
Citation: Silva, C.; Sousa, B.; Nunes,

J.; Malveira, J.; Marques, R.;

Damasceno, L.; Braga, E.; Lessa, T.;

Bertini, L.; Maciel, M.; et al.

Evaluation of Babassu Cake

Generated in the Extraction of the Oil

as Feedstock for Biofuel Production.

Processes 2023, 11, 585. https://

doi.org/10.3390/pr11020585

Academic Editors: Albert Ratner and

Blaž Likozar

Received: 29 December 2022

Revised: 6 February 2023

Accepted: 11 February 2023

Published: 15 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Evaluation of Babassu Cake Generated in the Extraction of the
Oil as Feedstock for Biofuel Production
Chastryane Silva 1,2, Bruna Sousa 1, João Nunes 1,2, Jackson Malveira 2, Rosali Marques 2, Luana Damasceno 1,
Emanuelle Braga 1, Tassio Lessa 1,3 , Luciana Bertini 1,3 , Maria Maciel 4 and Maria Rios 1,5,*

1 Grupo de Inovações Tecnológicas e Especialidades Químicas, Departamento de Engenharia Mecânica,
Universidade Federal do Ceará, Campus do Pici, Bl. 714, Fortaleza 60440-554, Brazil

2 Fundação Núcleo de Tecnologia Industrial do Ceará, Laboratório de Referência em Biocombustíveis Rua Prof.
Rômulo Proença, Fortaleza 60440-552, Brazil

3 Instituto Federal de Educação, Ciência e Tecnologia do Rio Grande do Norte (IFRN), Apodi 59700-000, Brazil
4 Programa de Pós-Graduação em Biotecnologia, Universidade Potiguar (Laureate International Universities),

Avenida Senador Salgado Filho, Natal 59075-000, Brazil
5 Programa de Pós-Graduação em Engenharia Química, Universidade Federal do Ceará, Campus do Pici, Bl.

709, Fortaleza 60455-760, Brazil
* Correspondence: alexsandrarios@ufc.br; Tel.: +55-85-999831492

Abstract: The growing demand for energy and the concern about environmental impacts reinforce the
necessity for renewable energy sources such as biofuels. In this study, cake generated in the babassu
oil extraction was evaluated as a potential feedstock for solid biofuel production, and it contains a
blend of cashew nutshell, sugarcane bagasse, carnauba straw, and carnauba stalk. All samples were
characterized by proximate analysis and Higher Heating Value. Carbonization was used to improve
energy performance and compaction to understand the mechanism and the characteristics of the
biomasses compacted. In the extraction of babassu oil, fresh and aged (90 days) kernel samples were
used. The fresh samples reached a yield of 59.8%, and the aged samples reached a yield of 70.66%.
The carbonization of babassu cake was carried out in a Muffle furnace at temperatures of 250, 300, 350,
and 400 ◦C. The fresh babassu cake showed an HHV of 23.06 MJ kg−1 and after carbonization of 28.07
(250 ◦C), 30.69 (300 ◦C), 28.24 (350 ◦C), and 18.27 MJ kg−1 (400 ◦C). At 400 ◦C, a decrease in HHV
of 20.8% occurred, and an increase in Ash (%) of 195% occurred. Proximate analysis showed that
biomasses are compatible, with some having a higher compatibility than other biological materials
already used as fuels in the industry.

Keywords: cashew nutshell; sugarcane bagasse; carnauba; solid fuels; carbonization; bioenergy

1. Introduction

Topics such as reducing Greenhouse Gas Emissions and energy security have been
motivating countries to use renewable energy sources. In Brazil, the electricity matrix
is predominantly renewable, with emphasis on hydroelectric sources, which account for
53.4% of the internal supply within Brazil [1]. Considering the internal supply of elec-
tricity in Brazil, renewable sources account for 78.1%; Brazil is a powerful country in the
bioenergy sector. In 2021, biomass represented 8.8% of the installed capacity within the
country, and sugarcane accounted for 16.4% of the internal energy supply, which amount
to 49.4 × 106 toe (tons of oil equivalent) [1].

