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ABSTRACT

The emission of gases from the fleet of vehicles is one of the main sources of the environmental impact of the
planet. Reversing this scenario, environmental awareness and a search for alternative sources of energy has
been growing exponentially in recent years. In this context, the production of biofuels presents itself as an
alternative for the lowest environmental impact, energy, and economy, with emphasis on biodiesel. The scale
of production of this biofuel, the options related to the raw materials and their conditions are intertwined with
the energy and exergetic efficiencies of the process. Therefore, no work was constructed as an analysis of the
biodiesel production processes of soybeans and babassu, in which they were conducted on a laboratory scale.
According to the results, the production of soybean biodiesel arose in exergetic efficiency of 73.25% and the
production of biodiesel from babassu of 74.72%.
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1. INTRODUCTION

Today, growing demand for energy is one of the biggest problems facing nations. Environmental impact,
high oil prices and accelerated development of emerging countries are contributing factors to concerns relat-
ed to the greater world energy need [1], which still today come mainly from non-renewable sources such as
oil, natural gas, and coal. The burning of fuels derived from these sources generates chemical compounds
that have polluting potential and thus, impact the environment, a fact that has motivated society in the search
for solutions to minimize or even eradicate this problem [2].

Among the alternatives found to solve this problem, we highlight the research related to biofuels, tak-
ing as an example, biodiesel [3]. This fuel has advantages when compared to petrodiesel, as derived from
renewable sources, biodegradable, non-toxic, possessing significant lubricity and practically free of sulfur
and aromatics [4]. In this way, the use of biomass for energy production reduces the emission of Greenhouse
gases and promotes sustainable development based on the decrease in the use of fossil fuels [5].

In this scenario, the use of biodiesel is growing throughout the world, as it presents a productive chain
with promising potential in the economic, social and environmental sectors. Thus, this biofuel opens oppor-
tunities for the generation of employment in the countryside and valorization of rural labor, favoring the in-
dustrial sector of biodiesel production [6].

Although the biodiesel production industries show a positive breakthrough, there are points that need
attention such as the competition of the food market for cultivable areas, and the non-reduction of emission
greenhouse gases, depending on the technique used in the harvest. In this context, new biofuel production
technologies have arisen that put an end to these limitations. These new processes are called second genera-
tion biofuels [7]. For the production of second and third biodiesel generation, different technologies are used
[8]. Second-generation biodiesel is produced by the raw material that is not used to human consumption, for
example, jatropha oil [9]. In this scenario, other raw materials such as single-celled algae gain space because,
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in addition to being efficient microorganisms in the process of photosynthesis, they do not compete with food
market or agricultural areas. However, the cropping processes, the efficient methods of oil isolation, and nu-
trients for crops are limitations to be overcome in order to reduce the final costs [10].

As far as the productive sector is concerned, the European Union is the world's largest producer of bi-
odiesel, with a production capacity of 24.9 billion liters in 2016 and approximately 25.5 billion liters in 2017
[11]. Some of the main biodiesel producing countries are Germany, France, USA, Brazil, Argentina, the
Netherlands, and Indonesia [12].

Recently, a survey conducted by the International Energy Agency (IEA), the International Energy
Agency (IEA), indicates that Brazil is the country that uses biomass most in energy production, with 16% of
world use in the industry. Then there are the USA (9%) and Germany (7%). According to data from the IEA,
the 15 countries at the top of the list account for 65% of the global use of biomass in the energy matrix. Cur-
rently, biomass accounts for around 10% of global energy production [13].

With respect to the definition of biodiesel, it is characterized by a mixture of mono-alkyl esters of fatty acids
obtained by the transesterification reaction of triglycerides (TG) using short chain alcohols as transesterifying
agent (methanol or ethanol) and sodium or potassium hydroxide as the catalyst [14].The biodiesel production
process is performed through chemical reactions, in which transesterification is the most used due to the
higher yield and lower energy consumption [15]. Currently, the total cost in biodiesel production is attributed
to the system used and raw materials. An alternative to reduce costs in production is the optimization of the
efficiency of the catalyst used in the process [16].

In general, the catalysts used in the production of biodiesel are alkalis, acids, oxides or enzymes [17]. The
alkalis and acids are more used and categorized as homogeneous catalysts, and oxides categorized as hetero-
geneous catalysts [18]. Among the catalysts used, the sodium hydroxide and potassium hydroxide due to
available and inexpensive, are the most used catalysts [19-20].

Although acid catalysts are effective in transesterification, they can promote contamination problems
to the environment, if there is no treatment of the products and byproducts of the reaction. On the other hand,
the use of heterogeneous catalysts, in transesterification, can be simplified separation and purification of the
products and byproducts, consequently, reduce the waste generation [16]. Due to the production of biodiesel
represent a promising alternative to meet the growing demand energy, technological routes for the production
of this fuel have been studied, in the last years.

