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RESUMO

Abordar as alteracdes climaticas requer uma transicdo dos combustiveis fésseis para fontes de
energia renovaveis. O biodiesel apresenta-se como uma alternativa promissora ao gasoleo
convencional. Para aumentar a sustentabilidade do biodiesel, é crucial utilizar 6leos de fritura
usados como matéria-prima. A transesterificacdo acida oferece um método mais eficiente para
0 processamento desses Oleos em comparacdo com a catdlise basica. Embora os
catalisadores acidos homogéneos, como o &cido sulfdrico, sejam comumente utilizados, a sua
natureza corrosiva e 0s riscos de seguranca associados destacam a necessidade de
substitutos. Em resposta, surgiram catalisadores acidos heterogéneos como substitutos
viaveis. Este estudo explora a esterificacdo do &cido oleico com metanol, utilizando
catalisadores a base de hidrocarvdo derivados de biomassa. Os hidrocarvbes foram
sintetizados a partir de amido de milho, frutose, sacarose, casca de laranja e casca de banana,
através de carbonizacdo com sulfonagdo simultanea a 150°C sob pressdo atmosférica. O
processo de carbonizagdo, com a duracdo de 5 horas, foi realizado utilizando diferentes
guantidades de acido sulfurico (relagdo de massa de biomassa entre 1:1 e 3:1) para aumentar
a area de superficie e melhorar a grafitizacdo e estabilidade. Os catalisadores preparados,
frescos e poOs-reacdo, foram extensivamente caracterizados utilizando difracdo de raios-X
(DRX), Espectroscopia de Infravermelho (ATR-FTIR), andlise termogravimétrica (TGA),
Microscopia Eletronica de Varrimento (MEV), e a composi¢ao quimica foi analisada através de
espectroscopia de raios-X por dispersdo de energia (EDS). O desempenho dos catalisadores
foi avaliado durante a esterificagcdo do acido oleico. Os catalisadores de hidrocarvéo
comportaram-se de forma diferente, dependendo da sua biomassa de origem, das proporc¢des
de sulfonacéo e das condi¢Bes de reacdo. O catalisador a base de amido de milho alcancou
um rendimento notavel de 76,4% de MO com uma relacdo molar de sulfonacdo de 1:5. Por
outro lado, o catalisador derivado de sacarose apresentou o maior rendimento de MO, com
90,1% numa relacao molar de 1:1, embora o rendimento tenha diminuido ligeiramente a medida
gue a proporc¢ao de sulfonagcdo aumentava. Curiosamente, o hidrocarvéo derivado de casca de
banana mostrou um rendimento 6timo de MO de 53,1% com uma relagdo de sulfonacéo de
3:1, diminuindo com a hidrélise; para o hidrocarvao de casca de laranja, o0 maior rendimento foi
de 87,8%, demonstrando um comportamento distinto influenciado pela sua estrutura e pelo
processo de sulfonacéo, quase ndo alterando os resultados do hidrocarvdo derivado de
sacarose. O efeito do teor de acido oleico e de agua foi avaliado, confirmando os seus efeitos
prejudiciais. Este trabalho de tese foca-se na esterificacdo do acido oleico com metanol,
utilizando vérios catalisadores de hidrocarvao derivados de residuos agricolas e alimentares.
O principal objetivo foi otimizar as condigbes de reacdo para alcancar altos rendimentos de
oleato de metilo, promovendo simultaneamente uma producdo de biodiesel sustentavel e
economica. O desenho experimental empregou uma relagdo molar de 12:1 de metanol para
acido oleico, com uma temperatura de reacao consistente de 67°C para o refluxo total de
metanol, garantindo o ambiente de reagcédo adequado.

PALAVRAS-CHAVE: Hidrocarvao, esterificagcao, oleato de metilo, biodiesel, catalisadores.






ABSTRACT

Addressing climate change requires a shift from fossil fuels to renewable energy sources.
Biodiesel presents a promising alternative to conventional diesel fuel. To enhance the
sustainability of biodiesel, it is crucial to utilize waste frying oils as a feedstock. Acid
transesterification offers a more efficient method for processing these oils compared to base
catalysis. Although homogeneous acid catalysts, such as sulfuric acid, are commonly used,
their corrosive nature and associated safety risks highlight the need for replacements. In
response, heterogeneous acid catalysts have emerged as viable replacements. This study
explores the esterification of oleic acid with methanol using biomass-derived hydrochar-based
catalysts. Hydrochars were synthesized from corn starch, fructose, sucrose, orange peel, and
banana peel through carbonization with simultaneous sulfonation at 150°C under atmospheric
pressure. The carbonization process, lasting 5 hours, was performed using different amounts
of sulfuric acid (biomass mass ratio between 1:1 and 3:1) to increase surface area and improve
graphitization and stability. The prepared catalysts, fresh and post-reaction were extensively
characterized using X-ray diffraction (XRD), Infrared Spectroscopy (ATR-FTIR),
thermogravimetric analysis (TGA), Scanning Electron Microscopy (SEM) and the chemical
composition was analyzed using energy-dispersive X-ray spectroscopy (EDS). The catalysts
performances were evaluated during the oleic acid esterification. The hydrochar catalysts
behaved differently depending on their biomass feedstock, sulfonation ratios, and reaction
conditions. The cornstarch-based hydrochar catalyst achieved a notable yield of 76.4% MO at
a 1:5 molar sulfonation ratio. On the other hand, the catalyst from sucrose exhibited the highest
MO yield of 90.1% at a 1:1 molar ratio, though the yield slightly declined as the sulfonation ratio
increased. Interestingly, the banana peel-derived hydrochar shown an optimal MO vyield of
53.1% at a 3:1 sulfonation ratio and decreased as hydrolysis for orange peel hydrochar, the
highest yield was 87.8%, demonstrating a distinct behavior influenced by its structure and the
sulfonation process, almost not changing the results of the sucrose-based hydrochar. The
effect of oleic and water content was evaluated, confirming its hindering effects. This thesis
work focuses on the esterification of oleic acid with methanol using various hydrochar catalysts
derived from agricultural and food wastes. The primary objective was to optimize the reaction
conditions to achieve high methyl oleate yields while promoting sustainable and cost-effective
biodiesel production. The experimental design employed a 12:1 molar ratio of methanol to oleic
acid, with a consistent reaction temperature of 67°C for methanol total reflux, ensuring the
appropriate reaction environment.

KEYWORDS: hydrochar, esterification, methyl oleate, biodiesel, catalysts.
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1 . INTRODUCTION

1.1. SCOPE AND MOTIVATION

Over the last few years, climate change has had a major impact due to the quantities of carbon
dioxide (CO,) emitted into the atmosphere, with this being due to the excessive burning of fossil
fuels for the production of electricity, heat, and for the use in transport [1]. With the continued
use of fossil fuels, carbon dioxide is the main abundant anthropogenic gas, which can remain
in the atmosphere for thousands of years [2]. Figure 1 shows the increase in CO2 emissions
over the years, highlighting that in 2023, 35.8 Gt of carbon dioxide was generated by the
combustion of energy and industrial processes, and Figure 2, shows the main sectors
responsible for the increase in these emissions between 1970 and 2023.
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Figure 1 - Evolution of the CO2 emissions over the last decade (adapted from [3])
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Figure 2 - Main contributors for the increase of CO2 emissions over the years (adapted from [4])



To reduce greenhouse gas emissions, more sustainable technologies and fuels need to be
developed and incorporated [5]. Namely, vegetable oils and biomass can be used to produce
biodiesel with hydrochar from raw materials such as fruit peels [5]. It is an alternative form of
production that has been growing over time, which makes it possible to reduce production
costs, as well as utilize raw materials that would no longer serve any purpose, and transform
them into value-added products [3].

Fruit trees such as banana trees are usually cultivated due to the high consumption of bananas,
with an average annual intake per person of 12kg worldwide [6,7]. However, as the peels are
not consumed, a large amount of waste is generated, representing around 40% of the net
weight of bananas [6,7]. Banana peels (BP) contain carbon-rich compounds and a high content
of inorganic elements, around 11.54% on a dry basis [7]. Banana peel chemical composition
on a dry basis is as follows: it contains 9.8% ash, 12.1% cellulose, 10.2% hemicellulose, and
2.9% lignin, and it can be converted and used for various purposes, including the production
of bioplastics, organic fertilizers, biofuels, and activated carbons [7,8]. Another fruit that is
widely grown around the world is orange, and it is estimated that global production exceeds 55
million metric tons, generating a large amount of waste that is not used [9]. The chemical
composition of orange peel on a dry basis is as follows: it contains 2.9% ash, 14.4% cellulose,
10.9% hemicellulose, and 1.3% lignin [10]. Orange peel (OP) waste represents almost 50% of
the fruit's wet weight and therefore needs to be treated, otherwise, it can cause major
environmental problems and economic losses for the citrus industry [9].

Lignocellulosic and non-lignocellulosic biomass can be incorporated into various
thermochemical processes, such as pyrolysis, gasification, and hydrothermal carbonization
[11]. Hydrothermal carbonization (HTC) is a thermochemical process that converts organic
matter into simpler chemical compounds [6]. On the other hand, the natural carbonization
process can take millions of years, while HTC requires just a few hours to transform biomass
into a material with similar characteristics [6]. The hydrochar produced through thermal
carbonization has stood out as a catalyst for transesterification and esterification reactions,
and can also be used for energy storage, as well as in the medical field [11]. A reported
promising example was the use of coconut endocarp combined with potassium hydroxide for
the production of biodiesel, which showed superior results compared to other catalysts
obtained by different thermochemical processes [11].

Figure 3 correlates keywords from scientific publications on the hydrothermal carbonization of
residual biomass, through the Web of Science data website. The keywords presented include
terms such as banana or orange peels and different types of biomasses, combined with
different processes such as hydrothermal carbonization, gasification, or torrefaction. All these
keywords data, from different scientific articles, were exported and used via VOS Viewer to
produce Figure 3. Notably, the figure highlights the prevalence of agricultural waste,
underscoring the emphasis on sustainable waste management practices. Additionally, it
illustrates the diverse applications of these processes in converting biomass into valuable
biochar, biofuels, and other bioproducts. This visualization underscores the interconnected
nature of various biomass types and treatment methodologies, reflecting the multifaceted
approach to bioresource utilization and environmental sustainability.
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2. STATE OF THE ART

2.1. HYDROCHAR SUGAR CATALYST

2.1.1. DEFINITION, FEEDSTOCKS AND PRODUCTION

Biochar is a material consisting mainly of carbon, oxygen, and hydrogen, which can be
produced through various processes such as pyrolysis, carbonization, liquefaction, or
hydrothermal carbonization (if a hydrochar is to be produced) [13]. Hydrochar is defined as a
carbon-rich material produced through the hydrothermal carbonization of biomass [14].
Compared to biochar produced from pyrolysis, hydrochar usually has aliphatic and less
aromatic structures, and also has a greater number of functional groups on its surface, due to
the different reaction conditions, such as temperature, heating rate, and reaction time [15,16].
Figure 4 shows the differences between the type of biomass used in pyrolysis and
hydrothermal carbonization processes, and the product’s characteristics.

