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This study evaluated how the treatment of coconut fiber (CF) affected the fiber itself and the composites pre-
pared with treated and in nature coconut fiber used as reinforcement in PHB (polyhydroxybutyrate) as a poly-
meric matrix. The coconut fiber in nature (CFi) underwent to a thermochemical treatment (CFt) with hot water
(80°C). The efficiency of treatment was evaluated by FT-IR analysis. The FT-IR and scanning electron micro-
scope results showed partial removal of impurities such as waxes. The composites of (PHB/CFi or PHB/CFt) with

weight rate of 90/10 and 80/20 were characterized by thermal and morphological properties.
Thermogravimetric analysis showed that the presence of fiber in the PHB matrix improved thermal stability of
the composite. The SEM analysis of the microstructure showed ta good interfacial adhesion between the PHB and
coconut fiber especially when treated fiber was used.

1. Introduction

Advanced studies on polymer composites reinforced with vegetal
fibers have been encouraged as a way to help the environment pro-
tection and to improve waste recovery feasibility [1].

In Brazil, natural fiber residues originating from monocultures
planted to obtain food on a large scale are abundant and among these is
the coconut (Cocus nucifera). The coconut palm reaches a height of up to
30m and produces on average 130 fruits per year. The Brazilian
Agricultural Research Corporation reports annual coconut production
of approximately 1.3 billion fruits, and about 75% of the production is
concentrated in the north and north-east regions, although the fruit is
consumed all over the country [2,3]. The fibers of coconut are derived
from the mesocarp, have the highest percentage of lignin about 25% of
the total fruit volume [4]. Lignocellulosic materials are characterized
by a high lignin content 30%, making these fibers harder than other
natural fibers [5,6].

The green and mature coconut has a considerable fiber fraction. The
shell, representing 80-85% of the gross weight (mesocarp), it is a waste
that has not been fully tapped by the industry [7]. Therefore, using this
residue is a plausible solution to decrease coconut residue in landfills
[8]. Multiple processes using this waste to develop high added-value
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materials have been investigated [9].

Natural fibers are used to reinforce polymer matrices and to produce
numerous composite materials [10]. Although the strength of most
natural fibers is lower than the glass fiber, natural ones have more
potential use in composite materials [11]. The macromolecules that
form the fibers are responsible for the physical properties of the lig-
nocellulosic material [12]. In general, the natural fibers have an
average of 40-60% of cellulose, 20-40% of hemicellulose and 10-25%
of lignin [6,13].

Cellulose is hydrophilic, biodegradable and the most abundant
natural polymer in the world. The lengthy linear chain and in-
tramolecular bonds contribute to the properties related to rigidity due
to its semi crystalline character [14,15]. Another component of the
plant fiber is the hemicellulose, which is hydrophilic, with high degree
of branched chains, amorphous nature and degree of polymerization
ranging from less than 100 to the highest 200 monomers [16]. The
lignocellulosic material is formed by low-density lignin with high
abrasion, an important feature for replacing inorganic fillers [17].

The composition of cellulose, hemicellulose and lignin in the fibers
is associated, among other factors, with the cultivation site and the
absorption of nutrients. The coconut fiber has 56,8% of cellulose and
29,8% of lignin [6]. Furthermore, the use of lignocellulosic material can
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associate mechanical and thermal performances to the final material
[18].

Another group of ecological material is the biodegradable plastic,
which was developed to solve the problem of the conventional non-
biodegradable polymers in landfills [19]. The international market
share of biodegradable plastics is minimal due to their limited use
compared to synthetic plastics because they are less flexible and more
expensive [20]. The polyhydroxybutyrate (PHB) is a particular polymer
because is biodegradable under the appropriate conditions and it’s
obtained from renewable sources such as sugar cane. The mechanical
properties of this thermoplastic are similar to polypropylene (PP),
which may be substituted by biodegradable polymer [21].

The use of natural fibers to reinforce polymeric material depends on
the interaction between both phases: natural fiber and matrix.
Optimizing their adhesion is crucial for obtaining new material prop-
erties [22]. The adhesion between the fiber and matrix is enhanced by
using a chemical product to change the physical and/or chemical
structure of the fiber, thus allowing more interaction between the
composite components [23]. This fiber-matrix interaction can be ob-
tained by two types of chemical treatments to promote covalent, hy-
drogen, and acid-base bonds. There are several types of chemical
treatments that can influence the properties of composites (fiber +
polymer matrix), according to Thakur [24], treated fibers used in
composite materials had improved mechanical properties.

