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ABSTRACT

Purpose: Thermal and Physicochemical evaluation of agai seeds for its use in thermochemical conversion processes for clean energy
generation.

Methodology: Experimental and qualitative research, using analyzes such as: Thermal analysis (TG/DTG and DTA curves) and
Calorimetry, Ultimate and Proximate analyzes, Scanning Electron Microscopy, Energy Dispersive Spectroscopy, X-Ray Diffraction,
Fourier Transform Infrared Spectroscopy and Optical Emission Spectroscopy - Inductively Coupled Plasma.

Findings: It was noted that the acai seeds presented carbon, hydrogen, and oxygen contents as majority elements and a Higher
Heating Value (HHV) of 19.8 MJ kg™. Nitrogen and lead elements were found as trace elements. However, highly polluting
elements, e.g., sulfur, cadmium and arsenic were not detected in the samples.

Originality: The utilization of acai seeds by means of thermoconversion processes for bioenergetic purposes can be an attractive
socioenvironmental, reducing disposal in inappropriate places, adding considerable value to waste and still protecting the
environment.

Keywords: agai seeds, added value, bioenergy, biomass characterization, thermal analysis.

DEGRADAGCAO TERMICA DE CAROCOS DE AQAI: E POTENCIAL APLICAGCAO EM PROCESSOS
TERMOQUIMICOS

RESUMO

Objetivo: Caracterizacdo térmica e fisico-quimica dos carogos de agai para utilizacdo dessa biomassa em processos de conversdo
termoquimica para geragdo de energia limpa.

Metodologia: Pesquisa experimental de cunho qualitativo, na qual foram utilizadas diferentes andlises como: Anélise
Termogravimétrica/Derivada da Termogravimetria, Anélise Térmica Diferencial e Calorimétrica, Analises Elementar e Imediata,
Microscopia Eletronica de Varredura, Espectroscopia de Energia Dispersiva, Difracdo de Raios-X, Infravermelho por Transformada
de Fourier, Espectroscopia de Emisséo Otica por Plasma Acoplado Indutivamente.

Resultados: Verificou-se que os carogos de agai apresentaram teores de carbono, hidrogénio e oxigénio como elementos majoritarios
e um Poder Calorifico Superior (PCS) da ordem de 19,8 MJ kg™. Os elementos nitrogénio e chumbo foram encontrados em
quantidades inferiores e considerados como elementos tragos. Elementos altamente poluentes como enxofre, cadmio e arsénio ndo
foram detectados nas amostras de carocos de acai.

Originalidade: O emprego dos carocos de acai por meio do reaproveitamento térmico para fins bioenergéticos pode ser atrativo do
ponto de vista socioambiental, reduzindo o descarte em locais inapropriados, agregando um valor consideravel a esses residuos e
sobretudo protegendo o meio ambiente.

Palavras-chave: carocos de acai, valor agregado, bioenergia, caracterizacdo de biomassa, analise térmica.
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THERMAL DEGRADATION OF AGAI SEEDS AND POTENTIAL APPLICATION IN THERMOCHEMICAL PROCESSES

1. INTRODUCTION

The increase in worldwide energy demand is becoming more expressive and, in this current
context, for maintaining a structure of goods and services, the oil is still indispensable due to its
high energy value (Domingos et al., 2012). However, limited oil reserves as a non-renewable
resource and unstable prices, in addition to the high gaseous emissions harmful to the environment
intensified the concerns about the greenhouse effect, reflecting the need to seek new alternative
sources for the energy generation without damage the environment (Figueiredo et al., 2012; Souto
et al., 2021). The energy supply is one of the main fundamentals to be overcome in the face of the
growing demand for goods and/or services, which requires the use of new energy sources that are
planned on the renewability and sustainability concept (Aliotte, 2020).

Solar energy, wind and biomass are some types of renewable sources, being biomass one of
the most important in Brazil actually, due to the enormous potential of its use for the national
energy matrix (Figueiredo et al., 2012; Costa, 2018). According to the National Energy Balance
(BEN) carried out by the Energy Research Company (EPE, 2019), the electric energy generation
using biomass represents 8.5% of the Brazilian electric matrix.