Feedstocks

> 4

Biochar

Figure 4 - Differences between the hydrothermal carbonization and pyrolysis for the manufacturing of char
(adapted from [17])

Hydrochar exhibits a diverse array of agglomerates within its structure and features
nanoparticles on its surface, unlike biochar, which is characterized by well-defined graphite
layers and a highly porous architecture [17]. Beyond the morphological distinctions between
the coals produced, hydrochar tends to be acidic, whereas biochar is generally more alkaline
and boasts a higher surface area [17]. Furthermore, production processes such as
hydrothermal carbonization for hydrochar and pyrolysis for biochar can also contribute to their
distinct physical and chemical properties, thereby determining their suitability for various
environmental and agricultural applications [17].



The properties of both biochar and hydrochar have significant potential in combating soil
contamination, with hydrochar surfaces exhibiting a particularly high concentration of functional
groups such as hydroxyl (-OH), carbonyl (-C=0), and carboxyl (-COOH). These functional
groups are highly effective in the adsorption of inorganic and organic pollutants, enhancing the
material's capacity for environmental remediation [18]. Table 1 shows some raw materials used
to produce hydrochar samples, as well as the characteristics of the final product in terms of
yield, carbon percentage, and the reaction conditions used to obtain the final product [15]. It
can be seen that the temperature of the reaction is directly proportional to the percentage of
carbon obtained since an increase in temperature leads to a higher percentage of carbon (C)
[15].

Table 1 - Influence of different feedstocks on the characteristics of hydrochar (adapted from [15])

Feedstock T t Hydrochar Carbon Atomic
(°C) (min) Yield (wt.%) (%) H/C Ratio
180 60 51 55.9 1.64
Chinese fan palm 210 60 57 58.1 1.60
240 60 50 64.1 1.5
210 30 56.4 51.3 -
Bamboo shoot shell 570 30 319 >52 )
Corn cob residue 250 35 46.6 61.7 0.08
250 35 45.7 63.6 0.07

Table 2 illustrates the different types of carbohydrates, subdivided by their degree of
polymerization, with the main subgroups being defined as monosaccharides, disaccharides,
and polysaccharides.

Table 2 - Division of carbohydrates in subclasses through the degree of polymerization (adapted from [19])

Feedstock Degre_e Of Subgroup Main components
polymerization
Fructose, glucose,
Monosaccharides galactose
Sugars 1-2 Disaccharides Sucrose, lactose, maltose
Polyols (sugar alcohols) Xylitol
Oligosaccharides 3-9 Maltooligosaccharides Maltodextrins
Starch Amylose, amylopectin
Polysaccharides =10
Nonstarch Cellulose, hemicellulose,
polysaccharides pectin



Carbohydrates (CH) are defined as an important class of natural macromolecules made up of
three elements, carbon, hydrogen, and oxygen [20]. These compounds are the most abundant
group of organic materials found in living organisms [20]. They are produced by photosynthesis
reactions between carbon dioxide and water. The common structure of CH consists of
aldehydes or ketones linked to a variable number of hydroxyl groups [20].

According to their size, carbohydrates are classified into three large groups, as illustrated by
the table above. Monosaccharides, made up of just one monomer, are the simplest type of
carbohydrate. These are commonly known as simple sugars, such as fructose, which is found
in various fruits, and contain three to seven carbon atoms, which serve as building blocks for
larger molecules [20,21].

Disaccharides are made up of two monomers, such as sucrose, which is produced naturally in
various plants, while polysaccharides have several units, such as starch, which is present in
the structure of various plants or vegetables and allows different forms of glucose to be stored
[20]. Figure 5 illustrates the different molecules of each of the types of carbohydrates
mentioned above, to highlight the differences between the monomeric units of each CH.
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Figure 5 - Examples of different type of carbohydrates (adapted from [21])

The typical structure of lignocellulosic biomass is made up mainly of cellulose, hemicellulose,
and lignin, and these three polymers are responsible for the formation of microfibers, which
are essential for obtaining macrofibres to allow the cell wall to be structurally stable [22].
Cellulose is the main component of lignocellulosic biomass. It is resistant to degradation
because of the bonds between hydrogen and the polysaccharides found naturally in the
biomass, while hemicellulose is a natural polymer of sugars (e.g. glucose, xylose, arabinose,
galactose and mannose), and lignin is made up of three phenolic materials [22].



Furthermore, chemicals can interact with biomass at elevated temperatures, facilitating the
removal of a portion of hemicellulose and/or lignin. This process significantly enhances the
characteristics of the remaining solid material, making it more suitable for the production of
paper, particleboard, and various other products [22]. Notably, the cellulose and hemicellulose
fractions of biomass, which typically constitute approximately 40 to 50% and 20 to 30% of plant
matter, respectively, are complex polysaccharides [23]. These polysaccharides can be
decomposed into simpler sugars through hydrolysis, utilizing either enzymatic or acidic
methods [23]. These resultant sugars can then be fermented or chemically transformed into
valuable fuels, chemicals, or hydrochars [23].

2.1.2. PRODUCTION METHODS

Hydrothermal processes are defined as thermochemical techniques that take place at high
temperatures under controlled pressure. In this way, various reactions take place that alter the
chemical properties of water, producing fuels and value-added chemical products [24].
Depending on the temperatures to be applied and the desired final product, hydrothermal
processes can be subdivided into three processes: hydrothermal carbonization (HTC),
hydrothermal liquefaction (HTL), and hydrothermal gasification (HTG), as can be seen in
Figure 6 [24,25].
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Figure 6 - Types of hydrothermal processes and its products (adapted from [24])

Hydrothermal carbonization is a thermochemical process that converts biomass with high
moisture content into hydrochar at temperatures between 150°C and 230°C. This process
takes place over a relatively short residence period, which can vary from minutes to hours. The
conversion is carried out in the presence of water and under controlled pressure [17]. The steps
that make up the production of hydrochar through HTC involve hydrolysis, dehydration,
decarboxylation, polymerization, and finally carbonization [14].



The components of biomass, when subjected to the hydrolysis reaction, break down into
smaller molecules in the presence of water [14]. The water molecules are then removed from
the smaller molecules found in the biomass [14]. In the decarboxylation stage, the carboxyl
group present in the biomass is removed, releasing CO,, and thus forming aromatic
compounds [14]. In polymerization, the carbon-rich compounds undergo polymerization
reactions, forming cross-links between the polymer chains [14]. Finally, through heating and
pressure, the carbonaceous compounds are carbonized, forming hydrochar [14].

HTC is a highly promising thermal technology due to its efficient conversion rate and the
advantage that raw materials can be processed directly in their wet state, eliminating the need
for pre-drying [17]. This makes it particularly suitable for handling residual biomass such as
fruit peelings, nut shells, and other organic waste. The ability to process wet biomass not only
reduces energy consumption but also streamlines the overall processing workflow [17].

Hydrothermal liquefaction is a process that converts wet biomass into bio-oil with or without
the presence of a catalyst [26]. The process uses algae as biomass, from which the solid
components are removed to obtain crude bio-oil [26]. The HTL process is similar to pyrolysis,
but pyrolysis is a process that converts dry biomass and uses very high temperatures, between
450°C and 600°C, while HTL requires much lower temperatures, around 230°C to 370°C, to
achieve appreciable yields [26,27,28]. HTL therefore has lower energy costs compared to the
pyrolysis process [26,27].

Hydrothermal gasification is defined as an endothermic process in which wet biomass is treated
with water at high temperatures and high pressure to produce combustion gases rich in
hydrogen or methane [29]. This process reduces the amount of pollutants, such as nitrous
oxides, compared to other conventional methods, since the operating temperature used is
lower [29]. As mentioned above, some of the differences between pyrolysis and hydrothermal
treatment technologies can be seen in Table 3.

Figure 7 illustrates the various processes by which hydrochar can be produced. Undissolved
lignin can undergo pyrolysis, transforming into polyaromatic hydrochar, characterized by its
complex aromatic structures. In contrast, dissolved lignin (oligomers) undergoes hydrolysis or
alkylation reactions, leading to the formation of phenolic or aromatic compounds [30].

These compounds subsequently undergo polymerization reactions, resulting in the creation of
aromatic oligomers, also referred to as hydrochar [30]. The versatility of these processes
highlights the adaptability of HTC in converting different forms of lignin into valuable carbon-
rich materials [30]. This conversion is essential for optimizing the use of lignocellulosic
biomass, improving the overall efficiency of biomass utilization [30]. Furthermore, the resulting
hydrochar, with a rich aromatic content, holds potential for various applications, including soil
improvement, carbon sequestration, and as a precursor for advanced materials [30].



Table 3 - Differential characteristics of hydrothermal processes vs pyrolysis (adapted from [17,28])

Hydrothermal treatments Pyrolysis
HTC HTL HTG Slow Fast Flash
Temperature 150 - 230°C 230 -370°C 370 -700°C 300 - 550°C 450 - 600°C 750 - 1000°C
Time minutes - hours 1min - 30s - 30min hours - weeks <1min <30min
120min
Pressure 2-6 MPa 10 - 25 MPa 20 - 50 MPa 0.1 MPa <5 MPa <0.5 MPa
Main product Hydrochar Bio-oil Syngas Biochar Bio-oil Pygas

Feedstock

Dry: Agricultural wastes; woody wastes.

Wet: Fresh vegetable wastes; algae.

Dry: Agricultural wastes; woody wastes; algae.
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Figure 7 - Routes of production for hydrochar by lignin present in biomass (adapted from [30])

2.1.3. CHARACTERIZATION METHODS

The methods for characterizing hydrochar fall into three main categories: physicochemical,
structural, and surface [31]. Each of these categories encompasses different techniques and
parameters, as can be seen in Figure 8, that are fundamental for analyzing the hydrochar.

Methods for characterizing hydrochar
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Figure 8 - Characterization techniques of hydrochar (adapted from [31])
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The Scanning Electron Microscope (SEM) is one of the methods used to analyze images of
micro and nanopatrticles in solid objects [32]. This device makes it possible to analyze the size
of particles with a resolution of up to 10 nm [32]. The SEM operates using a high-voltage system
[32]. The electron beam is initially focused by passing through electromagnetic apertures and
lenses and then directed onto the surface of the sample with the help of scanning coils [32].
The images are produced from the signals obtained in the area of interaction between the beam
and the sample [32]. The electrons emitted by the sample are collected by an appropriately
positioned detector, allowing detailed images to be formed [32].

SEM-EDS is generally suitable for analyzing elements with an atomic number greater than 11,
but when a special detector for light elements is introduced, the method allows the identification
of elements with an atomic number higher than 5 [33]. This method is therefore relevant for
identifying explosive molecules, which often contain nitrogen atoms. SEM-EDS is particularly
suitable for identifying metals [33].

Fourier transform infrared spectroscopy (FTIR) provides information on the presence or
absence of specific functional groups, as well as the chemical structure of polymeric materials.
The variations in the frequency of the absorbance bands and the intensity indicate changes in
the chemical structure or the environment around the sample. This method can be used to
determine the chemical composition of the surface, especially after chemical or physical
modifications [34].

X-ray diffraction (XRD) provides crucial information that complements various microscopic and
spectroscopic methods [35]. This method makes it possible to identify phases, sample purity,
crystal size, and, in some cases, morphology [35]. The data obtained can be correlated with
microscopy data, making it possible to check whether the microscopic observations of a small
number of particles are representative of the majority of the sample [35]. X-ray diffraction is a
crucial technique for studying amorphous and semi-crystalline materials [36].

