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Abstract

This work aimed to obtain thermoplastic starch composites (TPS) derived from starch and fibers of babassu coconut. 
The (TPS) was prepared with 40% plasticizer (glycerol). The fibers underwent chemical treatment of alkalinization and 
bleaching. SEM images and infrared spectra showed that wax, lignin, and hemicellulose were removed from the fiber 
surface. SEM images of TPS starch showed a smooth and uniform surface, whereas images of the TPSWF composite 
(washed fiber) showed voids between the fiber and the TPS. This phenomenon was not observed in the SEM images 
of the composites TPSAF (alkalized fiber) and TPSBF (bleached fiber). The tensile strength and elastic modulus of the 
composites were higher than the pure TPS matrix. Concerning elongation, composites underwent less elongation than 
TPS. The mechanical properties found for the TPSWF and TPSAF composites do not differ. However, the mechanical 
properties of the TPSBF composite were better than the properties of the other composites.
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1. Introduction

Plastics are very versatile, malleable, lightweight, 
and low-cost polymeric materials that confer numerous 
advantages over other materials in several applications. 
However, due to environmental issues with the pollution 
caused by these materials, there is an urgent need to reduce 
long-lasting plastics, especially in disposable items, which 
have increased in recent years. This environmental issue 
has led to a global interest in replacing petroleum-derived 
polymers, which are not biodegradable, with biodegradable 
polymers derived from renewable sources[1,2].

Among the various possibilities of using biodegradable 
materials, starch was widely used, as it is abundant in 
nature, and the cost is low. This biopolymer is produced 
by many plants and stored in the cells as an energy source. 
Also, agricultural products can be considered a way to 
reduce environmental pollution and consolidate such 
products for other purposes[3]. Starch is formed by glucose 
units, which occur naturally, have hydroxyl froups and are 
composed of partially crystalline microscopic granules. The 
polysaccharide chains that form the starch are interconnected 
through strong inter and intramolecular hydrogen bonds. 
These strong bonds hinder the movement of the polymer 
bonds resulting in low plasticity. A solution to improve the 
processability of starch is the addition of plasticizing agents 
such as glycerol sorbitol, xylitol, ethylene glycol, and water, 
heating and shear stress so that it becomes a workable plastic 

material, called thermoplastic starch (TPS)[4,5]. Among the 
plasticizers mentioned, glycerol is the classic plasticizer 
for starch because it forms compounds wich are colorless, 
transparent, odorless, and non-toxic properties[6].

Thermoplastic starch (TPS) has properties that allow 
its processing using extrusion, injection, and compression 
molding[7]. However, TPS shows weak resistance to water 
absorption, i.e., it is hydrophilic and has low mechanical 
properties compared to conventional synthetic polymers, 
and these are limiting factors for its industrial application[8,9]. 
Some studies described in the literature show that TPS films 
need modifications to improve the mechanical properties 
and their low water absorption and, at the same time, not 
altering their biodegradability[10-12]. Different strategies to 
improve such weaknesses can be employed, for example, 
by mixing TPS with another polymeric material as well as 
by adding fillers[13,14].

The literature shows that adding loads such as natural 
fibers, a more environmentally friendly material, would be 
a correct way to correct the minimize problems presented 
by TPS. However, it is necessary to promote the adhesion 
of the fiber to the TPS matrix. Authors have shown that if 
adhesion is not adequate, the mechanical properties tend to 
be reduced compared to the original product. Therefore, the 
challenge is to improve this adhesion and consequently obtain 
improvements in the generated composite properties[13,15]. 
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 Natural fibers have been used to reinforce polymer matrices 
to manufacture environmentally friendlily composites. These 
fibers have excellent mechanical performance, low density, 
and are easy to handle due to their non-abrasive nature. Also, 
they are renewable, biodegradable, and inexpensive[16-18]. 
Composites made with natural fiber and TPS are used for 
various industrial purposes, including automotive industry, 
civil construction, products for sports use, as surfboards 
and fishing rods[19,20].