In the North region and Midwest region part, place with predominance of the Amazon
Forest, the electrical network becomes highly impractical due to the difficult access caused by some
natural obstacles, i.e., rivers, lakes, flooded regions and very dense forests (Souza et al., 2015). In
these regions mentioned without power supply, small thermoelectric plants that normally use fossil
fuels (mainly diesel) are used, which raises the price of the energy production, in addition to be
considered as a polluting agent (Santos, 2011). This process of local energy generation through
generator sets, which are powered by non-renewable fuels, for example, diesel is called isolated
systems (Souza et al., 2015). Therefore, the demand for new feedstocks for utilization as biofuels is
growing and, among natural sources, agricultural and forest residues are highlighted by abundance
and species availability (Costa, 2018). The use of biomasses in these regions will reduce the
dependence on fossil fuels, having as positive factors non-elimination of polluting when compared
to diesel and reducing the dependence on centralized generation, which is supplied by
concessionaires and/or electricity relay companies (Souza et al., 2015).

Among the large amount of biomasses existing in Brazil, there is the acai fruit Euterpe
oleracea, a palm tree that produces a purple colour fruit, widely used for the production of
beverages and food in the North and Northeast regions (Sousa and Vieira, 2014). A great attention
has been devoted to the electric energy production from this biomass, mainly in isolated
communities in the North of the country, where the acai seed is largely abundant (Sousa and Vieira,
2014). According to IBGE (2019), Brazil produced 1,510,022 tons of agai fruits. From this total
production, the Para State stands out as the largest national producer, contributing about 95%.

After extracting of the acai fruit pulp, from 85 to 95% is rejected, causing serious impacts to
the environment by the improper disposal of these residues (Sousa and Vieira, 2014), harming the
well-being of the local population and hygiene of the cities (Cordeiro et al., 2019). From the
scenario presented a possible option to reduce these impacts and also add value to waste is the use
of acai seeds for the bioenergy generation, which can present great benefits, for instance, the
greenhouse gases reduction and dependence on fossil fuels (Cunha et al., 2018). It is interesting to
highlight that pyrolysis, gasification and direct combustion are some examples of the
thermochemical processes that can employ this biomass as a solid biofuel (Sousa and Vieira, 2014).

This study evaluated the main effects of the thermal degradation process of acai seeds
Euterpe oleracea under oxidizing atmosphere (synthetic air) using Thermogravimetry/Derivative of
Thermogravimetry (TG/DTG curves) and Differential Thermal Analysis (DTA curve). The
physicochemical properties of the samples were evaluated using ultimate, proximate and
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calorimetric analyzes. The structural properties were evaluated by X-Ray diffraction (XRD) and
Fourier transform infrared spectroscopy (FTIR). The textural and morphological aspects were
characterized by scanning electron microscopy (SEM) and the composition and quantification of
metals and/or inorganics was studied by optical emission spectrometry with inductively coupled
plasma (ICP-OES).

Finally, this paper present a brief introduction and literature review about the studied theme,
the materials and methods used to obtain the results, the main results reached in this research and
conclusions.

2. LITERATURE REVIEW
2.1 Biomass

The development of new technologies provides more comfort and convenience to modern
society, but these technologies increase the demand for different energy sources, which are used for
the goods and/or services production (Ong et al., 2020). The dependence on fossil fuels on a global
scale and high level of greenhouse gases in the environment showed a considerable increase and, to
reverse this situation, several attempts are performed to identify new and promising alternative
sources that present considerable cost-effectiveness (Rambo et al., 2015). Regarding, biomass is
highlighted as an alternative fuel for obtaining clean energy, contributing in a beneficial way to
reduce the greenhouse gases and environmental pollution (Benedito, 2012). Any renewable material
derived from organic materials of animal or vegetable origin is denominated biomass (Rangel,
2014), such as wood from forests, plantations, algae, material remaining from agricultural and
forestry processes, and industrial, human and animal organic residues (Saidur et al., 2011; Cruz and
Crnkovic, 2015).

The energy from plant biomass, animals and/or lignocellulosic materials is obtained from
the solar source through photosynthesis process. In this process, the carbon dioxide (CO2) present in
the environment is transformed into a sugar reserve and stored in plants, animals or in the respective
residues, called bioenergy reservoirs (Mckendry, 2002; Babu, 2008; Saidur et al., 2011). When this
biomass is totally burned or submitted to direct combustion, see figure 1, the amount of carbon
dioxide produced is equal to the amount removed from the atmosphere during its growth stage,
without addition of carbon dioxide (COy), i.e., is an emission considered neutral for this pollutant
and also known as the carbon life cycle (Saidur et al., 2011).

