biodiesel Byproduct: Glycerol as Source ... 173

The “golden” route for the conversion of glycerol into high valuable compounds is
the first one, since hydroxypyruvic acid is the most desirable compound (see prices
in Table 7.1). Moreover, dihydroxyacetone has elevated market price and several
industrial applications. The second route also leads the reaction toward valuable
carbonyl compounds with the additional path toward total electro-oxidation, which
allows concomitant production of energy and fine chemicals. Worth noticing that,
regardless the selective multi-metallic catalysts used as anode for GEOR to date, all
reports show pathways that might be found in Fig. 7.5. The well-ordered,
multi-metallic, bulk, or nanomaterials work to increase the amount of one or
another byproduct.

7.2.2 Catalysts: Bulk and Nanomaterials

The complex mechanisms and pathways proposed for GEOR on Pt and Au surfaces
might change for other catalytic surfaces. Moreover, the use of a metal in nanoscale
might modify the pathways of GEOR compared to the bulk catalyst, which is
commonly called the nano effect. Such effect is still very difficult to prove exper-
imentally, since the classic half-cell measurements performed in electrochemistry
show an average response of the whole catalyst; namely, it is the feature of a
summation of all NPs immobilized on an electron collector (working electrode).
Although much effort have been spent to investigate individual electrochemical
responses of single NPs (Shan et al. 2012; Fang et al. 2014; Yu et al. 2015), there is
no work regarding the investigation of a complex reaction such as GEOR on single
NPs. In this sense, although the use of spectroelectrochemical and chromatographic
techniques deeply helps to understand the pathways, the real contribution of the
NPs on the GEOR is still unknown to date.

In the next sections, we show and discuss published results of our group and
others regarding the influence of the surface atomic arrangement and the surface
chemical composition of catalysts on the glycerol electro-oxidation pathways.

7.2.2.1 The Influence of the Surface Arrangement on the Activity
and Selectivity of Glycerol Electro-oxidation

The complexity of a real catalyst was commented in Sect. 7.1.3. Experiments using
single crystals are very useful to understand how the atoms are distributed over the
surface of a catalyst and how such arrangement influences the selectivity and rate of
a given reaction. On this sense, by using a surface which we “know” the positions
of each atom may be of great help to clarify their role in catalysis (and electro-
catalysis). This can be achieved if the atoms are organized over a surface. In this
way, the position of each particular atom will obey to a simple-periodic function
and any atom will be representative of the whole surface (with few exceptions
corresponding to the edges of the sample). Researchers can design bulk materials
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where virtually all the atoms at the surface have the same configuration; they are
called “single crystals.” For instance, two of the so-called basal planes structures are
shown in Fig. 7.6. A polycrystalline surface is one where the atoms are arranged in
different ways in different parts of the surface. In a polycrystalline material, we have
regions having atoms with (100) configurations, other with (111), other with (110),
steps, kinks, etc. Summarizing, it is a generally rough inhomogeneous surface and
all the metals in nature present this kind of arrangement. In contrast, in a single
crystal structure like those shown in Fig. 7.4, the atoms are arranged forming very
specific structures. We invite the readers to compare the configurations of the atoms
in Fig. 7.6 with those of the NP in Fig. 7.4. These arrangements might be found on
the surface of NPs if they were designed to be well-shaped, such as nanocubes,
nanoctahedron, and others (Solla-Gullon et al. 2013).

The GEOR was studied in acid media using the Pt basal planes as well as
disordered single crystals (Gomes et al. 2012; Fernandez et al. 2015b, 2016). Even
if the atoms arrangements strongly influence the catalytic activity of the material,
the reaction occurs at very low rates below 0.6 V for any configuration. The lowest
overpotential is obtained with Pt(111), and highest currents are obtained with Pt
(100) well-ordered or defected. Recently, important aspects regarding the selectivity
of this reaction were addressed by using sample collection on line (Garcia et al.
2016). Considering those products that are formed without breaking of C—C bonds
(i.e., products of intact chain), it was shown that both the secondary and primary
carbon of glycerol are oxidized on Pt(111). On the other hand, the reaction is
selective toward the oxidation of the terminal carbons on Pt(100). The results were
explained in terms of a different configuration of possible intermediates of the
reaction on Pt(111) and Pt(100). The GEOR was not studied on another single
crystal surface apart from Au(100) in alkaline media as Au is not active for the
oxidation of small organic molecules in acid media (Avramov-Ivi¢ et al. 1991b).