Natural fibers are mainly composed of lignin, 
hemicellulose, and cellulose. Such structures do not have 
good adhesion with the structure of the TPS and can affect 
the composites’ process of preparation. Besides, natural fibers 
are hygroscopic and contain waxes in their composition that 
can hinder adhesion with TPS. Therefore, modifying the 
starch, using a plasticizer, and pre-treating the fibers with 
a chemical agent can result in composites with modified 
mechanical properties[21]. Several studies report the effects of 
lignocellulosic fibers on starch films from different sources, 
such as rice[22], cassava[23], peas[24] and corn[25].

Brazil has enormous potential for lignocellulosic fiber 
production, such as the Babassu (Orbignya speciosa) 
biomass. Babaçu is a palm tree found naturally in the North, 
Northeast, and Midwest regions of Brazil. The Babassu 
coconut has four parts: epicarp, mesocarp, endocarp, and 
almonds. Edible oil is extracted from the almonds. The 
other three components can be used to produce alcohol, 
fertilizer, charcoal, flour, and animal feed. The mesocarp 
is incorporated as a ground meal that serves as food for 
humans and animals[26]. Depending on the origin, between 
60 and 70% of the flour is starch and is exploited to produce 
thermoplastic starch.

Therefore, this work aimed to improve thermoplastic 
starch’s mechanical properties (TPS), reinforced with 
babassu coconut fibers. The effects of chemically treated 
fibers on the resulting composites, thermal, and spectroscopic 
properties were evaluated.

2. Materials and Methods

The Babassu starch (BS) and epicarp fibers were kindly 
provided by Embrapa Meio Norte (Piauí, Brazil). Glycerol 
and sodium hydroxide were purchased from Vetec. Sodium 
chloride was purchased from Sigma-Aldrich, and acetic 
acid was purchased from Synth. All reagents came with the 
analytical grade and were used without further purification.

2.1 Processing of the Babassu Starch (BS) and Fibers

100 g of babassu starch (BS) was immersed in distilled 
water (1 L) and kept under mechanical stirring for 30 min. 
This system then has settled overnight, and the supernatant 
was removed by siphoning. The BS obtained was dried in 
an oven for 12 h at 60 °C, ground, and sifted in a 53 μm 
(270 mesh) sieve. The Babassu fibers were washed with tap 
water, ground in a knife mill, and dried in an oven at 90 °C 
for 12 h. The dyed fibers were immersed in NaOH (4%) 
solution and mechanically stirred for two hours. Then, they 
have been dried in an oven for 12 h at 90 °C. The washed 
fibers were immersed in a bleaching solution composed 
of equal parts of acetate buffer solution (2.7 g of sodium 

hydroxide and 7.5 ml of glacial acetic acid in each 100 mL 
of solution) and aqueous sodium chloride solution (1.7% 
w/v). They were kept in this solution and mechanically 
agitated for four h at 70 °C[14]. They have been then oven 
dried for 12 h at 90 °C.

The fibers thus obtained fibers were labelled, respectively, 
as washed fibers (WF), alkaline fibers (AF), and bleached 
fibers (BF).

2.2 Synthesis of Thermoplastic Starch (TPS) and 
Composites

12.00 g of glycerol was dissolved in 50 mL of water 
and then 30.00 g of BS (corresponding to 60 BS and 40% 
glycerol) were slowly added, and the system was placed 
under mechanical stirring for 5 min. Stirring was sustained, 
and the mixture was heated to 100 °C for 8 min to complete 
gelatinization. The gel formed was deposited on a glass 
plate, and the water evaporated in an oven at 60 °C[27]. The 
TPS was obtained (molded) by thermopressure, using a 
hydraulic press under a load of 3 t at 130 ºC for 30 min. 
The composites have been obtained using 90% of TPS 
and 10% of fibers (washed, alkalized, or bleached). The 
quantity of TPS and fibers was mixed with 50 mL of water 
and placed under mechanical stirring for 5 min, and then it 
was heated to 100 ºC for 8 min. The composites have been 
dried in an oven at 60 °C for 4 h.[14]. The dried composites 
were wrought by thermopressure, using a hydraulic press 
under a load of 3 T at 130 ºC for 30 min.

The TPS and composites were designated as the following: 
Thermoplastic starch matrix (TPS), composites with washed 
fibers (TPSWF), composites with alkaline fibers (TPSAF), 
and composites with bleached fibers (TPSBF).