For Cortez et al. (2008), the biomass sources are divided into woody (wood) and non-woody
(saccharides, cellulosic, among others), organic residues (agricultural, urban and industrial) and
biofluids (vegetable oils). Therefore, it is extremely important to know the characteristics of the
biomasses used to determine the most appropriate process in which this feedstock will be used for
transformation into bioenergy (Rangel, 2014).

co,

Figure 1: Carbon life cycle Representation.
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2.2 Acai Seeds (Euterpe oleracea) and applications

The acai seeds (Figure 2) come from a palm tree native to the North region of Brazil,
occurring mainly in the States of Para, Amazonas, Maranhdo, and Amapa, also encompassing
regions in other countries, for instance, Guyana and Venezuela (Oliveira et al., 2007).

The acai tree can be identified as the palm with the greatest cultural, economic and social
importance in the North region and demand for the pulp of this fruit is growing among local
residents and tourists, due to the high nutritional power (Queiroz and Melém Jr., 2001). According
to the IBGE (2019), Brazil produced 1,510,022 tons of acai. From this total production, the Para
State stands out as the largest producer, totaling 95%.

Figure 2: Palm tree of the agai fruits.

From the acaizeiro fruits, 85 to 95% is defined as waste and causes serious impacts to the
environment due to inadequate disposal in open places or burnt in the field itself (Sousa and Vieira,
2014), harming the well-being of the population and hygiene cities due to the bad smell and
probable contamination by venomous animals (Cordeiro et al., 2019). Cordeiro et al. (2019) used
acai seed in natura for the production of second generation ethanol by means of enzymatic
hydrolysis. The authors found that the biomass studied was promising for obtaining secondary
ethanol, with a yield of 87.08% in relation to the initial glucose concentration (13.68 g L%).

Martins et al. (2009) used mesocarp fiber and acai fruit core for use in composite materials.
The thermal behavior of the acai fiber proved to be similar to the main natural fibers already used
industrially, such as sisal and coconut from the beach.

Ferreira et al. (2018) used the acai residues as a coarse aggregate for the composition of a
permeable concrete and concluded that, despite the lower strength of the concrete, cannot be
employed as structural concrete, but it proved to be satisfactory and applicable in other demands of
civil construction, for example, coating or floor.

2.3 Thermochemical conversion processes

A possible option to reduce environmental impacts and also add value to wastes is to use
them in the clean energy generation, bringing great benefits, for example, the reduction of
greenhouse gases and dependence on fossil fuels (Cunha et al., 2018). Gasification, pyrolysis and
combustion are the most common thermal processes in the thermochemical conversion of different
biomasses as solid biofuels (Sousa and Vieira, 2014).
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Pyrolysis represents the thermal decomposition process of biomasses in the total absence of
oxygen or in a controlled ambient of nitrogen or other inert gases for products generation in the gas
phase (CO, CO2, hydrogen and low molar mass hydrocarbons), liquids (tar, obtained from gas
condensation), and solids (biochar or biocoal) (Félix et al., 2017; Qiao et al., 2020).

In gasification occurs an incomplete reaction between the feedstock (biomass and fossil
fuels, in solid or liquid state) and oxidizing agent (oxygen), producing a gases mixture, which still
present combustible properties and are called synthesis gas or simply syngas (Sousa and Vieira,
2014; Vital et al., 2018), which can be used for the heat production or in engines for electricity
generation, following the proportion: 80% gas, 20% diesel or 100% gas in Otto cycle engines
(Muniz and Rocha, 2013).

Direct combustion occurs in the presence of atmospheric or synthetic air (oxidizing
atmosphere), producing heat and/or electricity and, when applied to lignocellulosic biomasses,
successive complex chemical reactions (heterogeneous and homogeneous) can occur, whose
chemical energy obtained through photosynthesis is transformed into hot gases, i.e., non-
condensable gases that still contain a high calorific value (Silva et al., 2021).

3. MATERIAL AND METHODS
3.1 Samples preparation

The acai seeds were provided by a point of sale of this delicacy at a popular market in the
city of Sdo Luis (Maranhdo State, Northeast region, Brazil), located at 2°29°32.7” South (latitude)
and 44°13°10.9” West (longitude). In the preparation stage (Figure 3a-b), the samples were washed
in running water to remove impurities, dried in an oven (average temperature of 60 °C for 48 h) for
removal excess moisture, subjected griding in a ball mill and sieving for the granulometry selection
<300 um (average particle size).