Thermogravimetric analysis (TGA) can measure parameters such as moisture loss,
decarboxylation, pyrolysis, solvent loss, oxidation, and decomposition of biomass or other
substances [37]. In addition, thermogravimetric analysis accurately measures the thermal
stability and decomposition behavior of materials, such as the rate of decomposition during the
material's heating and cooling cycles [38]. This instrument can identify the minimal presence
of volatile molecules, such as water and residual solvents, produced during the heating of
polymer samples [38].

Raman spectroscopy is based on the scattering effect and analyses the scattering spectrum
at different frequencies of light to obtain information on molecular vibration and rotation [39] It
is a non-destructive analytical technique based on the interaction of light with the chemical
bonds of materials [39]. Raman spectroscopy can provide detailed information on the chemical
structure, phase, morphology, crystallinity, and molecular interactions of a sample [39].
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2.1.4. APPLICATION

Hydrochar has several applications, ranging from the energy sector to soil remediation [40].
Figure 9 illustrates some of the applications for carbon produced through hydrothermal
treatment. As depicted, hydrochar can be employed for the extraction of industrial dyes from
polluted effluents; for the sequestration of carbon and other atmospheric gases; for the
bioremediation of contaminated soils; for integration into agriculture as an alternative to
traditional soil; for energy production or incorporation into biofuels (bio-oil) processes within
biorefineries; or as activated carbon to facilitate catalytic reactions [40]. By synthesis,
hydrochar can be utilized in advanced water purification systems, as an adsorbent for
pharmaceutical contaminants, and in the synthesis of high-performance materials for
environmental sustainability [40]. Its broad utility underscores its potential as a transformative
and multifaceted resource in the domains of environmental engineering and green technology
[40].

Agriculture
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Figure 9 - Applications of hydrochar (adapted from [40])

As reported, hydrochar is effective for sorbing different polar and non-polar organic pollutants
found in the soil, due to the presence of alkyl and aryl groups [41,42]. Hydrochar is also proving
to be a viable alternative for the removal of heavy metals and cyclic aromatic hydrocarbons
from municipal solid waste effluents, as these contaminants accumulate in their structure due
to changes caused in the structure by high temperatures during hydrocarbonization processes
[41]. Figure 10 shows some of the contaminants that can be adsorbed by hydrocarbons, as
well as the difference this removal can make to a water sample.
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Figure 10 - Visual representation of the influence in hydrochar applications for
contaminated water (adapted from [43])

In addition to removing pollutants, hydrochar can be used as a solid fuel, through the synthesis
of fuel cells; electrode supercapacitors; or batteries, to convert or store energy, and hydrochar
can also be burnt to obtain energy [44,45,46].

2.2. ESTERIFICATION REACTION
2.2.1. MECHANISM AND TYPE OF CATALYSIS

Esters are found everywhere as natural and synthetic organic compounds. Esterification
between alcohols and carboxylic acids is widely employed in the synthesis of organic
compounds including biodiesel, which is a mixture of fatty acid esters [47]. Biodiesel are
produced through either transesterification or esterification. Transesterification involves the
reaction of triglycerides with an alcohol in the presence of a catalyst, while esterification utilizes
fatty acids as starting materials [48]. In the transesterification, glycerin is co-produced with
biodiesel [49]. Triglyceride is based on a glycerin molecule linked to three long-chain fatty acids
(Figure 11).

H;‘C-OOCR’ H.C-OH ROCOR’

H(i -O0CR™ +  3ROH — H(I -OH o R(‘)E‘.»R &
H.C-OOCR™ H, é‘-OH ROCOR"”
(Zriglyeeride) (Alcohol) (Gheerol) (Faity acid esters)

Figure 11 - Transesterification reaction for biodiesel and glycerin production (adapted from [50])
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Glycerin is a by-product of this reaction, with a higher density than biodiesel, and it is necessary
to separate and can ultimately be purified to be used in other industries, such as
pharmaceuticals, and cosmetics, among others [50]. On the other hand, Fisher esterification
transforms carboxylic acids and alcohol into esters and water (Figure 12) [47].

0
H R)L
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Figure 12 - Fischer-esterification reaction (adapted from [47])

0

After a certain period, the reaction reaches equilibrium based on kinetics and thermodynamics.
To shift the equilibrium towards complete ester formation, either an excess of alcohol or
continuous removal of water is typically required [47].

Heterogeneous catalysts have garnered significant interest in scientific research, particularly
in the context of biodiesel production [51]. Given the increasing demand for sustainable
alternatives to fossil fuels, biodiesel emerges as a promising option due to its environmental
benefits [51]. The use of solid heterogeneous catalysts could provide a viable solution to
reduce these costs by enhancing the efficiency of the production process, thus making
biodiesel a financially competitive alternative [51].

Heterogeneous catalysis has several stages during a reaction, in which the reactants initially
contact with the surface of the catalyst and external diffusion takes place, i.e. transport of the
reactants from the fluid phase to the surface of the catalyst particle [51]. The reactants then
move into the pores of the catalyst particle and internal diffusion takes place, but it competes
with the reaction since external mass transfer depends on the thickness of the stagnant film
and the activity in the outer layer [51,52]. Thus, the diffusion of molecules is hindered by
physical characteristics, as well as by molecules [51,52].

The next step in the heterogeneous catalysis reaction involves the adsorption of reactants on
the active center of the catalyst, followed by the formation or conversion of various adsorbed
species, with reactions taking place on the surface [51]. The fifth stage involves the desorption
of products from the active center of the catalyst, followed by the transport of the products
through the pores to the outer surface of the catalyst particle, and finally, these products move
into the fluid phase [51]. Figure 13 illustrates the steps involved in the catalytic process
mechanism.

It should be noted that three of the stages are sequential: adsorption, surface reaction and

desorption [52]. However, during a chemical reaction on the surface, internal diffusion is equal
to the rate of the reaction in a steady state [52].
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Otherwise, if the steps (1;2;6;7) that can be seen in Figure 13 are too fast, both the surface of
the particle and that which goes to the active center of the pore are left without resistance for
the transfer of mass from the volume [52]. It can be added that the reaction speed is not
affected by the mass transfer steps when the concentration of the catalyst in the active centers
is equal to that of the mass [52]. Homogeneous catalysis is characterized by a catalytic system
in which the reactants and the catalyst are present in the same phase, typically liquid [53]. This
process allows for the formation of a homogeneous mixture, which can lead to enhanced
reaction rates and uniform catalytic activity [53]. Additionally, a more contemporary definition
emphasizes the use of organo-metallic complexes as catalysts in homogeneous catalysis,
where a direct bond between a carbon atom and a metal is often integral to the mechanism
[53].
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Figure 13 - Generic mechanism for a heterogeneous catalyzed reaction (adapted from [52])

This definition highlights the importance of metal-carbon interactions in facilitating catalytic
transformations, although establishing such bonds may not always be feasible depending on
the nature of the reaction and the catalyst employed. Homogeneous catalysis thus embodies
a sophisticated approach, integrating both molecular design and phase compatibility to
optimize reaction conditions and outcomes [53]. In the production of biodiesel via the
esterification reaction, heterogeneous catalysis is predominantly favored due to its numerous
advantages over homogeneous catalysis. One notable benefit is the ease of catalyst recovery
and reuse, which significantly reduces operational costs and environmental impact [53].
Additionally, heterogeneous catalysis minimizes the likelihood of soap formation, a common
byproduct in biodiesel synthesis that can complicate downstream processing [53].

Conversely, while homogeneous catalysis can achieve higher conversion rates and greater
reaction efficiency, it is often associated with challenges such as the generation of toxic
byproducts and an increased risk of equipment corrosion [54]. These disadvantages arise from
the potential for catalyst leaching and the corrosive nature of acidic or basic reaction conditions
used in homogeneous systems, which can compromise the integrity of processing equipment
and necessitate more stringent safety measures [54].
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2.2.2 REACTIONAL PARAMETERS
2.2.2.1 FEEDSTOCKS

Biodiesel is made up of fatty acid esters, and to obtain it, it is necessary to analyze the ester
profiles of biodiesel [55]. The main raw materials for biodiesel production come from vegetable
oils [55]. Vegetable oils are made up of triglyceride molecules composed of a glycerin molecule
linked to three fatty acid chains [55]. The fatty acids found in vegetable oils usually have
between fourteen and twenty-two carbon atoms, although there can be some variations in their
length [56]. The most common fatty acids are oleic, linoleic, palmitic, and stearic, with oleic
acid being the most widely used [57,55]. Palmitic and stearic acids are saturated fatty acids
and therefore do not have double bonds in their molecular structure [55]. Oleic acid is
monounsaturated, and linoleic acid, since it has two double bonds in its structure, is
polyunsaturated [57].

Oleic acid

A A A P . A A
HO~ N N e N N NS N N N
Linoleic acid

Figure 14 - Examples of known fatty acids (adapted from [56])

For the production of biodiesel, the best vegetable oils to use are the ones with a
monounsaturated group, since polyunsaturated fatty acids have poor oxidation stability and
can alter the kinematic viscosity, compromising the properties of the fuel as well as its quality,
also the density and cetane number of the biodiesel can be affected [55]. Table 4 shows the
detailed fatty acid composition of different raw materials, including rapeseed oil, used frying
oil, yellow fat (defined as a fatty product that does not meet the definitions of animal fat,
vegetable fat or oil, hydrolyzed fat, or a fat ester), brown fat (contains a wide variety of solid
food residues and suspended wastewater), sunflower oil, palm oil and jatropha oil [58,59].

Fatty acids are identified by the number of carbon molecules, as well as the level of saturation.
Palmitic acid has sixteen carbons, and the number zero after, since it is saturated [60]. Oleic
acid (OA), on the other hand, has eighteen carbons, and the fact that it is monounsaturated
means that it has the number one, while linoleic acid has eighteen carbons and is
polyunsaturated [60].
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Table 4 - Fatty acids composition of different vegetable oils of feedstocks (adapted from [60])

Feedstock Fatty acids (wt.%)
Palmitic (16:0) Stearic (18:0) Oleic (18:1) Linoleic (18:2)

Rapeseed 3.49-4.0 0.55-2.3 62-77.8 14.1-32
Soybean — 26-4.7 16.5-24.8 52.3
Waste frying oil 12 53 33 3
Yellow grease 3.79 12.96 44 -32 6.97
Brown grease 3.13 12.54 44.36 12.09
Sunflower — 22.52 22.52 52.34
Olive palm kernel 18.8 10.2 17 2.2
Jatropha — — 38.6-44.7 32.8-36

2.2.2.2 REACTANT ALCOHOL

A solvent is any substance that has the ability to dissolve another substance, usually liquid,
water is considered the “universal solvent”, but many substances are insoluble in water and
therefore require liquids other than water to dissolve them [61]. There are various solvents that
can be used in a wide variety of areas, such as the automotive, metallurgical and petrochemical
industries and can also be obtained from the distillation of crude oil and, in these cases, present
the risk of being flammable [61].