2.3 Characterization

Moisture and ash contents were analyzed by the methodology 
described by AOAC Nº 925.09 and AOAC Nº 923.03, 
respectively. The AOAC Nº 991.15 methodology mesasures 
protein content; a nitrogen conversion factor of 5.75 was 
applied. The lipids measurements have been carried out 
following the procedure described by AOAC Nº 963.15. 
Food Fiber was measured by AOCS Nº 985.29. The amylose 
content was analyzed by the colorimetric iodine method, 
proposed by Perez and Juliano[28]. The TPS and the composites’ 
moisture absorption tests were carried out following the 
guidelines of ASTM E104-02. Three specimens have been 
tested for each sample. The percentage of water absorbed 
was calculated using Equation: WA%= [Mt-M0/M0]x100. 
M0 = initial mass of the test specimen, Mt = mass after a 
particular exposure time. Compression molded TPS and 
composites were laser cut as ASTM D638 type I samples. 
The tensile tests were performed on a Shimadzu AG-X 250 
KN mechanical test machine following ASTM D638. FTIR 
analyzes were performed on a Perkin Elmer spectrometer, 
model Spectrum 100, the tablets being pressed in KBr, and 
the spectra obtained with 32 scans in the range of 4000 to 
400 cm-1. TG and DSC analyses were performed using a 
Shimadzu thermogravimetric analyzer, model TGA-60, and 
DSC-60. The samples were packed in Platinum samples, 
and the experiments have been carried out under nitrogen 
atmosphere, with a flow rate of 50 mL min-1. The temperature 
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was raised to 600 °C (TG) and 500 °C (DSC), with a heating 
rate of 10 °C min-1. X-ray diffraction analyzes were performed 
on a PANalytical Empyrean X-ray diffractometer, using 
CoKα radiation with 40 kV/40 mA. The scans were made 
in the range of 5º- 60º at a speed of 2º min-1. A scanning 
electron microscope (FEI Quanta FEG 250) was used to 
obtain SEM images. The samples were placed on carbon 
tape and covered with a thin layer of gold in a Q150R ES 
quorum metallizer.

2.4 Statistical analysis

The chemical analysis of babassu starch and the 
composites’ mechanical properties were analyzed using 
Analysis of Variance (ANOVA), using the STATISTICA® 
software (Version 10.0, StatSoft Inc., Tulsa, USA). All 
analyzes were performed in triplicate, and the results were 
expressed in terms of mean and standard deviation.

3. Results and Discussions

3.1 Characterization of babassu starch and fibers

The data from the centesimal analysis for BS are presented 
in Table 1. The chemical composition results found in our 
study were not different from those found in the literature. 
Except for humidity and purity, which Maniglia et al.[29] found 
(15.1%) and Ferreira et al.[30] found 66.5%, respectively. In 
our work, we found 6.35% humidity and 94% purity. This 

difference in humidity and purity may be due to drying or 
storing the material after processing.

The FTIR of BS (Figure 1A) presented bands attributed 
to OH groups at 3600 to 3100 cm-1. The CH2 and CH3 
stretching bands appeared from 2910 to 2850 cm-1. 
At 1639 cm-1 corresponds to δ(O-H) of the hydroxyl groups 
in the cellulose structure. The band in the 1245 cm-1 region 
is related to the OH group’s flexural vibration of the glucose 
units. The bands range from 1161 to 1079 cm-1 have been 
attributed to α1-4 C-O-C linkage elongation, and 1026 
and 1006 cm-1 have been attributed to ν-C-O-H. For the 
fibers (Figure  1B), the most significant differences are 
at 1742 cm-1, ν(C=O) for carboxylic esters, at 1650 cm-1, 
ν(C-OH) for alcohol groups, and 1249 cm-1, (ν-C-O-C) also 
due to the presence of lignin and hemicellulose[31-35]. Those 
band can be seen in the IR spectra of WF and AF fibers. 
The bands around 1464 cm-1 refer to ν(C=C) of aromatic 
rings, aromatic vibrations, aromatic ring deformation, and 
–CHO out of plane vibrations. At 1172 and 895 cm-1, bands 
related to δ(C-O-C) of polysaccharides and (β1-4) linkage 
of glucose ring[35,36]. In 1042 cm-1, a band attributed to the 
Si-O bond stretching was verified. The treatments applied 
to the fibers in this work were not enough to remove the 
fibers’ silica. Campos et al. also observed this fact regarding 
composites made using palm oil mesocarp fibers and cassava 
starch TPS[37].

