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Biodegradable polymeric composites using natural fibers have been investigated aiming to mitigate
environmental impacts. In this paper, polyhydroxybutyrate (PHB) composites obtained using random
mats of sisal and coconut fibers by compression molding in a hydraulic press, and the fiber content
varied between 10% and 15% relative to the weight of the polymer. Thermal analyses were performed
such as Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA). Flexural
and tensile tests were performed before and after conditioning in climate chamber with temperature
and moisture. The results of thermal analysis show that the thermal stability of the materials remained,
both PHB without fiber as for composites with natural fibers mats. The results of mechanical tests
indicated that the PHB without fibers and composites showed similar flexural strength values, while

the results of the tensile test PHB without fibers showed resistance to higher tensile composite.
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1. Introduction

A few years ago, researchers have focused on the
development of polymer composites using natural raw
material replacing those synthetically produced aiming at
reducing environmental impacts'=. Studies using biodegradable
polymers such as PHB has attracted attention since it can
be applied in industries such as packaging*s, agriculture?
and biomedical because they are biocompatible and provide
adequate mechanical properties for application®’.

The polyhydroxybutyrate (PHB) is natural thermoplastic
polyester belonging to the class of polyhydroxyalkanoates,
completely biodegradable, decomposed into water and carbon
dioxide by the action of microorganisms in natural environments®.
Generally, the PHB is produced by anaerobic fermentation
of sucrose from sugarcane by natural microorganisms and
purified by natural solvent”!°. In addition, PHB also can be
produced under aerobic conditions'' and other carbon sources,
e.g, sugars such as glucose and xylose'?, carbohydrates
sources as sugarbeet juice'’, agricultural residues' and
even fatty acids'.

It is a polymer having hydrophobic and highly crystalline
feature'®, with mechanical properties comparable to a
conventional thermoplastic'™'®. However, application on
an industrial scale is limited due to low strain rate, rapid
thermal degradation and mainly the high cost compared to
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conventional thermoplastic polymers'®!*?. In addition, the
high stiffness and mechanical brittleness difficult processing of
PHB. To achieve greater flexibility, a plasticizer can be added
to increase the free volume between the polymer chains*'?? or
a copolymer of PHB, for example, polyhydroxybutyrate-co-
hydroxyvalerate (PHBV) can be used”*. Another possibility
to improve the performance of PHB is to use natural or
synthetic fibers as reinforcing the polymeric matrix obtaining
a composite?*2,

Natural fibers can be an alternative to improve polymer
properties. Despite having low processing temperatures, high
sensitivity to environmental effects, mechanical properties
variable and modest when compared to the high-performance
fibers (glass, carbon and aramid)*-*°, natural fibers provide
low-density materials, less abrasion and wear of equipment
and molds when procesed **!%2. Among the natural fibers can
include fibers extracted from the sisal plant and coconut husk.

Sisal fiber as reinforcement in polymer matrix can provide
good mechanical properties due to their high cellulose content
and stiffness**. In relation to coconut fibers, their main
characteristics relates to its availability as waste in many
tropical countries, durability combined with the mechanical
performance of wear resistance®*3%. The use of this fiber has
economic importance such as obtaining products with high
aggregate value and contributes to the reduction of coconut
husk residues in the environment®.

In this context, the aim of this work was to develop PHB
composites using random mats of sisal and coconut fibers
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studying their thermal properties and mechanical behavior
in flexural and tensile tests. The use of natural fiber in mat
form was intended because it is lower price than fabric and
also this type of mat facilitates the molding process of the
composites with polymeric matrix PHB.

2. Experimental

2.1. Materials

The polymer matrix used was polyhydroxybutyrate (PHB)
given by the company PHB Industrial S/A (Biocycle)*® with a
density of 1.20 g.cm™; molar mass of approximately 600,000
g.mol”'; and softening temperature (Vicat) of about 135 °C.

