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Abstract

Growing environmental concern has resulted in a strong trend towards using green materials,
and the efficient use of by-products reduces resource waste and environmental pollution.
Using Babassu Mesocarp Flour (BMF), a by-product of the babassu oil extraction industry, as
bio-reinforcement for polymers, such as Poly(Lactic Acid) (PLA), is a promising alternative.
Before any attempt to develop composite films, the industrially extracted BMF was
characterized to know its chemical composition, particle size distribution, specific surface
area, morphology, and structure, which is the main objective of this manuscript. The
elemental analysis showed that the BMF is predominantly organic and also showed contents
of inorganic elements by XRF. Its particles had an average diameter of 38.82 um and a
specific surface area of 3.02 m*/g. Through microscopic techniques, mainly SEM, starch
granules in different shapes and sizes were observed. XRD and FTIR showed structure and
functional groups typical of starchy materials, evidencing the ecological character of BMF.
Progress is necessary to achieve the continuous and comprehensive use of babassu coconut
by-products, mainly BMF, allowing greater appreciation. The characteristics of BMF are of
great interest in PLA-based films, as they are green materials and non-toxic to the
environment.

Keywords: industrial by-product, biomass, babassu mesocarp flour, PLA, composite films
1. Introduction

Babassu (Attalea speciosa) is a kind of Brazilian palm that can reach about 20 meters, having
a cylindrical trunk and cup-shaped crown (Figure 1). This palm is also known as Orbignya
speciosa, phalerata, or oleifera, with Orbignya phalerata being the most common. The
babassu palm is native to countries in South America, mainly in the Northeast and North of
Brazil, and to a lesser extent in Bolivia, Colombia, and Suriname (Vinhal et al., 2014;
Yapuchura et al., 2019; Cruz et al., 2020). In Brazil, the central area of occurrence of babassu
is located in a transition zone between the tropical forests of the Amazon basin (North) and
the semi-arid (Northeast) region (Gonzalez-Pérez et al., 2012; Protasio et al., 2014). The
Brazilian states with the most significant palm tree extensions are Maranhdo, Piaui, and
Tocantins, thus forming dense/dark homogenous groups due to the proximity between the
palm trees (Albiero et al., 2007). Generally, there are about 15 to 25 bunches of babassu
coconut in a palm tree, and the coconut has an ellipsoidal shape. It is constituted by the
epicarp (11-13%), mesocarp (20-23%), and endocarp (57-63%) layers, in addition to the
almonds (7-9%) (Vinhal et al., 2014; Santos et al., 2019). In Brazilian territory, babassu
production is essential in extractivist (Porro, 2019; Lemos & Andrade, 2021), associated with
various products and by-products from different parts of the palm tree and the fruit (Melo et
al., 2019).
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Figure 1. Babassu palm trees (babassu coconut bunch highlighted) located at the Natural
Sciences Center of the Federal University of Piaui

Regarding babassu layers, each one has its attributes. For example, the epicarp is a fibrous
layer (outer), the mesocarp is a fibrous/starchy layer (middle), and the endocarp is a woody
layer (inner). Almonds are found in the endocarp; these three layers correspond to ~93% of
the coconut (Pavlak et al., 2007; Lemos & Souza, 2018). The industrial process of babassu oil
extraction produces several types of by-products, including the mesocarp, which is dried and
ground into a brownish powder called “Babassu Mesocarp Flour” (BMF) (Baruque Filho et
al., 2000). BMF is mainly composed of starch, but in addition to starch, it also contains small
contents of proteins, lipids, and ash (Franga et al., 2014; Ferreira et al., 2020). This flour may
show traces of epicarp and endocarp, resulting in residual fiber content in its composition
(Santos et al., 2019). Typically, it is common to observe fiber contents in the composition of
flours. Due to the accumulation of non-biodegradable plastic waste in nature, researchers use
sustainable materials to produce new composites or biocomposites (Vargas et al., 2017,
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Moura et al., 2018; Oliveira et al., 2019; Vasconcelos et al., 2023). Composite materials
represent an ecologically and technically promising option to replace conventional plastics in
food packaging. In this perspective, BMF can be a promising alternative to be incorporated
into polymer matrices (bio-reinforcement), such as the Poly(Lactic Acid) (PLA) matrix,
aiming at the future development of composite films. Research aiming to produce films based
on PLA and BMF has yet to be reported.