Regarding the use of biomass in the combustion field, this can be a safe source of
energy because when biomass is burned or used to produce other types of biofuels, such
as biodiesel or briquette, the biomass carbon reacts with oxygen in the air to form carbon
dioxide [2]. However, if the biofuel is fully combusted, the amount of carbon dioxide
produced is equal to the amount which was taken from the atmosphere during the growing
stage of the plant. Thus, there is no contribution to the increase in CO2 emissions, and
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the biomass can be regarded as a carbon sink, which is known as the carbon cycle or
zero carbon emissions. In contrast, if a fossil fuel is burned, a net addition of CO2 in the
atmosphere occurs [2–4].

Among the sources of biomass are purpose-grown energy crops and wastes. En-
ergy crops include woody and agricultural plants, and wastes include wood residues,
agro-industrial residues, forestry residues, sewage, municipal solid wastes, and animal
wastes [2,5,6]. In general, biomass is composed mainly of cellulose, hemicellulose, lignin,
small amounts of lipids, proteins, simple sugars, and starches; it also contains inorganic
constituents and a fraction of water [2,7,8]. Lignocellulosic biomass is a potential sustain-
able source compared to fossil fuels and coal, and sugarcane biomass is a good example.
With the growing demand for bioenergy, it is crucial to investigate cheap raw materials
with energy potential. Thus, this manuscript shows the evaluation of the babassu cake
generated in the extraction of oil as feedstock for biofuel production. Babassu (Orbignya sp.)
is a native palm tree from Brazil’s Northeast, especially in Maranhão and Piauí. The fruit
weight varies between 90 and 280 g and is composed of four parts: endocarp (hard wooden
inner part), epicarp (external fibrous part), mesocarp (layer of starch-rich granulous), and
kernel (rich in oil) [9–13].

Despite the low cost and high energy potential, some characteristics inherent in
biomass, such as low density, irregular shape and size, and high moisture content, may
contribute to the low efficiency of combustion [2,14–17]. For this reason, an alternative
is biomass densification technology, which facilitates transportation and has solved the
inconvenience of low energy efficiency of the direct combustion of biomass [18–26]. The
use of densified biomass for combustion can also show many advantages when compared
to coal, firewood, or raw material: the compaction concentrates the calorific value per
unit volume and has more uniform combustion. In addition to some logistical advantages
such as facilitating transportation, handling, and storage, the use of densified biomass for
combustion reduces the possibility of spontaneous combustion during storage and includes
some ecological benefits, such as reducing particle emissions, decreasing deforestation by
replacing the fuel wood, and helping to minimize the problem of residue disposal [2,18–20].
This work considered babassu cake, cashew nutshell, sugarcane bagasse, carnauba straw,
and carnauba stalk as potential raw materials for the production of solid biofuel from
their blends. Compaction was used as a strategy to densify biomasses and analyze them
as probable solid fuels considering the increase in the higher volumetric energy content,
which reduces transportation costs.

As reported, biomass can be burned directly as a fuel or as a solid fuel, which improves
its energetic density. However, biomass’s energy quality can still be enhanced through ther-
mal conversion processes such as carbonization, gasification, or pyrolysis [2,18]. Biomass
carbonization is a technology that uses heat sources to generate volatiles from biomass
pyrolysis and, thus, obtain a solid carbon of higher calorific value [21–23].

This paper aimed to present the characterization of the babassu cake and four types of
agricultural residues—cashew nutshell, sugarcane bagasse, carnauba straw, and carnauba
stalk—as potential raw materials for the production of solid biofuels from their blends.
Proximate analysis (moisture, ash, volatile matter, and fixed carbon) was performed, and
Higher Heating Value was determined for all samples, including the biomasses compacted
(probable solid fuels) and carbonized babassu cake. Carbonization is a strategy to enrich
the heating value and energy content of biomass, expanding its scientific and commercial
applications. Thus, the behavior of biomass in the carbonization process is an important
point to be studied. The carbonized samples were prepared using a Muffle Furnace and
different temperatures. The novelty of the work was the evaluation of the waste generated
in the babassu oil extraction as feedstock for the production of solid fuels in blends with
various residual biomasses. The influence of carbonization on the babassu cake was
also studied.
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2. Materials and Methods