As mentioned above, solvents can have many applications, such as contributing to catalysis
reactions. These reactions include the esterification reaction of fatty acids, in which a short-
chain alcohol (SCA) is used [62]. Ethanol, SCA, requires a more complex production
technology and a slow reaction speed [63]. In this way, methanol, another SCA, stands out in
terms of low cost, because it has a shorter chain of carbon atoms and because it does not form
azeotropes in the presence of water, so it is easily recycled [64]. As reported by Silva et al
(2015), a reaction with methanol use, proportionate a higher chemical equilibrium constant,
followed by ethanol, and only then propanol, which means that methanol is the most favorable
alcohol for the oleic acid esterification [62].

Figure 15 illustrates the classical esterification reaction of a fatty acid, specifically oleic acid, in
conjunction with various short-chain solvents, whereas in this reaction, the choice of solvent
plays a pivotal role in determining the products, when methanol is utilized as the solvent, the
resulting products are methyl oleate and water [62]. This reaction exemplifies the feasibility of,
through an esterification process, synthesizing desirable esters, while generating water as a
byproduct, which is typically removed to drive the reaction to completion [62].
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Figure 15 - Visual representation of a typical esterification reaction (adapted from [62])

If ethanol is chosen, ethyl oleate and water will be formed [62]. If propanol is chosen as the
solvent, propyl oleate and water are formed [62]. It is therefore clear that the choice of solvent
is intrinsically related to the product formed, due to the correlation between the number of
carbons in the solvent chains and the type of oleate produced [62].

Table 5 - Properties of different solvents used in esterification reaction (adapted from [65])

Properties Methanol Ethanol Propanol
Chemical formula CH3OH C2HsOH CsH;,OH
Molecular weight (g/mol) 32.04 46.07 60.10
Density (kg/m?3) 791.3 789.4 803.7
Boiling point (°C) 65 79 97
Lower heating value (MJ/kg) 20.01 26.08 29.82
Vaporization latent heat (kJ/kg) 1162.64 918.42 727.88
Self-ignition (°C) 385 363 350
Latent heating (KJ/kg) 25°C 1162 904 728
Viscosity (mm?/s) 40°C 0.59 1.13 1.74

Of the three solvents mentioned, methanol appears to be a viable choice for inclusion in a
chemical reaction for several reasons, one of which is related to the boiling point [66].
Methanol, with a boiling point of 65°C, has a low bp value that allows reactions to take place at
a lower temperature because methanol begins to evaporate at 65°C [66].

During solvent evaporation, the reflux process normally incorporated in many chemical
reactions, such as esterification and transesterification, enables the cooled vapors to condense
back into liquid form via a condenser [66]. If the boiling point of a solvent is too high, the reaction
will proceed slowly, leading to higher energy consumption and longer reaction times [66)].
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2.2.2.3. CATALYSTS

A catalyst is a substance that accelerates the speed of a chemical reaction without interfering
with the process [67]. It can modify the speed of reactions that occur thermodynamically,
guiding the rate of development of the tests [67]. The presence of a catalyst has no impact on
the equilibrium constant of the reaction, as it only affects the speed of the reactions [67].

The catalyst provokes a kinetic effect that provides an alternative chemical mechanism in which
the reactants, under moderate conditions, are converted into products [68]. In this way, the
reaction can be carried out at lower temperatures, with lower energy consumption, reducing
the costs associated with energy expenditure and construction materials, as well as reducing
the formation of unwanted by-products [68]. Figure 16 provides a comparison of a reaction,
catalyzed and uncatalyzed, in which it can be seen that by reducing the activation energy
required for the reaction to take place, the catalyst accelerates the reaction [68].

E, (no catalyst)

Energy

E, (with catalyst)

Progress

Figure 16 - Demonstration of the influence that a catalyst has in a chemical reaction
(adapted from [68])

When a greater amount of catalyst is added, emulsions can form, causing the biodiesel yield
to lower as its viscosity increases [67]. In the case of fatty acids, they undergo an esterification
process producing water as a by-product by shifting the equilibrium in the opposite direction of
the reaction [67].
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Figure 17 - Catalysts categorization according to their nature, with examples for each type (adapted from [69])

Catalysts can be divided into three main categories, homogeneous catalysts, heterogeneous
catalysts, and biocatalysts, and can also be divided into subgroups such as alkaline, acidic,
and enzymes, as can be seen in by changing the equilibrium in the opposite direction of the
reaction [70].

Enzymatic catalysts, like biocatalysts, are constantly being developed, as they can avoid the
formation of soaps and facilitate the purification progress, but they are not used commercially
due to the need for longer reaction times and their high cost [70].

As for heterogeneous catalysts, they are in solid form, so that the reactants and catalysts are
in two distinct phases in a reaction mixture, making it easier to separate the product, which can
then be recovered and reintroduced into process [71]. In this way, they are much more
economical for the synthesis of biodiesel, as well as being able to withstand high levels of
moisture and fatty acids [71]. Heterogeneous catalysts can be alkaline, acid, or acid-base
catalysts. However, for biodiesel production, the most commonly used are alkaline catalysts
and acid catalysts [70].

Many heterogeneous alkaline oil catalysts have been developed, such as basic zeolites,
alkaline earth metal oxides, and hydrotalcite. Solid-based catalysts are easily regenerated and
have a lower corrosion temperature, which leads to safer, cheaper, and more environmentally
friendly operations [72].

The use of heterogeneous catalysts is expected to eliminate the problems associated with
homogeneous catalysts [72]. Table 6 shows some examples of different heterogeneous
alkaline catalysts for various oils for biodiesel production. Furthermore, it can be concluded
that through different catalysts and different reaction conditions, both the yield and the
production efficiency can be affected. The right choice of catalyst and optimum conditions are
crucial to maximizing the yield and efficiency of the process [72,70].
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Table 6 - Examples of alkaline heterogeneous catalysts and the results of their incorporation in biodiesel reactions
(adapted from [73])

Catalvst Wt.% Alcohol oil Alcohol/Qil T t Yield

y Catalyst used Molar Ratio °C) (h) (%)
Sr3Al,0s 3 MeOH Soybean 25:1 60 1 96
CazZn(OH), 3 ETOH  Sunflower 20:1 78 3 95
KsPOg4 5 MeOH Fried 6:1 65 3 78
Li/CaO 5 MeOH Karanja 6:1 65 1 99

MgO carbon 6 MeOH  Castor 12:1 75 1 965

based

Acidic heterogeneous catalysts are insensitive to the FFA content, the biodiesel washing phase
does not need to be carried out, separation of the catalyst from the reaction medium is easy,
product contamination is low, regeneration is easy, catalyst recycling is easy, and even with
the presence of acidic species the problem of corrosion is reduced [72].

Acid catalysts are preferred for the esterification of FFAs, when compared to alkaline catalysts,
due to their higher efficiency, however, acid-catalyzed reactions require high temperatures,
pressures, and a high amount of alcohol [73].

Although they provide a longer catalysis time compared to catalysis reactions with alkaline
catalysts, the main advantage of acid catalysis is the efficient esterification of free fatty acids
into vegetable oils with very high acidity values, such as waste cooking oil [73]. Table 7 below
shows some examples of heterogeneous acid catalysts for different oils and reaction
conditions.
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Table 7 - Acid heterogeneous catalysts used for biodiesel production (adapted from [73])

Wt.% Alcohol/Qil T t Yield
Catalyst Catalyst Alcohol  Source Molar Ratio  (°C)  (h) (%)
HZSM-5 10 MeoH Ol 20:1 100 7 81
Zeolite acid
30% Soybean )
WOJAIPO, 5 MeOH oil 30:1 180 5 73
Sulfonated Palmitic
carbon 3 MeOH . 33:1 65 5 93
acid
nano-horn
Sulfated 10 Meon Olic 5:1 100 6 955
LaO acid
Sulfated Oleic
LaO/HZSM- 10 MeOH . 5:1 100 7 998
5 acid

Homogeneous catalysts and reactants are in the same phase, i.e. they all appear as molecules
in the gas phase or, more often, in the liquid phase [74]. Like organo-metallic species or
enzymes, they are molecules with specific structures [75]. The active center of a homogeneous
catalyst is the same for each of its molecules [75]. When the catalyst is already dissolved, the
number of active centers is relatively small under normal conditions within a reactor volume,
so the activity per unit volume of the reaction medium is limited [75].

Homogeneous alkaline catalysts such as sodium hydroxide (NaOH) or potassium hydroxide
(KOH) are the most widely used catalysts for biodiesel production [73]. As their main
advantage, these catalysts have a higher yield, obtained under moderate reaction conditions,
and short reaction times [73,76]. These catalysts are suitable for oils with a low free fatty acid
content, since for oils with a high free fatty acid value, they can lead to the formation of soaps
[73]. In general, alkaline catalysts are widely used and effective for biodiesel production,
especially with fats with a low FFA content [73]. Table 8 shows some examples of
homogeneous alkaline catalysts and the optimum conditions for their incorporation into
catalytic reactions.
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Table 8 - Basic homogeneous catalysts used for biodiesel production (adapted from [73])

. Alcohol/Oil T t Yield
Catalyst Alcohol Oil Molar Ratio  (°C) (h) (%)
NaOH MeOH Sunflower 6:1 60 1 97
KOH ETOH Soybean 12:1 60 1 95
NaOCH; MeOH  vaste 6:1 60 1 93
frying
Dimethylamine .
(DEA) MeOH Cottonseed 9:1 190 3 67
KOH MeOH Castor 5.4:1 64 2.5 97.82

Homogeneous acid catalysts such as H.SO4, HsPO4, HCI and sulphonated acids are the most
commonly used for the transesterification of vegetable oils [77]. Some of these catalysts can
be seen in Table 9, along with the optimum conditions and yield for each one.

Table 9 - Acid homogeneous catalysts used for biodiesel production (adapted from [73])

Alcohol/Qil o . o
Catalyst Alcohol Source Molar Ratio T(°C) t (h) Yield (%)
Palm
CH3SOsH ETOH , 3:1 130 1 80
fatty acid
C,HF:0,  MeOH Soycﬁlea” 20:1 80 6 08
NaOCHs  MeOH  'Vaste 6:1 60 1 93
frying oil
Palm
HsPO,4 MeOH , 3:1 130 1 51
fatty acid
H.SO4 MeOH Ruce - 100 8 97
bran oil

A homogeneous acid catalyst is neutral to free fatty acids (FFA) and therefore gives better
results for the transesterification or esterification of vegetable oils or fats with a high amount of
FFA. At least 2% by weight acid catalysts are normally used to reduce the FFA content of used
cooking oils and animal fats by esterifying them before transesterification with the aid of a
catalyst [77]. However, acid-catalyzed biodiesel production has some limitations, such as a
slow reaction rate and requiring a high molar ratio of alcohol to oil [77].
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2.2.2.4.BIODIESEL

Biodiesel is made up of a mixture of fatty acid alkyl esters and can partially replace fossil diesel
in the transport sector, thus helping to reduce anthropogenic carbon emissions [78]. It is a
sustainable, biodegradable, and non-toxic substitute that can be easily produced through
esterification and transesterification reactions catalyzed by bases or acids [79].

Biodiesel can be used pure or blended with fossil diesel due to its complete miscibility.
Biodiesel blends are referred to as Bxx, where the xx indicates the amount of blend [80]. Thus,
B100 corresponds to pure biodiesel, and a B80 blend corresponds to 80% biodiesel and 20%
diesel by volume [80]. A practical example of the influence of blends is the amount of carbon
monoxide emissions, with the rpm meaning the rotation per minute of the vehicle engine.