These fundamental results provide important practical information, since
well-shaped Pt NPs might be desired to contain extended (100) and (111) surfaces

Fig. 7.6 Illustration of well-ordered (111) and (100) surfaces. In the (111) surface, each atom is
coordinated to six atoms in the same plane. In the (100), the atoms are coordinated to four atoms in
the same plane
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in attempt to present high current densities and low onset overpotential, respec-
tively. In this context, to bridge the gap between model and applied systems, it is
interesting to perform experiments using well-shaped nanoparticles. An example of
a well-shaped NP is that already shown in Fig. 7.4. There are some methods which
permit to obtain NPs with structures similar to those shown in Fig. 7.7
(Solla-Gullén et al. 2013). In a cubic NP, most of the atoms have the configuration
of those in a (100) single crystal. On the other hand, an octahedral NP maximizes
those atoms having a (111) configuration. Even if these are model systems, because
we have more reliable information of their structure compared to “real” catalysts,
they contain intrinsic defects and they can be incorporated on different supports.
Thus, after a detailed study using single crystals, we can go a step closer to real
system using these well-shaped materials.

There are no papers regarding the GEOR on well-shaped Pt nanoparticles;
however, the experiments performed using single crystals and randomly defected
single crystals, which can mimic the behavior of well-shaped NPs, would permit to
predict the results (Fernandez et al. 2015a, b, 2016). The reaction was studied in
alkaline media on Au cubic and octahedral NPs and on Pd cubic and spherical NPs
by Monz6 et al. (2015). The onset of the reaction on Au NPs is similar for cubic and
octahedral NPs; however, octahedral NPs are more active, which could be related to

&y
S 2 2

Fig. 7.7 lIllustrative examples of well-shaped nanoparticles containing extent (100) surface in
light blue and (111) in blue
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a higher activity of (111) domains. Pd nanocubes are more active than nanospheres,
which are probably connected with a higher activity of (100) domains. However, to
the best of our knowledge, there is no study of the GEOR using the three single
crystals basal planes of Pd and Au, which would permit to confirm if the activity
trends correlate with the relative quantity of defects, ordered domains, and their
atoms configuration.

7.2.2.2 The Influence of the Chemical Composition of the Catalyst
on the Activity and Selectivity of Glycerol Electro-oxidation

Pt has been extensively used for the electro-oxidation of small organic molecules in
acid and alkaline media. However, regardless the surface atoms arrangement, the
catalyst suffers of poisoning due to the strong adsorption of partially oxidized
molecules as, for example, CO (Gomes et al. 2013). Gold has also been extensively
used for the oxidation of organic molecules in alkaline media. In this case, the
electrode does not suffer from poisoning; however, the reaction onset potentials are
higher than that for Pt, which means that we need either to apply more energy to
produce the reaction (electrolyzer) or that the anode of the fuel cell will work at
higher potentials, decreasing the cell voltage and the available power. Besides, both
materials in their polycrystalline form are non-selective to any product of the
GEOR. To circumvent these problems, a common approach is to add other atoms to
pure noble metal materials. Unfortunately, it highly increases the complexity of the
materials making difficult to understand the physicochemical parameters that indeed
modify the activity/selectivity of the catalyst.