As plasticizer was used the purified glycerol (VETEC Fine
Chemicals, Brazil) with the addition of 10% (w/w), which was
selected due to low cost and generally can be obtained as a by-
product of soap manufacturing and biodiesel after purification.

Sisal and coconut fibers were used in random mats
for compression molding processes. Twelve samples of
sisal and coconut fibers were taken randomly from mats
to measure the length and diameter of the fibers using an
optical microscope, Leica, Model DM2700P.

2.2 Preparation of the composites

Before processing, it was necessary to dry the
polyhydroxybutyrate (PHB) in an oven at 103°C for 1 hour
to remove moisture. Thereafter, the composites were molded
in a laboratory hydraulic press containing heating plates,
Marconi brand, model MA 098/A. For this press molding,
it was used an aluminum alloy mold which was previously
cleaned with acetone and applied to a product release agent
containing carnauba wax and some oil derivatives.

For the molding of composites were used random mat of
sisal fibers with yarn weight of approximately 370.0 g.m?,
and mat of coconut fibers with yarn weight of approximately
567.0 g.m™. The sisal and coco mats were not subjected to
chemical treatment or drying before use, to prevent a further
step in the molding process. Thus, the mats were cut into the
dimensions of the mold, for use in the composite molding
with PHB polymer matrix.

PHB and the plasticizer glycerol were mixed, placed
in the mold along with the fibers and pressed with 5 ton
molding force, resulting in a pressure of 17.4 Kgf.cm?,
and temperature of 180°C for 5 minutes. After cooling,
the plate was demolded in ambient temperature. The mass
fraction was 92.4% of matrix (PHB and glycerol) in the
case of composite sisal fibers, and 90.1% of matrix for the
composite mat of coconut fibers.

Plates containing only the PHB matrix with the plasticizer
glycerol obtained using similar procedure for comparison.
Each molded was cut and tested from 8 to 10 test specimens,
for which the composite fiber varied between 10% and 15%
relative to the weight of the polymer.
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The specimens cut with miter saw and sanded to size
(127 x 12.7 x 5) mm and (250 x 25 x 3) mm for the flexural
and tensile tests, respectively. In the case of specimens for
tensile, the ends were sanded to paste the “tabs” of epoxy
resin containing glass fiber fabric to reduce the grip of
the tension in the specimen. The “tabs” were bonded with
cyanoacrylate adhesive, Loctite brand.

2.3 Thermal analysis

For analyzes by Differential Scanning Calorimetry (DSC)
of samples were used approximately 5 mg in an aluminum
capsule. The conditions involved an initial program in a
nitrogen atmosphere (flow 50 mL.min") at a heating rate 10
°C. min™ to 400 °C, with an initial isotherm of 2 minutes.
All analyzes were performed in duplicate. The analyses
were performed at the Materials Research Laboratory
(UFSCar/Campus Sorocaba, Brazil), in equipment brand
TA Instruments, USA, model Q20.

For Thermogravimetry Analysis (TGA) samples were
analyzed approximately 8 mg of platinum crucible. The
analysis conditions were: heating rate 10 °C. min" in an
inert atmosphere of nitrogen 50 mL.min"', analysis range
30 to 700 °C. Analyses were performed in University of
Séo Paulo (IQSC/ USP/ Sao Carlos, Brazil), in equipment
of brand Shimadzu, Japan, model TGA-50.

2.4. Water absorption

The water absortion or conditioning in climate chamber
was achieved by adapting the ASTM D5229M-92%. PHB
specimens and their composites were weighed and placed
directly into the cooling chamber (brand EQUILAM, KEQUN
300 model) at a temperature of 60 °C in saturated moisture
for 7 days. After the test of water absorption, the specimens
were weighed again obtaining the result the average moisture
of each material.