The raw materials used include babassu coconut, cashew nutshell, sugarcane bagasse,
carnauba straw, and carnauba stalk (Figure 1). Babassu coconut was collected in São
Luís-Maranhão-Brazil, geographical coordinates—Latitude: 2◦31′51′ ′ S and Longitude:
44◦18′24′ ′ W; carnauba straw and carnauba stalk were collected in Morrinhos-Ceará-Brazil, ge-
ographical coordinates—Latitude: 3◦14′20′ ′ S and Longitude: 40◦7′0′ ′ W; sugarcane bagasse
and cashew nutshell in Redenção-Ceará-Brazil, geographical coordinates—Latitude: 4◦13′35′ ′

S and Longitude: 38◦43′53′ ′ W. The biomasses were ground, sieved, and stored in plastic
bags until the execution of the experiments. Figure 2 shows specific steps in the prepara-
tion of babassu kernel (fresh and aged (storage condition (90 days))), babassu cakes, and
carbonized babassu cake.
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Babassu cakes were generated from babassu oil extraction by the Soxhlet method
using hexane as the solvent (purity 99%). After extraction, the oils obtained from fresh
babassu kernel and aged babassu kernel (storage condition (90 days)) were stored for
biodiesel production. The carbonized babassu cake was prepared by the carbonization
process in a Muffle Furnace (Quimis model 0318M24, SP, Brazil) at temperatures of 250,
300, 350, and 400 ◦C. A mechanical densification process was used to compress the raw
materials. For this, a hydraulic press with a capacity of 15 tons (Marcon MPH-15, SP, Brazil)
and a cylindrical stainless steel (AISI 304) mold with an internal diameter of 50 mm and
a height of 138 mm were used. The solid fuels were produced using 10.50 or 10.00 g of
raw material and 5 tons applied in the cylindrical mold for 5 min. Figure 3 shows the
mechanical densification process.
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Proximate analysis (ASTM D3172-13 [27]) and Higher Heating Value (ASTM D5865/
D5865M-19 [28]) were used to characterize the samples. The proximate analysis covers
the determination of moisture (Laboratory oven, De Leo model 1980W, ASTM D3173/
D3173M−17a [24]), volatile matter (Muffle furnace, Quimis model 0318M24, ASTM D3175-
18 [25]), ash (Muffle furnace, Quimis model 0318M24, ASTM D3174-12(2018)e1 [26]), and
fixed carbon (Equation (1), ASTM D3172-13 [27]).

Fixed carbon (%) = 100% − (moisture (%)+ ash (%) + volatile matter (%)) (1)

The Higher Heating Value (HHV) was determined using a calorimeter (Model IKA
C1). All experiments were performed at least in duplicate and reported on a dry and wet
basis (see Supplementary material).

3. Results
3.1. Proximate Analysis and Higher Heating Value of Babassu Kernel

An important step for the application of given biomass as fuel is its characterization,
and proximate analysis and Higher Heating Value (HHV) can be used for this evaluation [7].
Figure 4a,b show the samples of ground babassu kernel—fresh and aged.
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The aged sample presented changes in color, odor, and texture; thus, the aged sample
was included for characterization. Table 1 shows the mean values of proximate analysis
and HHV for the fresh and aged samples of ground babassu kernel. The experiments were
carried out in quadruplicate.

Table 1. Mean values of proximate analysis and Higher Heating Value (HHV) for the fresh and aged
samples of ground babassu kernel (dry basis).

Sample Moisture (%) Volatile
Matter (%)

Ash
(%)

Fixed Carbon
(%)

HHV
(MJ kg−1)

Fresh 4.38 ± 0.16 97.64 ± 0.10 1.97 ± 0.19 0.39 ± 0.03 30.03 ± 0.01

Aged 2.74 ± 0.13 90.43 ± 0.21 3.45 ± 0.05 6.11 ± 0.10 30.81 ± 0.20

The main difference between fresh and aged samples occurred in the fixed carbon
(%), ash (%), and volatile matter (%). After characterization, the samples were submitted
to the oil extraction using two steps: first via the Soxhlet method and second by pressing.
The fresh sample reached an extraction yield of 59.8%, and the aged sample reached an
extraction yield of 70.66%.