There are many papers about the electro-oxidation of glycerol using bi and
tri-metallic nanoparticles. Apart from those where the second (or second and third)
metal is deposited on a pre-existing nanoparticle (generally called “nanoparticle
decoration”), the introduction of other metals highly affects the physicochemical
properties of the material. Even in high quality papers where authors produce NPs
in highly controlled setups (Park et al. 2008), the changes in the composition of the
NPs affect the nanoparticles size and shape (and then the ratio of the exposed
facets), among other important parameters, what makes it really hard to connect
differences in the electrochemical results with the composition of the catalyst. The
problem is even bigger in the presence of a support, because the distribution of the
NPs in it is also severely affected (Gomes et al. 2014). Unfortunately, it is even
harder to compare results obtained by different authors, where we have commonly
important differences in the methods of the synthesis of the materials, the kind of
the support, and in the methods used to investigate the activity/selectivity, etc.

Although these systems are complex, it seems that glycerol follows the trends
previously found for other alcohols, like ethanol and methanol. Thus, when Pt or Pd
is combined with a less noble metal (typically Sn and Ru), an improvement in the
onset potential of the reaction is obtained (both in acid and alkaline media). Similar
features are observed when using Au, which alloyed with Pt, Pd displaces the onset
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of the reaction closer to the thermodynamic reversible potential (Lertthahan et al.
2017).

In our opinion, up to now, it is almost impossible to reach an agreement about
current densities (activity) and especially about how the selectivity is affected by
different multi-metallic catalysts. In consequence, we will restrict ourselves to
review some few works using ad-atoms, i.e., atoms deposited in a controlled way
on noble bulk and NPs metals.

The effect of many p-block metals on polycrystalline (Kwon et al. 2014) and
single crystal (Garcia et al. 2017) electrodes in acid media was studied by Koper’s
group. Bi, Sb, Pb, Sn, and In reversibly or irreversibly adsorbed increase the Pt
activity toward the GEOR. Both Sb and Bi promote the oxidation selectively to
dihydroxyacetone (DHA) (Kwon et al. 2014). Irreversibly adsorbed Bi on Pt(111)
increases the surface activity and selectivity toward DHA. On the other hand, the
modification of Pt(100) decreases the activity without changing the selectivity, i.e.,
Pt(100) with and without Bi selectively oxidizes the terminal carbon generating
glyceraldehyde and glyceric acid (Garcia et al. 2017).

The very good results obtained using Sb encouraged Cannepele et al. (2017) to
study how the activity of polycrystalline Pt NPs is affected by the coverage of Sb.
The authors verified that the electrode activity augments exponentially with the
coverage until Oy, = 0.81, which is the maximum stable coverage, at least under the
reported experimental conditions. Finally, very interesting results were obtained by
Zalineeva et al. (2013) using cubic and spherical Pd NPs. While the decoration of
the spheres with Bi diminishes the activity of the electrode, the opposite effect is
observed for the cubes.

7.3 Fuel Cells and Electrolyzers Fed by Glycerol

After much effort to develop new anodes for glycerol electro-oxidation, some
researchers have been working in engineering real systems to use clean and even
crude glycerol, obtained directly from biodiesel fabrication. Promising results were
reached to produce clean hydrogen gas through glycerol electrochemical reforming
(Marshall and Haverkamp 2008; Gonzalez-Cobos et al. 2016). Marshall and
Haverkamp used a proton exchange membrane electrolyzer fed by glycerol on a Pt
immobilized on Ru-Ir oxides (Marshall and Haverkamp 2008). These authors
produced 10 m® of H, per day per m> of the reactor, consuming 1.1 kWh per m’
of H,, which is a remarkable result since it is 66% less energy-consuming than
water electrolysis (Marshall and Haverkamp 2008). Gonzalez-Cobos et al. (2016)
used PtBi/C catalyst for glycerol electrolysis to improve the pure H, production,
which was 57-66% less energy-consuming than water electrolysis.