2.5. Mechanical testing

The flexural testing of the polymeric matrix and the
composites were performed in a universal testing machine
EMIC brand, model DL 10000 with a schedule of the flexural
testing at three points in accordance with ASTM D790-02,
Procedure A*!. For tests were used a 500 Kgf load cell and
a test speed of about 2.2 mm/min. The specimens were cut
in the dimensions of 127 mm length and 12.7 mm of width,
in accordance with ASTM D790 standard.

Tensile testing were performed using the universal testing
machine, EMIC brand, model DL 10000, with load cell of
500 kgf and 2 mm/min test speed. For testing, specimens
were cut in dimensions of 250mm length and 25mm of
width in accordance with ASTM D3039/D3039M-08* for
rectangular specimens.
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3. Results and Discussion

3.1. DSC of'the fibers and polymeric matrix

To identify the temperature to which the natural fibers
could be used DSC analyzes were performed. Figure 1 shows
the degradation curves for the coconut fibers and sisal fibers.

The DSC curves of the coconut fibers and sisal fibers in
Figure 1, showed similar profiles. In both analyzes it was
possible to see a curve around 100 °C which is related to
the elimination of water due to the hydrophilic character of
the fibers. It is also noted in those same curves (Figure 1),
two degradation peaks at around 290°C and 360°C, which
temperatures cause the decomposition of cellulose and
hemicellulose. Lignin remains in this temperature range
because its decomposition generally starts from 370 °C #4445,
TGA analyzes were also performed to verify the thermal
events of the analyzed fibers.
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Figure 1: DSC curve of sisal and coconut fibers

By the DSC analysis of the fibers was possible to estimate
that up to near 200 °C, it is feasible to use natural fibers
without thermal degradation. Thus, these sisal and coconut
fibers can be used for molding composites with polymeric
matrix PHB, which has melting temperature around 170 °C.

Figure 2 shows the DSC curve of the polymer matrix of
polyhydroxybutyrate (PHB). The analysis was performed
with a heating rate of 10 °C min™' to 185 °C with isothermal
for 2 minutes and the same rate cooling. In Figure 2 can be
seen a crystallization temperature (T ) at about 86 °C, which
is in accordance with the literature .

In order to study the polymer behavior at higher
temperatures, PHB degradation curve was performed (Figure
3) with a heating rate of 10°C.min"' to 400 °C.

In the curve of Figure 2 the endotherms peaks showing
at 142°C and 169°C are double melting temperatures, which
are usually seen in PHB. Some studies have indicated
this multiple melting behavior of PHB is contributted to
different crystalline structure in PHB during DSC melting
scan*”*’. Hong et al.*’ refer to the smaller peak as a melting
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Figure 2: DSC curve of PHB before processing
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Figure 3: DSC curve of PHB up to 400 °C, before processing

temperature of small and imperfect crystallites that formed
during evaporation of the solvent. In addition, the peak of
141°C is also referred as Vicat softening temperature in
according with data sheet of PHB.

In Figure 3 other endothermic peak is observed at 305°C,
probably due to degradation of the polymer, which occurs
the breaking of ester bonds (chemical bond more susceptible
to breakage), and thus decreasing the molar mass.

3.2. Crystallinity Degree

By the DSC analysis, it was calculated the degree of
crystallinity (Xc (%)) of PHB according to the equation (1):

Xe(%) = ﬁfg 100

(1)

which AH is the melting enthalpy per unit mass of PHB
100% crystalline, wherein the reference value is 146 J/g
163952 and AH_ is melting enthalpy per unit mass of the PHB
obtained from the integral of the peak melting temperatures.

The crystallinity calculated for the analyzed PHB was 46.3%
for two peaks of melting temperatures, which is according
with 45% of crystallinity for PHB cited in literature®. Another
paper* reports that the crystallinity of PHB can vary 35 to
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45% depending on the experimental parameters. However,
these results are considered relatively low compared with
other published studies'®*". This difference may be explained
due to different molar mass values of PHB used in the
referenced papers. Different companies currently produce
bacterial PHB, e.g., PHB Industrial (Brazil) produces PHB
45% crystalline approximately, from sugar cane molasses®.