09 - B Diesel B20 B40 B B60 B B&0
0.8 -
0.7 4
0.6
< 0.5 A
0 0.4 - I
1
0.3 1
0.2
0.1 1
U 1200 1400 1600 1800
Speed (RPM)

Figure 18 - Influence on carbon monoxide emissions by the increment of biodiesel in diesel blends
(adapted from [81])

Figure 18 shows that the carbon monoxide emissions of biodiesel blends are lower than those
of diesel at different speeds. As the proportion of biodiesel increases, CO emissions show a
downward trend [81]. Currently, the maximum biodiesel incorporation rate defined by the Fuel
Quality Directive for the whole of Europe is 7%, which indicates that the maximum FAME
content is 7% (B7) [82].

Figure 19 illustrates some of the numerous examples of applications that biodiesel can have,

from its incorporation into fuel for airplanes; buses; trains; agricultural machinery, and trucks,
to its use in domestic heating [83].
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Figure 19 - Applications of biodiesel (adapted from [83])

The incorporation of biodiesel into diesel engines provides a considerable reduction in carbon
monoxide (CO), unburned hydrocarbons, and particulate emissions. It also provides mixtures
with a higher cetane number, which is directly related to better fuel ignition quality [84, 85]. Due
to its lower emissions, biodiesel is an excellent alternative for use as a fuel for maritime (e.g.
ships) and rail transportation [84].

In addition to reducing emissions, the incorporation of biodiesel has several advantages, such
as the fact that it has a relatively low cost, due to the incorporation of residual material in its
production (e.g. waste oils, cellulosic wood raw materials); it has better thermal efficiency,
related to a reduction in friction, due to its better lubrication properties; and the fact that it makes
it possible to extend the efficiency of the engine's useful life, while at the same time reducing
the costs of eventual replacement [86,87, 88,89].

The chemical and physical properties of biodiesel can be influenced by various factors and can
directly affect the quality of biodiesel [80]. To be marketed, it needs to comply with the quality
specifications established by the Organization for Standardization (ISO) and the American
Society for Testing and Materials (ASTM) [80]. Table 10 shows the requirements selected for
B100, according to the standards ASTM D6751 e EN 14214 [80].
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Table 10 - Required specifications for Biodiesel to be commercialized (adapted from [80])

Property Specification ASTN.I [).6751 EN .14.214
Limit Limit
Ester content (% (m/m)) - 96.5
Density at (15 °C (kg/m?3)) 880 860-900
Viscosity at (40 °C (mm?'s)) 1.9-6.0 3.5-5.0
Cetane number Min. 47 Min. 51.0
lodine number (g 12/10 g) - Max. 120
Acid value (mg KOH/g) Max. 0.50 Max. 0.50
Pour point (°C) -15a-16 -
Flash point (°C) Min. 130 Min. 101
Cloud point (°C) -3al2 -
Cold filter plugging point (°C) Max. +5 -
Copper strip corrosion (3 h at 50 °C) No 3 Class 1
Carbon residue (% (m/m)) Max. 0.05 -
Methanol content (% (m/m)) Max. 0.20 Max. 0.20
Water content (mg/kg) Max. 500 Max. 500
Sulfur (mg/kg) S15 Max 15 Max. 10.0
S500 Max 500
Sulfated ash (% (m/m)) Max. 0.02 Max. 0.02
Phosphorus content (mg/kg) Max. 10 Max. 4.0
Free glycerol (% (m/m)) Max. 0.02 Max. 0.02
Total glycerol (% (m/m)) Max. 0.24 Max. 0.25
Monoglyceride (% (m/m)) Max. 0.40 Max. 0.70
Diglyceride (% (m/m)) - Max. 0.20
Triglyceride (% (m/m)) - Max. 0.20
Doistillation temperature, 90% recovered Max. 360 i
(°C)
Oxidation stability (ha 110 °C) Min. 3 Min. 8
Linolenic acid methyl ester (% (m/m)) - Max. 12.0
>
e (o gl borc C w0
Alkaline metals (Na* K) (mg/kg) Max. 5 Max. 5
Alkaline earth metals (Ca + Mg) (mg/kg) Max. 5 Max. 5
Total contamination (mg/kg) - Max. 24
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2.2.2.5. WATER EFFECT

One of the parameters to be taken into account in the esterification reaction is the effect of
water, which has been associated with decreases in the kinetics of the reaction, through a
reverse hydrolysis reaction (change in the direction of the reaction, towards the direction that
favors the formation of reactants) that can be caused by water, since it is co-produced with the
ester, and its presence can thus lead to a decrease in the conversion of the acid [90,91]. In
addition, the hydrophobicity of carboxylic acids must be considered, which tends to increase
with the length of the carbon chain of these acids [90]. Not only in carboxylic acids, but also in
catalysts, hydrophobicity needs to be analyzed, as this is an essential characteristic for a
catalyst to be considered good for the esterification reaction, and it has been reported that
catalysts with a high carbon composition have excellent hydrophobicity, however, this property
can be affected by the hygroscopic nature of the sulfonic groups [92,93]. Water not only
interferes with the equilibrium of the reaction but can also cause its adsorption, together with
methanol, on the active centers of the catalyst, thus reducing the number of methanol-activated
species for the esterification reaction [92]. It has been reported that a high-water content in
carboxylic acids also causes the yield of methyl oleate to remain unchanged over a long period
[92]. Figure 20 shows the effect that the presence of water can have on the yield of methyl
oleate in an esterification reaction.
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Figure 20 - Influence of the water presence on esterification reactions by the demonstration of the yield values obtained
(adapted from [92])

27



3. METHODOLOGY

3.1. HYDROCHAR PRODUCTION AND CHARACTERIZATION

The feedstocks used for hydrochar production were cornstarch, fructose, sucrose, orange
peels and banana peels. The preparation of raw materials was an essential stage in the
production of hydrochar. The biomasses were divided into distinct feedstock types, and it was
identified that only a selected few possessed a high moisture content, necessitating pre-
treatment through oven drying. Consequently, this preparatory step was exclusively conducted
on the banana peel samples, which contained 85.0% moisture, and the orange peel samples,
which contained 73.5% moisture [94,95].

The process of oven drying these high-moisture biomass samples is essential to reduce their
moisture content to optimal levels [96]. This not only facilitates efficient hydrochar production
but also enhances the energy efficiency of the process [96]. By reducing the moisture content,
the biomass become more amenable to subsequent thermal treatments, leading to a higher
yield and quality of hydrochar, this step ensures uniformity in the feedstock, which is critical for
achieving consistent results in hydrochar production [96]. The previous dehydration step was
fundamental, to not compromise the biomass integrity, since the water content present in the
biomass favors the formation of microorganisms that can deteriorate the lignocellulosic
materials, such as banana or orange peels [97]. Another factor relating to the water content
with biomass is due to the particle size of the sample, since the presence of water in the
biomass composition can lead to a slightly higher critical arching distance between particles
[98].

Through meticulous preparation and categorization of the raw materials, the overall efficiency
and effectiveness of the hydrochar production process are significantly improved [94,95]. This
approach underscores the importance of tailored pre-treatment methods based on the specific
characteristics of each biomass type, ultimately contributing to more sustainable and
economically viable hydrochar production practices [94,95].

Following the dehydration process, the dried peels were subjected to mechanical
fragmentation, where they were reduced to smaller fragments and subsequently ground using
a chopper to achieve a more uniform particle size distribution. For feedstocks with inherently
low water content, such as sucrose, fructose, and corn starch, pre-treatment was deemed
unnecessary. These materials were simply weighed and directly incorporated into the
hydrothermal carbonization reaction system. Table 11 delineates each biomass sample’s
specific weights, and the quantities of sulfuric acid used, detailing the respective molar and
mass ratios and the precise reaction conditions employed.
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Table 11 - Hydrochar production conditions for different feedstocks

Molar Molar Mass Weightof Mass T t Speed

Feedstock  mass sulf. sulf. biomass H>SOq o
(g/mol)  ratio ratio (9) (9) ) (RPM)
1:1 176.6
Cornstarch  692.7 1:3 - 58.8 25 150 5 730
1:5 35.3
1:1 45.9
Fructose 180.16 1:3 - 15.3 25 150 5 730
1:5 9.2
1:1 87.3
Sucrose 342.3 1:3 - 29.1 25 150 5 730
1:5 17.5
o 3:1 75
r:;ie ; ; 2:1 50 25 150 5 730
P 1:1 25
Banan 3:1 75
ae:Isa ] ] 2:1 50 25 150 5 730
P 1:1 25

As cited before, banana and orange peels encompass a vast array of chemical compounds
within their matrix, which makes it very difficult to determine the molar masses. Due to the
heterogeneous and intricate nature of these organic materials, the correlation was instead
established based on the mass ratio between peels and sulfuric acid. In contrast, sucrose,
fructose, and starch are well-characterized carbohydrates, with sucrose being a disaccharide,
fructose a monosaccharide, and starch a polysaccharide. Which makes them possess clearly
defined and well-documented chemical structures. Their specific molar masses are well
established, allowing for an accurate correlation with the molar mass of sulfuric acid. This
precise relationship facilitates the determination of specific weights and ratios, thereby
enabling a more controlled and predictable analysis of the reaction parameters.

A glass goblet equipped with a magnetic stir bar was positioned on a stirring hotplate within
the fume hood, where the feedstock and H.SO. were meticulously introduced. To mitigate the
emission of vapors, a watch glass was placed atop the goblet. The reaction proceeded at a
controlled temperature of 150°C, with continuous stirring at a rate of 730 revolutions per minute
(RPM), with the pressure not having a considerable impact on the process of
hydrocarbonization, since it is self-generated and primarily influenced by the initial biomass
and carbonization temperature [99]. As the reaction advanced, manual agitation with a glass
rod was employed to ensure uniform mixing of the heterogeneous mixture, since the resistance
to stirring increased due to a growth of the thickness mixture, because of the formation of
volatile products in the liquid mixture [100]. After 5 hours, hydrochar formation was completed.
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However, the resultant hydrochar exhibited significant acidity, necessitating its neutralization
through multiple washes with deionized water to reduce the acidity of the char that is caused
by the acid added into the process [101]. Three sequential washes were performed, each
followed by filtration using a vacuum pump to remove excess acidity and impurities. This
purification process is depicted in Figure 21 on the left, the hydrothermal carbonization process
is illustrated (labeled as 1), while the right side shows the filtration setup utilizing a Bichner
funnel and vacuum pump (labeled as 2). After the completion of these washing and filtration
steps, the hydrochar was carefully stored for subsequent application as a catalyst in the
esterification reaction, ensuring its readiness for further use in catalytic processes.

