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Abstract. Due to the growing energy demand and damaging consequences of using fossil fuels in the energy matrix,
several studies investigate new and promising renewable energy sources. Among these sources, biomass has devoted
scientists’ attention due to its versatility, availability, cost, and effect considered neutral for greenhouse gas emissions.
In this context, this study presents a physicochemical and morphological evaluation of soybean husks for bioenergy
production through thermochemical conversion processes. For examination of biomasses, X-Ray Diffraction (XRD),
Fourier Transform Infrared (FTIR), Ultimate Analysis (UA), and Scanning Electronic Microscopy (SEM) analyzes
were performed. For the XRD analysis, selected biomass presented a Crystalline Index (Cl) of 38.41%. The sample
revealed some functional groups such as alcohols, alkanes, alkenes, acids, amides, aromatics, and alkyl halides
employing FTIR analysis. The ultimate analysis exhibited the amounts of carbon (41.81+0.92%), hydrogen
(5.39£0.16%), nitrogen (1.00+0.09%), and oxygen (51.80+0.00%). The SEM images revealed the morphology and
texture of soybean husks, which appear amorphous, disorganized, and porous, also showing structures that indicate
the presence of hemicellulose, cellulose, lignin, protein, and other compounds. The studied biomass presented
compositional, vibrational, structural, and morphological characteristics similar to other biomasses already used for
bioenergy generation, demonstrating the excellent potential for thermochemical conversion, especially for direct
combustion processes.
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1. INTRODUCTION

The harmful consequences of fossil fuels excessive use are massive to be non-discussed (Olatunji et al., 2020). Due
to the consumption of fossil fuels being the main human activity to cause the greenhouse gases emissions (CO2, CHa,
N20), non-gases products, and particulates (aerosols and black carbon); scientists, environmentalists, politicians, and
other parts of civil society agree that is urgent to shift from the fossil energy source to environmentally friendly and
carbon neutral energy sources (Daneshvar et al., 2022). In 2020, International Energy Agency (IEA, 2022) registered a
decrease of about 2 billion tons of CO», this contraction can be related to the Covid-19 pandemic. However, the return
to “business as usual” push the energy production and industrials processes to the highest CO, emissions levels
recorded of 36.3 gigatons (Gt) in 2021, this value is 6% higher than the previous year (2020), which is evidenced the
need in adopting new strategies for carbon reduction (IEA, 2022).
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Because of the hurry to diversify the energy matrix, biomass has gained much attention in past decades (Ashraf et
al., 2021). Bioenergy, mainly, produced by biomass supplied around 90% of industrial demand in 2019 and represented
one-tenth of the total primary energy source using renewables sources in 2021 (IEA, 2022; REN21, 2022).

Brazil is often recognized as one of the biggest bioenergy producers in the world, occupying the second position of
world investor in ethanol and biodiesel production in 2022, and the second position in biopower capacity in the same
year (REN21, 2022). Brazil presents 48.3% of its internal energy stock composed of renewable sources, i.e., 12.6% is
derived from hydraulic, 8.9% from firewood and charcoal, 19.1% from sugarcane waste, and 7.7% from another source
(EPE, 2021). Thus, the world energy commercialization is expected to increase, and to supply this request, is crucial to
investigate, improve, and expand the range of the lignocellulosic biomasses available (Alves et al., 2022).

Lignocellulosic biomass is a renewable, abundant, costless, and versatile feedstock for bioenergy production.
However, is necessary to overcome the occurrence of some provision problems caused by seasonality, harvest, and
quantity of specific biomass (Alves et al., 2022). Consequently, the investigation of new feedstocks with potential
bioenergy to feed thermochemical devices became important and has been gaining recognition in recent years (Cruz et
al., 2020).