As the value of crystallinity had been lower than expected
for this polymer, it was decided to add a plasticizer to
facilitate the moulding. According to Quental®, the thermal
degradation of PHB begins to occur at temperatures close
to its melting temperature (between 170-200°C) and this
effect may reflect the thermal and mechanical properties of
the polymer and reduce the processing temperature range.

DSC analyzes were also performed for PHB and molded
composites. The results can be seen in Figure 4 and Table
1. The crystallinity of composites was calculated according
to the equation (2):

Xe(%) = AHx

- Z&}Io\Aﬁn >< 1()0

(2)

which W is the weight fraction of PHB in composite,
AH, is the melting enthalpy per unit mass of PHB and AH
is melting enthalpy per unit mass of the composite obtained
from the integral of the peak melting temperature.

In Table 1, the crystallinity calculated for PHB after
molding was 31.7%, considering two peaks of melting
temperatures. This value was lower than crystallinity of PHB
before compression molding that was 46.7% of crystallinity.

Also the Table 1 shows that the incorporation of sisal and
coconut fibers caused an increase in crystallinity compared
to PHB composite matrix. This increase in crystallinity of
composites may possibly be related to the action of the fibers
as nucleating agents. These agents may be particulates or
fibers dispersed in the matrix, thus the large number of small
crystals are formed around them®”-5.

This type of behavior also occurred in the work presented
here, which explains the increase in crystallinity of the
composite compared to PHB matrix after compression
molding. Thus the higher crystallinity value occurred for the
composite containing the mats of coconut fibers that have
value greater weight in relation to the mats of sisal fiber
(Table 1), allowing greater number of nucleation crystals
and increasing the degree of crystallinity of the PHB matrix
in the composite.

Considering Figure 4, it is observed that there were
small decreases in relation to the melting temperature (T, )
of composite PHB/Coconut fibers and PHB/Sisal fibers
compared to PHB without fibers.

In Figure 4 and Table 1, the crystallization temperature
(Tc) of PHB was approximately 62°C and the composites
PHB/fibers showed values near 74°C. Thus, the crystallization
temperatures of these molded materials containing glycerol
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Figure 4: DSC curves of the post-molding PHB and composites
PHB/coconut fibers and PHB/Sisal fibers.

(Figure 4) showed a decrease compared to PHB before
processing, which showed a value of approximately
86°C (Figure 2). The DSC curves for temperatures up to
approximately 325 °C (Figure 5) were carried out for the
post-molding PHB and composites.

Infigure 5 it is observed that the peak temperature associated
degradation of PHB was decreased before processing from
305 °C (in Figure 3) to 296 °C (in Figure 5) for the post-
molding PHB (Figure 5). There was a greater reduction in
the composites, i.e., for PHB/coconut fiber (286 °C) and
PHB/sisal fiber (281 °C), probably due to natural fibers that
exhibit the start of degradation around 260 °C (Figure 1).

3.4. TGA of the fibers and matrix of PHB

In Figure 6 (A and B) are shown TGA and its derivative
(DTG) of coconut fibers and sisal fibers, which presented
similar profiles. Temperatures values of these analyze are
shown in Table 2.

The first event is a result of mass loss due to evaporation
of adsorbed water molecules (25-105 °C temperature range),
which corresponds to 8.1% to the coconut fibers and 5.9%
for sisal fibers.

According to Figure 6 and Table 2, the beginning of the
degradation occurred at around 251 °C for coconut fiber
and 267 °C for sisal fibers. Thus, the second event showed
range of 251-363 °C for coconut fiber and between 267-393
°C for sisal fibers, with a mass loss of 51.5% and 55.5%,
respectively. Probably, these intervals are related to the
decomposition of cellulose and hemicellulose of natural
fibers that are between 200-370 °C*°.