Beyond the chemical route, the enzymatic and the nano-catalysis route have been aroused great inter-
est. With relation to enzymatic route, although it is considered a process of high cost, it may present ad-
vantages, becoming feasible for industry application. About the nano-catalysis, in general, is a cheaper, sim-
pler and cleaner process. However, it has the disadvantage of the nanotoxicity for human and environment
[21]. Figure 1 shows the general equation of the transesterification reaction of a triglyceride [22].
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Figure 1: General equation for a transesterification reaction

The general precession of transesterification, while being consecutive, is a molar measure of
triglyceride (TG) reacted with three moles of alcohol for the filtration of three molar esters and glycerol. [22]
In Brazil, soybeans are the main raw material for biodiesel production. In this sense, the diversification of
greases would be an interesting alternative to leverage the biodiesel production sector and the productive
chains of other oilseeds. One option would be to use the oil extracted from the Babassu coconut, which repre-
sents important biomass obtained in the states of Maranhdo, Piaui, and Ceara.

As regards the evaluation of the environmental impacts generated by fuels, in addition to the emission
of greenhouse gases, the energy and exergetic efficiency of their production processes are essential to re-
search [23], since in the industrial stages of obtaining them, part of the energy is lost in the form of heat and
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can be quantified through energy and exergetic balances and by determining the magnitude of the irreversi-
bility’s [24].

The sources of irreversibilities in production processes, which impact energy efficiency, represent
losses in energy conversions and, consequently, an increase in production costs [25]. In this sense, the eval-
uation of the exergy, that is, the determination of the real capacity of performing a mechanical work of a sys-
tem presents itself as an important parameter of analysis of thermal systems.

According to the literature [26], exergy is defined as the maximum "useful” energy that can be "ex-
tracted" from a system or process and is determined by thermodynamic principles [27-28]. The exergy analy-
sis method is particularly appropriate to maximize the efficient use of energy since it allows the determina-
tion of tailings and losses in terms of location, type, and actual values.

The concept of exergy is closely linked to the foundations of the Second Law of Thermodynamics
[29] and is determined as the potential for generating physical work of a system until it reaches equilibrium
with the environment [30]. Thus, the exergy calculation provides detailed information about wasted energy in
a process, through the calculation of performance [31-34], and thus, can contribute to the verification and
quantification of losses and also indicate improvements that can be made in the process of biodiesel produc-
tion.

In this sense, the work presents the exergy analysis of the biodiesel production processes of soybeans
and babassu, performed in laboratory scale. Biofuels were obtained by transesterification via basic catalysis,
with methanol as the transesterifying agent. The main objective of this work was to analyze the exergy from
the vegetable raw materials - soy oils and babassu -, in order to determine the efficiency of each stage of the
process, in order to contribute with the current context of sustainability and foment the use of renewable en-
ergy sources.

2. MATERIALS AND METHODS

The soybean and babassu oils were acquired at local markets of Fortaleza and Teresina, Brazil. Analytical
grade methanol (99.8 %) and potassium hydroxide (85.0 %) were supplied by Synth and Vetec, respectively.
All measured properties were performed using standard methods of the American Oil Chemists' Society
(AOCS) [35].

2.1 Biodiesel Production

Before transesterification reactions initiate the acidity indexes of oils were determined according to the
American Oil Chemists' Society (AOCS), Cd 3d-63 method [36]. The procedure was performed in triplicate.
After that, the soybean and babassu biodiesels were produced by transesterification reactions. In each reac-
tion was used 200 g of oil. To calculate the volume of methanol and base catalyst (potassium hydroxide
(KOH)), Equations 1 and 2 were used [36-37].

20% x 0il mass

Volumemathanot = Absolute density of methanol €Y
. %KOH  Acidity index 1
Mass qearys: = 0il mass x ( 100 + 1000 )xﬁ (2)

%KOH = mass percentage of KOH and 0.85 is the purity of the KOH.

The volume of methanol used in each reaction was 20 mL. The catalyst mass was 1.48 g for soybean
oil and 1.46 g for babassu oil. After that, the oils were heated to 60 °C, and subsequently, the methanol and
the KOH were added in both reactions. The temperature was controlled by a thermostatic bath and did not
exceed 60 °C, the reaction time was 60 min. At the end of the processes, the reaction systems were trans-
ferred to separation funnels to obtain the ester phase (upper) and glycerol phase (lower). The separation pro-
cesses occurred in 60 min. Subsequently, the phases composed of fatty acid methyl ester blends were washed
and dried. Three washing processes were performed using 20 g of distilled water in each step, which corre-
sponds to 10% of the mass of oil used in each reaction. The last step of wash was performed with distilled
water at 90 °C. In the end, the samples were heated at 105 °C (x 5 °C) for 30 min.