The SEM images of BS, WF, AF, and BF are shown in 
Figure 2. The starch granules’ morphology is related to their 
botanical origin and how they were isolated or processed.[38,13] 

Table 1. Chemical Composition of Babassu Starch (BS).

Parameter (%) Literature[29] Literature[30]

Moisture content* (g/100 g of total material) 6.35 ± 0.14 15.1 ± 1.6 5.0 ± 0.1
Ash (g/100 g of dry material) 0.31 ± 0.01 1.1 ± 0.1 -
Lipids (g/100 g of dry material) 0.72 ± 0.03 1.8 ± 0.4 0.30 ± 0.0
Protein (g/100 g of dry material) 1.02 ± 0.06 1.4 ± 0.1 1.2 ± 0.1
Food Fiber (g/100 g of dry material) 4.25 ± 0.27 3.7 ± 0.2 8.6 ± 0.1
Amylose (g/100 g of starch) 36.51 ± 1.02 36.6 ± 0.5 -
Starch (g/100 g of dry material) 93.70 ± 0.98 92.0 ± 0.4 66.5 ± 0.2
*Expressed on moisture basis, Starch (obtained by difference) = 100 – (Ash (%) + Lipids (%) + protein (%) + Food Fiber (%).

Figure 1. FTIR spectra of the BS (A), and WF, AF, and BF (B).
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The surface of the granules was predominantly smooth, 
without any grooves. Some granules’ residues surface was 
noticed due to proteins, lipids, and fibers[39,40].

The micrography of WF showed rough structures adhered 
to the surface, i.e., a layer formed by lignin, hemicellulose, 
and waxes[41]. Some untreated fibers may have holes, and 
these are filled with silica. Treatments can remove the 
silicon and leave the holes open[42]. Silica is present in 
longitudinal linear structures such as “tyloses,” which can 
act as adhesion points between the resin and the matrix[43,44]. 
The FTIR spectra of fibers confirmed the presence of silica 
in WF fibers. The AF fibers presented a smoother surface 
than the WF fibers showing the interfibrillar structure. It was 
evidenced that the alkaline treatment removed part of the 
hemicellulose, lignin, and waxes[45,46]. The BF fibers showed 
more significant surface changes due to eliminating the 
residual lignin. Consequently, the fiber’s internal structure 
was exposed, exhibiting a bundle of continuous oriented 
microfibrils[44].

The micrography of WF showed rough structures. The 
diffractogram of BS (Figure 3) showed peaks at 2θ = 5.91º, 
11.45º, 13.12º, 17.52°, 20.03°, 23.33°, and 26.63°, typical 
of A and B type starches[47,48]. Then, it is classified as 
type C, with characteristics closer to type A starches[40,49]. 
The starch so-called starch C was described in leguminous 
seeds and banana[50].

The crystallinity index (CI) found for the BS, WF, AF, 
and BF fibers are listed in Table 2. The crystallinity of BM 
(27.65%) was lower than the one found by Maniglia et al. 
(29.00%)[29]. Amylopectin has a branched structure and 
linear segments arranged in double helices stabilized by 
hydrogen bonds. This structure is associated with starch 
crystallinity. However, it is essential to note that the amount 

of amylose is high; the starch’s crystallinity has decreased 
because amylose represents the starch’s amorphous part. 
In our study, the amount of amylose (36.45%) was higher 
than that found in the literature[29]; therefore, the crystallinity 
value was lower[50].

The crystallinity of starch can also be influenced by other 
components present in starch, such as ash, protein, lipids, 
and crude fiber, or by the starch extraction method[51]. The 
epicarp fibers (Figure 3) exhibited similar diffraction patterns 
to those observed in other studies on Babassu epicarp fibers[31], 
and fibers of other botanical origins. In the present work, 
the fiber diffraction profile was the same as cellulose type I, 
which is commonly found in lignocellulosic materials[52].