3.2. Proximate Analysis and Higher Heating Value of Babassu Cakes

The oilseed extraction for the production of vegetable oils generates large amounts
of cakes as by-products. Thus, with the aim of achieving the integrated use of babassu
coconut and its further technological application, chemical characterization of fresh and
aged sample cakes was obtained from the babassu oil extraction to evaluate the proximate
analysis, and the Higher Heating Value was obtained, see Table 2.

Table 2. Mean values of proximate analysis and Higher Heating Value (HHV) for the fresh and aged
sample cakes obtained from the babassu oil extraction (dry basis).

Sample Moisture (%) Volatile
Matter (%)

Ash
(%)

Fixed Carbon
(%)

HHV
(MJ kg−1)

Fresh 6.60 ± 0.18 91.80 ± 0.21 3.78 ± 0.05 4.41 ± 0.04 23.06 ± 0.30

Aged 10.22 ± 2.62 94.96 ± 1.49 1.93 ± 0.02 3.11 ± 0.88 23.15 ± 0.50

The main difference between fresh and aged sample cakes obtained from the babassu
oil extraction occurred in the moisture (%), ash (%), and fixed carbon (%).

3.3. Proximate Analysis and Higher Heating Value of Carbonized Babassu Cake

During babassu oil extraction, a cake is generated that is generally not used. Con-
sidering the potential of the cake for bioenergy production, the valorization of the fresh
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sample cake by carbonization was proposed. The results of proximate analysis and HHV
are presented in Table 3. The carbonization was carried out in a Muffle Furnace at tempera-
tures of 250, 300, 350, and 400 ◦C. The experiments of proximate analysis were carried out
in quadruplicate.

Table 3. Mean values of proximate analysis and Higher Heating Value (HHV) for the fresh sample
cake carbonized in a Muffle Furnace at temperatures 250, 300, 350, and 400 ◦C (dry basis).

Temperature
Carbonized Samples

Moisture
(%)

Volatile Matter
(%)

Ash
(%)

Fixed carbon
(%)

HHV
(MJ kg−1)

250 ◦C 2.10 ± 0.35 73.47 ± 0.57 4.37 ± 0.45 22.16 ± 0.46 28.07

300 ◦C 2.39 ± 0.12 71.60 ± 0.15 6.14 ± 0.71 22.26 ± 0.33 30.69

350 ◦C 3.51 ± 0.33 57.78 ± 1.68 9.52 ± 0.89 32.70 ± 0.96 28.24

400 ◦C 3.96 ± 0.26 40.76 ± 0.23 12.88 ± 0.93 46.36 ± 0.47 18.27

In a comparison of the results of the fresh and carbonized samples, a decrease in the
volatile matter and an increase in fixed carbon and ash were observed. The Higher Heating
Value of the carbonized sample at 400 ◦C shows a significant reduction, whereas the ash
has the highest value in this carbonization temperature. Figure 5 shows the comparative
analysis of the fresh sample cake with carbonized sample cake at 250, 300, 350, and 400 ◦C,
and Figure 6 presents a comparison of the parameters HHV, fixed carbon, and ash.

According to the results shown in Figure 5, the influence of carbonization temperature
on the parameters VM, Ash, and FC is observed. The main aim of the carbonization
process is to increase the energy potential of biomass as solid compounds rich in carbon
are produced.

Up to the carbonization temperature of 300 ◦C, Figure 6 shows an increase in the
Higher Heating Value of 21.7% (250 ◦C) and 33.1% (300 ◦C). At 400 ◦C, a decrease in HHV
of 20.8% and an increase in Ash (%) of 195% occurred. Thus, it can be inferred that the Ash
(%) increase may have impacted negatively on the HHV.