There are several reports about fundamental investigations using well-cleaned
and O,-free solution during half-cell measurements for glycerol electrolysis, but
there is still a lack of current reports considering configurations closer to real
systems, suggesting proper engineering. Among the few reports, we might cite
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Kongjao et al. (2011) who used a 0.5 L cylinder-shape reactor containing two Pt
grids at constant 400 rpm stirring for glycerol electrolysis. Using chromatographic
methods, the authors found propanediol, glycidol, and 2-propenol after 6 h of
glycerol electrolysis in acid medium under 4.5 A of galvanostatic experiment
(Kongjao et al. 2011). Yuksel et al. (2010) used a flow reactor for glycerol elec-
trolysis on titanium electrodes (as anode and cathode). The authors reported full
description of the system, including furnace, heater, pump, heat exchanger, back
pressure regulator, and DC supplier. The electrolysis was carried out in alkaline
solution, and the authors found H,, glyceraldehyde, glycolaldehyde, lactic acid,
formic acid, glycolic acid, and acetic acid as main products (Yuksel et al. 2010).
Still regarding more practical devices, Lam et al. published a breakthrough system
using Pt-free catalyst, by using low loading cobalt-based anodes for glycerol
electrolysis in a stirring system (Lam et al. 2017). The authors tailored the products
by changing temperature and alkalinity of the medium. They detailed how to use
atmospheric pressure to electrosynthesize lactic acid at current densities close to
1.8 mA cm 2 at 60 °C while glyceric acid is produced at room temperature and
8.8 mA cm 2 (Lam et al. 2017).

Although, to the best of our knowledge, there is no commercial systems or
companies producing energy and high valuables compounds concomitantly, there
are initial investigation and devices at laboratorial scale regarding energy produc-
tion using fuel cells fed by glycerol (Roquet et al. 1994b; Sau and Rogach 2010;
Kwon and Koper 2010; Martins et al. 2011, 2014a; Fernandez et al. 2012b; Gomes
et al. 2012; Horn et al. 2016; Soares et al. 2016; Coutanceau and Baranton 2016;
Thia et al. 2016; Da Silva et al. 2017). These works might be gathered as (i) solid
oxide fuel cells (SOFC) (Won et al. 2009; Lima da Silva and Miiller 2010),
(i) Au-based anodes (Zhang et al. 2012b; Xin et al. 2012), (iii) Pd-based anodes
(Marchionni et al. 2013; Benipal et al. 2017a, b), (iv) Pt-based anodes (Matsuoka
et al. 2005; Ilie et al. 2011; Zhang et al. 2012c¢; Qi et al. 2013; Wang et al. 2014),
and (v) glycerol microfluidic fuel cells (Dector et al. 2013; Maya-Cornejo et al.
2016).

Won et al. (2009) used tubular SOFC fed by glycerol with internal reforming.
The authors found 265 mW cm 2 as maximum power when the fuel cell was
operated at 800 °C. Moreover, at 700 °C, the SOFC was stable for more than 100 h
(Won et al. 2009). A full thermodynamics of SOFC fed by glycerol can be found
elsewhere (Lima da Silva and Miller 2010). Zhang et al. built an
anion-exchange-membrane direct glycerol fuel cell (AEM-DGFC) more reactive
than those fed by methanol and ethylene glycol in alkaline medium (Zhang et al.
2012b). Although a Fe-based catalyst was used as cathode, the good performance
was rationalized as a consequence of the use of small amount of Au/C at the anode.
At 80 °C, the open circuit voltage (OCV) reached 0.67 V and the power density
57.9 mW cm°. Using crude glycerol, the authors found 30.7 mW cm™ > at 0.66 V
of OCV. The authors also identified some partially oxidized compounds, as tar-
tronic acid, mesoxalic acid, and oxalic acid (Zhang et al. 2012b). Still using small
Au/C NPs and Fe-based catalyst as cathode, Xin et al. (2012) suggested the
cogeneration of mesoxalic acid and electricity at the anode of a AEM-DGFC.
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Benipal et al. (2017b) used PdAg NPs dispersed on carbon nanotubes as anodes
for 2.0 M KOH + 1.0 M glycerol at 2.0 mL min~' in an AME-DGFC to produce
an OCV of 0.83 V and 76.5 mW cm ~ of power density. After constant applied
potential, the authors found glycerate, tartronate, mesoxalate, lactate, glycolate, and
oxalate as products. Using similar materials, the same group reported remarkably
214.7 mW cm? of power density at 80 °C by using polytetrafluoroethylene as
anode/cathode separator (Benipal et al. 2017a). Marchionni and coauthors used Pd-
(Ni-Zn)/C anodes in DGFC (Marchionni et al. 2013). These authors fed an anode
with 2.0 M KOH + 5 wt% glycerol at 80 °C to produce 119 mW cm™ 2. According
to the authors, such increase in power density compared to Pd/C NPs
(77 mW cm™?) suggests fast kinetics due to the non-alloyed structure of the catalyst
(Marchionni et al. 2013).