Agribusiness is a sector that generates a large amount of waste and it is a great opportunity for the production of
lignocellulosic feedstocks (Rodionova et al., 2017). Brazil presents notorious agriculture and is the biggest soybean
producer in the world, with 37% of the production share in 2021, resulting in 135 million tons of soybean (EMBRAPA,
2021; IBGE, 2022).

In this context, the commodities generate a large amount of waste, which represents a new potential lignocellulosic
biomass for thermochemical conversion systems, for this reason, this study presents the evaluation of Brazilian biomass
for use in thermochemical processes, e.g., soybean husks, which represent one of the biggest sources of lignocellulosic
feedstock. For this biomass performed Ultimate Analysis (UA), X-Ray Diffraction (XRD), Fourier Transform Infrared
(FTIR), and Scanning Electronic Microscopy (SEM images), for investigating their structural, vibrational,
compositional, and morphological characteristics.

2. MATERIALS AND METHODS

This section presents the main steps and experimental settings for the Brazilian biomass characterization for use in
thermochemical processes, following the methodology developed by Cruz (2015) as can be observed in the 2.1 to 2.5
sections.

2.1 Sample origin and preparation

The soybean husks were obtained from a soybean producer farm, located in the Balsas (MA) city (latitude: -
7,53292; longitude: -46,035). In the preparation step, the samples were washed in running water for the impurity’s
removal and dried on a stove (Tecnal TE-393/80L) at 60 °C for 48 h for moisture removal. After this process, the
samples were grounded in knife and forage mills (Tecnal TE-648 and Trapp TRF 400 Super, respectively) for particle
size reduction, and sieved for an average granulometry of = 328 um (ASTM series, 45 and 50 meshes).

2.2 Ultimate Analysis (UA)

The ultimate analysis was performed to discover the biomasses’ chemical composition, and it was possible to
obtain the contents of carbon (C), oxygen (O), hydrogen (H), nitrogen (N), and sulfur (S) of the samples, using an
Elementary Analyzer (Perkin Elmer, 2400 CHNS-O). The oxygen percentage was calculated by a difference of 100%.

2.3 X-Ray Diffraction (XRD)

The sample’s crystallographic structures were evaluated by mean of X-Ray diffractometer (XRD) (Bruker D8
advance), which employed the CuKa radiation (A = 1.541 A, 40 kV - 40 mA). The diffraction angle (20) ranged from 5
to 70° and the sweep speed of 0.05° s™.

The crystalline index (CI) was calculated using Segal’s method, which is represented in Eq. (1), where lgo, denotes
crystalline region diffraction and lam indicates the amorphous region diffraction intensity, which for the CuKa radiation
the 20 value is around of 22.5° and 18.0° for these intensities, respectively (Xu et al., 2013).
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2.4 Fourier Transform Infrared (FTIR)
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The Fourier Transform Infrared (FTIR) was used to identify the main structural components employing the
vibrational characteristics of the biomasses. The measurements were performed in a spectrophotometer (Shimadzu IR-
Prestige-21) from 4000 to 400 cm?, and the samples were prepared with KBr (potassium bromide).

2.5 Scanning Electronic Microscopy (SEM)

The morphological and textural structures of Brazilian harvest waste were observed by Scanning Electronic
Microscopy (SEM) (Leo Electron Microscopy LEO440). The experiment was performed in a vacuum and the samples
were submitted to a gold bath (metallization).

3. RESULTS AND DISCUSSION

Results showed characteristics of these biomasses, which are related to the potential use of these biomasses as
lignocellulosic feedstock for thermochemical conversion systems, for this reason, such results are discussed and
presented in sections 3.1 to 3.5.