H,SO, Sucrose

Figure 21 - Visual representation of the scheme utilized for the production and
filtration of the hydrochar using Chemix Lab diagrams

The hydrochar samples were characterized using a comprehensive array of methods, including
SEM-EDS, XRD, Raman Spectroscopy, TGA, and FTIR. The morphology and near-surface
elemental composition of the hydrochar were analyzed using a Hitachi S-2400 Scanning
Electron Microscope (SEM), equipped with an Energy Dispersive Spectrometer (EDS) and a
Bruker SDD light element detector. Digital images were captured using Bruker Esprit 1.9
software at a resolution of 4 nm and an accelerating voltage of 25 kV. This high resolution
enabled a detailed examination of the hydrochar surface structures, ensuring precise
identification and mapping of elemental distributions. Phases within the hydrochar were
elucidated using an X-ray diffractometer, specifically the Panalytical X’PERT PRO model. This
analysis employed Cu Ka radiation and referenced the Powder Diffraction File™ database from
the International Centre for Diffraction Data (ICDD). Measurements were meticulously set with
a 20 range from 5° to 70°, a step size of 0.033° 26, and scan times of either 75 or 150 seconds
per step for extended duration runs. The X-ray generator operated at 35 mA current and 40 kV
voltage. The high-resolution data acquisition and precise calibration ensured accurate phase
identification and robust analytical results. Raman spectroscopy was utilized to evaluate the
degree of graphitization in the hydrochar. Spectra were acquired using a LabRAM HR 800
Evolution confocal Raman microscope (HORIBA Scientific) with 532 nm wavelength (green
light) radiation and a 50x visible objective. Spectral data were collected over a range from 2250
to 650 cm™. For accuracy and clarity, all Raman spectra underwent baseline correction and
normalization before further deconvolution analysis.
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Thermogravimetric analysis of the hydrochar samples was conducted using a NETZSCH STA
409 PC/PG system, which facilitates comprehensive thermal characterization by monitoring
mass changes as a function of temperature. The thermal analysis covered a range from 30 to
1100°C with a heating rate of 30.0°C/min. The measurements were executed under controlled
conditions, ensuring precise and reliable data on thermal stability and composition. The
advanced calibration and high-resolution capabilities of the system provided detailed insights
into the material’'s thermal behavior and decomposition characteristics. The surface functional
groups of the hydrochar and its feedstocks were examined using Fourier Transform Infrared
Spectroscopy. Post-reaction characterization of various hydrochars was also performed. Each
spectrum was obtained in attenuated total reflectance (ATR) mode using a PerkinElmer
Spectrum Two IR spectrometer, outfitted with a Pike ATR accessory featuring a ZnSe crystal.
IR spectra were recorded within the wavenumber range of 4000 to 600 cm™, with a resolution
of 4 cm™ and 4 scans. The resulting spectra were treated using the Kubelka-Munk function.
This thorough analysis enabled a comprehensive assessment of the chemical interactions and
functional group modifications occurring on the hydrochar surfaces, due to the esterification
reaction modifications.

3.2. ESTERIFICATION REACTION EXPERIMENTS

After the production of the hydrochar, all the pre-steps necessary to make the reaction are
done since the otter product used is commercial and doesn’t need any preparation. However,
for the esterification reaction, several parameters must be taken into consideration. The
reaction was conducted with the assembly of the reaction scheme, illustrated in Figure 22. This
scheme involves a heating blanket under a round bottom flask of 500 mL, with 3 parallel
nozzles, the lateral nozzles were the same size (19/26) and the middle nozzle (29/32). This
flask copulated into a reflux column, and a thermocouple, on the left nozzle, to provide
continuous control of the reaction temperature. It is also important to note that the round bottom
flask has an orbital magnetic stirring bar, in the interior, to provide continuous stirring
throughout the reaction, more precisely at 1100 rpm. The methanol utilized was mixed with
oleic acid (90%) with a molar ratio of 12:1.

Catalyst
i

+—— H:O + MeOH

<4—MO

Olaic Acid Mathanol

Figure 22 - Visual representation of the reaction scheme for the esterification and subsequently separation
of the methyl oleate phase from the aqueous phase using Chemix Lab diagrams [adapted from [92])
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With the arrangements of the scheme being made, the methanol (68.1g) and hydrochar (2.5g)
were put into the bottom flask, for about 30 minutes. While this interaction was happening, the
oleic acid was pre-heating at 70°C, and the reaction was being controlled at the methanol total
reflux temperature of 67°C. After 30 minutes, the oleic acid was poured into the reaction flask,
and the reaction progressed for 180 minutes. When the time was finished, the reaction mixture
was subjected to a gravity filtration process, using a beaker glass and a paper filter (FILTER-
LAB®) with pore apertures of 5-7 um, to ensure the separation of the solid phase (hydrochar)
and the liquid mixed phase. When the liquid phase was separated from the solid phase, it was
then transferred to a settling funnel, to separate the different phases, more precisely, of the
methyl oleate from the aqueous phase, and in certain cases from the methanol left from the
reaction. Figure 22 demonstrates the separation of the different phases.

To ascertain the methyl oleate yield of samples synthesized under varying catalytic conditions,
it was essential to establish a calibration curve. It is pertinent to mention that the methyl oleate
utilized in the calibration process was derived from the conventional esterification of anhydrous
oleic acid (99%) using a homogeneous catalyst (H=SOa4). For this procedure, reference samples
with varying MO vyields were prepared by blending known quantities of MO with OA. In order
for the calibration to be correct, the oleic acid needed to suffer a drying process, in this case
by a Rotavapor® R-215. A sample of (200 mL) was placed in a round-bottomed flask and
heated using a heating fluid in a water bath at 60°C under reduced pressure, at about 100
mmHg, for 30 minutes. After drying, the oleic acid was 99% pure, as confirmed by the FTIR
method. Dried oleic acid, standard solutions were prepared for the construction of the
calibration curve, which would be used to quantify the methyl oleate produced in the
esterification reactions. After the drying step of the oleic acid, the absence of the broad band
around 3400 cm', in the FTIR spectrum confirmed an effective moisture removal. The resultant
MO concentrations spanned a representative range of the produced samples, as illustrated in
Figure 23.
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Figure 23 - FTIR spectrum of methyl oleate obtained for the calibration curve
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The analysis of Figure 23 reveals a progressive enhancement in the absorbance band at 1742
cm™, indicative of the methyl ester content, corresponding to the decreasing oleic acid
concentration and the increase in MO incorporation [102]. Conversely, the band at 1710 cm™,
characteristic of oleic acid, decreased in intensity with rising MO content [103]. This inverse
relationship between the peaks was needed for the development of the calibration curve
depicted in Figure 24.
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Figure 24 - Calibration curve for MO yield determination by area ratio of FTIR bands centered at 1742cm"
(MO) and 1710cm™" (OA)

Moreover, the calibration curve facilitated the quantitative analysis of MO in the experimental
samples, thereby enabling the accurate assessment of catalytic efficiency. This method
underscores the pivotal role of precise spectral analysis in the quantification of esterification
products, contributing significantly to the optimization of catalytic processes. Furthermore, the
findings elucidated the correlation between catalyst type and reaction conditions, thereby
advancing the understanding of catalytic mechanisms in esterification reactions.

Values below 20% are deliberately excluded from the graph because they result in MO/OA
ratios that are either negative or exceedingly close to zero. In such cases, the logarithmic
function becomes problematic: it is undefined for negative values and exhibits an extremely
steep incline for values just above zero. This steepness can introduce substantial variability
and inaccuracies in data representation. By focusing on values above the 20% threshold, the
logarithmic relationship between the MO/OA ratio and the percentage of MO remains stable
and reliable. This approach enhances the clarity and precision of the understanding regarding
the efficiency and vyield of the process, as it avoids the distortions that arise from the
unpredictable behavior of the logarithmic function at very low values.
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4. RESULTS AND DISCUSSION

4.1. QUANTIFICATION OF METHYL OLEATE PERCENTAGE IN THE SAMPLES

To quantify the methyl oleate in the different samples produced, it was necessary to submit
them to an FTIR analysis. Through that method the MO% was determined and synthesized in
the following Figure 25. Table 12 illustrates the distinct molar and mass sulfonation ratios, and
the type of feedstock used in each sample. It should be noted that for the esterification reaction,
all the samples were subjected to a reaction molar ratio condition of 12:1 (methanol/ oleic acid).

Table 12 - Reactional conditions for distinct feedstocks for the production of hydrochar samples

Molar sulfonation Mass sulfonation

Sample number Feedstock . .
ratio ratio

1 Cornstarch 1:1
2 hydrochar 1:3 -
3 (HC-C) 1:5
4 Sucrose 1:1
5 hydrochar 1:3 -
6 (HC-S) 1:5
7 Banana peel 1:1
8 hydrochar - 2:1
9 (HC-BP) 3:1
10 Fructose 1:1
11 hydrochar 1:3 -
12 (HC-F) 1:5
13 Orange peel 1:1
14 hydrochar - 2:1
15 (HC-OP) 3:1

From the observation of Figure 25, it was obvious that the highest MO content was found in
the sample produced from HC-S with a molar sulfonation ratio of 1:1, while approximate values
were found for the HC-OP with a mass sulfonation ratio of 2:1. The lowest content was
observed at the HC-BP samples for mass sulfonation ratio of 1:1 and 3:1, indicating an optimal
sulfonation ratio for that sample of 2:1.

Briefly, almost all the samples followed the same trend, with a higher methyl oleate percentage,
related to a lower sulfonation ratio of the hydrochar samples. With some exceptions for the HC-
OP (2:1), and all the cornstarch samples.
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By comparison with literature values results (Dias et al 2024) it seems that the increase of the
sulfonation ratio has been linked to an increase of MO%, which was not the case in this work,
since the optimal values of the sulfonation ratio were varied, many times at 1:1 ratio, but
sometimes also with a 2:1 ratio.

15

13
12
11
10

Sample number

R NN W bk 0O N 0O O

%MO

Figure 25 - Percentage of methyl oleate present in each sample, through distinct hydrochar samples

MO content was evaluated across 15 different samples produced with hydrochar samples
derived from various feedstocks. Among the hydrochar samples, those derived from sucrose
exhibited the highest production efficiencies. Sample 4, with a molar sulfonation ratio of 1:1,
achieved a remarkable 90.1% MO yield, the highest across all tested samples. The hydrochar
samples derived from cornstarch also showed significant production efficiencies. Sample 1, with
a molar sulfonation ratio of 1:1, exhibited a lower MO yield of 50.2%, while samples 2 and 3,
which were derived from cornstarch hydrochar (HC-C) with increasing sulfonation ratios of 1:3
and 1:5, achieved 70.6% and 76.4% MO production, respectively. Similarly, the hydrochar
samples derived from fructose demonstrated moderate to high efficiencies. Sample 10, with a
1:1 molar sulfonation ratio, produced 75.3% MO, whereas samples 11 and 12, with sulfonation
ratios of 1:3 and 1:5, exhibited lower efficiencies of 66.0% and 52.8%, respectively.

In the case of banana peel hydrochar (HC-BP), the results were more varied. Sample 7, with a
1:1 sulfonation ratio, produced 47.7% MO. However, when the sulfonation ratio was increased
to 2:1 in sample 8, the MO yield improved slightly to 53.1%. Interestingly, further increasing the
ratio to 3:1 in sample 9, resulting in a significant drop in efficiency, with only 43.2% MO
produced. This suggests that beyond a certain threshold, higher sulfonation ratios may have a
detrimental effect on the catalytic performance of banana peel hydrochar. Sample 13, witha 1:1
sulfonation ratio, exhibited a 66.5% MO yield.