Even still scarce, the most extensive amount of reports regarding DGFC show
Pt-based anodes. Matsuoka et al. compared the performances of DAFC fed by
different alcohols using Pt—Ru/C as anode and Pt/C as cathode in alkaline medium
at ~50 °C (Matsuoka et al. 2005). The maximum power densities increase in the
following order: xylitol, erythritol, methanol, glycerol, and ethylene glycol. The
authors reported power density of ~6 mW cm > by feeding the anode with
glycerol in such configuration (Matsuoka et al. 2005). Wang et al. (2014) reported
86 mW cm 2 and 0.73 V as maximum power density and OCV for AEM-DGFC
with Pt/C as anode fed by pure glycerol and Ag NPs as cathode for oxygen
reduction reaction. Using Pt/C as anode, Ilie et al. (2011) found power density in
the order of 10 mW cm ™2, which was doubled only by changing parameters as the
membrane exchange assembly fabrication.

Outstanding results were achieved by Qi et al. (2013) by using surface dealloyed
Pt—Co dispersed on carbon nanotubes anode fed by 6.0 M KOH + 3.0 M glycerol
(4.0 mL min~") while O, was reduced on Fe—Cu-N,/C cathode. The authors
reported 268.5 mW c¢m 2 as maximum power density, which is still the best per-
formance for low-temperature single glycerol fuel cell (Qi et al. 2013), comparable
to a SOFC fed by glycerol (Won et al. 2009). Regarding membrane exchange
assembly (MEA) cells, there is no doubt that alkaline medium is more promising for
anodes fed by glycerol than acid medium to produce high power. Moreover, as the
DGFC was not fully explored, Au-, Pd- and Pt-based are still considered potential
anodes for fuel cells and electrolyzers.

Another breakthrough technology for low-power devices as portable and
wearable electronics and sensing is the microfluidic fuel cells (MFCs). Briefly,
these types of fuel cells do not require ionic exchange membrane, which decrease
their prices and loss of potential. Furthermore, the absence of MEA allows the use
of previous non-compatible media, as alkaline medium as anolyte with acid med-
ium as catholyte. A complete description can be accessed elsewhere in book
(Kjeang 2014) and reviews (Wang et al. 2016; Goulet and Kjeang 2014). Such
recent technology showed itself very encouraging for glycerol powering (Dector
et al. 2013; Maya-Cornejo et al. 2016). Dector et al. 2013 investigated the per-
formance of a Y-type microfluidic fuel cell fed by O,-free 0.1 M glycerol as anolyte
and O;-saturated 0.3 M KOH as catholyte, using Pt/C as cathode and Pd/C or Pd
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dispersed on multi-walled carbon nanotubes (MWCNTs) as anode. In this pioneer
work, power in the order of 0.7 mW cm ™2 was achieved. Another work from the
same group showed an air-breathing cathode nanofluidic flow-through fuel cell fed
by pure and crude glycerol (Maya-Cornejo et al. 2016). In that work, Maya-Cornejo
and coworkers dispersed Cu@Pt/C NPs on carbon nanofoam and used as anode and
an air-breathing Pt/C cathode, generating 23 and 21.8 mW cm ™ for pure and crude
glycerol, respectively. Therefore, the scalability of MFC might be more explored
for low-powered devices or even ordinary electronic devices.