3.1 Ultimate Analysis (UA)

The average values of C, H, N, and S contents for the soybean husks are presented in Fig.1. A remarkable result is
the absence of sulfur (S), maybe the ultimate analysis performed was not capable to detect this element. The average
carbon, hydrogen, and nitrogen contents of this study are lower by 1.8; 17.2, and 37.0%, respectively, related to the
values for the soybean hulls of Indian origin (C = 42.3%; H = 6.4% and N = 1.7%) found by Rastrogi, Jha, and Sarma
(2016). The soybean hulls studied by these authors also not presented significant sulfur contents, which revealed that
soybean hulls, as well as the biomass used in this research, are not prone to the formation of SOx, or can tend to
produce amounts of these gases at insignificant levels (Rastrogi et al., 2016).
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Figure 1. Histogram representation of Ultimate Analysis data for the soybean husks.

The soybean sample presented low nitrogen and sulfur contents, these elements directly cause the formation of NOx
and SOx emissions, one of the main substances promoting air pollution and generating respiratory diseases. Such
emissions also increase the solar reflection coefficient by changing the global temperature. In thermochemical
conversion systems, these gases are associated with corrosion problems in ovens, boilers, ducts, etc (Bilsback et al.,
2019; Sahoo et al., 2020). Therefore, soybean husks as raw material are less likely to form pollutants and consequently,
a small contribution to the formation of greenhouse gases, as well as proper functioning the prevention and/or reduction
of system corrosion

Hydrogen and oxygen contents are related to the propensity to generate water steam (H.O)y and carbon dioxide
(COy) during thermochemical conversion systems. The significant amount of carbon in biomass designates the presence
of fixed carbon that represents a good conversion efficiency because this component releases a greater amount of
energy per unit of mass, as well as favors charcoal gasification processes (Miranda et al., 2020). The high carbon
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amount and low hydrogen content revealed a low possibility of excessive moisture production and the presence of
carbonaceous components rich in profitable energies (Miranda et al., 2020).

3.2 X-Ray Diffraction (XRD)

The X-Ray Diffraction is plotted in Fig. 2. The lam is located at 20 = 18.23° and loo2 at 26 = 22.28°, and the
crystalline index (CI) resultant is 38.41%. The results for the CI of the soybean samples showed values higher in 34.9%
than those soybean hulls collected in the State of Rio Grande do Sul (Brazil), which presented a CI value of 25.0%,
using the same calculation method for measuring this parameter (Rambo et al., 2015). Another interesting characteristic
is the presence of a peak at 20 = 35°, which is related to the [101] lattice, corresponding to a cubic crystal, probably
characterized by the presence of silicon (Si) or quartz crystals (Rocky & Thompson, 2020).
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Figure 2. X-Ray diffractogram of the soybean husks for structural analysis and crystalline index calculation.

The crystalline region of biomass is associated with the presence of cellulose, while the amorphous region relates to
the presence of lignin and hemicellulose (Wang et al., 2017).

The sample of this study is considerably amorphous, and consequently, it presents lower thermal stability, being
highly favourable for use in direct combustion processes or systems, because the high reactivity assists in the
preservation of the burning flame, but for coal production, a high amount of volatiles present in biomass is harmful,
generating a thermal degradation of these substances at low temperatures (Martinez et al., 2019). However, even though
the soybean husks presented amorphous structures, it was not possible to conclude that this biomass is not profitable for
thermal processes, e.g., pyrolysis and gasification (Bora et al., 2021).

3.3 Fourier Transform Infrared (FTIR)

The Fourier Transform Infrared resulting curve in transmittance mode is shown in Fig. 3. Figure 3 also reveals the
main functional groups identified for the soybean husk samples and the respective peaks associated with each group that
is located in the FTIR spectra.

The hydroxyl group identified at 3335 cm! is related to the presence of moisture in organic materials, even though
soybean husks have passed through the drying process, this biomass still presents residual or intrinsic moisture and,
also, can characterize the presence of alcohols and/or phenols (Huang et al., 2020).

The bands identified as C-H and -C-H located at 2916 and 1375 cm, respectively, are related to the presence of
CH, and CHs branches in hydrocarbon chains, which are attributed to the presence of lipids and esters, and
triglycerides, respectively (Manjunatha & Girisha, 2021).