3.4. Solid Fuels of Babassu Cake and Babassu Cake Combined with Other Residual Biomasses

Several types of biomasses can be used as biofuels. However, the limitation associated
with its low bulk density generates problems in transportation, storage, and energy content
in comparison to fossil fuels. Thus, with the aim of minimizing the low bulk density of the
biomasses and consequently obtaining a high energy content per unit volume, a mechanical
densification process is realized [29]. The authors produced probable solid fuels of babassu
cake (Figure 7) and the blends of babassu cake and cashew nutshell (25, 50, and 75%);
babassu cake and sugarcane bagasse (25, 50, and 75%); babassu cake and carnauba straw
(50%); babassu cake and carnauba stalk (50%); and babassu cake and carnauba straw and
carnauba stalk (40% + 30% + 30%), see Figure 8a–c.

For the production of the solid fuel of babassu cake, a mass of 10.50 g was used,
whereas for the blends, 10.00 g (±0.10 g) was used. During the mechanical pressurization
to compress the biomasses, a residual babassu oil was observed in the steel mold. All
experiments were carried out by applying 5 tons in the time interval of 5 min, and after this
period, the solid fuels were removed from the steel mold and stored for characterization.
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Figure 8. (a) Solid fuels of blends of babassu cake and cashew nutshell (25, 50, and 75%);
(b) babassu cake and sugarcane bagasse (25, 50, and 75%); (c) babassu cake and carnauba straw (50%);
babassu cake and carnauba stalk (50%); and babassu cake and carnauba straw and carnauba stalk
(40% + 30% + 30%).

3.5. Proximate Analysis and Higher Heating Value of the Probable Solid Fuels

Solid fuel is one of the most used biofuels, especially in the industrial field. Compared
to raw materials, densified biomasses have a higher density, Higher Heating Value, more
convenient transportation, and 70% higher thermal efficiency [2]. However, due to biomass
differences, solid fuels must be characterized to provide a better direction for their industrial
applications. Thus, probable solid fuels were evaluated using proximate analysis and
Higher Heating Value, see Table 4.

Table 4. Values of proximate analysis and Higher Heating Value (HHV) for the solid fuel of babassu
cake and solid fuels of blends of babassu cake and cashew nutshell (25, 50, and 75%); babassu cake
and sugarcane bagasse (25, 50, and 75%); babassu cake and carnauba straw (50%); babassu cake and
carnauba stalk (50%); and babassu cake and carnauba straw and carnauba stalk (40% + 30% + 30%)
(dry basis).

Probable
Solid Fuel

Proportion
(%:%)

Moisture
(%)

Volatile
Matter (%)

Ash
(%)

Fixed
Carbon (%)

HHV
(MJ kg−1)

babassu cake 100 3.73 88.46 3.86 7.68 22.25

babassu cake +
cashew

nutshell *
75:25 9.22 87.02 4.23 8.75 21.17

babassu cake +
cashew
nutshell

50:50 11.03 86.66 2.96 10.38 20.17

babassu cake +
cashew
nutshell

25:75 9.45 88.53 2.34 9.13 18.92

babassu cake +
sugarcane
bagasse *

75:25 9.87 88.73 4.90 6.37 18.58
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Table 4. Cont.

Probable
Solid Fuel

Proportion
(%:%)

Moisture
(%)

Volatile
Matter (%)

Ash
(%)

Fixed
Carbon (%)

HHV
(MJ kg−1)

babassu cake +
sugarcane

bagasse
50:50 9.32 92.66 4.06 3.28 18.16

babassu cake +
sugarcane

bagasse
25:75 9.00 91.56 3.48 4.96 19.59

babassu cake +
carnauba straw * 50:50 10.13 87.80 9.78 2.42 19.87

babassu cake +
carnauba stalk * 50:50 8.26 87.78 6.22 6.00 20.51

babassu cake +
carnauba straw +

carnauba stalk
40:30:30 8.50 88.77 7.99 3.24 20.81

* Proximate analysis values for the cashew nutshell, sugarcane bagasse, carnauba straw, and carnauba stalk on a
dry and wet basis are available in Supplementary material (see Tables S5 and S6).

The main difference between the solid fuel of babassu cake and the solid fuels of
biomass blends occurred in moisture, fixed carbon, and HHV. However, the difference for
the Higher Heating Value (HHV) did not exceed 18.4%. Despite the variety of biomasses,
volatile matter and ash percentages did not show significant differences, which repre-
sents a positive result for the application of these probable solid fuels as biofuels in the
industrial field.