(b)

Figure 3: Acai seeds samples: (a) after washed and dried, and (b) after griding and sieving - average granulometry (<
300 pum).
3.2 Proximate analysis

The moisture content (W), volatile materials (VM), fixed carbon (FC), and ash (A) of the
acai seeds samples were obtained by Thermogravimetric analysis in a simultaneous SDT 2960
TGA-DTA equipment, based on the methodology developed by Torquato et al. (2017).
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3.3 Ultimate analysis

The relative content of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) present in the
biomass were quantified in a 2400 CHNS-O Elementar Analyzer (Perkins Elmer brand). The
oxygen content (O) was calculated by difference at 100%, on a dry and ash-free basis (Protésio,
2014).

3.4 Calorimetry analysis (HHV/LHV)

The higher heating value (HHV) of the acai seeds was determined in a IKA C200
calorimeter pump, and the Equation 1 was used to calculate the lower heating value (LHV) (Cortez
et al., 2008).

LHV = (HHV - 1 * (r + 0.09 * H)A) * (100 - W) / 100 1)

Where X is the latent heat of water vaporization (2.31 MJ kg™) at 25 °C, W is the moisture
contained in sample calculate by proximate analysis, H is the hydrogen content obtained from the
ultimate analysis and r = W/(100-W), wich is denominated of moisture ratio.

3.5 Thermal analysis (TG/DTG and DTA curves)

For the thermogravimetric analysis/derivate thermogravimetric (TGA/DTA curves) and
differential thermal analysis (DTA) was used a SDT 2960 Simultaneous TGA-DTA thermal
analyzer, whose experimental conditions were: dynamic atmospheric flow of 100 mL min under
air atmosphere synthetic, using a sample mass of 7.16 + 0.01 mg and a heating rate of 10 °C min!
from room temperature to 800 °C.

3.6 X-Ray diffraction (XRD)

For determination the crystallographic structure of the samples, a Shimadzu brand
diffractometer (XRD-6000 model) was used. The 26 (diffraction angle) ranged from 10° to 90°,
employing CuKa radiation (A = 1.541 A), voltage 40 kV, current 40 mA and a step size 0.05° s%.

The Crystallinity Index (CI) was calculated by Equation 2 based on the crystalline region
intensity (loo2), with peak at 20 = 22.5°, and the amorphous region intensity (Iam), with 26 = 18°
(Cruz et al., 2018).

IC =100 * (loo2— lam) / looz (2)
3.7 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the samples were obtained by means of Shimadzu Fourier transform
spectrophotometer (IR-Prestige-21 model). The analyses were carried out in potassium bromide
(KBr) pellets and a wavelength ranging from 4000 to 400 cm™.

3.8 Determination of metal composition (ICP-OES)

In order to quantify metallic and inorganic elements of acai seeds, an inductively coupled
plasma - optical emission spectrometer (ICP-OES) was used, with concentration reaching up to 10
mg L for certain elements analyzed (Caruso et al., 2017).

3.9 Scanning electron microscopy (SEM images)
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The morphological and textural characteristics of the acai seeds samples were evaluated by
SEM images, obtained on a Tescan Vega 3 Scanning Electron Microscope, with 1000 and 5000
times of magnification.

4. RESULTS AND DISCUSSION
4.1 Proximate, Ultimate and Calorimetric Analysis

By means of the ultimate analysis (Table 1), and based on the levels of carbon, hydrogen,
oxygen, nitrogen and sulfur were obtained, the chemical formula for the acai seeds was constructed,
i.e., dividing the quantified percentage of each element (C, H, O, N, S) by the respective atomic
weights (Cruz et al., 2021). From the chemical formula (Czs9Hs18No.0sO296) obtained for this
lignocellulosic compound, it is possible to predict the yield of the complex chemical reactions
during thermal decomposition and also estimate the gaseous emissions of these materials when
subjected to thermochemical processes (Braz, 2014).

Table 1: Proximate, ultimate and calorimetric analysis of acai seeds Euterpe oleracea.