35



This efficiency increased significantly to 87.8% in sample 14, where the sulfonation ratio was
raised to 2:1, marking one of the highest MO yields observed among the hydrochar samples.
However, a further increase in sulfonation ratio to 3:1 in sample 15 resulted in a substantial
decrease in efficiency, with the MO yield dropping to 50.7%. Similar to the banana peel
hydrochar, this suggests that excessively high sulfonation ratios may reduce the catalytic
effectiveness of orange peel hydrochar. The following experimental analysis methods were only
applied to the hydrochar samples with the best catalytic performance, in terms of the percentage
of methyl oleate production. In this case, the HC-S (1:1), and HC-OP (2:1) samples. To have
fully comparative data from samples, another sample was chosen to be characterized by
different methods, in this case, a sample with a less appreciative performance, that was the
case of the HC-BP (3:1) sample.

4.2. CHARACTERIZATION OF HYDROCHAR
4.2.1. XRD

Figure 26 presented below shows the X-ray diffraction patterns of hydrochar produced with
sucrose (HC-S), banana peel (HC-BP), and orange peel (HC-OP). The graph displays two
broad bands centered around 23° and 41°, which are attributable to the (002) and (001)
graphitic planes, respectively [7]. These broad peaks suggest that the hydrochars possess
amorphous structures, characterized by disordered sheets of polycyclic aromatic carbon
compounds [7]. The low intensity of these peaks indicates a minimal content of crystalline
graphite, highlighting the predominance of amorphous carbon over well-ordered graphitic
structures [7]. The lack of well-defined peaks indicates that no discrete mineral phase was
detected, except for the anhydrite crystals in the HC-OP [104]. Thus, the orange peel and
banana peel have a completely amorphous structure, which is expected for organic materials
[104].

In contrast, the HC-OP sample exhibits a fine and intense peak at 26 = 25.48° and the others
(26=31.3°,36.17°, 38.6°,40.8°,43.42°,48.7°, 52.3° and 55.7°) are mainly due to the presence
of CaS0Q., meaning that hydrochar has also a crystalline structure [105]. Chemical constituents
inherent to different types of residual biomass, such as orange or banana peels, can be
responsible for the retention or formation of mineral species, such as arcanite (KxSO.) or
anhydrite (CaS0s4) [106]. Additionally, the composition of the orange peel boosts the formation
of this mineral, due to the significant percentage of calcium in its composition, approximately
161mg per 100g of peels, a value defined as quadruple the calcium content found in banana
peels [107, 108].
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Figure 26 - X-ray diffraction patterns of HC-S (1:1), HC-BP (3:1), HC-OP (2:1) produced before the reaction

Regarding the diffractogram presented in Figure 27, the XRD spectrum of the catalysts studied
after being subjected to esterification reactions, post reaction catalyst (PRC), reveals several
key observations. Notably, the narrowing of the bands centered at 26 = 20° indicates that the
previously amorphous graphite, as characterized in Figure 27, has transitioned to a
significantly more crystalline form [109]. Concerning the anhydrite crystals observed in the
hydrochar sample derived from orange peels, all characteristic peaks remained unchanged in
intensity, suggesting that the esterification process did not significantly alter the crystalline
nature of this mineral within the sample.
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Figure 27 - X-ray diffraction patterns of PRC-S (1:1), PRC-BP (3:1), PRC-OP (2:1) after the esterification reaction
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4.2.2. ATR-FTIR

FTIR was used to identify the functional groups present on the surface of the hydrochar
samples (HC-S (1:1), HC-BP (3:1), HC-OP (2:1)), before the esterification reaction, as shown
in Figure 28. A band was observed at 2976 cm™ in all three samples, corresponding to the
stretching vibration of hydroxyl (-OH) groups [110]. This indicates the presence of hydroxyl-
containing compounds, such as alcohol, phenols, or water, either free or involved in hydrogen
bonding [110]. The consistent appearance of this band suggests that hydroxyl groups are a
common feature across the biomass-derived hydrochar samples, contributing to their
hydrophilic nature [110]. In addition, a small but distinct peak was identified at 2172 cm™", which
is attributed to the stretching vibration of silicon-hydrogen (-Si-H) bonds [111]. This indicates
the presence of siliceous materials, possibly from inherent silica content in the biomass or
contamination during sample processing [111]. The spectral region around 1774 cm™' and
1700 cm™" exhibited absorption bands characteristic of carboxylic acid groups, particularly
associated with the carbonyl (C=0) stretching vibrations [112, 92].

These bands indicate that carboxylic acids or esters are present within the biochar matrix,
implying that the thermal decomposition of biomass during hydrothermal carbonization did not
completely eliminate oxygen-containing functional groups [112]. This residual oxygen content,
reflected by the carbonyl bands, plays a crucial role in the surface chemistry and reactivity of
the hydrochar [112].

Another carbonyl-related band was observed at 1460 cm™", further confirming the presence of
various carbonyl-containing functional groups, such as ketones, aldehydes, and carboxylates
[7]. A band at 1574 cm™" was assigned to the stretching vibrations of carbon-carbon double
bonds (-C=C), which are typically associated with aromatic rings [113]. This suggests the
formation of polyaromatic structures during the hydrothermal carbonization process,
contributing to the stability and carbon-rich nature of the hydrochar [113]. The presence of
aromatic rings also indicates significant aromatic condensation, a process that enhances the
structural integrity and potential adsorption capacity of the biochar [113].

The analysis also identified a band at 1144 cm™, corresponding to the stretching vibrations of
hydroxyl-carbon (-C-OH) groups [112]. This band showed a progressive increase in intensity,
particularly in the fruit peel-derived biochar samples (HC-OP and HC-BP), suggesting a higher
content of hydroxyl-functionalized organic compounds in these samples [112]. In the spectral
region between 1050 and 1010 cm™, three consecutive peaks were reported. All three peaks
were associated with SO, asymmetric vibrations, indicating that the sulfonation process
introduced sulfonated groups in all the hydrochar samples [114]. Another SO, vibration was
seen at 590 cm™, underscoring the effectiveness of introduction, of sulfonated groups in the
hydrochar samples [114]. The presence of sulfonate groups (-SO2) could enhance the catalytic
or adsorptive properties of the biochar, broadening its potential applications [113].
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A distinct band at 672 cm~" was identified as being associated with calcium-related vibrations
[115]. This band was most prominent in the HC-OP sample, reflecting the high calcium content
in orange peel biomass. The presence of calcium could influence the structural properties and,
consequently, the applications of the resulting hydrochar sample, favoring the use for soil
amendment and removal of pollutants. [115, 116]. Finally, a subtle band at 516 cm™" was
observed, indicative of calcium oxide (-Ca-O) stretching vibrations linked to monoclinic phase
of CaO nanoparticles in the sample, also, the high content of calcium in orange peel samples,
can be a factor that confirms the presence of the (-Ca-O) peak in this HC-OP sample spectrum.
[116,117].
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Figure 28 - FTIR analysis to identify functional groups on the surface of the catalysts before the esterification reaction: HC-S (1:1), HC-BP (3:1), HC-OP (2:1)
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ATR-FTIR analysis of the catalysts post-reaction (Figure 29) provided significant insights into
the chemical transformations and functional groups present. A distinct vibrational peak
observed at 3022 cm™ is indicative of the presence of characteristic (-C-H) bonds, which are
typically associated with organic compounds [118]. Additionally, the spectral peaks identified
at 2922 cm™ and 2855 cm™ correspond to aliphatic (-C-H) stretching vibrations specifically
related to alkenes, further elucidating the structural composition of the catalysts [119].

Significantly, three prominent (-C=0) stretching vibrations were detected at 1742 cm™ and
1712 cm™, which are likely attributable to carbonyl functional groups, with the 1742 cm™ being
related to the esters formed during the reaction, and the band centered at 1712 cm™
corresponding to the oleic acid typical band [120,121]. These carbonyl groups are believed to
have originated from esters formed during the esterification reactions, highlighting the chemical
evolution that the catalysts undergo during the process [120].

Moreover, a further (-C=0) stretching vibration was evident at 1653 cm™, which can be
associated with amide functionalities, providing an indication of the complex interplay of
chemical groups within the catalytic structure [122]. The presence of aromatic (-COOH) groups
was clearly discerned at 1456 cm™, underscoring the abundance of oxygenated functional
groups within the biochar component of the catalyst [123]. This finding is particularly significant
as it suggests that the biochar, a crucial component, contributes to catalytic activity through its
rich oxygenated functionality [123].

Additionally, at 1436 cm™ and 1050 cm™, the data revealed an aromatic vibration, which was
intricately coupled with (-C-H) and (-C-O) stretching vibrations originating from carbohydrates
[124]. This observation further reinforces the complex nature of the catalysts, where
carbohydrate-derived structures play a role [124].

Within the spectral range of 1276 cm™ to 1192 cm™, several distinct peaks were identified,
each corresponding to various functional groups, including hydroxyl groups, aromatic (-C-O)
stretches, and (-C-O) secondary alcohol stretches [125, 126, 127]. These findings indicate
diverse chemical interactions and modifications occurring within the catalyst during the
reaction process [127]. Notably, a characteristic absorption band at 1166 cm™, which is
typically associated with lignin biomass, was observed [128]. This band is linked to (-C-O-C)
stretching vibrations in esters, which were produced as a result of the esterification reaction,
emphasizing the chemical environment within the catalyst [128].

Furthermore, additional peaks observed at 1121 cm™ and 595 cm™ were attributed to (-C-O)
stretching vibrations of carbohydrates and (-OH) vibrations, respectively [128, 129]. These
peaks provide further evidence of the intricate chemical structure and the presence of various
functional groups within the catalyst [128]. Lastly, the peak identified at 720 cm™ is suggestive
of CH2 wagging, a vibration characteristic of long-chain alkanes, indicating the presence of
extended hydrocarbon chains within the catalyst matrix [130].
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Figure 29 - FTIR analysis to identify functional groups on the surface of the catalysts after the esterification reaction: PRC-S (1:1), PRC-BP (3:1), PRC-OP (2:1)
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4.2.3. RAMAN

The Raman absorption spectra acquired in the range of 800-1900 cm-! were curve-fitted to
gain insights into the structural features of HC-BP, HC-S, and HC-OP. Each Raman spectrum
was deconvoluted into six Gaussian bands with a specific identification according to the
position of the band in the spectrum. Table 13 identifies the bands that compose each spectrum
with the according nomenclature.

Table 13 - Gaussian bands characterization adapted from [131]

Band Band position (cm™") Hybridized orbital
St 1230-1262 [132] sp?, sp3[132]
D 1365-1370 [7] sp?[132]
G 1580-1596 [7] sp?[132]
Valley ~1500 [133] sp?, sp3[131]
G 1700-1740 [133] sp?[132]

The S| band, located at 1230-1262 cm! was correlated with the cross-linking structures such
as aryl-alkyl ethers [132]. The D band, attributed to sp? vibrations of species with defects, is
located between 1365-1370 cm and is one of the main bands that is analyzed to evaluate the
degree of defects within the structure of the hydrochars produced, reflecting the extent lattice
of imperfections and surface defects [7]. The increased presence of surface defects and higher
overall defectiveness boosts the number of active sites for the sulfonating agent and improves
the interaction between the agent and the material surface, providing better catalytic
characteristics for the sample [134].