This study aims to evaluate the thermal, mechanical and morpho-
logical properties and the necessity for coconut fiber treatment.
However, this treatment aims at non-degradation of the fiber as well as
not using solvents that can affect the environment.

2. Experimental
2.1. Materials

The coconut fibers, from the Agricultural Cooperative Formosa
River of Responsibility Fruit Producers Ltd. (COOPERCOCOS), were
provided by the Brazilian Institute of Environment and Renewable
Natural Resources (IBAMA). The Federal University of Campina Grande
(UFCG) provided the PHB manufactured by PHB Industrial. According
to the manufacturer, PHB physical properties are: density 1.25 g/cm? at
25 °C, average molar weight ranged from 273,000 to 563,000 g.mol ~*
and crystallinity content between 50% and 70%. The coconut fiber
length used in this study presented size ranging from 500 to 1000 pm.

2.2. Coconut fibers treatment

The coconut fiber was dried in an oven at 105 °C for 24 h, to de-
termine the moisture content by weight difference.

The thermochemical treatment alternative (hot water) was selected
among the most used because it was the least aggressive to the fiber,
solvent chemical free (such as alkaline solution) as well as minimized
weight loss of lignin and cellulose. Whose objective is only the removal
of superficial extractive (waxes). The methodology recommended by
Ledo [25] was followed in this study. The fibers were treated with hot
water at 80 °C for two hours, and dried at 105 °C for 12 h.

2.3. Composite preparation

The PHB/CF composites were prepared with coconut fibers in nature
(CFi) and thermo-chemically treated (CFt), as shown in Table 1. The
samples were prepared in a Haake Rheomix mixing chamber at 60 rpm,
160 °C for 7 min by feeding the fiber first and then the polymeric ma-
trix. Subsequently, the material was injected by using a Mini Injection
Haake Thermo Scientific to prepare the specimens under 300 bar of
injection pressure and 240 bar of hold pressure, with 5s of injection
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Table 1

Sample compositions.
Composite PHB CFi CFt
PHB/CFi (90/10) 90 10 -
PHB/CFi (80/20) 80 20 -
PHB/CFt (90/10) 90 - 10
PHB/CFt (80/20) 80 - 20

CFi - coconut fiber (in nature), CFt — coconut fiber (treated).

time, temperature between 170 °C and 200 °C and 40 °C of mold tem-
perature.

2.4. Characterization

Scanning electron microscopy (SEM), thermal analysis (thermo-
gravimetry (TGA), Differential Scanning Calorimetry (DSC)) and
Fourier-transform infrared spectroscopy (FT-IR) were used to char-
acterize the fibers and the composites.

2.4.1. Thermal analysis

The TGA was performed in a thermogravimetric analyzer TGA
model Q50, manufactured by TA Instruments, in N, atmosphere (flow
100 mL min~') with a heating ramp that heated from room tempera-
ture to 800 °C at a heating rate of 20 °Cmin ",

The DSC analysis was performed in a calorimeter model Q20,
manufactured by TA Instruments, with heating from room temperature
to 230 °C, at a heating rate of 10 °Cmin~", in a N, atmosphere (flow
50 mL min~!) The crystallinity content (Xc) in PHB and (PHB/CF)
composite were determined by the Eq. (1),

AH

= — X 100
AH°f. w

Xc X

(€8]
Where, AH’; 146J g~ ! for 100% PHB crystalline material, AH; is en-
thalpy of fusion for each sample; and, w is the PHB mass fraction of the
composite (0,9 and 0,8) [26].

2.4.2. Scanning electron microscopy - SEM

The analysis was performed using a JEOL Scanning Electron
Microscope (SEM) model JSM - 6060, 0.1 until 30kV, with conven-
tional observations of secondary electron image (SEI). The samples
were submitted to gold plating in a Balzers Sputter Coater, Model SCD
050.

2.4.3. Fourier transform infrared spectrometry - FTIR
The Fourier Transform Infrared Spectrometry-FT-IR was performed
by spectrum 1000 Perkin Elmer, the sample was prepared in KBr pellet.