Ultimate Analysis

Element Quantitative (%)
Carbon (C) 46.72 £ 0.50
Hydrogen (H) 5.18+£0.17
Oxygen (O)* 47.42 + 0.65
Nitrogen (N) 0.68 £0.03
Sulfur (S) n.d.
Chemical Formula
C3.89H5.18N0.0502.96
Proximate Analysis
Moisture 10.00%
Volatile Materials 63.00%
Fixed Carbon 26.00%
Ash 1.00%

Calorimetric Analysis (MJ kg)
Higher Heating Value (HHV) Lower Heating Value (LHV)
19.75 £ 0.08 16.57

*0 =100 — (%C + %H + %N + %S)0 = 100 — (%C + %H + %N + %S)
n.d. = not detected or below of the equipment detection limit.

The biomass of acai seeds showed an average carbon value (46.72%), close to the values
48.47% and 47.41% found for this same biomass by Costa (2018) and Virmond et al. (2012),
respectively, , and twice as high in relation to the value found by Silva et al. (2019) for the fish
scales (20.32%). Such proportions reflect directly on the elevated Higher Heating Value (HHV),
i.e., 19.75 MJ kg, which increases linearly with this constituent (Costa, 2018). Carbon, hydrogen
and oxygen are the major components in solid fuels, reacting during combustion in an exothermic
reaction and generating mainly CO2 and H2O), which contributes positively to the increase in
HHYV (Sasmal et al., 2012; Braz, 2014; Cruz et al., 2018).

On the other hand, higher levels of oxygen (O) present in the samples reduce the HHV of a
biofuel, mainly due to the enthalpy values of the bonds, since a high energy is necessary to occur
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break in the bonds formed by oxygen atoms (Braz, 2014). Despite the high oxygen content
(47.42%), the acai seeds presented a high HHV value, slightly higher than that found by Cruz et al.
(2021) and Cruz et al. (2018) for the cassava leaves (18.86 MJ kg™) and sugarcane bagasse (17.47
MJ kg), respectively. It is worth mentioning that this latter biomass is widely used for the electric
energy generation in biorefineries, a factor that corroborates with the use of acai seeds can be
applied in thermochemical conversion processes for the of clean energy generation.

For acai seeds residues, the Lower Heating Value (LHV) was 16% lower in relation to the
HHYV of this same biomass. This value was twice higher than found for the fish scale samples (8.17
MJ kg1) conform studied by Silva et al. (2019). The LHV is given by energy released in the
oxidation of a fuel without taking into account the water latent heat and, therefore, this value is
important and considered during the development of thermal process projects for the power
generation (Mckendry, 2002; Braz, 2014; Costa, 2018).

The levels of nitrogen (N) and sulfur (S) are necessary parameters for the knowledge of the
formation potential of polluting agents, resulting from the biomasses thermal degradation, during
burning, which are emitted to the atmosphere and can cause damage to the environment and health
human (Ren et al., 2017; Costa, 2018). The residues of the acai fruits presented nitrogen as a minor
component, i.e., 0.68%. Lower values of this element are suitable for the combustion process, since
nitrogen in high quantities can react with oxygen in the atmospheric air, forming NOx (90% NO,
10% NOz and N20 in minority), gases responsible for the occurrence of acid rain and problems of
corrosion in industrial equipments (Cruz et al., 2021).

The acai seeds, as well as the sugarcane bagasse samples investigated by Braz (2014) and
Cruz (2015), not presented a sulfur content in the elemental composition, being less prone to the
production of polluting gases. Sulfur, during gasification, is converted into hydrogen sulfide (H2S),
a highly corrosive gas used in coolers, and that causes serious damage to transfer systems or heat
exchangers (Virmond et al., 2012). In addition, the formation of SO can lead to corrosion processes
in industrial plants, reducing the useful life of the metallic materials and affecting the efficiency or
performance of the thermal process, and as NOx gases, are also responsible for the occurrence of
acid rain (Braz, 2014; Wang et al., 2017).

The moisture content for the acai seeds was approximately 10%, being considered as a dry
biomass (Braz, 2014). Moisture decreases the fuel quality, delaying ignition and, consequently,
impairing combustion (Medeiros, 2016). For the gasification process, a moisture inferior 10% in the
fuels is favorable, since wetter samples (greater than 50%) can damage the equipments due to the
tar formation, which results in poor ignition and difficulty in the combustion process (Braz, 2014;
Barbosa et al., 2016).