Fibers (WF, AF, and BF) crystallinity increased progressively 
with the chemical treatments (Table 2). Furthermore, it is 
a consequence of the progressive removal of amorphous 
components (hemicellulose and lignin) promoted by the 
treatments, which allowed a higher ordering of the cellulose 
chains[53]. There is no difference between the crystallinity of 
TPS and TPSWF, TPSAF, and TPSBF composites. Although 
the results show a progressive increase when using fibers that 
have undergone chemical treatment, as seen in the fibers.

Figure 2. Micrography of (A) BS, (B) WF, (C) AF, (D) BF.

Figure 3. XRD of BS and Fibers.

Table 2. Crystallinity Index.
Sample CI%

BS 27.65
WF 23.60
AF 41.81
BF 43.34
TPS 19.61

TPSWF 18.51
TPSAF 20.15
TPSBF 21.99
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Figure 4 shows the TG/DTG and DSC curves of BS, 
WF, AF, and BF. Two events were observed in the TG/DTG 
curve of babassu starch (BS), and they were attributed to 
the removal of physically absorbed water (67 °C) and the 
degradation of hemicellulose (359.5 °C)[54,55]. BS has thermal 
stability up to 290 °C. On the other hand, the TG/DTG curve 
of the WF fiber presented three events, attributed to the 
removal of physically absorbed water (49 °C), degradation 
of hemicellulose (300 °C), and cellulose (390 °C)[54].

TG/DTG curves of the alkaline fibers (AF) show a discrete 
event at 290 °C, attributed to the decomposition of lignin and 
hemicellulose. This event indicates that such compounds were 
not completely eliminated with the alkalinization treatment. 
Kabir et al. studied hemp fibers and found that treating the 
fibers with 4% NaOH was insufficient to eliminate lignin 
and hemicellulose[42]. In this work, the same alkalinization 
treatment was carried out; i.e., the babassu fibers were 
treated with 4% NaOH solution. TG/DTG curves of BF 
fibers, show just two events, one of them at 45 °C and 
other at 322.7 °C related to water absorption and cellulose 
decomposition. In this case, the treatment was sufficinte to 
eliminate lignin and hemicellulose.

The DSC curves of all fibers show an endothermic event 
from 30 °C to 150 °C, which corresponds to the loss of adsorbed 
water[37]. This event is more accentuated to washed fibers 
(WF), being the maximum at 80.2 ºC. The event attributed 

to water absorption was observed at 96.2 °C to alcanilized 
fibers (AF) and 70.6 ºC to bleached fibers. An accentuated 
exotérmic event was seen at 420.5 °C (WF), which correspond 
to hemicellulose and lignin decomposition[37,43]. The event 
was observed to alcanized fibers at 394.5 ºC; however, it 
was less accentuated than washed fibers indicating that the 
hemicellulose and lignin were partially removed from the 
fibers. This result is following the SEM images, infrared 
and TG/DTG results. The event attributed to hemicellulose 
and lignina was not observed in DSC curve of the BF. All 
the fiber showed a peak at 474.3 ºC (WF), 445.3 °C (AF), 
and 420.4 °C (BF) attributed to cellulose degradation, which 
is the predominant constituent of the fiber. Bhaduri et al.[56] 
and Shafizadeh et al.[57] observed that this endotherm is a 
consequence of dehydration and depolymerization of the 
cellulose component of the fiber, leading to the formation 
of flammable volatile products.

3.2 Characterization of TPS and Composites

SEM micrographs of TPS, TPSWF, TPSAF, and TPSBF 
are shown in Figure 5. TPS has a relatively smooth and 
even surface. No starch granules were observed, indicating 
that the method applied in TPS synthesis was suitable for 
restructuring of the granules[58,59]. SEM image of TPSWF 
clearly shows voids at the interface between the fiber and the 
thermoplastic matrix. The TPSAF and TPSBF composites’ 
micrographs showed that the treatment applied to the fibers 

Figure 4. TG, DTG and DSC curves of WF, AF and BF.
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provided better matrix adhesion on the fiber surface, as there 
were no voids at the interface between the components.

The bleached treatment promoted the removal of the 
surface layer of the fibers, composed of hemicellulose and 
lignin, leaving the cellulose more exposed. As glucose units 
form both cellulose and starch, there is a strong interaction 
between them, especially hydrogen bonds[37].