3. Results and discussion
3.1. Influence of coconut fiber treatment

3.1.1. Physical properties

The thermochemical treatment resulted on 11% of average weight
loss, which could be attributed to partial removal of extractives as
waxes, low molecular weight compounds and soluble salts. This treat-
ment removed part of the coconut fiber impurities, without removing
internal fiber components or changing the fiber properties [25].

The hydrophilic characteristic of fibers is related to its chemical
composition, specifically to the hydroxyl groups contained in cellulose
and hemicellulose, and the geometric structure [22].

3.1.2. Fourier transform infrared spectrometry

The PHB FT-IR spectra showed a peak in the region at 3400 cm ™ *
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Fig. 1. FT-IR spectra of coconut fiber in nature and coconut fiber treated.

which is from hydroxyl group. The peak in the region of 2954 and
2850 cm ™! are from the C—H stretch and C—H aliphatic axial de-
formation, respectively [25]. On the other hand (Fig. 1), the coconut
fiber spectra exhibit the typical characteristics of the lignin, cellulose
and hemicellulose molecular structure in the region between 2954 and
2019 cm ™! (C—H stretching vibration). A broad peak in the region at
3400 cm ™ stretching vibration characteristic of the hydroxyl group.
The peak 1538 cm ™! was observed in the coconut fiber spectrum in
nature corresponding to the C=C vibration of the aromatic ring and the
presence of lignin and hemicellulose [31,12]. Also, in this region the
absence of the same peak observed in the treated coconut fibers is
observed. This confirms the partial removal of the extractives in the
fibers due to the treatment as well as showing its efficiency [12] Fig. 1.

Fig. 2 shows the FT-IR spectra of the water before the fiber treat-
ment and the effluent from the CF treatment. A peak was observed
between 3000 and 3400 cm™! in both spectra, corresponding to the
hydroxyl group. This is the most pronounced peak in the effluent
compared to water. This result shows the presence of hydroxyl groups

% T

= = = Efluente

Water

4000 3500 3000 2500 2000 1500 500 0

cm-1

Fig. 2. FTIR spectra of pre-treatment water and effluent from the coconut fiber
treatment.
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Table 2
Compounds found in the effluent of the aqueous treatment of coconut fiber.

Compounds Chemical Melting temperature
Q)
Waxe H;,C—(CHZ)‘—O—CO—(CHZ)ECH:, 52°C
Fatty acids (palmitic) stearic o) 68°C
};il ® ) Hac{CHz}n‘Cf
OH
Monoglyceride Triglycerides H,C—0—CO—R' 32-70°C

HC—0—CO—R?
H,C—0—CO—R®

(OH) in the effluent relative to water and also to the soluble compounds
to hot water from the vegetable fiber, such as extractives and hemi-
cellulose, among others. The peaks in the region between 2954 and
2850 cm ™! are due to CH stretching and axial deformation of the ali-
phatic CH [27,28].

The FT-IR results showed that the extractives contain various
functional groups, according to their chemical structure, such as waxes,
fatty acids, hydrocarbons, and soluble inorganic compounds. Greases
consist of esters of carboxylic acids, such as glycerol, while the waxes
are esters of fatty acids with alcohols [29]. Table 2 shows some of these
components and their melting temperatures [30].

The peak in the region of 1473 cm ™" is also related to the C=C
vibration and deformation of the hemicellulose and lignin [32]. The
treated coconut fibers with peak in this region, confirm the partial re-
moval of extractives from the fibers and, therefore, the treatment effi-
ciency. In the bands observed at 1370-1013 cm ™! was attributed to
C—0 and C—H groups of the aromatic ring from lignin [33]. On the
other hand, the peak at 816-685cm ™" corresponding the symmetric
C—H glycoside bonds of hemicellulose and cellulose [31]. The peak at
480 cm ! is related to the vibration of the O—Si—O compound [34],
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Fig. 3. SEM micrographs of coconut fibers in nature (a) and (b) and treated (c) and (d); the arrow is pointing to the partial removal of impurities before (b) and after

(d) the treatment.

confirming the partial removal of extractives from the fibers due to
treatment. This result is indicative that the vegetable fiber contains
water-soluble silicon salts [6].