The volatile materials content for a determined biomass depend on its nature and are in the
range from 75 to 90% (Cruz et al., 2021). The volatile material content is used to determine the
ignition easily and burning of solid fuels. Together with the fixed carbon and volatile material ratio,
which determines the flame stability during combustion, revealing that the higher the material
volatile content, the higher the burning velocity and the lower flame stability (Virmond et al., 2012;
Medeiros, 2016). The high values of volatile materials in biomasses show its high reactivity (Braz,
2014), demonstrating a representativeness of the tar content in the combustion gases and rapid
ignition (Marcelino, 2017).

According to Yang et al. (2005) for the plant biomasses the fixed carbon varies from 7 to
20%. The high fixed carbon content of acai seeds (23%) showed a high thermal resistance of this
biomass, i.e., combustion process will occur more slowly (Marcelino, 2017). It is worth mentioning
that materials that present a high fixed carbon content also have a high heating value, which is an
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important parameter for the gasification process evaluation, since from this parameter it is possible
to determine the process velocity rate and the respective thermal yield (Medeiros, 2016).

The low ash content found for the agai seed samples (= 1%) makes them an excellent
residue with great possibility of be used in thermochemical conversion processes, since the excess
ash impairs the use of some lignocellulosic materials in industrial processes, causing problems such
as slurry, agglomeration, slag, and deposition on the walls of the equipments and, consequently,
decrease in the thermal process efficiency (Braz, 2014).

4.2 Thermal analysis (TG/DTG and DTA curves)

Thermogravimetry (TG) and Derivative of Thermogravimetry (DTG) (Figure 4a) were
performed under oxidizing atmosphere or synthetic air (combustion), showing the main of thermal
degradation stages for the acai seeds samples. The first stage is comprised between 40° and 150 °C,
with a peak of mass loss in approximately 60 °C. This phase corresponds to the moisture release
from biomass, with a mass loss of approximately 10% (Costa, 2018). The biomass moisture content
should be limited a range from 10 to 30% weight, in order to avoid ignition and combustion
problems in actual thermal processes (Virmond et al., 2012).

The second stage, between 180 °C and 370 °C, is due to the detachment of highly volatile
components, which are associated to the thermal decomposition of cellulose, hemicellulose and
initial lignin part (Virmond et al., 2012). This is a region of rapid combustion, where the maximum
mass loss rate reached a value of approximately 50%, indicating a peak temperature at 290 °C
(Virmond et al., 2012). The mass loss was higher than the value found by Fraga and Tavares (2017)
for the acai fibers in natura (40%), which occurred in the range from 200° to 325 °C. The second
peak observed in this stage was considered as thermal degradation of cellulose and hemicellulose
simultaneously, denominated holocellulose and characterized by the presence of a "shoulder” in TG
curve around 320 °C (Silva, 2019).

The third stage, starting at around 370 °C and ending at 530 °C, showed a peak at 440 °C,
which is related to the thermal degradation of residual lignin. For Braz (2014), lignin thermal
decomposition starts at around 200 °C and ends at 600 °C. Lignin presents a high thermal stability,
which makes it difficult to decompose at temperatures below 600 °C (Fraga and Tavares, 2017). In
this stage, the mass loss was approximately 36%.

100

(b)
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Figure 4: Curves (a) TG/DTG and (b) DTA under oxidizing atmosphere (synthetic air) for acai seed Euterpe oleracea.
After 600 °C, the residues generated or ashes (inorganic and metals) resulting from the

burning of the acai seeds were approximately 4%. How much more reactive the biomass, lower
temperature and residence time are required for its complete thermochemical conversion, which
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reduces the problems caused by the ashes, since at high temperatures (900-1050 °C) these are
melted and in contact with the airflow can solidify, causing sintering problems on the equipment's
thermal surfaces (Virmond et al.,, 2012). Fluidized bed gasifiers, for example, operate at
temperatures below the melting temperatures of the biomass ashes, i.e., 900 °C, which is a good
option for the use of acai seeds in the bioenergy generation (Virmond et al., 2012).

By means of DTA curve (Figure 4b), the endothermic (heat gain) and exothermic (heat loss)
events related to the thermal degradation of acai seeds under oxidizing atmosphere were observed.
The endothermic process occurred at 62 °C, and is related to the moisture evaporation from the
samples. The exothermic peaks verified at 337 and 445 °C are in accordance with the mass loss
events shown in the TG/DTG curves, which are related to the thermal degradation of holocellulose
(320 °C) and residual lignin (440 °C).