The third event occurred between 401-502 °C and 431-502
°C for coconut fibers and sisal fibers, respectively. This range
suggests the degradation of lignin, since due to its complex
structure is more difficult to be decomposed. According to
Campos * the temperature range for the decomposition of
lignin is between 370-500 °C*%,
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Table 1: Thermal properties of PHB and composites after molding. Maximum melting temperature (T, peak); variation melting enthalpy

(AH); crystallinity (X)).

Material T peak (°C) T, peak (°C) AH (J/g) X, (%)
PHB 163.5 and 181.96 61.90 0.87 and 45.36 31.7
PHB/sisal fiber 171.77 73.50 56.78 42.10
PHB/coconut fiber 173.45 73.76 58.98 44.82
10 3.5. TGA of PHB and composites
04 Figures 7 and 8 show the PHB stability curves before
104 processing and post-molding PHB containing 10% (w/w)
. glycerol, respectively.
g 27 In the TGA and DTG analysis of PHB before processing
3 a0 (Figure 7) it was observed only one thermal event which
= : started at 246 °C and up to 320 °C with a mass loss 0f 97.7%.
T '40__ PHB plasticized with 10% (w/w) of glycerol after
-50 - molding had a curve with two thermal events for mass loss
0 ]—rHB (Figure 8). The first event with onset of degradation at 126
|~ PHB/Coconut fibers °C to 180 °C and a mass loss of 5.9%, probably related to
70— PHB/SisaI-Fibers T T T T the beginning of the glycerol degradation as plasticizer and
0 50 100 150 200 250 300 350

Temperature (°C)

Figure 5: DSC curves up to 325 °C of PHB post-molding and
composites PHB/coconut fibers and PHB/sisal fibers
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In the second event (Figure 8), degradation began at a
temperature of approximately 235 °C, which is below that
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Figure 6: TGA and DTG curves of coconut fibers (A) and sisal fibers (B), heating rate: 10 °C. min™!' under nitrogen atmosphere flow of

50 mL.min"!

Table 2: Values of the initial temperature (T), final temperature (T,), peak temperature (T

I, IT and III of coconut fibers and sisal fibers.

»ea) A0d the percentage mass loss of the events

Coconut fibers

Event T, (°C) T.(°0) T O Mass loss (%)
I 25 105 59 8,1

I 251 363 312 51.5

1 401 502 445 27.5

Sisal fibers

I 25 106 53 5.9

I 267 393 349 55.5

11 431 502 464 23.2
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Figure 7: TGA and DTG curves of PHB before processing. Heating
rate: 10 °C.min"" under nitrogen atmosphere flow of 50 mL.min"!
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Figure 8: TGA and DTG curves of PHB plasticized with 10%
glycerol. Heating rate: 10°C.min"' under nitrogen atmosphere flow
of 50 mL.min"!

obtained for PHB before processing, whose temperature was
246°C (Figure 7). This decrease can be attributed due to the
addition of plasticizer, which have low molar mass allocates
between the polymer chains, increasing distance between
them which may reduce the viscosity of the polymer, also
contributing to increasing the flexibility of the material®.
In degradation range (235-311 °C) of Figure 8, the mass
loss was 88.5%.

Wang et al.%' used adding plasticizer ATBC (acetyl
tributyl citrate) at 0, 10, 20, 25 and 30% PHB. In this case,
the author found that increasing plasticizer content there
was a decrease in initial degradation temperature of 224 °C
(neat PHB) to 188 °C (30% ATBC). Erceg et al. * studied
the degradation of the PHB plasticized with ATBC which
confirms the reduction in thermal stability with ATBC content.

In Figure 9 and Table 3 the results are shown of TG/
DTG analysis of PHB and composites reinforced with sisal
and coconut fibers mats. The initial values of temperature
degradation (T,), final degradation temperature (T ), peak
degradation temperature (Tpcak) and mass loss (%) for PHB,
PHB/10% glycerol and composites containing sisal and
coconut fibers mats can be observed in Table 3.
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PHB analysis in Figure 9 also reveals the peak related
to the beginning of glycerol degradation at about 150 °C
and the end of degradation at 300 °C.