3.1.3. Scanning electron microscopy of the fibers

Fig. 3 shows SEM images of coconut fiber surface before and after
treatment. The micrograph of the fiber in nature in Fig. 3(a) and (b)
shows particles (impurities) and irregular surface, possibly indicating
the presence of a cerumen layer covering the fiber.

Furthermore, the micrograph of the treated fiber Fig. 3(c) and (d)
shows partial removal of impurities, cerumen, and extractives covering
the pores, leaving a smoother surface and some pores (voids) on the
fiber surface [35]. It is possible to verify that there are more pores in the
treated fiber, which prove that the treatment used partially removed
some impurities that obstructed these.

100
90
80
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60
50
40
30
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0
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Mass (%)

200

300 400
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Fig. 4. TGA curves for coconut fibers in nature (CFi) and treated (CFt).
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The fiber surface characteristic, such as roughness, pore size
(empty), chemical composition, size and form directly influence in the
interfacial adhesion between the fiber and polymer matrix, homo-
genization in the dispersion with the polymer matrix and, consequently,
the affinity between the two materials [31]. All these parameters are
important for the mechanical performance of the composite.

3.1.4. Thermogravimetric analysis

The Fig. 4 compares the TGA thermal decomposition curves of co-
conut fibers in nature and treated. Both samples showed a weight loss of
7-8% in the range between 60 and 120 °C, more pronounced for the
non-treated fiber probably because of some soluble chemical compo-
nent removed during the thermochemical treatment. Additionally,
which may be due to the moisture removal from the fiber (confirming
the percentage of water found experimentally), as well as some low
molar weight extractives. It was observed that the treated fiber curve
presented a greater loss of initial mass, relative to the presence of
moisture and compounds of low molar mass present, when compared to
the curve of the untreated fibers. This fact occurs due to the more
amount of pores (vide Fig. 2(c)) in the treated fiber, thus allowing
greater absorption of moisture.

Both curves show two decomposition stages corresponding to the
decomposition of hemicellulose and cellulose, respectively, followed by
the final decomposition of lignin at about 600 °C [32]. It is shown that
the treated fiber has improved thermal stability compared the fiber in
nature, since the decomposition temperature increased from 215 °C to
240 °C, an increase of 25 °C. This result can be attributed to the removal
of low molecular weight compounds by the thermochemical treatment,
which would degrade at a lower temperature [15]. However, the ash
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Fig. 5. DTG Curves for in nature and treated coconut fiber.

content of both samples is quite high, indicating that coconut fibers
contain high levels of silicates and other inorganic materials [33].
However, there is a difference of 9% relative to the ash content of the
treated fiber, which is attributed to the removal of soluble inorganic
salts during the thermal water treatment at 80 °C, as shown in Fig. 3
[34]. Confirming the FT-IR results (see Fig. 1).

Fig. 5 shows the DTG x temperature curves where is observed the
presence of three peaks corresponding to kinetic maximal of fiber de-
composition. The first peak at 80 °C indicates loss of water and ex-
tractives. The second peak at 273 °C for CFi and 284 °C for CFt corre-
sponds to the temperature of maximum hemicellulose decomposition
[31]. The third peak at 360 °C and 336 °C for CFi for FCt, respectively,
corresponds to cellulose decomposition. These results show that the
thermochemical treatment increased kinetic decomposition of cellulose
and hemicellulose.

3.2. Influence of fiber treatment on the PHB/FC composites

3.2.1. TGA and DSC thermal analysis

The Fig. 6 show the TGA overlapping curves for the PHB matrix and
PHB/CFi (90/10), PHB/CFi (80/20), PHB/CFt (90/10) and PHB/CFt
(80/20) composites. It was observed that only the PHB matrix had a
single decomposition stage starting at 256 °C. The composites had two
decomposition stages, the first corresponding to the PHB matrix and the
second to the coconut fiber. It should be noticed that the decrease in the
beginning of composite decomposition, corresponds to the PHB matrix.
Probably because the composite is obtained using two processes (Haake
mixer and after injection molding) in which the mixture was exposed to
thermomechanical oxidative conditions. In addition to these factors, the
reinforcement in the matrix causes friction and abrasion due to the si-
lica contained in the fiber [35].