In addition, for all the aforementioned thermal and physical-chemical characteristics, other
factors, such as environmental and socioeconomic aspects, could also demonstrate that acai seeds
are a prone and strong candidate for use as a feedstock in the bioenergy production through
thermochemical processes (combustion, pyrolysis and gasification), but noting that generalizations
cannot be made when different lignocellulosic biomasses are used in thermoconversion processes.

4.3 X-Ray diffraction (XRD)

From the X-ray diffractogram (Figure 5), it is possible to observe the crystalline effect of
vegetable fibers, corresponding to the cellulose fraction with the most intense peak around 22° and
referring to the planes of the glycosidic rings (sugars and carbohydrates), which are denser and
contain type | cellulose (Fraga and Tavares, 2017), while the peak around 18° refers to the
amorphous region (Cruz et al., 2018).

The crystallinity index (CI) for acai seeds was calculated by Equation 2, which presented a
value of 23%, and is slightly lower than that found by Rambo, Schmidt and Ferreira (2015) for the
acai seeds (30%), indicating that the acai seeds studied presented around 77% of amorphous
regions in their structural composition. It is a biomass with low crystallinity when compared with
other biomasses studied by other authors, for instance, tucuméa seed (Cl = 57.4%), sugarcane
bagasse (Cl = 64.8%) (Cruz et al., 2018) and the cassava stem (Cl = 60.2%) (Cruz et al., 2021).

(002)
(100)

Intensity (u.a.)

10 20 30 40 50 60 70 80
Diftfraction angle (20)

Figure 5: X-Ray Diffractogram of agai seed Euterpe oleracea.

Biomasses with characteristics amorphous are more reactive when compared to crystalline
ones, since the absence of crystalline agglomerates makes these lignocellulosic materials more

—G)
@ B Rev. Prod. Desenvolv., Rio de Janeiro, v.7: €531, Jan-Dez, 2021 10/ 18



THERMAL DEGRADATION OF AGAI SEEDS AND POTENTIAL APPLICATION IN THERMOCHEMICAL PROCESSES

susceptible to complex reactions of thermal degradation (Silva et al., 2019), or are easier to be
accessed by chemical treatments or biological factors (Cruz et al., 2018).

4.4 Fourier transform infrared spectroscopy (FTIR)

From the infrared spectrometer (Figure 6), the main functional groups present in acai seeds
were identified (Table 2). According to Martelli (2014), the application of this analysis allows the
identification of some molecular structures, such as aliphatic, aromatic and peptide components,
and reactive functional groups, e.g., COOH, OH, C = O and NHa.

OH

co,

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wave Number (cm™)

Figure 6: Fourier Transform Infrared Spectrometer for the acai seeds Euterpe oleracea.

The region between 3750 to 3500 cm™ can be directly related to water molecules (Lisbon,
2016). For the 3700 to 3400 cm region, with maximum value around 3432 cm™, a wide range of
absorption and intensity may be related to the valiant vibrations of the OH linkage between the
water and hydrogen molecules or to the OH groups present in cellulose, hemicellulose and lignin
(Oliveira et al., 2019; Silva et al., 2019). The peaks in the 2400 to 2250 cm™ range were attributed
to the C = O bonds of the CO2 group (Kok et al., 2017; Musellim et al., 2018; Silva et al., 2019).
The bands in the 1730 cm™ region can be associated to the C = O elongation (vibration of aliphatic
carboxylic acids and ketones), mainly due to the hemicellulose and carbonyl conjugated groups in
the lignin, which are close to 1650 cm™ (Cruz et al., 2018; Oliveira et al., 2019). Between 1600 and
1500 cmt, the C = C band of aromatic skeletal vibrations appears on lignin (Cruz et al., 2018).

Table 2: Main functional groups found for the acai seeds Euterpe oleracea.

Components Wavenumber (cm?)