The G band, attributed to the sp? vibrations of the graphitized species, located between 1580-
1596 cm-' indicates the presence of nanocrystalline graphite, which suggests that the samples
exhibit a structure of aggregated carbon, dispersed within the amorphous carbon matrix [7].
The G peak is observed in all graphic structures due to its association with the quadrant
breathing modes of aromatic rings and Eﬁg vibration mode of the hexagonal lattice in graphite

[7].

Between the D and G bands is the valley band, approximately centered at 1500 cm-!, and
corresponds to what has been attributed mainly to the semicircular breathing of aromatic rings
and/or typical structures in amorphous carbon, such as the small degree of polymerization of
aromatic rings (system of 3-5 polymerized aromatic rings) [7,133]. Finally, the G band located
between 1700 and 1740 cm™' represents the absorption band of a (-C=0) carbonyl structure in
hydrocarbons [133] Figure 30 to 32 demonstrates the Raman spectra of the different hydrochar
samples.
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Figure 31 - Raman spectrum before the esterification reaction: HC-OP (2:1)
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Figure 32 - Raman spectrum before the esterification reaction: HC-S (1:1)

For the same samples, presented in Table 14 it is observed the intensity of the D band, G band,
and the ID/IG ratio, which relates the disorder induced by the D band with the graphite levels
of the G band [135]. A lower I(D)/I(G) indicates a higher degree of graphitization due to the
restructuring of the carbon atoms, and the formation of larger graphitic segments, that reduce

the number of defects [114].

Table 14 - Identification of the intensity of D and G band and corresponding ratio between for each sample

HC-BP HC-S HC-OP
D band
Wavenumber (cm-) 1375 1364 1364
ID 94.8 108.2 105.6
G band
Wavenumber (cm) 1591 1585 1581
IG 90.4 115.5 132.3
ID/IG
1.05 0.94 0.79
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For the D band, the wavenumbers are similar across all samples, with HC-BP at 1375 cm™
and both HC-S and HC-OP at 1364 cm™, indicating a comparable level of structural disorder.
The intensity of the D band (ID) varies, with HC-S exhibiting the highest at 108.2, followed by
HC-OP at 105.6, and HC-BP at 94.8. A higher D band intensity typically reflects a greater
degree of disorder in the carbon structure [7]. The G band wavenumbers also show minimal
variation, ranging from 1581 cm™ in HC-OP to 1591 cm™ in HC-BP. The intensity of the G band
(IG) increases progressively from HC-BP (90.4) to HC-OP (132.3), with HC-S at 115.5,
suggesting that HC-OP has the most graphitic character among the samples [7]. The ID/IG
ratio indicates that the degree of disorder in the carbon material is highest for HC-BP (1.05),
suggesting that it has the most disordered structure [135]. HC-S has a slightly lower ratio of
0.94, indicating a moderate disorder, while HC-OP has the lowest ratio of 0.79, implying the
most ordered structure.

4.2.4. TGA

The thermogravimetric analysis and respective profiles of the three hydrochar samples present
in Figure 33 revealed a complex and distinct thermal degradation behavior, reflective of
compositional matrices and structural characteristics. These curves, which delineate the
residual mass percentage as a function of temperature, provide crucial insights into the thermal
stability and degradation mechanisms of the hydrochar samples [136]. The Figure relates the
thermograms mass loss curve (TG) and the rate of mass loss (DTQ) of the hydrochar samples,
from 30 to 1100 °C.
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Figure 33 - TG analysis to identify the thermo profiles of the catalysts before the esterification reaction:
HC-S (1:1), HC-BP (3:1), HC-OP (2:1)
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The HC-BP sample exhibits an early onset of significant mass loss, initiating around 100°C.
This initial mass reduction is likely attributable to the evaporation of physically adsorbed
moisture and low-molecular-weight volatile compounds, which are abundant in lignocellulosic
materials like banana peel [136].

As the temperature increases, HC-BP undergoes a pronounced multi-stage weight loss
between 200°C and 400°C. This can be correlated with the sequential decomposition of
hemicellulose, cellulose, and lignin, which are the primary constituents of lignocellulosic
biomass [137]. In contrast, the HC-S sample exhibits a more uniform and gradual mass loss
curve, while the degradation onset for HC-S, occurs at a relatively higher temperature, which
suggests a different thermal stability profile, with the absence of distinct mass loss stages, as
observed in HC-BP. The mass loss for HC-OP initiates post 200°C and proceeds gradually,
suggesting a less complex degradation spectrum compared to HC-BP.

The dashed line sample curves offer a more nuanced understanding of the decomposition
kinetics by representing the rate of mass loss as a function of temperature. The presented HC-
BP sample with a dashed line in Figure 33 is characterized by distinct peaks, reflective of its
multi-phasic degradation process. The most prominent peak occurs around 300°C,
corresponding to the thermal decomposition of cellulose, a primary constituent of
lignocellulosic biomass [137]. The presence of multiple peaks underscores the heterogeneity
of the HC-BP hydrochar, with each peak representing the degradation of different components
such as hemicellulose and lignin, each with its distinct thermal degradation temperature [137].

In contrast, the dashed line curve of HC-S is marked by a broader, less distinct peak centered
around 350°C. This broad peak suggests a more homogeneous material undergoing
decomposition in a relatively uniform manner, which aligns with the simpler, non-lignocellulosic
composition of sucrose hydrochar, with the sample weight beginning to decrease with an
increase of the decomposition rate due to the exothermic pyrolysis [138].

The dashed line curve of HC-OP also exhibits distinct peaks, albeit with a thermal degradation
profile that slightly deviates from HC-BP. The primary peak around 320°C suggests a
decomposition pathway influenced by the specific chemical composition of orange peel, which,
while containing lignocellulosic components, likely possesses a unique distribution of pyrolysis-
sensitive compounds [136].

4.2.5. SEM-EDS

To gain a more profound understanding of the morphological characteristics of the hydrochar
samples, as previously mentioned, SEM analysis was conducted for each specimen at a
magnification of 160x. Figure 34 presents the surface topography of the samples, before and
after reaction, with imaging performed under an accelerating voltage of 15.0 kV, utilizing a
secondary electron detector (SED) [139]. The microstructural details observed through SEM
provide insights into the texture, porosity, and surface heterogeneity of the hydrochar and post
reaction hydrochar samples, with the column on the left, at Figure 34, resembling the hydrochar
samples before reaction, and the right column presenting the post reaction catalysts
morphology.
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Figure 34 - SEM analysis to identify the morphology of the catalysts before the esterification reaction: HC-S (1:1),
HC-BP (3:1), HC-OP (2:1) and after the reaction: PRC-S (1:1), PRC-BP (3:1), PRC-OP (2:1)

The SEM images of the fresh hydrochar samples reveal distinct surface morphologies across
the three feedstocks. The HC-S sample displays a highly porous structure, characterized by
irregularly shaped, and fragmented particles, with large cavities and rough surfaces. In
contrast, the HC-BP sample shows a more compact and relatively smoother surface, with fewer
large pores and visible cracks and fissures, indicating a more cohesive material. Lastly, the
HC-OP sample exhibits a finer, more uniformly porous structure, with smaller and more evenly
distributed pores. Table 15 enumerates the different inorganic components in the samples,
before and after reaction, and the respective carbon and oxygen content, as the corresponding
O/C atomic ratio. As illustrated in Table 15, the sulfur content for all the hydrochar samples
shows that the process of sulfur insertion was effective, with a lower content (up to 5.13%) for
the HC-S (1:1) and a gradual increase of S content to values of 6.01% and 7.11%, for the HC-
BP (2:1) and HC-OP (3:1).
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Table 15 - EDS analysis to identify the carbon and oxygen content of the catalysts, before the esterification
reaction, and the respective inorganic elements

Samples
Sucrose Orange peel Banana peel
Element

symbol HC (1:1) PRC HC (2:1) PRC HC (3:1) PRC
C 74.10 76.57 72.62 71.71 70.00 76.20
O 20.77 21.49 15.80 26.12 21.71 21.97
Si - - - - 1.53 0.32
S 5.13 1.94 7.11 1.38 6.01 1.51

Ca - - 4.47 0.79 - -

K - - - - 0.75 -
Atomic gjtcio 0.28 0.28 0.22 0.36 0.31 0.29

The calcium concentration in the HC-OP sample aligns with the findings from the FTIR
analysis, which confirmed the presence of calcium-related functional groups, further
corroborated by the XRD results, which identified the presence of calcium sulfate peaks. The
potassium content was only found in the HC-BP, mostly related to its high content in banana
peels, the biomass used for the production of this hydrochar sample [140]. Silica concentration
was also only evidenced in the HC-BP, in small concentrations, as previously seen by the FTIR
analysis, and mostly related to its nature presence in the banana peels [141]. The atomic ratio
between O/C did not follow a specific pattern, in accordance with the sulfonation ratio, with the
higher value being related to the sample that produced the lowest MO% content, and the two
lower values of 0.28 and 0.22, related to the HC-OP and HC-S, respectively. These results
suggest that lower atomic ratios between oxygen and carbon, with considerable concentrations
of sulfur, produce better results, in terms of methyl oleate production.
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5. CONCLUSIONS

This study demonstrated the effectiveness of hydrochar catalysts derived from agricultural
waste in the esterification of oleic acid with methanol, highlighting their potential in sustainable
biodiesel production. Among the tested catalysts, sucrose-derived hydrochar at a 1:1 molar
sulfonation ratio achieved the highest methyl oleate yield of 90.1%. Close to this, orange peel-
derived hydrochar at a 2:1 mass sulfonation ratio produced a significant yield of 87.8%. These
results underline the superior performance of these feedstocks when the sulfonation and
reaction conditions are optimized.

In contrast, the worst catalytic performance was observed with banana peel hydrochar at a 3:1
mass sulfonation ratio, where the MO yield dropped to 43.2%. These findings suggest that the
efficiency of the catalysts is highly dependent on both the biomass source and the sulfonation
ratio, with inappropriate ratios leading to reduced catalytic activity.

The catalysts were rigorously characterized using several techniques. X-ray diffraction (XRD)
confirmed the presence of amorphous structures with some crystalline phases, especially in
the orange peel hydrochar, which showed distinct peaks due to the presence of calcium sulfate
(CaS0.). Raman spectroscopy revealed the degree of graphitization, while FTIR analysis
confirmed the presence of methyl ester peaks at 1742 cm™, indicating successful ester
formation. Thermogravimetric analysis (TGA) showed that the hydrochar catalysts were
thermally stable up to 1100°C, making them suitable for high-temperature applications.

The esterification reactions were conducted at a controlled temperature of 67°C under
methanol reflux conditions, ensuring that the reaction environment remained consistent across
all tests. The molar ratio of methanol to oleic acid was maintained at 12:1 for optimal reaction
kinetics. The superior yield from sucrose and orange peel hydrochars reflects their enhanced
surface properties and catalytic activity under these conditions.

Overall, this study demonstrates that hydrochar catalysts derived from renewable waste
materials, particularly sucrose and orange peels, can significantly enhance biodiesel
production. Optimizing the sulfonation ratio and reaction conditions is critical for maximizing
yields. These results highlight the potential for scalable biodiesel production using cost-
effective, sustainable catalysts, contributing to cleaner energy alternatives.
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