The TGA curves show that the treated fiber composites exhibited
higher thermal stability than the composite made with fiber in nature
(temperature shift to the right). Regarding reinforcement, it is observed

100

——PHB

— — PHBI/CFi(90/10)
..... PHB/CFi(80/20)
— - =PHB/CF(90/10)
....... PHB/CF(80/20)

Mass (%)

150

200 250
Temperature (°C)

Fig. 6. TGA curves for the PHB matrix and PHB/FC composites.
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that composites with less CF (10% m/m) had greater thermal stability,
probably due to the higher PHB content (increased thermal stability)
and lower silica content from CF [36].

Table 3 summarizes the results of the TGA and DTG curves for the
evaluated samples. It is observed that, in general, the composites with
fiber in nature had higher ash content. This occurs because fibers have
components that do not suffer thermal decomposition until the tem-
perature of 400 °C [37]. The last stage of degradation starts after 305 °C
and continues until 400 °C, indicating the degradation of the cellulose.

The thermal properties, such as melting temperature (Tm), enthalpy
of fusion (AHg) and degree of crystallinity (X.) of PHB and composites
were obtained by analyzing the DSC thermal curves, and the results are
reported in Table 4. The X. was calculated in relation to the PHB ma-
trix.

In general, it was observed that the increase of filler content caused
a decrease of the melting temperature (T¢) and enthalpy of fusion (AHy),
as well as the degree of crystallinity. The PHB/CFt (90/10 and 80/20)
and PHB/CFi (90/10) composites had the highest melting temperatures
compared to PHB. It is worth mentioning that the treated fiber com-
posites have a higher degree of crystallinity compared to composites
with untreated fibers, which could be related to the removal of ex-
tractives and low molecular weight compounds contained in the fiber,
which hinder the formation of spherulites (crystalline phase).

The degree of crystallinity (Xc) was higher in pure PHB matrix
compared to all composites analyzed. This reduction, probably due to
the fact that the fibers, either in nature or treated, cause a disruption of
the packing of polymer chains. The composites reinforced with 10%
(m/m) fiber had a slightly higher degree of crystallinity compared to
20% (m/m), which allows concluding that Xc decreases as the coconut
fiber content increases. This occurs due to the absence of tran-
scrystallinity during recrystallization of the polymer [38]. Thus, the
PHB degradation can change the crystallinity of this material, de-
creasing the crystalline fraction and, thus, increasing the amorphous
fraction. These structural changes may cause the density to decrease
while increasing stiffness and mechanical and thermal resistance [39].
Recent studies [40] have shown that PHB crystallinity decreases with
processing and insertion of reinforcement in the matrix, a fact that was
also observed in this study.

3.2.2. Tensile tests

The mechanical properties of composites are strongly dependent on
the reinforcement and interfacial compatibility of the composite
system. In this research, the observed fracture from mechanical
strength showed brittle characteristics. The tensile modulus of these
composites generally increased with increasing fibers loading [41].
According to Fig. 7, this suggests that a sufficient stress transfer across
the polymer-fiber interface. The coconut fiber (CF) inserted in the
matrix restricts the matrix stretching phase at the interface of each
particle. Additionally, contributing to an overall increase in the elastic
modulus by using up to 10% of fiber concentration for both, treated and
non-treated ones [42]. However, the longitudinal structure of the fiber
do not contributed to the increase of the composites ductility, compared
to the pure polymer [43]. This result suggests the increase of the
composite stiffness compared to the neat PHB. By comparing the re-
sults, the use of 10 or 20% of CF the better mechanical performance
occurred by using treated CF. This result suggests that the removal of
the low molecular mass molecules from CF after treatment improve
adhesion and compatibility at the interface of fiber and polymeric
matrix.

Nevertheless, mechanical performance of the composites showed
with CF concentration of 10%, which mean that is relatively small as
well as is the optimal concentration in order to improve mechanical
properties of the PHB matrix.

3.2.3. Morphology analyses of the composites
Fig. 8(a) and (b) shows SEM micrographs of the specimen surface
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Table 3
Temperature and mass/weight loss (%) of PHB and PHB/CFi (90/10), PHB/CFi (80/20), PHB/CFt (90/10), PHB/CFt (80/20) composites.
Samples TGA DTG
T5% m/m (CC) Humidity Mass (%) Stage 1 Mass (%) Stage 2 Mass (%) Ashes at 400 °C (%) Stage 1 Tpl (°C) Stage 2 Tp2 (°C)
PHB 275 0.83 99.17 0.11 - 290 -
PHB/CFi (90/10) 260 2.14 97.48 2.72 2.34 272 331
PHB/CFi (80/20) 259 1.30 97.95 3.37 2,62 267 332
PHB/CFt (90/10) 269 1.95 97.78 2.61 2.34 281 356
PHB/CFt (80/20) 266 1.44 97.88 2.36 1.68 277 346

Table 4
DSC thermal properties of PHB and PHB composites reinforced with varying
proportions (% m/m) of coconut fiber.