PLA is a thermoplastic aliphatic polyester derived from lactic acid, which can be produced
from 100% renewable plant resources by the natural fermentation of glucose from corn,
potatoes, sugar beet, sugar cane, and biomass (Shahrampour et al., 2023; Ferdinand et al.,
2023). It is the most attractive biodegradable polymer for large-scale applications as a
packaging material (Kharrat et al., 2020; Srimalanon et al., 2020). Through the “Food and
Drug Administration” (FDA) agency located in the United States of America (USA), PLA
received the title of “Generally Recognized as Safe” (GRAS). It can come into contact with
food and beverages without risk to human health (Yusoff et al., 2021). It was explained that
the biodegradation of PLA in nature does not cause ecotoxicological impacts (Aratjo et al.,
2014; Chyr & DeSimone, 2023). PLA is marketed as a compostable polymer. Producing films
based only on PLA is not economically viable due to its relatively high cost compared to
polyolefins (Bhagia et al., 2021; Mistry et al., 2023). Currently, one of the alternatives used
by industries to minimize the cost of the polymer is to use a fraction of another material
incorporated into the polymer matrix. Notably, such incorporation can reduce the properties
of the composite in different magnitudes according to the content of the incorporated
bio-reinforcement. This reduction is generally seen as an acceptable consequence of
obtaining a more economically viable product. The biodegradable nature of PLA must not be
drastically affected, and therefore the material to be incorporated should also be
biodegradable (Sanchez-Safont et al., 2018; Volpe et al., 2018; Ghazvini et al., 2022).

Several by-products were incorporated into the PLA matrix to produce composite materials,
such as fungal biomass (Asadollahzadeh et al., 2022), agave bagasse (Omar et al., 2022),
hazelnut husk flour (Ozdemir et al., 2022), yerba mate (Agiiero et al., 2023), and cellulose
(Araujo et al., 2023). BMF or starch isolated from the mesocarp have already been used for
the production of films, as can be seen in the manuscript of Maniglia et al. (2017), Silva et al.
(2019), Lopes et al. (2020) and Rodrigues et al. (2021). In the manuscripts in which BMF
was used, the authors discussed its influence on the properties of the films produced and
highlighted its great potential. However, it was observed that the intrinsic characteristics of
the flour were little discussed, with little information, mainly concerning the chemical
composition. Therefore, it is essential to characterize the bio-reinforcement before producing
to produce films using binary formulations based on these two materials via flat die extrusion.
In order to contribute to data already published in the literature, we propose — this is the main
objective of this research — new characterizations in this manuscript, mainly through
elemental analysis, X-ray fluorescence, granulometric distribution, and specific surface area.
Morphological and structural analysis was also carried out to elucidate the organic nature of
the BMF, which makes this material attractive for formulations with sustainable polymers and
provides the reader with more details and direct comparisons with similar raw materials.
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The idea of using an industrially extracted raw material is due to its commercial availability
since, for producing products on a large scale, large amounts of flour would be required at an
industrial level compared to small-scale production at a laboratory. All the considerations
reported here aim to add value to this Brazilian industrial by-product, and also, due to the
scarcity of technical information, the scenario was conducive to preparing a manuscript for
this purpose.

2. Method
2.1 Materials

The raw material was obtained industrially through grinding and classifying the mesocarp as
part of the full use of babassu coconut (Figure 2). Florestas Brasileiras S.A. (Itapecuru-Mirim,
Maranhao, Brazil) carried out the procedure for obtaining the raw material. BMF is a powder
with macroscopically uniform particles without significant amounts of particle agglomerates.

Figure 2. Visual aspect of babassu flour obtained from the mesocarp
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2.2 Characterization Techniques of BMF
2.2.1 Elemental Analysis (CHN)

The percentage of Carbon (C), Hydrogen (H), and Nitrogen (N) in the BMF samples was
determined using a CHNS/O elemental analyzer (Model 2400 Series II, PerkinElmer). The
combustion and reduction columns’ temperatures were 950 and 640 °C, respectively. Oxygen
(02) and Helium (He) gas pressure were 140 and 105 Kpa, respectively. The filling time of
the combustion column was 30 s, and the total analysis time was ~5 min. The parameters
used were adjusted for an efficient analysis of the samples.