2.2 Elemental analysis
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Elemental Analysis is used to determine the percentages of carbon, hydrogen, and nitrogen in a sample. This
technique is based on the Pregl-Dumas method, which consists of the combustion of the sample. The gases
resulting from the combustion are quantified in a thermal conductivity detector (TCD). Oxygen percentage is
determined by difference. The determinations were performed using a Perkin-Elmer 2400 CHN Elemental
Analyzer.

2.3 Higher heating value (HHV)

The Higher Heating Value (HHV) is the heat produced by the complete combustion of a substance at con-
stant volume, under specified conditions, with the products returning to a temperature of 25°C and consider-
ing the latent heat of vaporization of the water on the combustion's products [38].

For determination of the HHV of fuel, an adiabatic calorimeter pump was used. The equipment is ba-
sically composed of a combustion chamber, where the reagents are placed. In this work, the HHV determina-
tions were performed using IKA C200 calorimeter to burn the samples under an oxygen atmosphere (99.8
%). The experimental procedure contemplated international standards such as: DIN 51900, BS 1016 part S
1077, ASTM D 5865, ASTM D 240-87, ASTM E711-87, ISO 1928-1976 and ASTM D1989-91.

2.4 Exergy Analysis

In our study, the physical exergy, and the exergies of the kinetic and potential energy were neglected
(except the exergy of the electrical equipment) once that, the processes production of biodiesel were carried
out in batch reactor of 2 L - laboratory scale -, and did not occur mass flow through the boundaries of the
system, see Equation 3 [39].

ET =Ep + Ek + EF + ECH ©)

To obtain the exergy analyses of the processes, it was necessary to determine the chemical exergy
(each) of the compounds of the reactions. This parameter was calculated by the product of the Lower Heating
Value (LHV), and dimensionless coefficient (5), Equation 4 [39-40].

ech= . LVH 4

The LHV and dimensionless coefficient (B) were determined by Equations 5 and 6, respectively.

B =1,0374 +0,0159 7 + 0,0567 ¢ 5)

H = Hydrogen; C = Carbon; O = Oxygen.

LHV = HHV — 0,0894 % 24423 x H (6)

LHV = Lower Heating Value
HHV = Higher Heating Value
2,442.3 kJ/kg = enthalpy of vaporization of water (1 bar pressure).

To calculate the exergy efficiency, they were considered the exergy inputs (e) and exergy outputs (es)
of the systems [37-38], see Equation 7.

_ &
7" e, @)

es = exergy input
€ = exergy output

3. RESULTS AND DISCUSSION
The exergy analysis of the soybean biodiesel production (SB) and of the babassu biodiesel production (BB)

were carried out. To calculate the chemical exergy of the oils and biodiesels, it was necessary to quantify the
percentages of carbon, hydrogen, and oxygen by elemental analysis (see Table 1) and to determine Higher
Heating Value (HHV) and the Lower Heating Value (LHV).



o) B MAMEDE , A.AS.; LOPES, A.AS.; MARQUES, R.B.; et al. revista Matéria, v.25, n.4, 2020.

Table 1: Elemental composition of the soybean and babassu oils and their biodiesel.

Samples C (%) H (%) O (%)
SB* 79.3 13.2 7.68
SBB** 73.8 13.2 13.0
Soybean oil 77.83 115 10.67
Babassu oil 75.0 11.7 13.3

*Soybean Biodiesel (SB). **Babassu Biodiesel (BB)

From the results of the elemental analysis, it was possible to calculate the values of LHV (Equation 6).
HHYV data were obtained from the calorimeter pump. The HHV and LHV data are shown in Table 2.

Table 2: HHV and LHV of the soybean and babassu oils and their biodiesel.

Parameter BS* BB** SO*** B O*+*
HHV (kJ/kg) 40,187.50 39,152.45 39,417.46 38,382.80
LHV (kJ/kg) 37,305.39 36,270.34 36,906.53 35,828.20

*Soybean Biodiesel (SB) **Babassu Biodiesel (BB). ***Soybean QOil (SO) ****Babassu Qil (BO)

Table 3 shows the consumption of electricity, the time of use and the exergy of the equipment used.
The coefficient of electric energy is considered 1, so, 1 kJ of electric energy corresponds to an exergy flux of

1 kJ [39-41].

Table 3: Exergy of the equipment used.

