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Abstract: This article presents the overall morphological structure of the Brazil
nut tree (Bertholletia excelsa) fruit pericarp, from macro to nano scale. The
acquired knowledge would be used for the development of new applications, like
using the materials as fillers for biocomposites, or as a hierarchical architecture
model for biomimetics. This research was performed using stereo and light
microscopy and conventional and force field emission scanning electron
microscopy. The pericarp presents three layers: the exocarp, a dark gray, brittle
and fragile outer layer; the mesocarp, a beige, dry, rigid, impermeable and
fibrous intermediate layer; and the endocarp, an inner layer with similar
characteristic as the exocarp, but formed next to the seeds. Morphologically, the
exocarp and the endocarp presented minor regions of sclereids, fibers and
vascular cell bundles, inside major regions of parenchyma cells. The mesocarp
presents a structure of fiber cells regions alternating with sclereids and vascular
cells regions, arranged in a composite like arrangement, with the fibers cells
bundles acting as randomly oriented disperse phases in a sclereid cells matrix.
This arrangement was associated with the mesocarp relative superior proprieties,
indicating a great material for using as fillers for biocomposites or in
biomimetics applications.
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1 Introduction

Brazil nut tree (Bertholletia excelsa), also known as Pard nut tree or castanheira, is an Amazon
region native plant from which the edible seed endosperm, commercially known as Brazil nuts, shown in
the Fig. 1(c), is extracted. Considered one of the tallest species in the Amazon rainforest, this tree can
reach sixty meters height and one hundred and eighty centimeters of trunk diameter [1]. The Brazil nut
trees lives mainly in dry land forests and hot and humid weather, with precipitation between 1500 and
2800 mm/year [2]. They form clusters around twenty individuals per hectare, where each tree produces
about two hundred and fifty fruits per year, reaching more than two thousand in trees with more than two
hundred years old [3]. The Brazil nut tree is considered productive from three years old, when grafted
(agronomy technique), to eight, if native [4], and the fruit maturation takes about fifteen months, when
the mature fruits falls up to 50 meters height, to be collected in the ground [5-7].

The Brazil nut tree fruits consists of a dry, woody, dehiscent (opens when mature), imperfect (it does
not spontaneously free the seeds) and globular kind fruit, which weighs around 500 g and carries around
18 seeds inside [8]. The Brazil nut tree fruit pericarp, popularly called “ouri¢o”, shown in the Fig. 1(a), is
a dark gray, dry, woody and rigid globular shaped fruit, that weights around 250 g (without seeds) and
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measure around 11 c¢cm in diameter [8]. The seeds, whose seed shells (teguments) are shown in the Fig. 1
(b), have a brown, dry, woody, rigid and triangular shell, that involves the seed endosperm, the so-called
Brazil nut, a white-yellowish, oily and very nutritive edible food, that is shown in the Fig. 1(¢c) [8].

A

Figure 1: Brazil nut lignocellulosic residues and the edible so-called Brazil nuts: (a) the greater quantity
residue, the fruit pericarps; (b) the minor quantity residues, the seed shell (tegument); (c) the highly
commercialized edible Brazil nuts (the endosperms) [8]

According to a study [8] based on data acquired from the United Nations (UN) Food and Agriculture
Organization (FAO) [9], the world production of Brazil nuts endosperm (only the edible part) in 2014 was
of 69900 tons, with Brazil and Bolivia accounting for about 80% of this production. In order to estimate
the amount of the lignocellulosic residues generated in the Brazil nut harvest and processing, the study [8]
evaluated the weights of the main fruit parts. The study founds a total fruit weight, with all pericarp layers
and seeds, of about 480 g, and the corresponding fruit parts percentages of this value was of 25% for the
exocarp, 50% for the mesocarp, 1% for the endocarp and 12% each for the seed shell and the edible
endosperm. This results that about 88% of the total fruit weight corresponds to lignocellulosic residues
and 86% of that (76% of the fruit) relates just to the pericarp. In absolute values, that corresponds about
512.600 tons/year of total lignocellulosic residues and 442.700 tons/year derived from the fruit pericarps,
a considerable amount. Actually, the seed shells accumulate in large quantities in the producers, are burnt
for space allocation or for heat, are dumped in the forest or, in some cases, are used as natural fertilizer.
The fruit pericarps, by the way, mostly are left behind in the forest during the harvest or, in a very small
amount, are burnt for heat [§].