The C=C bonds (1419 cm™) are related to the presence of aromatic compounds, which are the main constituents of
lignin (Wang et al., 2017). The C-O linkage is called the alcohol group, which is a molecular fragment that may be
related to alcohols (1150-1050 cm™) and acids (1320-1210 cm) (e.g., fatty, acetic, formic acids, etc) present in extracts
found in vegetables, as well as by the presence of hemicellulose and lignin in biomass. For the soybean husks sample,
this referred group was identified at 1249 cm™ (Kumneadklang et al., 2019; Rawal et al., 2018; Wang et al., 2017).
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Alkanes and haloalkanes can be detected by groups =C-H (702 cm™), C-Cl (665 cm™), and C-Br (594 cm™), which
are attributed to organic compounds and halogens found in different biomasses, for instance, sorghum and corn
(Kotaiah Naik et al., 2017).
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Figure 3. Fourier Transform Infrared spectra for the soybean husks in transmittance mode.

It is possible to note that the biomass studied presented a high concentration of organic and inorganic compounds,
some of these compounds indicating strong connections like those that occur between carbon-carbon and that present
high bonding energy from 346-835 kJ mol to 273 K, which indicate the need of a high energy content to be broken,
because of such elements present high thermal stability, and others linkages between carbon-chlorine (327 kJ mol* at
273 K) and carbon-bromine (285 kJ mol* at 273 K), probably due to the presence of haloalkanes, respectively (Brown
etal., 2021).

3.4 Scanning Electronic Microscopy (SEM images)

The images of the Scanning Electronic Microscopy (SEM) are revealed in Fig. 4. The micrographs of soybean husks
presented in Figures 4 (a-c) revealed their morphological and textural structures, and are consistent with the results of
the crystalline index (XRD) because these samples are amorphous structures, irregular and fragmented, the later,
possibly, due to the grinding process.
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Figure 4. Scanning Electronic Microscope (SEM) images of the soybean husks: (a) 2000x, (b) 1500x, and (c) 1000x
magnification.

The structure presented in Fig. 4a resembles the cross-section of the isolated soybean protein film developed by
Zhou et al. (2021). Using it, was possible to state that structure presented in this figure is a typical example of the basic
topography of a soybean protein along with other structures that this presents.
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Figure 4b also reveals a structure similar to the soybean protein, as well as on its entire surface presents possible
fragmented crystals, which can be represented by the light grey or white spots, clearly showing the presence of silica in
this biomass (Da Cunha-Pereira et al., 2020; Zheng et al., 2014).

The stem-shaped structures presented in Fig. 4c are similar to cellulose nanofibers of sugarcane bagasse, possibly
these also are soybean cellulose filaments dispersed in the samples (Prakash Menon et al., 2017).

Figures 4(a-c) are consistent with the results obtained by Cunha-Pereira et al. (2020), as well as the biomass of this
study presented many intercellular spaces (above 10 um), with a strong influence on the modes of intermolecular heat
transfer in biomass, interfering in the integral thermal properties of this due to the diffusivity and thermal conductivity,
that are distinct in the longitudinal and lateral directions of the plant cells (Basu, 2010).

4. CONCLUSION

In this study was obtained the compositional, structural, vibrational, morphological, and textural characteristics of
the soybean husks for application in thermoconversion processes.

Soybean husks presented a carbon-rich composition, which represents the presence of great carbon bonds that can
release a considerable amount of energy during thermochemical processes. The low crystalline index and amorphous
regions revealed a reactive feedstock, which is promising for direct combustion systems. Soybean husks presented
functional groups, with high-energy linkage bonds that are profitable for charcoal production under pyrolysis processes.

In this sense, soybean husks are an excellent alternative for bioenergy generation, not only by the amount of waste
available, but also due to their versatile energetic characteristics, which can be destinated to different thermochemical
processes (combustion, pyrolysis, oxyfuel combustion, and gasification).
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