Also, silica (SiO2), present on the fiber surface (it was 
not completely removed by the treatments) can strongly 
interact with OH group from TPS[37]. Silica can interact with 
the unsaturated bonds of polymer molecules (TPS) through 
electrons of the fiber’s unsaturated bonds[59].

Figure 6 shows the XRD of TPS and composites. XDR 
of the thermoplastic starch (TPS) does not have the type C 
starches’ characteristic crystallograph profile. Type C starch 
was observed in natural babassu starch (BS). Peaks observed 
a new pattern at 15.8° and 24.3°, typical of thermoplastic 
starches with a crystalline V-type pattern[60,61]. As expected, 
and seen in Table 3, the composites’ crystallinity increased 
according to the chemical treatment received by the fibers. 
The higher crystallinity was observed for the composite 
made with the bleached fibers.

TPS and composites TG/DTG curves (Figure 7) are 
very similar, virtually overlapping. The materials have lost 
mass relatively gradually. However, DTG curves helped 
identify the three most notable mass-loss events. The first 
ranged from 30° C to 130° C and corresponded to the loss of 
physisorbed water[62]. This event appears on the DSC curve 
(Figure 6) as an endothermic peak reaching about 180 °C. 
The second mass loss event ranged from 140 °C to 250 °C 
and mainly corresponded to the volatilization of glycerol 

molecules[37]. This event appears on the DSC curve as an 
endothermic peak. The third and most significant mass loss 
event ranged from 250 °C to 430 °C and corresponded to 
the degradation of TPS and fibers and the boiling of the 
remaining glycerol (PE = 290 °C)[63,64]. This event appears 
on the DSC curve as an exothermic peak.

As found in nature, granular starch is a polysaccharide 
with polyhydroxyl groups and strong inter and intramolecular 
interactions of hydrogen, limiting the mobility of its molecules. 
It means that the starch has no melt flowability and cannot 
be directly processed by melting[65]. However, starch can 
have the granule structure destroyed if processed in the 
presence of a plasticizer substance (such as glycerol), under 
the action of heat and shear. In this material, the hydrogen 
bonds between the amylose and amylopectin molecules are 
replaced by bonds with the plasticizer molecules, causing the 

Figure 5. SEM Micrographs of the TPS, TPSWF, TPSAF, and TPSBF.

Figure 6. XRD of TPS, TPSWF, TPSAF, TPSBF.

Table 3. Results of Mechanical Properties of Babassu TPS and Composites.

Starch type Plasticizer (%) Tensile Strength 
(MPa) Elongation (%) Elastic Modulus 

(MPa) Reference

Cassava Glycerol (40) 2.2 ± 0.1 108.3 ± 5.0 174.6 ± 1.8 61
Cassava Glycerol (45) 1.8 ± 0.03 50 ± 4.2 10.5 ± 2.6 23
Babassu Glycerol (19) 63 ± 4.1 0.7 ± 0,2 4285 ± 208 26
Kefiran Glycerol (25) 7.2 ± 1.7 135 ± 1.4 198 ± 4.6 67
Raw oil palm Glycerol (43) 0.3 ± 0.1 79.0 ± 27 8.5 ± 2 37
Horse chestnut Glycerol (30) 1.5 ± 0.3 1.02 ± 0.04 3.0 ± 0.3 40
Corn Glycerol (25) 1.24 ± 0.5 48.7 ± 0.01 19.93 ± 0.07 63

Our Results
Babassu Glycerol (40) 31.67 ± 1.07 10.63 ± 1.6 120.65 ± 2.55
TPSWF 45.38 ± 1.15 7.54 ± 1.7 222.36 ± 3.27
TPSAF 50.58 ± 1.13 6.87 ± 1.5 231.65 ± 3.19
TPSBF 58.15 ± 1.16 5.37 ± 1.4 254.81 ± 3.31
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destruction of the granular crystallinity and increasing the 
mobility between the polymeric starch chains[37,60]. However, 
there is an optimum amount of plasticizer for starch, which 
varies with the starch’s origin and makes TPS more fluid 
and industrially processable. Liu et al.[65] have studied the 
variation of glycerol (30-50%) added to cassava starch and 
found an optimum amount of glycerol that must be added 
to starch to make it a plasticizer. They observed that the 
best extrusion characteristics were achieved when 40% of 
glycerol was added to the starch. It is worth mentioning 
that we also use a 40% plasticizer (glycerol). Table 3 and 
Figure 8 show the results of tensile strength, elongation 
at break, and elastic modulus found in this work, as well 
as results found in the literature for comparison purposes.