OH bond between water and hydrogen molecules or OH groups of

cellulose, hemicellulose and OH lignin 3700 - 3400

Cluster C = O due to hemicellulose and conjugated carbonyl groups

St 2400 - 2250 e 1730
in lignin

C = C cluster of aromatic skeletal vibrations that appear in lignin 1600 - 1500

4.5 Determination of metal composition (ICP-OES)

From the analysis of ICP-OES it was possible to quantify the main inorganic and metallic
elements present in the acai seeds samples (Figure 7). The biomass ashes present some inorganic
elements, such as sodium (Na), potassium (K), magnesium (Mg), phosphorus (P), and calcium (Ca)
that form complex compounds and are especially important during thermochemical conversion
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process (Mlonka-Medrala et al., 2020). These elements present in biomass are widely studied due to
their significant influence on slag, slurry, agglomeration, corrosion and pollutants formation
(Williams et al., 2012).

. <
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Figure 7: Main inorganic and/or metallic elements present in the acai seeds samples Euterpe oleracea by ICP-OES.

A relatively high amount of potassium (K) was found for the of acai seeds samples (2520
mg kg). The agai fruits present high energy content and nutritional properties, with the presence of
some minerals, e.g., phosphorus (P), potassium (K), and calcium (Ca) (Sato, 2018). During the
biomass combustion process, potassium is released in the gas phase and then, the flue gases are
cooled on the ovens surfaces, condensing and forming potassium chloride (KCI) and potassium
hydroxide (KOH), compounds that cause fouling and corrosion in metal parts when subjected to
high temperatures, in addition to the possible adherence of these compounds to the ashes generated
in the burning (Mason et al., 2016).

Calcium (Ca) (1025 mg kg™) and magnesium (Mg) (460 mg kg™) were also found in the
biomass sample studied. Since these elements are essential nutrients for the vegetables, a possible
advantage of the presence of K, Ca, and Mg in biomasses would be the possibility of use the ashes
from these samples as fertilizers or soil conditioners (San Miguel et al., 2012; Cruz et al., 2018).

Some metals quantified in smaller proportions (3.8% total composition), for instance, Fe,
Mn, Cu, and Pb were also identified. A potentially toxic element i.e., lead (Pb) was detected with a
value 3 mg kg?, which is considered non-significant. However, cadmium (Cd) and arsenic (As)
elements were not detected, showing that the use of acai seeds for bioenergy generation through
thermochemical processes not represent environmental and/or human health risks (Cruz et al.,
2021).

4.4 Scanning electron microscopy (SEM images)

From the analysis of the scanning electron microscopy (Figure 8a-d) it was possible to
observe that the acai seeds showed a highly compacted structure, with meso and macropores, in
addition to the formation of larger aggregates of particles on the surfaces (Pessoa et al., 2019). The
fibers of the acgai seeds showed an isotropic property, i.e., these samples exhibited an ordered
distribution and elongated chain with the same direction and sense (Cruz et al., 2018). The irregular
surfaces of the samples may be associated with the possible deformation caused during the crushing
process and/or the friction between the biomass particles themselves (Barbosa et al., 2019), or can
also be a natural shape of the agai seeds.
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Figure 8: Scanning Electron Microscopy for the acai seeds Euterpe oleracea, with amplitudes: a) 1000x, b) 2000x,
¢) 2500x, and d) 5000x.

5. CONCLUSIONS

Acai seeds were studied by means of physical-chemical characteristics and thermal behavior
to use this biomass in thermochemical processes for the clean energy generation. The acai residues
presented a high carbon content, resulting in a considerable Higher Heating Value (HHV). Sulfur
and nitrogen contents were not significant, making the studied biomass less prone to the air
polluting emissions during the burning process in an oxidizing atmosphere. The quantification of
metals and/or inorganics showed a high potassium (K) content in the samples, which can cause
incrustations in the ovens walls, which are currently controlled and/or monitored electronically by
means of computational tools or softwares. Lead was detected as a trace element, however,
cadmium and arsenic, highly toxic elements were not detected, not representing environmental and
human health risks. The samples presented a compacted structure with meso and macropores, and
formation of larger aggregates on the surfaces. The thermal behavior of the acai residues identified
three distinct phases of thermal degradation, which are related to the moisture release, cellulose and
hemicellulose (holocellulose) and residual lignin.

Therefore, it is understood that acai seeds biomass showed a great potential to be applied in
thermal processes for bioenergy generation. For example, the use of these residues presents
advantages in the partial reduction of the dependence on fossil fuels and lower polluting gases
emissions. Finally, the use of these residues can avoid their disposal in inappropriate places or
infestation/contamination of venomous animals, adding high value to these residues.
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