The Brazil nut tree fruit lignocellulosic materials can be classified as a natural lignocellulosic filler
(NLF), for using in polymer matrix biocomposites. Some examples of lignocellulosic fillers are particles
and fibers of hemp, bamboo, wood, bagasse and coconut shells [10]. The use of NLF is promising for
several factors, such as cost-effectiveness, renewable nature, low density, and good mechanical properties
[11]. As disadvantages, lignocellulosic fillers are hygroscopic (absorbs moisture), hydrophilic (bonds on a
molecular level with water), release volatile substances (steam and others) during processing and
relatively degrades easily, resulting in a low processing temperature (less than 220°C) [10].

Considering some characteristics of the Brazil nut tree fruit lignocellulosic residues materials (fruits
pericarps and seed shells), like the relative high stiffness and good mechanical behavior [8], besides the
large amount generated, it is important to understand its morphological structures in the macro, micro and
even nano scale, to find ways to add value to them. This effort collaborates with sustainable development,
especially in the Amazon region. Several applications such as the use as fillers for bio composites or even
biomimetics, for example, needs a deeper understand of the structural characteristics of these materials.
Due to this, the aim of this study was characterized the Brazil nut tree (Bertholletia excelsa) fruit pericarp
morphology. For this purpose, some microscopic analysis were used, allowing describe its structure in the
macro, micro and nano scale. This research can open new perspectives to several researches related of
using this natural, renewable and eco-friendly material.
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2 Materials and Methods

For this study, some fruit samples were obtained from a local producer from Juina region, located in
the Brazil’s state of Mato Grosso. For the morphological analysis, were used images captured with a
stereo microscope, with a light (optical) microscope, with a conventional scanning electron microscope
(SEM) and with a field emission scanning electron microscope (FESEM).

For the stereo microscope images, some samples of the pericarp layers were fractured to be observed
just as they are, and others were cut and embedded in a commercial polyester resin, cured at room
temperature, and were grinded an polished respectively with sandpapers up to 1200 mesh and with 1 pm
alumina solution. All the samples were photographed on a stereo microscope, model TXB2-D10, Srate
brand, set configured for increases from 7X to 180X, with a coupled 5 MP CMOS camera.

For the light microscope images, samples of the mesocarp were grinded and polished in the same
way as prepared for obtain the stereo microscope images. These samples were photographed on an
Olympus, BX41M-LED light microscope, with light set configured for increases from 40X to 1000X, and
a coupled 5 MP CMOS camera.

For the conventional scanning electron microscope (SEM) and for the field emission scanning
electron microscope (FESEM) images, samples of the pericarp layers were fractured to expose its interior,
and the surface of this samples were coated with gold, in order to become electrically conductive for the
image formation in the equipment. Then, images of the samples surfaces were obtained in the SEM, a FEI
brand, model Inspect S-50, with magnifications up to 100,000X, and in the FESEM, a FEI brand, model
Magellan 400L, with magnifications up to 1,000,000X.

3 Results and Discussion

The Brazil nut tree (Bertholletia excelsa) fruit pericarp is mainly formed by three layers: the exocarp,
a dark gray color, brittle and fragile outer layer; the mesocarp, a beige, dry, rigid, impermeable and
fibrous intermediate layer; and the endocarp, an inner layer with similar characteristic as the exocarp, but
formed next to the seeds. The Fig. 2 shows a sliced sample of an entire fruit, fully filled with polyester
resin, to allow the visualization of its internal structure. The pictures show the three layers of the pericarp
together with the seeds.

Figure 2: Sliced Brazil nut tree fruit, embedded in polyester resin, showing the pericarp three layers: the
exocarp, the mesocarp and the endocarp, along with the seeds [§]

The outermost layer of the pericarp is the exocarp. The Fig. 3 shows images taken with the stereo
microscope of exocarp samples embedded in resin, grinded, and polished. The analysis of the
microstructure showed that the exocarp is composed of two regions: one formed of parenchyma cells,
shown in the darker region in the Fig. 3 images, mostly found in a decomposing state, present even with
fungal hyphae; and another, shown in the lighter region, formed by some sclereids and mostly by fiber
and vascular cells bundles. This layer is fragile and brittle and this occurred mainly due the
decomposition state in which the parenchyma cells regions are found when mature [8].
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Figure 3: Stereo microscopy images of the exocarp: (a) the parenchyma cells region (darker color) and
the fiber and vascular bundles regions (lighter color); (b) the parenchyma cells region in the center; (¢) the
fiber and vascular bundles regions [8]

With the obtained SEM images of this layer, shown in Fig. 4, it is possible to view the different cell
regions that builds the exocarp. The Fig. 4(a) shows the parenchyma cells region, composed with
isodiametric rounded shape cells, that measures about 20 um in diameter, present only primary cell walls,
have a large lumen and are found together with a relative vast intercellular space. The Fig. 4(b) shows a
parenchyma cell in detail. The Fig. 4(c) shows a fiber and vascular cell bundle, also containing some
sclereid cells. The Fig. 4(d) shows in detail a tracheal element, of the vascular bundle, with an inner
lignified spiral structure.