2.2.2 X-Ray Fluorescence Analysis (XRF)

BMF was evaluated using a portable Niton XL3t GOLDD+ analyzer (Thermo Scientific,
USA) and a “Mobile Test Stand” device, operating in “TestAll Geo” mode for ~85 s. The
equipment used can measure from 10 ppm (0.001% mass/mass) to 100% mass/mass of the
analyte (Krummenauer, 2017). The uncompacted BMF sample (in the form of loose powder)
was evenly deposited over the entire surface of the sample holder (Camargo, 2021). The
sample holder was covered with a thin Polypropylene (PP) film 4.0 p thick and 63.5 mm in
diameter (TF-240-255, Premier Lab Supply, USA).

2.2.3 Particle Size Analysis

To determine the grain size distribution (average diameter in volume), a laser grain size
analysis was performed using an analytical range of sizes ranging from 0.04 to 500 pum
(Model 1064, CILAS). The width of the size distribution (Span) was calculated using
Equation 1:
Span = Dyy— D)y
50 (1)

Where: Do, Dso, and Do represent the diameters, in which 10, 50, and 90% of the
accumulated volumes of the distribution have particle sizes smaller than this value,
respectively (Jia et al., 2022; Ribeiro et al., 2022).

2.2.4 Specific Surface Area (SSA)

The SSA was determined in triplicate using Quantachrome Instruments equipment (Model
NOVA 1000e). Initially, the samples were dried in an oven at 100 °C for 24 h to remove
moisture and then in a vacuum at 100 °C for 1 h. Subsequently, for each analysis, the sample
was placed in the equipment, and by molecular adsorption of gaseous Nitrogen (N2) at
-196 °C (77 K), the value of the area was obtained.

2.2.5 Optical Microscopy (OM)

BMF was analyzed in a binocular optical microscope (Model ICC50 E, Leica Microsystems),
operating in transmission mode with a magnification of 100x and a scale of 200 um. The
magnification and scale used was the one that made it possible to obtain good images.
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2.2.6 Scanning Electron Microscopy (SEM)

Microstructural analysis of the BMF was performed using a JEOL scanning electron
microscope (Model JSM-6510LV). The sample was coated with gold using a metallizer and
analyzed at an accelerating voltage of 10 kV (Model Desk V, Denton Vacuum). The
micrographs were captured at different magnifications: 500, 1000, 1500, and 2000x. The
analysis parameters were defined based on the best configuration for obtaining micrographs.

2.2.7 X-Ray Diffraction (XRD)

The X-ray diffractogram of the BMF was acquired using an X-ray diffractometer (Model
D-5000, Siemens/Bruker) under the following conditions: voltage of 40 kV, current of 30 mA,
and using as a source of monochromatic radiation Cu-Ka (1) = 1.5406 A. Data were detected
over an angular (20) range of 5 to 50° at a scan rate of 0.05°/1 s. The angular range was
defined according to the already known peaks for starchy materials.

2.2.8 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectrum was obtained using a spectrophotometer (Model Spectrum 1000, PerkinElmer)
operating at the 4000-500 cm™ range of wavenumbers. The sample was mixed with
potassium bromide (KBr) and pressed into a tablet before measurement. The spectrum was
obtained based on 32 scans and a resolution of 4 cm™'. The wave number range used in this
manuscript is usual to observe the bands of chemical groups referring mainly to starch.

3. Results and Discussion
3.1 Elemental Analysis (CHN)

Elemental analysis indicated the percentage (in dry mass) of C, H, and N in the BMF samples.
The results obtained are shown in Table 1.

Table 1. Percentage of C, H, and N in the BMF

Chemical element (%)

Sample
C H N

BMF 43.47 £0.046 6.39 £ 0.054 0.58 £0.134

Data were expressed as: mean + standard deviation (n = 3)

The results showed the presence of C and H in BMF, which refers to the organic compounds
in its chemical composition, mainly starch, which is the major component. The fact that BMF
mainly comprises starch explains why C is present in a higher percentage than N, the element
with the lowest percentage. The high C content is also related to the energy potential of the
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plant biomass, associated with the calorific value, which is why the industrial by-products of
babassu are used as charcoal (Protasio et al., 2017). N refers to proteins, which can be found
in plant organisms consisting mainly of amino acids, which have nitrogen in their molecule
(Joye, 2019). The C, H, and N percentages for BMF are similar to those for other vegetable
raw materials, such as sugarcane bagasse (Ponte et al., 2019) and rice husks (Rodrigues,
2019).