4. Discussion

According to the results shown in Figure 4 and Table 1, the aged sample presented
changes in the color, texture, and contents of fixed carbon, ash, volatile matter, and moisture.
Queiroga et al. (2015) [30] reported that the dark appearance is due to the aging of the
sample. However, this inconvenience did not interfere with the yield of the oil extraction
process. Thus, for the production of biofuels such as solid fuels and biodiesel, aged samples
of babassu kernel would not represent a problem. Nevertheless, fresh and aged samples
reached different extraction yields, which can be attributed to the long storage period, as
the variability in oil content depends on the physiological maturity of the babassu fruits,
the region of palm production, and the species [30,31]. Pessoa et al. (2012) [32] reported
that physiological maturity defines the moment of maximum seed quality, including oil
content, and is usually followed by visible changes in the external appearance and color of
the fruits and seeds. The highest oil content was observed in the last maturation stages.
Pípolo et al. (2015) [33] observed that the variation in soybean seed oil content is deter-
mined mainly by genetic factors; the oil content increases from the beginning of grain
development and reaches a maximum on physiological maturity. Ducca et al. (2015) [34]
investigated the species Jatropha curcas L. and detected that the maximum oil content, dry
matter mass, and physiological quality occurred seventy-five days after flowering. Accord-
ing to the literature [35–37], the dry matter mass of seeds has shown a good correlation
with physiological maturity. In their study, total lipids showed similar behavior to the
dry matter mass variable. Laviola et al. (2008) [38] reported that the accumulation of the
dry matter mass provides an increase in the seed oil content. Cremonez et al. (2017) [39]
reinforced this hypothesis when reporting that the dry matter mass can be correlated to the
oil content and maturation stages. Maeda et al. (1987) [40] observed that the oil content
in sunflower seeds reached full maturation between 30 and 40 days after harvest when
presented with the highest oil content. The fixed carbon content can be related to the
calorific value as it has a positive effect on the energy potential of the biomass. However,
the same correlation cannot always be applied to the volatile matter content because a high
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volatile matter content does not guarantee a high calorific value, as some compounds of
the volatile matter are formed from non-combustible gases (CO2 and H2O) [2,20,41]. Ash
content decreases the calorific value and damages the apparent heat obtained from burning
the biomass once the energy needed by ash forming inorganics, thermal breakdown, and
phase transition is taken from the burning of biomass, and it leads to a reduction in the
calorific value. The Higher Heating Value (HHV) of the fresh and aged samples showed
significant values when compared to other biomasses [42]. This parameter is variable and
depends on genetic factors (species and cultivars) [40], cultivation conditions (soil quality
and management methods) [38,39], and plant age [40–46].

The biomass used as fuel for the industrial field includes agricultural wastes (straw,
stalk, cashew nutshell, sugarcane bagasse, rice husk, etc.), oil extraction wastes (soybean
oil extractive byproduct, babassu cake, etc.), forest wastes (fallen leaves, branches), and
sawdust [18]. In this study, the cakes generated from babassu oil extraction were studied,
and the mean values of proximate analysis and HHV are shown in Table 2. The results are
compatible with those of other residual biomasses used as biofuels [2,41,42]. The energy
in the biomass originally comes from the sun, and the molecules containing carbon, such
as sugars, are synthesized through photosynthesis. These sugars are called carbohydrates
and are stored in plants and animals or in plant or animal wastes and can be applied
to bioenergy [2]. When compared to the HHV of the fresh and aged samples of ground
babassu kernel, the HHV of the cakes were lower. This behavior can be attributed to the
extraction of the babassu oil. However, the HHV for the cakes is still higher than many
other biomasses used as fuel for boilers [2], and as the heating value of any biomass is
necessary to analyze and design a bioenergy system, it can be inferred from the outcomes
that the babassu cakes show an outstanding energy potential for use as biofuels in the
industrial field.