Figure 4: SEM microscopy images of the exocarp: (a) the parenchyma cells region; (b) a parenchyma cell;
(c) a fiber and vascular cells bundle; (d) the detail of a tracheal element (vascular cell) in the fiber and
vascular cells bundle, showing its inner lignified spiral structure [§]
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Representing the inner layer of the pericarp, the endocarp stays in close contact with the seeds. It has
a dark brown color and a dry, porous and brittle structure. Its morphological composition is similar as the
found in the exocarp, with parenchyma cells regions among some vascular and fiber cells bundles regions.
The stereo microscopy of the endocarp, presented on Fig. 5(a), shows a dark-colored parenchyma cells,
surrounded by a yellowish-white color fibers and vascular bundles, in a fractured region. At the surface of
the endocarp, parenchyma cells among fiber and vascular cells bundles can be seen in the Fig. 5(b). This
layer represents about 1% of the total fruit weight and, as the exocarp, is fragile and brittle by the same
reasons. Due this, as well as the exocarp, results a low interest for using this layer with new applies.

Figure 5: Stereoscopy microscopy images of the endocarp: (a) internal fractured region, showing the
parenchyma cells regions, in a darker color, and the fiber and vascular cells bundles, in a yellowish-white
color; (b) external surface showing the same composition [§]
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Figure 6: Light microscopy images of the mesocarp: (a) the fiber cells region and the sclereids and
vascular cells region; (b) the sclereids and vascular cells region; (c) the fiber cells region [8]
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The mesocarp is the central layer of the fruit pericarp. It presents a beige color and a dry, rigid, hard,
impermeable and fibrous structure. The Fig. 6(a) shows an image, obtained by light microscopy, of the
grinded and polished resin-embedded mesocarp sample. Through this image, it is possible to view in
detail two kind of regions: one constituted of fiber cells, and another, constituted of sclereid cells and
some scattered vascular cells. The Fig. 6(b) shows the sclereids cells region and the Fig. 6(c) shows the
fiber cells region.

With the SEM microscope acquired images, shown on Fig. 7, it is possible to view, with more detail,
the arrangement of the fiber cells and the sclereids cells regions. The Fig. 7(a) shows how this
arrangement is ordained. Compared with a typical composite material structure, it is possible to see
randomly oriented fiber cells bundles, acting as a disperse phase, involved with sclereid cells regions,
acting as a continuous phase, all separated by a well-defined interface. In the Fig. 7(b) it is possible to
view the sclereids cells region, with its typical polyhedral and barely elongated shape sclereids cells. The
Fig. 7(c) shows in detail a sclereid cell. In the Fig. 7(d) it is possible to view the fiber cell region, with the
fiber cells bundles randomly oriented, and the typical thin and elongated shape of the fiber cells. The Fig.
7(e) shows some fractured fiber cells with their typical thick cell wall and reduced lumen.
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Figure 7: SEM microscopy images of the mesocarp fractured surface: (a) fiber cells bundles and sclereids
cells forming a composite like structure; (b) the sclereid cells region; (c) a sclereid cell in detail, with its
typical polyhedral shape; (d) the fiber cell bundles region; (e) some fractured fiber cells showing its
typical thick cell wall and reduced lumen [8]

Through FESEM microscope obtained images, shown in the Fig. 8, it is possible to view in detail the
sclereid cell wall and its microfibrils organization. Sclerenchyma cells, as the sclereids and fibers cells
found in the mesocarp, typically have a thick, hard and lignified cell wall. This occurred due the
formation of the secondary cell wall, a well-oriented cellulose fibril layer, and due the lignification
process, coinciding with the death of the cells. The Fig. 8(a) shows a cell wall of a fractured sclereid. It is
possible to view clearly the presence of a well formed secondary cell wall. In the Fig. 8(b), it is possible
to view the different layers and the structure of the cell wall, formed by structural polymers (cellulose,
hemicelulose and lignin) arranged as microfibrils bundles.