In the manuscript by Rambo et al. (2015), several lignocellulosic residues found in the North
and Northeast regions of Brazil were characterized by elemental analysis, including babassu
mesocarp, which obtained the following results: 47.13 (C), 5.17 (H) and 0.97% (N). The
authors also observed that the biomass from the babassu industry had the highest percentage
of N — 1.14% (endocarp) and 0.97% (mesocarp). Nitrogen-rich biomass can be used as soil
fertilizer as it is an essential plant nutrient. Sun et al. (2020) reported that N is vital as an
essential macroelement for plant growth and development, representing ~1.5 to 2% of plant
dry matter and ~16% of total plant proteins. Starch from Solanum lycocarpum had a low
percentage of N, which the authors related to the high quality and purity of the extracted
starch (Pascoal et al., 2013). These results highlighted the different interpretations for the
percentage of N obtained since such conclusions are based on the raw material under study in
its natural or chemically modified form. This discussion highlighted the importance of the
elemental analysis technique for the knowledge of the elemental chemical composition of the
material.

Other manuscripts published in the literature on babassu mesocarp were mentioned in this
discussion. The mesocarp of the work by Melo (2012) presented around 39.23 (C), 6.70 (H),
and 0.33% (N). The epicarp was also analyzed in the same work, and it is interesting to note
that the percentage obtained, respectively, was 46.72, 6.12, and 0.51%, similar to the
mesocarp results. Santos (2018) obtained the following data in his work: 39.37 (C), 6.18 (H),
and 0.46% (N). The C, H, and N values for babassu mesocarp are similar to those obtained
for cellulose, as seen in the manuscript by Muley et al. (2016). It is normal to have
differences in percentages when comparing results, as babassu is a vegetable raw material
whose properties vary according to environmental, processing, and storage conditions.

3.2 X-Ray Fluorescence Analysis (XRF)

The concentration of the main chemical elements identified in the composition of the BMF is
shown in Table 2. The standard deviation is related to the error associated with instrumental
measurements.
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Table 2. Main chemical elements identified in the composition of the BMF by XRF

Chemical element Symbol Concentration (ppm =+ error)
Zinc Zn 15.30+4.74
Copper Cu 33.19+8.55
Chromium Cr 43.83 £19.12
[ron Fe 253.10+27.19
Phosphorus P 709.61 £ 107.62
Calcium Ca 815.89 + 198.35
Silicon Si 1357.62 +£205.54
Sulfur S 1911.19 £ 97.55
Chlorine Cl 5436.90 + 82.59
Potassium K 13175.82 + 295.56
Unidentified

- clements* 976106.250 + 135.14

*Represents chemical elements not identified by the equipment, that is, those with atomic
number (Z) < 12, such as C, H, N, and Oxygen (O).

According to the results obtained, it can be concluded that the main chemical element present
in the composition of the BMF is K. Other flours, such as green bananas (Borges et al., 2009)
and hemp (Rusu et al., 2021), have K as a primary element. The identification of most of
these elements can be associated with the soil characteristics where the babassu palm trees
were planted or with the nutrients customarily provided by fertilizers for the growth of palm
trees. To better substantiate the previous statement, similar conclusions were found in the
manuscript by Vassilev et al. (2010) and Naozuka et al. (2011), where the authors explained
that the concentration of elements also depends on the plant physiology, composition of the
water source and pesticides used in the plantations. Plants can absorb, transport, and
accumulate different elements, and each species has its requirements and different tolerance
levels when absorbing and accumulating a chemical element. Protasio et al. (2014) mentioned
that K gives plants resistance to adverse conditions, such as low water availability and high
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temperatures.

The concentration of elements in BMF varied in descending order: K > CI > S > Si > Ca >
P> Fe > Cr > Cu > Zn. Elements such as Magnesium (Mg), Manganese (Mn), and Selenium
(Se) showed concentrations below the detection limit. The elements C, H, and O are the
predominant elements that constitute the organic compounds present in the composition of
the BMF. Therefore, a high concentration of unidentified elements was observed, reflecting
almost 98%. Due to this result, a concentration of less than 3% of minerals was obtained;
however, it is crucial to emphasize that instrumental errors must be considered. The babassu
mesocarp bran used in the manuscript by Miotto et al. (2012) presented 4.6% of mineral
matter. In the manuscript by Nascimento et al. (2019), a content of 1.20% was observed for
BMEF. Based on the results, BMF is a heterogeneous mixture of organic and, to a lesser extent,
inorganic matter. Despite being in lower concentration, the inorganic matter present in the
composition of the BMF influences its properties and, consequently, its various uses.