Equipment Consumption (W) | Time (s) Exergy (MJ)
Magnetic Stirrer with Heating Plate 650 3,600 234
Total 650 3,600 2.34

Tables 4 and 5 show chemical exergy, the mass, and the exergy of each reagent used in the biodiesel

productions. To determine the exergy a calculation was made considering the product of the chemical exergy
(MJ/kg) with the mass (kg). So, the reagent exergy (MJ) was obtained. The highest chemical exergy was at-
tributed to the soybean oil (38.75 MJ/kg). The babassu oil showed chemical exergy of 37.62 MJ/kg, and the
chemical exergy of the methanol (22.14 MJ/kg) and potassium hydroxide (8.67 MJ/kg) were obtained ac-
cording to Arredondo [40].

Table 4: Reagent exergy used in soybean biodiesel production.

Reagents Chemical exergy (MJ/kg) Mass (kg) Reagent exergy (MJ)
Soybean oil 38.75 0.2 7.75
Methanol 22.14* 0.04 0.886
KOH 8.67* 0.0015 0.013
Total 69.56 0.2415 8.649
*According to Arredondo, 2009 [40].
Table 5: Reagent exergy used in babassu biodiesel production.
Reagents Chemical exergy (MJ/kg) Mass (kg) Reagent exergy (MJ)
Babassu oil 37.62 0.2 7.52
Methanol 22.14* 0.04 0.886
KOH 8.67* 0.0015 0.013
Total 68.43 0.2415 8.419

*According to Arredondo, 2009 [38].

Tables 6 and 7 show chemical exergy, the mass, and the exergy of each product and by-product ob-
tained in the biodiesel productions. The chemical exergy (MJ/kg) of the glycerol was obtained from the liter-

ature [28, 39-42].
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Table 6: Product and by-product exergy obtained in the soybean biodiesel production.

Samples Chemical exergy (MJ/kg) Mass (kg) Product and kz;l\//;?)roduct exergy
Soybean biodiesel 39.00 0.1960 7.64
Glycerol 16.26* 0.0244 0.397
Total 55.26 0.2204 8.04

*According to Oliveira et al., 2010 [28].

Table 7: Product and by-product exergy obtained in the babassu biodiesel production.

Samples Chemical exergy (MJ/kg) | Mass (kg) Product and b()'\//;\;]))roduct exergy
Babassu biodiesel 38.08 0.1953 7.44
Glycerol 18.5* 0.0326 0.603
Total 56.58 0.2279 8.04

*According to Arredondo, 2009 [38].

Equation 7 was possible to calculate the exergy efficiency of the processes. The exergy inputs consid-
ered were the sum of the exergy of the equipment and the exergy of the reagents used. The exergy outputs
considered were the sum of the products and by-products obtained.

For the soybean biodiesel production, the exergy input was 10.99 MJ, and the exergy output was 8.05
MJ, with a difference of 2.94 MJ, while the babassu biodiesel production showed an exergy input of 10.76
MJ, and an exergy output of 8.04 MJ, with a difference of 2.72 MJ. Table 8 shows the exergetic efficiencies
calculated.

Table 8: Exergy efficiency of soybean and babassu biodiesel productions.
Results (%)

Parameter SB*

Exergy efficiency 73.25 |
* Soybean biodiesel (SB). ** Babassu biodiesel (BB)

BB**
74.72

The exergy efficiency of soybean biodiesel was 73.25%. This result corroborates with the results ob-
tained by Silva (2017) [43], which obtained an exergetic efficiency of approximately 72%, for the soybean
biodiesel. For the babassu biodiesel, the exergy efficiency was 74.72%. This result is lower than the result
determined by Ferreira (2014), which obtained an exergy efficiency of 96% [42].

According to results, it is possible to infer that the babassu biodiesel production presented an exergy
efficiency slightly higher than the soybean biodiesel production. This difference can be attributed to losses
related to heat and non-reactive residues of the reactions as well as the irreversibilities that occur in the pro-
CEesses.

4. CONCLUSIONS

The soybean and babassu biodiesels were produced by transesterification reactions in a batch reactor, on a
laboratory scale. The results of exergy analysis showed that the babassu biodiesel production was slightly
higher (74.72%) than the soybean biodiesel production (73.25%). This difference can be attributed to heat
losses, the non-reactive residues of the reactions, and the irreversibilities of the systems.

According to results, it was possible to conclude that the exergy analysis is very important to the eval-
uation of biodiesel production processes, once that the exergy allows identifying and discussing the aspects
that cause useful energy loss. Although irreversibilities were verified in transesterification reactions, the ex-
ergy efficiencies were satisfactory and presented compatible results. On the biodiesel production, the varia-
tion of parameters such as temperature, time, agitation and the stoichiometric ratio can improve the exergy
efficiency of the process and as a consequence to improve energy utilization.
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