The results of the TPS’s mechanical properties in our study 
differ slightly from those found in the literature. Note that 
the tensile strength was more remarkable than many studies 
(Table 3), except for the result found by Maniglia et al.[29,40]

The mechanical behavior of matrials depends on several 
parameters, such as the particle distribution, dispersion, and 
adhesion of the matrix in the dispersed phase [66]. Plastic 
deformation decreases as the tensile strength and modulus 
increase and the elongation at break decreases.

The TPS elongation (ductility) was lower than most 
of the results mentioned in the literature[66] except for the 
values found by Maniglia et al. and Castaño et al.[29,48]. The 
ductility is related to the material’s softness, and the higher 
the value, the more ductile, the softer the material will be.

The modulus of elasticity that measures the stiffness 
of materials (hardness) is directly related to the forces of 
intermolecular and intermolecular connections. For this 
parameter, the results found were superior to the results shown 
by Campos et al.[37], Castaño et al.[48], and Fazeli et al.[67].

The described composites were obtained using TPS 
with 40% glycerol with plasticizer and without chemical 

Figure 7. TG/DTG and DSC curves of TPS, TPSWF, TPSAF, and TPSBF.

Figure 8. Mechanical Properties of TPS and Composites.
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treatment. Chemical treatment was carried out in order to 
eliminate waxes, lignin, and hemicellulose. Also, the fibers 
have a great attraction for water due to their structure, and 
the removal of these components from the fibers implies 
a more significant interaction between the fibers and the 
polymeric matrix, resulting in increased stress transfer, 
improving the mechanical properties, as well as reducing 
the water absorption [68].

In general, the mechanical properties analyzed (tensile 
strength, modulus of elasticity, and elongation) of the 
composites showed improvements if compared to neat TPS

Chemical treatment with NaOH (mercerization) improves 
the mechanical properties, mainly the tensile strength and 
elongation. In bleaching, this treatment improves the fiber/
TPS adhesion, giving a more significant interaction between 
the fiber and the TPS components. This interaction occurs 
mainly via hydrogen bonding between the hydroxyl groups 
of the fibers and the TPS[37]. The removal of lignin and 
hemicellulose can be seen by FTIR analysis, where the 
band at 1742 cm-1, attributed to the stretching of the ester 
C=O bond, disappeared for TPSBF composite. It appears 
that the band at 1249 cm-1, related to α-C-O-C, was reduced 
for the treated fibers.

The composites where the fiber was chemically treated 
(TPSAF, TPSBF) showed better mechanical properties than 
the composite made with the untreated fiber (TPSWF), 
showing that while hydrophilic materials were removed 
from the fibers, adhesion with the TPS (hydrophobic) was 
more effective.

The mechanical properties of composites are shown in 
Table 3. The tensile strength of TPSWF (45.38 ± 1.07 MPa), 
TPSAF (50.58 ± 1.13 MPa), and TPSBF (58.15 ± 1.16 MPa) 
are higher than the pure TPS matrix, which presented a 
maximum tension of 31.67 ± 1.07 MPa. The maximum 
tensions were 43.3%, 59.7%, and 83.6% higher than the 
pure TPS matrix, respectively. The TPSWF composite 
has a lower tensile strength than the other composites that 
may have been caused by void formations at the interface 
between the fibers and the TPS, resulting in a discontinuous 
matrix, as shown by the SEM images. The results of tensile 
strength presented in this work have been better than the 
ones described by Grylewicz et al. (5.7 MPa), that used 
TPS from starch potato and wood fiber in a rate 88.12%, 
respectively[69].