Numerous processes can be used to convert biomass into fuel, and the choice of the
process depends on the type and quantity of available feedstock, end-use, environmental
standards, economic conditions, and other factors [2,46]. Thus, it is imperative to search
for appropriate processes to convert wastes into energy to establish a circular bioeconomy
toward sustainable development [22], and carbonization acts as an important route among
thermochemical processes. The effect of temperature on the carbonization of the fresh
sample cake was evaluated by the proximate analysis and Higher Heating Value (HHV),
see Table 3. According to the results, increasing the temperature in the 250–400 ◦C range
improved fixed carbon content, reduced volatile matter, and increased ash content. As
the high fixed carbon content is proportional to a Higher Heating Value of any fuel, its
analysis is important for the choice of biomass for its application as bioenergy. The increase
in fixed carbon content as a consequence of the increase in the carbonization temperature is
a well-known behavior and has been mentioned by Legarra et al. (2019) [47], Yang et al.
(2020) [48], and Machado et al. (2014) [49]. The increase in carbon content occurs due to the
release of condensable and gaseous compounds during carbonization formed mainly by
CO, CO2, and hydrocarbons. In this thermochemical process, the factors that influence the
quality and yield of the final product are temperature, heating rate, and retention time [48].

Concerning the volatile matter content, when the temperature carbonization increased
from 250 to 350 ◦C, a large number of volatile compounds of low boiling points were
released rapidly, and as a consequence, VM (%) decreased rapidly from 73.47% to 57.78%.
When the temperature increased from 350 to 400 ◦C, volatile materials of high boiling
points decomposed, and the VM (%) decreased from 57.78% to 40.76%, see Figure 5. The
results demonstrate that VM (%) decreased rapidly when the temperature of carbonization
increased from 250 to 400 ◦C, which was consistent with other reported results [48]. The
proximate and ultimate analyses are important for biochar and hydrochar characterization
and are crucial for ascertaining the contents of VM, ash, and FC, as biochar and hydrochar
characterization are also used to study the combustion phenomenon of these materials [49].
In general, lignocellulosic biomass has a high VM content and a low FC, and its thermal
decomposition during carbonization and hydrothermal carbonization (HTC) changes its
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VM and FC contents [13,21,47,49]. Concerning coal, biomass differs from this fuel in
many characteristics, including the organic, inorganic, and energy content. Generally,
biomass has less carbon, more oxygen, higher hydrogen content, a higher quantity of
volatile components, and a lower heating value [50]. Therefore, carbonization and HTC
can produce biofuels with lower VM and higher FC than raw biomass, although it can
also increase the ash content when ash-rich feedstocks are employed [21,48,49,51]. In
this study, the carbonized fresh sample cake showed compatible VM and FC with other
biomasses [4,48,49,51], which indicates that this biochar can be used as biofuel.

Regarding ash content, a higher value in biomass fuel can cause ignition and com-
bustion problems because the melting point of the dissolved ash can be low, which causes
fouling and slagging problems [2]. Saidur et al. (2011) reported that the composition of
biomass ash is strongly dependent on the species and part of the plant, and especially
in agro-biomass ashes, the available nutrients, soil quality, fertilizers, and weather con-
ditions have a significant impact on the contents of potassium, sodium, chlorine, and
phosphorus [2]. The fresh sample cake that was carbonized in a Muffle Furnace in the
temperature range of 250–400 ◦C presented an increasing ash content with the increase
in the carbonization temperature, as shown in Table 3 and Figure 5. Comparing the ash
contents of biomass and coal, the ash of the biomass fuels is more alkaline, which may
worsen the fouling problems [2]. Thus, to obtain a high-quality biochar from the carbonized
babassu cake, it is recommended for the carbonization process to be set at a maximum
temperature of 300 ◦C, which presented an ash content of 6.14%. Figure 6 presented the
correlation between HHV (MJ kg−1), FC (%), ash (%), and temperature of carbonization
(◦C). According to the results, it can be reported that HHV increases with temperature
until it reaches a maximum at approximately 300 ◦C, after which it starts decreasing. For
temperatures above 300 ◦C, despite the increase in FC (%), the HHV shows a decrease,
probably due to the increase in the ash content.