Regarding TGA and DTG curves of the composite
(Figure 9 (A) and (B)), the composite PHB/coconut fibers
showed thermal degradation range of 237-311 °C with a
mass loss of 84.5%. As for the composite PHB/Sisal fibers
is showed degradation range in 244-309°C, with a mass loss
of 86.5%. Thus, the incorporation of natural fibers yielded
no significant change and the thermal stability maintained
to about 235 °C, both PHB without fiber and composites.

3.6. Conditioning test

Flexural and tensile specimens of the polymeric matrix
and molded composites were tested at room temperature and
after their conditioning in climate chamber.

The PHB and its composites were placed directly in the
climate chamber at 60 °C for 7 days. After conditioning, the
specimens were superficially dried as described in ASTM
D5229M-92 #° to remove excess water and then weighed.
Thus, it was possible to determine the total percentage of
water absorbed by the equation (3):

M%) = w X100 (3)

in which W, is the specimen weight after conditioning
and W, is the mass of dry sample in oven.

The moisture content after-conditioning of specimens
(containing PHB) for flexural and tensile tests are presented
in Table 4.

The PHB/10% (w/w) glycerol, presented relatively
high moisture absorption due to ester bonds of the PHB
chains and especially because of the hydrophilicity of the
plasticizer glycerol which has facility to form hydrogen
bonds with water.

For flexural and tensile specimens, PHB without fiber
presented moisture content of 2.6% and 1.7%, respectively;
PHB/coconut fiber 6.1% and 4.6%, respectively; and PHB/
sisal fibers of 3.3% and 2.4%, respectively. In this case, the
natural fibers have different moisture absorbing capacity and
this capacity is associated with the chemical composition
of cellulose, lignin and hemicellulose®.

3.7. Flexural properties

The flexural tests were performed for composites PHB
with coconut and sisal fibers at room temperature and after
conditioning in climate chamber. The results were compared
with those obtained from the PHB matrix without fibers. The
obtained average curves are shown in Figure 10 and Figure 11.

The maximum strength (MPa), maximum deflection
(mm) and flexural modulus (MPa) data of the obtained
average curves of the flexural tests at room temperature
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Figure 9: TGA curves (A) and DTG curves (B) of PHB plasticized with glycerol and composite PHB/coconut fibers and PHB/sisal fibers.
Heating rate: 10 °C.min"" under inert atmosphere flow of nitrogen 50 mL.min"!

Table 3: Values of the initial temperature (T) final temperature (T,), peak temperature (Tpeak) and the percentage loss of mass of events
related to PHB and post-molding composites reinforced with coconut and sisal fibers mats.

PHB

Event T, (°C) T.(°C) T (°C) Mass Loss (%)

I 246 320 292 97.7
PHB/10% Glycerol

I 126 180 155 5.9

I 235 311 284 88.5
PHB/Coconut fibers

I 237 311 282 84.5

PHB/Sisal fibers
I 244 309 283 86.5

Table 4: Content of moisture from flexural and tensile specimens of PHB without reinforcement and composites with coconut and sisal

fibers mats after conditioning in a humid chamber.

Moisture content (%)

Molded Materials After conditioning in a humid chamber
Flexural test Tensile test
PHB/10% glycerol 2.6 1.7
PHB/Coconut fibers 6.1 4.6
PHB/Sisal fibers 33 24

and after conditioning of the PHB and its composites are
shown in Table 5.

According Figure 10 and Table 5, with the standard
deviation values can be considered that PHB without fibers
and composites showed flexural strength (maximum) with
close values. After the flexural tests, it was observed that
none of the materials suffered brittle fracture.