Samples Tonset (°C) Tf (°C) AHf (J/g) Xc (%)
PHB processed 152.4 168.1 68.9 52.8
PHB/CFi (90/10) 152.1 177.9 47.8 34.4
PHB/CFi (80/20) 149.6 167.6 44.5 33.8
PHB/CFt (90/10) 146.1 180.5 56.6 40.8
PHB/CFt (80/20) 146.9 178.7 52.0 39.5

Tonset - Melting temperature onset, Tm — melting temperature, AHy — enthalpy of
fusion, X, — degree of crystallinity.

obtained after the rupture from mechanical properties. SEM was per-
formed to evaluate whether the fiber treatment favored the adherence
or the dispersion between the coconut fiber and the PHB matrix. The
images showed good adhesion between the fibers in both samples in
nature and treated to PHB matrix for the PHB/CFi (90/10) composites.
This interaction can be related to the polarity of the matrix as well as
fiber, due to the presence of functional groups in the fiber such as al-
cohols and esters that are originated from the components (cellulose,
hemicellulose, and lignin) facilitating the interaction with the polar
matrix [39]. At the same time, it was possible to observe that in
Fig. 8(a) the sample without treatment fiber contains more pullouts
than the sample of Fig. 8(b), reinforced with treated fiber.

A good interaction and distribution is observed between the matrix
and fibers in both samples with reinforcement in nature and treated,
where rupture of fibers can be seen close to the matrix, corroborating
the study of Zhang and Thomas [44]. This behavior prevents the load
from being transferred to the reinforcement over the area where it
could be supported, thus obtaining weaker mechanical properties, if the
fibers remain intact in the matrix [45]. However, Fig. 8(d), composite
reinforced with the treated fiber, shows a better interaction between the
fiber and the matrix, compared to Fig. 8(c), without treatment. This fact

may explain the higher melt temperature of the PHB/CFt composite in
DSC item 3.2.1, as well as the higher thermal stability compared to the
composite PHB/CFi.

4. Conclusions

The heat treatment efficiency of the fiber was evaluated by the TGA,
through amount of ashes, meaning that the treatment can also solubi-
lize salts soluble in water. Additionally, the absence of C=C stretching
peak by FT-IR analysis of the fiber corroborates with these results. The
thermal treatment with hot water was responsible for the partial re-
moval of low molar mass compounds, without altering the fiber struc-
ture. It proves that this methodology can be used to replace others
chemical treatments that need solvents that affect the environment.

Regardless of the heat treatment influence, in general, the re-
inforcement of the polyhydroxybutyrate matrix was beneficial in both
cases, with CF treatment and without treatment. All the composites
maintained the thermal stability with increasing the melting tempera-
ture of the composites. The tensile strength test proved the increase of
elastic modulus for all the composites, confirming the increase of the
rigidity of the composites in relation to the PHB matrix.

The morphological analysis demonstrated good interfacial adhesion,
thus proving the intrinsic affinity of the matrix with the reinforcement,
without need of the use of additives that affect the environment. The
results has showed, with slight variations, that for the reinforced
composites with the treated fibers there was an increase in the degree of
crystallinity and melt temperature when compared to the composites
reinforced with the untreated fibers.

The treatment of the fiber had also provided a bigger thermal sta-
bility to the composites with dislocated degradation temperature by
3.5% to PHB/CF (90/10) and 2.7% to PHB/CF (80/20).

It was possible to evaluate through the SEM that the best interaction
between fiber and matrix occurred for the composite PHB/CFt (90/10).

25
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Fig. 7. Tensile Stress-Strain curve for composites PHB and PHB/CF.
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Fig. 8. SEM Micrographs of the fractured surface of the composites PHB/CFi (90/10) (a), PHB/CFt (90/10) (b), PHB/CFi 80/20 (c) and PHB/CFt 80/20 (d).
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