The mineral composition is one of the most important indicators of the nutritional value of
foods (Kale et al., 2015). Some foods with high nutrient content have been used as dietary
supplements to improve nutritional values, and BMF is an example due to its composition
rich in mineral salts (Azevedo et al., 2007). The mineral composition of the BMF still needs
to be evidenced in the literature. However, it is possible to find some manuscripts that
analyzed this raw material to know the existing minerals. Carneiro (2011) characterized the
babassu mesocarp, and the results identified the following elements: Ca, P, K, Mg, Sodium
(Na), Cl, Cu, Fe, and Mn. Babassu mesocarp was also evaluated in the manuscript by Fioroto
et al. (2015), and the authors observed the presence of Cu, Fe, Zn, Ca, and Mg. In the work of
Oliveira (2018), BMF was analyzed and presented the following composition: Cu, Fe, P, Mn,
K, Se, Na, and Zn. The variation between the composition of the BMF used in this
manuscript and the raw material of the referred manuscripts in terms of the identified
elements and their concentration was already foreseeable. The babassu is the result of
extractive; therefore, its composition is influenced by the environment of the place where it
was cultivated.

3.3 Particle Size Analysis

Figure 3 presents the result of the granulometric distribution of the BMF, where it was
evident that not all particles have the same size. Therefore, various sizes are present,
described mathematically by a wide distribution range.
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Figure 3. Histogram showing the granulometric distribution curve of the BMF

BMF showed a trimodal particle distribution curve; however, a more significant bimodal
distribution was observed with the two peaks between 10 and 100 um. This result can be
corroborated by the fact that BMF is a natural raw material, leading to particle heterogeneity.
Thus, a specific granulometry will not be chosen to be used in future manuscripts aimed at
the development of composite films. Suppose there is research interest in using BMF with a
specific granulometry. In that case, the separation and classification of the particles can be
performed through sieving to minimize the heterogeneity in terms of granulometric
distribution. So, as it is an industrial by-product, defining a specific granulometry and not
considering the other granulometric can harm its application potential. BMF had an average
diameter of 38.82 pum, and the calculated Span was 2.65. The BMF used in the manuscript by
Franga et al. (2019) presented particles of 10 to 20 um. The values for Dio, Dso, and Doo are
shown in Table 3.
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Table 3. Diameters at 10, 50, and 90%, average diameter, and Span of the BMF sample

Diameters (um)
Sample Span

Dio Dso Doo Average diameter

BMF 7.80 29.27 85.42 38.82 2.65

It is important to note that Span measures the width of the particle size distribution (Hosseini
et al., 2014), so if the calculated value is close to zero, the particle size is more uniform.
Banakar et al. (2022) stated that particle size distribution is proportional to the Span value.
For small Span values, a narrow particle size distribution is observed. The characteristics of
the raw material also influence the Span value. This statement can be based on the result of
the manuscript by Luchese et al. (2017), and Engel et al. (2020), where corn starch had a
Span of 1.3 (average diameter = 12.2 um) and cassava starch had the same value but with an
average diameter of 11.9 um, respectively.

Although starch is the main component of the BMF, the shape and size aspects of the
granules depend on the botanical origin of the starch. Therefore, the mean diameter and Span
of the BMF differed from the values obtained for the referred starches. Suppose the particles
are not well dispersed in the liquid throughout the analysis. In that case, agglomeration may
occur through interactions between particles of different sizes and cause an increase in the
average diameter, although each particle may have a smaller size. It is also important to note
that there is no ideal particle size or size distribution, as the ideal values depend on the
application and properties of interest (Dearmitt, 2011).