In the study by Gunning et al %, it is reported that natural
fibers cause an increase in flexural strength showing that the
materials containing jute fiber was an improvement compared
to PHB without fibers, while composites with hemp fibers

exhibit lower increase of the jute fibers as reinforcement.
In contrast, Melo et al ® found that the incorporation of
carnauba fiber causes a decrease in the flexural strength
may improve by up to 14% after chemical treatment with
peroxide. This suggests that the increase in flexural strength
is associated with good interfacial adhesion between the
fiber and the polymer matrix.

For PHB/Coconut fibers composite there was a greater
deformation (Table 5) showing a behavior of a more ductile
material, which is related to the mechanical properties of
the fiber type®.
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Figure 11: Representative mean curves from flexural test of PHB
composites and the PHB without fibers after conditioning a humid
chamber

In tests conducted after-conditioning (Figure 11), the
maximum flexural strength values had a significant decline
that results from the absorption of water by the material. The
decrease in mechanical properties was more pronounced for
the PHB without fibers, showing a decline of around 74%
compared to PHB without conditioning in climate chamber.

Dittenber and GangRao® discuss in their work on the
challenge in the development of structural components utilizing
natural fibers, limiting their application due to their lower
mechanical properties and poor moisture resistance, as the
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fibers of natural origin, being hydrophilic, have high water
absorption and incompatible with hydrophobic polymeric
matrices. Additionally, the biodegradable polymers also
tend to absorb more moisture than polymers synthetically
produced, so the decrease in resistance after conditioning
can be related to water absorption by PHB matrix and the
glycerol present, which also has hydrophilic nature.

The coconut fibers and sisal fibers composites showed a
decrease in strength of about 60% and 62%, respectively, due
to diffusion of water by the fiber after conditioning. In this
study, the samples were not sealed on the sides after cutting
and the fibers were highly exposed to moisture. Therefore,
the simulated conditions were the most drastic possible,
which explains the decrease in the values of mechanical
resistance properties.

The flexural modulus had a large decline for the composites
analyzed after conditioning. Thus, it can be stated that the
PHB and composites did not have a good flexural strength
in these conditions and even the physical appearance of the
specimens were visibly affected. Because it is a biodegradable
material '8, probably the PHB suffered degradation during
the climate test.

However, the results of flexural tests suggest what is
expected from a biodegradable material; when in contact
with moisture and temperature, degradation in the polymer
structure cause reduction in properties. Therefore, the
feasibility of using these composites depends on application.

3.8 Tensile properties

Tensile tests were performed to PHB without fibers and
composites with coconut and sisal fibers mats.

Table 6 shows maximum tensile strength (MPa),
maximum deformation (mm) and modulus of elasticity
(MPa) data of the obtained average curves of the tensile
test at room temperature and after conditioning of PHB and
their composites. The obtained average curves are shown in
Figure 12 and Figure 13.

Analyzing the data in Table 6 and the curves in Figure 12
it is observed that the PHB without fibers had tensile strength
and deformation higher when compared to composites.

PHB unreinforced tested at room temperature had tensile
strength average 22.2 MPa. PHB/coconut fibers and PHB/
sisal fibers composite showed the values 11.9 MPa and 18.2

Table 5: Data of flexural strength (MPa), maximum deformation (mm) and modulus (MPa) obtained by the average curve of the flexural
test PHB unreinforced and reinforced composites with coconut fibers and sisal fibers.

Room temperature

After conditioning

Maximum Maximum
Materials Flexural deformation Flexural Flexural deformation Flexural
Strength (MPa) Modulus (MPa)  Strength (MPa) Modulus (MPa)
(mm) (mm)
PHB 38.3+25 3.5 2683 + 244 99+1.1 0.8 2098 + 181
PHB/Coconut 34.0+2.0 7.0 2045+ 124 13.6£2.8 2.9 999 + 265
PHB/Sisal 353+5.5 2.6 2898 + 324 13.3+£2.1 2.1 661 + 260
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Table 6: Maximum tensile strength (MPa), maximum deflection (mm) and the modulus of elasticity (MPa) data obtained by the average
curve of the tensile test of PHB unreinforced and reinforced composites with coconut fibers and sisal fibers.