The last section of the paper shows the results of the production and characterization
of solid fuels using the babassu cake as raw materials (Figure 7) and the blends of the
babassu cake with cashew nutshell, sugarcane bagasse, carnauba straw, and carnauba
stalk (Figure 8a–c). For the conversion of biomasses into solid fuels, various proportions
were used ((25, 50, and 75%), (50%), and (40% + 30% + 30%)). The diameter of the solid
fuels was 5.00 cm, and the average weights were 10.50 g (solid fuel of babassu cake) and
10.00 g (blends). According to Figures 7 and 8a–c, all solid fuels were well-compacted
and, therefore, are suitable for use as biofuel. In addition to the economic viability of the
production of solid fuels from agricultural wastes, this biofuel contributes to solving the
problem of the loose structure of biomass raw materials, which facilitates transportation
and mitigates the inconvenience of the low-energy efficiency of direct biomass combustion.
Compared to fossil fuels, solid biofuel combustion emits less sulfur dioxide [18–20]. The
characterization of the solid fuels includes proximate analysis and Higher Heating Value
(HHV), see Table 4. The four industrial parameters that classify biomass fuels are moisture,
ash, volatile matter, and fixed carbon contents. Thus, despite the variety of biomasses,
volatile matter and ash contents did not show significant differences, which represents a
benefit for the application of solid fuels in the industrial field. In addition, all values of HHV
were higher than 18 MJ kg−1, which is superior to many results reported previously [2,46].
Because Brazil is a country with a high agricultural potential, which implies a wide range
of agricultural resources, the results of this study could lead to further investigation of the
integrated use of the waste babassu coconut as feedstock for solid fuel production with
other agricultural residues available in the northeastern part of Brazil, such as cashew
nutshell, sugarcane bagasse, carnauba straw, and carnauba stalk.

5. Conclusions

The integrated use of the waste babassu coconut obtained from oil extraction was
evaluated. The storage condition of the babassu kernel did not represent a problem because
interference in the yield of the oil extraction was not observed. Thus, feedstock storage does
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not represent a limitation for the biodiesel industry. For chemical characterization of the
fresh and aged sample cakes, the main difference occurred in the moisture, ash, and fixed
carbon content. However, the results, including the Higher Heating Value, are compatible
with other residual biomasses already used as solid fuels. Carbonization was successfully
used for the production of solid fuel from the babassu cake, with a significatively increased
fixed carbon content and high calorific value, which improved the fuel quality. Thus, the
sample produced from the carbonization of the cake generated in the babassu oil extraction
may be a promising alternative for the production of solid fuels for application in the
combustion sector. The biomass densification was carried out using a hydraulic press
machine and a stainless-steel cylinder. All samples were well-compacted and indicated
a possible application as solid fuel. In addition, moisture, ash, volatile matter, and fixed
carbon contents did not show significant differences. Thus, it is possible to report that waste
biomasses show potential for application in the renewable energy industry. The findings
of this work provide crucial information to researchers, decision-makers, and technical
operators of the biomass densification process. Overall, solid fuels from agricultural
residues could offer benefits for their use in many industrial segments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11020585/s1, Table S1. Mean values of proximate analysis
and Higher Heating Value (HHV) for the fresh and aged samples of ground babassu kernel (wet
basis). Table S2. Mean values of proximate analysis and Higher Heating Value (HHV) for the fresh
and aged sample cakes obtained from the babassu oil extraction (wet basis). Table S3. Mean values
of proximate analysis and Higher Heating Value (HHV) for the fresh sample cake carbonized in a
Muffle Furnace at temperatures 250, 300, 350, and 400 ◦C (wet basis). Table S4. Values of proximate
analysis and Higher Heating Value (HHV) for the solid fuel of babassu cake and solid fuels of blends
of babassu cake + cashew nutshell (25, 50, and 75 %), babassu cake + sugarcane bagasse (25, 50, and
75 %), babassu cake + carnauba straw (50%), babassu cake + carnauba stalk (50%), and babassu cake
+ carnauba straw + carnauba stalk (40% + 30% + 30%) (wet basis).Table S5. Proximate analysis values
for the cashew nutshell, sugarcane bagasse, carnauba straw, and carnauba stalk (wet basis). Table S6.
Proximate analysis values for the cashew nutshell, sugarcane bagasse, carnauba straw, and carnauba
stalk (dry basis).
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