3.4 Specific Surface Area (SSA)

The SSA of the BMF resulted in a value of 3.02 + 0.21 m?/g. Other authors employed the
SSA technique in the analysis of different types of native starches (corn, potato, rice, and
wheat) (Sujka, 2017), and the results showed that the surface area of all starches was smaller
than the area of the BMF. Chen et al. (2019) concluded that the smaller the starch granule, the
greater its SSA. This technique was also used to analyze different biomasses, such as castor
seed and sunflower cake, in which the authors observed a SSA of approximately 0.37 and
1.13 m?/g, respectively (Castro et al., 2016). Area values of 1.34 and 5.64 m*/g (Silva, 2016)
were found for the babassu mesocarp. The surface area obtained for BMF in this manuscript
was more significant than for other parts of babassu used in other manuscripts, such as in the
manuscript by Vieira et al. (2011a), where the value observed for the surface area of the
epicarp was 1.50 m?/g. Knowing the SSA of the bio-reinforcement material is vital since a
greater surface area has more excellent contact with the polymer matrix, thus increasing
adhesion (Dearmitt, 2011).
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3.5 Optical Microscopy (OM)

The optical microscope equipment uses visible light and magnifying lenses (objective and
eyepiece) to obtain an enlarged image of the examined sample, which can be captured
digitally. It is the most used microscopic technique for analyzing the morphology of starch
granules, being simple and economical concerning other advanced techniques, such as SEM
(Chakraborty et al., 2020). Thus, an optical microscope was used to investigate the
morphology (two-dimensional) of the BMF, and the captured micrographs are shown in
Figure 4.

200 um

F=t

Figure 4. Micrographs: (a) and (b) obtained by optical microscopy of the BMF

Through the OM technique, it was possible to observe the starch granules of the BMF, which
in turn were presented in different shapes and sizes. OM allows visualizing the differences
between starch granules from different botanical origins. Govindaraju et al. (2020) used OM
to study the morphology of rice and corn starch. This technique is also advantageous for
verifying the starch granules swelling and loss of structural integrity due to some treatment,
either by increasing the temperature (Di Paola et al., 2003) or using high pressure (Kweon et
al., 2008). However, the limitations of OM arise at higher magnifications, where finer
structures are difficult to visualize due to restrictions on image resolution and contrast
(Jagadeesan et al., 2020). As a result, the surface details of the starch granules present in the
BMF composition were not visible. Therefore, SEM analysis was performed to overcome this
limitation and obtain high-resolution images. SEM remains the most advantageous technique
for investigating starch granules morphology (Btaszczak & Lewandowicz, 2020).

3.6 Scanning Electron Microscopy (SEM)

The SEM technique is widely used to investigate the surface morphology of starchy materials.
Because of this, the morphology of the BMF was analyzed using this technique, as shown in
Figure 5.
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Figure 5. Micrographs obtained by SEM of the BMF: (a) 500, (b) 1000, (c) 1500, and (d)
2000x magnification

According to Figure 5, it was possible to visualize the native starch granules that make up the
BMEF, and the granules have different shapes and sizes. The shape and size of native starch
granules are related to their botanical origin and can differ widely within the same species.
Sun et al. (2021) also pointed out that the difference in morphology between granules of
different types of starch can be attributed to genetic factors that regulate starch biosynthesis,
amylose/amylopectin ratio, and molecular composition. As for shape, some starch granules
from BMF are spherical (yellow arrow), others have an ellipsoid shape (green arrow), and
others have a more elongated ellipsoid shape (orange arrow). Although many granules
exhibited an ovoid shape, an irregular shape for many of them was also observed. The starch
granules in BMF are similar to potatoes (Sujka & Jamroz, 2013) but very different from rice
(Ma et al., 2021) and wheat starch granules (Zhang et al., 2021). As for the size, the granules
showed heterogeneity. The surface morphology of starch granules is essential in studying the
structure-property relationship of starch and therefore plays an important role in the
processing of starchy materials (Wang et al., 2021).

In Figure 5, a fraction of the granules are grouped similarly to a bunch of grapes, showing a
dense matrix that allows the agglomeration of the granules. It was also possible to visualize,
with emphasis on Figure 5.c, that some granules are “broken” and, consequently, with a
semi-spherical shape. This broken is due to the mechanical stresses inherent in the industrial
processing of flour extraction, leading to surface cracks. This statement can be corroborated
by Rahaman et al. (2021), in which it was mentioned that friction or shear forces are
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sufficient to cause cracks on the surface of starch granules. Although these cracks were
observed in several granules, the surface was predominantly smooth and did not show pores
or cavities. Carrying out the flour extraction step without causing damage to the starch
granules is extremely difficult in industrial practice. In several granules, it was observed that
a type of material in different proportions adhered to the surface. However, this material was
observed in isolation beyond the surface, always close to the starch granules (Figure 5.d).
This adhered material is considered proteins, lipids, or fibers (Maniglia, 2017; Oliveira, 2018),
corresponding to the matrix described above that allowed the agglomeration of many
granules. As N is an element indicative of the presence of proteins, according to the topic of
elemental analysis, the presence of a fraction of protein material adhered to the surface of the
granules is a possibility that should not be discarded.