7.4 Perspectives and Future Engagements

Considering that the massive fabrication of biodiesel as an economic and envi-
ronmental friendly matrix for countries around the world is relatively recent, the
advance in the field of glycerol in electrochemistry is impressive. As it happens for
new technologies, the bottleneck for scalable application of glycerol for energy,
hydrogen, or chemical production is the industrial gap. There is a barrier between
fundamental laboratorial results and real applications, which needs to be overcome.
Experimental and theoretical researches for fundamental and applied science are
still required. Here, we point out our outlook for future indispensable researches.

From the fundamental point of view, new stable well-ordered multi-metallic
nanomaterials must be synthesized and investigated. The ordered surface structure
summed to the bimetallic (at least) composition is the best option to reach selective
and active catalysts for such complex reaction. On the other hand, these catalysts
must be stable. Although the stability investigation of a nanomaterial is hardly
publishable by itself, it is greatly important for the application point of view and,
sometimes, more important than a once-in-life good catalyst. In this sense,
researchers and industrials need to compare results among papers, reports, and
patents, which are very difficult to achieve since the scientific community in this
field has no standard protocol to evaluate any of the parameters previously
described in this chapter.

Hence, the development of consensual protocols is imperative. The most
important point to allow comparison among different works is to detail the
experimental procedure, including medium, concentration of electrolyte and glyc-
erol, temperature, potential range, loading of catalysts, flow rate. We highly rec-
ommend the use of reversible hydrogen electrode (RHE) as reference potential
scale. Even a simple comparison, as it is the potential range, is very difficult
considering that some researchers do not present details about the medium and there
is no Ohmic drop compensation in most of them (even when needed), which makes
very hard the re-scaling. In terms of current density, we recommend to clearly show
the method used to obtain the electrochemically surface area (when necessary) for
both half-cell and single fuel cell measurements. Moreover, it is interesting for
industrials if a researcher shows a specific activity in terms of current normalized by
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total mass (or partial mass, depending on the case) of the catalyst, and such
information gives an idea of cost-effectiveness and scalability.

In our point of view, the most critical parameter concerns the stability of a
catalyst. All methods, i.e., following active surface area during cycle, current
density during cycles, microscopy images during cycles, or even following
pseudo-current density at constant potential, are very useful, but only if the results
were obtained from comparable experimental conditions. A very useful tool for
stability tests is to use synchrotron-based techniques. There are several synchrotron
facilities around the world that can be used for any researcher after acceptance of a
research proposal. These machines permit to study the structure of many materials
(and many other physicochemical parameters) during a given electrochemical
experiment.

Regarding the production of high valuable compounds, we ponder that it is
mistakable to sell an idea of cogeneration of chemical and electricity if the sampling
process is taking place in a different step (i.e., the authors perform polarization
curves to record power in a set of experiments and long-time electrolysis in another
set of experiments). In this case, there is just a potential chance of dual process,
since power is obtained in an instrument while high valuable compounds are
usually obtained in another one. For these reports, the idea of cogeneration might
induce the reader to a misunderstanding. Moreover, the comparison of the selec-
tivity of different catalysts is very difficult, since the works report different exper-
imental conditions, as applied potential, medium, temperatures, etc.

Other unexplored area is the separation of glycerol-derived compounds. Until
this moment, there is only chromatographic separation performed in
high-performance liquid (or gas) chromatography equipment, which uses small and
high pressure columns with complex special stationary phase. However, the sta-
bility of such columns must be investigated for further scalable production. Most
important, new preparative liquid chromatography is pivotal to get glycerol elec-
trolysis in an industrial plant level. In attempt to make it real, researchers from
fundamental areas must work together with engineers, who can use the recent
efforts to design real systems. Here, we might cite the need (i) for higher level of
glycerol utilization for both fuel cell and electrolysis, (ii) for a less stepped process,
and (iii) for automation.

The advances in glycerol electrochemical technologies are so encouraging that
have recently risen up the number of publications and patents, so specific economic
studies of viability and applicability are needed. The use of glycerol for electro-
chemical purposes proves itself an interesting smart way to use this byproduct of
biodiesel fabrication. We hope to find these environmental friendly technologies in
use soon.
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