The elongation at break of the composites, TPSWF 
(7.54 ± 1.6%), TPSAF (6.87 ± 1.7%), TPSBF (5.37 ± 1.4%), 
were smaller than the ones found by Campos  et  al.[37], 
Fazelli  et  al. [67], and Grylewicz  et  al.[69] The results of 
elastic modulus found for the composites were 222.36 ± 
3.27 MPa (TPSWF), 231.65 ± 3.19 MPa (TPSAF), and 
254.81 ± 3.31 MPa (TPSBF). This improvement related 
to TPS is due to the strong interfacial interaction between 
the starch and the fibers[65,70]. The elasticity modulus was 
84.30%, 91.99%, and 111.19%, more significant than the 
pure TPS, respectively. Fontelles et al.[68] prepared composites 
using babassu epicarp fibers with and without chemical 
treatment and as a matrix using unsaturated polyester and 
orthopthalic resin. The results showed for the composite 
made with fibers without chemical treatment, 15 Mpa for 
tensile strength, 1.8% for elongation, and 1600 MPa for 

elastic modulus, and with chemical treatment, 18 MPa, 
2.2%, and 1500 MPa, respectively.

When comparing the mechanical properties found for the 
TPSWF and TPSAF composites, it appears that they do not 
differ much from each other. This fact is probably due to the 
O-H and Si-O interactions between TPS and fibers. However, 
as the bleached fibers’ changes were more pronounced, the 
results of the mechanical properties of this composite (TPSBF) 
were much better than the properties of the other composites 
(TPSWF and TPSAF). The results of mechanical properties 
found by Fontelles et al. [68] do not differ between treated and 
untreated fibers. The same result was observed in our work.

The results of water absorption (75% humidity) are 
shown in Figure 9. It can be seen that the largest mass gain 
(water) for both TPS and composites was after 194 h. Also, 
it is noted that the composites had less moisture absorption 
than pure TPS. Theoretically, composites should have greater 
moisture absorption than the original matrix due to the 
fibers’ hydrophilic character[68] . However, in this case, the 
matrix is thermoplastic starch, a compound also hydrophilic, 
with great water absorption capacity[23]. The amount of 
water absorbed by the TPS and the compounds gradually 
increased up to 150 h. From that time on, the amount of 
water absorbed was small and remained practically the same 
until the end of the test, reaching the maximum absorption 
at 194 h. The maximum water absorption (300 h) was 
29.7%, 28.6%, 27.9% and 27.5% (TPS, TPSWF, TPSAF 
and TPSBF), respectively. The literature reports similar 
results with 25.37% TPS/Sisal fiber [71,72], and 27.1% TPS/
Luffa fiber[59]. The TPSBF compound had the least amount 
of water absorption, which is 7.4% less than the amount of 
pure TPS absorption. The TPSWF and TPSAF composites 
showed a water absorption amount of 3.7% and 6.1% less 
than that of the pure matrix. With the addition of fibers, 
this problem can be alleviated.[73]. The moisture absorption 
results showed that the composites absorbed less water than 
the TPS and improved the composite properties.

4. Conclusion

Many studies show the use of TPS of several starches 
as a matrix to obtain composites with fibers. However, the 
use of TPS derived from babassu starch and composites 
reinforced with babassu fiber is being described for the 
first time. The textures of the babassu epicarp applied as 
reinforcement in composites presented thermal properties 

Figure 9. Water Absorption of TPS, TPSWF, TPSAF, and TPSBF.
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and X-ray diffraction patterns, like other botanical sources. 
The chemical treatments applied to the fibers promoted 
the removal of wax, hemicellulose and lignin, revealing its 
internal fibrillar structure. The bleaching process developed 
the most significant modifications, causing a reduction in 
moisture absorption. X-ray results showed an increase in the 
crystallinity of the fibers. SEM images and infrared spectra 
showed that compounds such as wax, lignin, and hemicellulose 
were removed from the fiber surface. The SEM images of the 
TPS starch showed a smooth and uniform surface. In the case 
of composites, SEM images show voids between the fiber and 
the TPS for the composite TPSWF (washed fiber) and better 
adhesion for the composites TPSAF (alkalinized fiber) and 
TPSBF (bleached fiber). The fiber treatments resulted in more 
significant interfacial interaction between the TPS and the 
fibers. There was a substantial improvement in the mechanical 
properties of the composites compared to the pure TPS, i.e., 
higher tensile strength and modulus of elasticity, making the 
composites more rigid. The mechanical properties found for 
the TPSWF and TPSBF composites, do not differ much from 
each other. However, as the bleached fibers’ changes were 
more pronounced, the results of the mechanical properties 
of this composite (TPSBF) were better than the properties of 
the other composites (TPSWF and TPSAF).
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