Anyasi et al. (2017) elucidated that the presence of united granules of green banana flour can
be attributed to the occurrence of lipid and protein molecules. In the manuscript by Ozturk et
al. (2021), it was observed through the SEM that several corn starch granules were retained in
a protein matrix. The authors also observed that some granules had traces of protein bodies
on their surfaces, and others appeared to be attached to fiber-like structures. Moller et al.
(2021) reported similar observations in detail in the manuscript for the surface of starch
granules extracted from pea flour. Padhi & Dwivedi (2022) highlighted that the leaf-shaped
structures close to the granules confirmed the presence of fibers. The surface nature of starch
granules and the presence of proteins and lipids can have relevant effects on starch properties.
Granule-associated proteins and lipids are the most abundant secondary components of starch,
which is believed to be incorporated into the granule during its synthesis (Pérez et al., 2009).
The results in the literature showed a certain similarity with the micrographs obtained in this
manuscript, highlighting the importance of the SEM technique for studying the morphology
of starch granules.

3.7 X-Ray Diffraction (XRD)

The XRD pattern of the BMF is shown in Figure 6. Diffraction peaks at 20 = 5.75, 15.08,
17.10, 20.25, and 22.75° were observed, with the sharpest peak at 17.10°.
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Figure 6. XRD pattern of the BMF showing characteristic peaks

The result indicated that BMF had a structure characteristic of semicrystalline materials but
with a dominant amorphous character. Crystalline materials generally have intense, sharp,
and narrow peaks, while amorphous materials have low-intensity and broad peaks. A
hypothesis that may explain the amorphous character of the BMF is the following: starch is a
semicrystalline polysaccharide. That is, it has a certain degree of molecular organization due
to the amylopectin chains present in its composition, which corresponds to the crystalline
region; however, this statement is more significant for starch in its isolated condition, in the
case of the BMF, in addition to the starch in its composition, there are other components (e.g.,
proteins, lipids, and fibers) that can form agglomerates and retain the starch granules
(Maniglia & Tapia-Blacido, 2016) and therefore, the structure of the trapped starch may not
be easily detected, making it difficult to see a less amorphous character in the XRD pattern
and making the BMF more amorphous than the isolated starch.

BMF used in the manuscript by Nascimento et al. (2019), in addition to the peaks between
5.6-26.2°, also presented peaks at 30.4 and 34°. BMF exhibited a structure with diffraction
peaks at positions similar to starch from different botanical origins, such as quinoa flour
(Ahmed et al., 2018) and lentil flour (Lu et al., 2018). The above references showed that the
XRD technique had been widely used in detecting and characterizing starch granules
crystalline patterns or verifying some amorphous condition of the starchy material.
Crystallographic planes referring to the peaks or at angles close to them have been reported
for some of the previously mentioned starches (Popescu et al., 2018; Cervantes-Ramirez et al.,
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2020).

The planes mentioned can reference the peaks found in the XRD pattern of the BMF,
obviously, with slight differences since it is flour and not material with 100% starch in its
composition. A relevant contribution to the identification of crystallographic planes by XRD
in native starches was reported by Singh et al. (2006). Although the botanical origin of starch
plays an essential role in obtaining the XRD pattern, other aspects, such as amylopectin chain
length and moisture content, also influence this pattern. Regarding moisture content, the
manuscript by Wang et al. (2022) studied the effect of different moisture contents (30, 35, 40,
45, and 50%, based on dry weight) on corn starch during the extrusion process. The results
showed that the higher the moisture content in the starch, the easier the absorption of water
by the granules and the faster the expansion of the granules, facilitating gelatinization and
reducing crystallinity. Therefore, the XRD technique was paramount for a better
understanding of the structure of the BMF, evidencing its starchy structure.

3.8 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR technique allows the determination of existing functional groups in the chemical
structure of the raw material under study since the specific vibrational mode of each group
promotes the appearance of its absorption band in a characteristic wavenumber. Thus, this
technique was used to identify the functional groups in BMF, as shown in Figure 7.

Intensity (a.u.)