Figure 8: FESEM microscopy images of a sclereid cell wall detail: (a) A fractured sclereid cell showing
its cell wall with different inner layers; (b) the structure of the sclereid cell wall formed by microfibrils
bundles [8]
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With a greater increase in resolution, it was possible to view the organization of the microfibrils in the
sclereid cell wall at nanoscale. The Fig. 9(a) shows a microfibril bundle, with a diameter around 500 nm and
the Fig. 9(b) shows some broken microfibrils, with around 20 nm in diameter, in the microfibril bundle.
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Figure 9: FESEM microscopy images, in greater resolution, of the sclereid cell wall: (a) a cellulose
microfibril bundle in the sclereid cell wall; (b) some broken microfibrils in a microfibril bundle [§]

At the cell walls ultrastructural level, the structural polymers (cellulose, hemicelulose and lignin)
arrangement could be compared as a composite material, with the cellulose fibrils acting as a fiber
disperse phase, involved by and lignin matrix, with the hemicelluloses acting as a compatibilizer
[12,13,14]. In this way, cellulose determines the tensile strength [15-17], while the hemicelluloses and
lignin play a more dominant role in the compressive strength [16,18]. At the cellular level, the fibers cells,
due to its thin and elongated morphology, tend to determine the tensile strength in the material, while the
sclereids cells, due to their thick and lignified (rigid) cell walls, ensure a good behavior related to the
compressive strength and fracture toughness [19]. Regarding Fig. 8(a) and Fig. 7(e), the sclereids and
fibers cell walls found are thick, occupying a vast volume of the cell. Considering the rigid and lignified
[8] characteristic of the secondary walls found, typical of the sclerenchyma tissues [20,21], combined
with the cell arrangement found in the Fig. 7(a), where the fiber cell bundles are acting together with the
sclereid cells as a composite structure, it was proposed to be to that two characteristics the reason why the
mesocarp shows a relative high stiffness and good mechanical behavior.

Schiiler et al. [22] compared the crack resistance of different nuts shells/coats and found a much
higher strength for the Macadamia (Macadamia integrifolia) seed coat. Unlike others nuts shells/coats,
formed by compact arrangements of sclereid cells [23], the cell arrangement found in the Macadamia seed
coat was similar as the found in the Brazil nut fruit mesocarp, where fiber cell bundles and sclereids are
acting together as a composite structure, as shown in the Fig. 7(a). Considering the natural selection of the
species, one possible reason for the Brazil nut fruit mesocarp to present a high mechanical resistance,
including the composite like cell arrangement found, would be the fact that the mature fruit had to
withstand a drop of around 50 meters, weighing about 500 g [8], without breaking, a quite peculiar
requirement compared to other species.

Based on this differentiated characteristics of the Brazil nut fruit mesocarp, it is expected that the
proper incorporation with an adequate polymer matrix can generate great NLF composites, with
differentiated proprieties. Petrechen [8], incorporated Brazil nut mesocarp particles (NLF) with different
polypropylene (PP) matrices and the biocomposites obtained showed significant improvements in several
mechanical properties, compared with the PP matrix and with other similar particulate NLF
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biocomposites [24]. In that way, as already stated for the case of Macadamia seed shell [22,25,26], the
Brazil nut fruit mesocarp, due its outstanding mechanical characteristics, could well serve as NFL for
biocomposites, or as a hierarchical architecture model for biomimetics materials.

4 Conclusion

Brazil nut tree (Bertholletia excelsa) fruit pericarp is an abundant source of inexpensive, renewable
and high quality lignocellulosic material. It presents three layers: the exocarp, a dark gray, brittle and
fragile outer layer; the mesocarp, a beige, dry, rigid, impermeable and fibrous intermediate layer; and the
endocarp, an inner layer with similar characteristic as the exocarp, but formed next to the seeds.
Morphologically, the exocarp and the endocarp presented minor regions of sclereids, fibers and vascular
cell bundles, inside major regions of parenchyma cells. The mesocarp presents a structure of fiber cells
regions alternating with sclereids and vascular cells regions, arranged in a composite like arrangement,
with the fibers cells bundles acting as randomly oriented disperse phases in a sclereid cells matrix. This
arrangement was associated with the mesocarp relative superior mechanical proprieties, indicating the
mesocarp as being a very promissory lignocellulosic material for using as filler in biocomposites or as a
hierarchical architecture model for biomimetic materials, among others newer applications.
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