T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 7. FTIR spectrum of the BMF investigated in the range of 4000 to 500 cm!
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Figure 7 shows that BMF has a chemical structure similar to several types of starch,
composed of many functional groups. According to the spectrum, their absorption bands
referring to chemical bond vibrations were identified in the wavenumbers discussed below.
The broad and intense absorption band at 3422 cm™ refers to the hydrogen bond stretching
vibrations associated with the starch structures free inter-and intramolecular hydroxyl groups
(O-H). This band may also be related to free water molecules in the material. At 2930 cm!,
the stretching vibrations of the C—H bonds of the methyl group (CH3) were detected (Amin et
al., 2019), and this absorption band was also associated with the stretching of CH:2 in lipids
(Thivya et al., 2021). The band at 1638 cm™ refers to the bending vibrations of the O—H bond
in the adsorbed water molecules in the amorphous region (Pourfarzad et al., 2021). The C-H
bending vibrations of the polysaccharides (Abdullah et al., 2018) were evidenced in the bands
at 1439 and 1370 cm™'. The other absorption bands are inherent to starch: 1159 and 1081 cm™
(C-0, C—C and C-O—H stretching vibrations) (Nascimento et al., 2019; Moura et al., 2021);
994 cm™ (C—O-H bending vibrations) (Xu et al., 2021); 930, 860, and 765 cm™' (C—C—H and
C—O-H stretching vibrations) (Singh et al., 2021).

The FTIR result agrees with the elemental analysis data (Table 1), where the predominance of
functional groups consisting of C and H was observed, in addition to oxygen, an element
present in the chemical structure of starchy flours. Regarding N, in all the literature
investigated on BMF, the work by Maniglia (2017) was the only one that associated
absorption bands with the proteins present in the composition of this raw material. According
to their results, the absorption band located at 2921 cm™! may be associated with the presence
of proteins and at 1320 cm™! with stretching the N—H bond of the amide group of proteins. It
is essential to report that the discussion of protein-related absorption bands is more common
for the spectrum of flours than for isolated starch. In the manuscript by De Dios-Avila et al.
(2022), avocado seed flour was characterized by FTIR, and the band present between 1720
and 1600 cm! was attributed to the stretching of the C=O bonds of the amide group.
Cangussu et al. (2021) and Wang et al. (2021) also observed the amide group between
1700-1600 cm™!, corroborating the abovementioned results. According to Vieira et al. (2011b),
the most significant differences between the babassu mesocarp and cellulose spectrum are in
the absorption bands close to 860, 769, and 710 cm™'. The authors reported that these bands
are associated with vibrations of esters and monosubstituted aromatic rings due to the fraction
of lignin present in the material.

Despite the conclusions that the FTIR spectrum can provide, the direct comparison of the
spectrum of different materials becomes delicate since the discussion is based on identifying
groups at similar wavenumbers, not precisely equals. This scenario varies from case to case;
however, this observation must be considered, as it is possible to find some divergences in
identifying a specific functional group when analyzing different manuscripts. The main
reason is that the botanical origin of the material influences its chemical structure and
properties. Despite this, FTIR has proven to be efficient in characterizing starchy raw
materials, and researchers have taken full advantage of its potential to investigate the
molecular interactions responsible for the structural organization of natural or chemically
modified raw materials. Dankar et al. (2018) used FTIR to study the molecular structure of
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raw potato, commercial potato powder, and potato puree prepared with potato powder. Pozo
et al. (2018) characterized 13 types of starches by FTIR. A detailed discussion was presented
in both manuscripts, highlighting the importance of FTIR for a better structural understanding
of the materials.

4. Conclusions

BMF was characterized by several techniques to understand its chemical composition and
inherent characteristics and, in future manuscripts, explore its potential for use as
bio-reinforcement in composite films based on PLA. The objective of the characterizations
was to value the flour by obtaining data and discussing its characteristics; since it is an
industrial by-product, its use is still scarce in research for producing composite films. The
elemental analysis technique showed that BMF is a mostly organic material due to starch
being the main component of its composition. The organic character is interesting because
PLA is also an organic material, so combining both would reduce environmental impacts.
Despite this predominant character, XRF analysis showed inorganic chemical elements in
their composition. BMF showed a heterogeneous granulometric distribution, reflecting the
SSA result. The starch granules in the flour were visualized using microscopic techniques,
mainly SEM, showing their sustainable nature. The structural techniques, XRD and FTIR,
further reinforced the starchy character of the flour and its similarity with starches and other
flours from different botanical origins, which gives the potential films ecological
characteristics.
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