Room temperature

After conditioning

Materials Tensile Strength Maximum Modulus of Tensile Strength Maximum Modulus of
(MPa) deformation elasticity (MPa) (MPa) deformation elasticity (MPa)
(mm) (mm)
PHB 222+0.5 10.4 1005 + 43 19.0+£1.6 9.2 582+ 79
PHB/Coconut 11.9+1.0 4.0 828 +45 84+1.0 4.3 457 +£23
PHB/Sisal 182+1.5 6.5 958 +43 122+ 1.0 5.7 579 +26
2
Furthermore, existing high moisture content of the fibers,
20 which is higher for the composite with coconut fibers, has
= further weakened the bonds at the interface. This can be
g confirmed by tests carried out after conditioning shown in
?-g: 97 Figure 13, where the PHB unreinforced declined in strength
é around 14% compared to the tensile test at room temperature
2 104 and the composite of coconut fibers and sisal fibers that
% decreased by 29% and 33%, respectively.
- 5 In this work, the values of the diameter of the sisal fibers
:g:g/&)conut ibers were I.neasured and are in the range from 150.7 to 428.6
. —— PHB/Sisal Fibers um with an average of 261.6 um =+ 92.4. For coconut fiber
0 2 4 6 8 10 12 diameters were observed in a range from 195.3 to 501.8 um

Deformation (mm)

Figure 12: Representative mean curves from tensile test of PHB
composites and PHB without fibers tested at room temperature
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Figure 13: Representative mean curves from tensile test of PHB
composites and PHB without fibers after conditioning in a humid
chamber

MPa, respectively. The PHB/sisal fibers had a tensile strength
similar to PHB without fibers, while for PHB/ coconut fibers
there was a more significant decline in resistance values.

The decrease in tensile strength suggests a low interfacial
interaction between the polymer matrix and the fibers,
since PHB has a hydrophobic characteristic and the fibers
are hydrophilics. This result corroborate with the results
obtained by Gunning et al*® that evaluated the mechanical
properties of PHB composites with three different natural
fibers; jute, hemp and lyocell.

with an average of 339.7 pm + 76.5. Some studies show that
the coconut fibers have a larger diameter than sisal fibers.
By Lima et al®, it was found that the average diameter of
the sisal fibers was 280 pm + 27 which is close to the value
found in this study. Verma et al®” showed that the diameter
of the sisal fibers is a range of 50 to 200 pm, whereas the
diameter of coconut fibers is in a range of 100-450 um.

Inrelation to the aspect ratio (length to diameter or L/D)
of sisal and coconut fibers, the calculated average values
were 266.3 pm and 300.5 um respectively, characteristic
of long fibers. Monteiro et al® also calculated the aspect
ratio of coconut fibers resulting a value of 572 pm much
higher than that found in this study. Thus, it can be seen that
the diameter and the aspect ratio of natural fibers such as
coconut and sisal vary due to different crops species, soil,
climate, and others parameters® that explain the variation
of the results.

At first idea, due to the aspect ratio values calculated
for the fibers, it was expected an increase in the mechanical
properties of the composite in tensile test. However, this
behavior was not observed. Probably, in the case of this
study, the low adhesion at the interface between the natural
fibers and the matrix PHB is predominating on the aspect
ratio (L/D) of fibers in composites. Furthermore, the sisal
and coconut fibers are randomly distributed in the mats
which cause a decrease in resistance to longitudinal stress
which occurs in the tensile test.

4. Conclusions

The results of thermal analysis of TG showed that the
incorporation of natural fibers did not cause significant change
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in the material properties up to approximately 235 °C, ie,
the thermal stability was maintained to the PHB without
fiber and to the composites.

The results of flexural tests of PHB composites with
sisal fibers mat showed flexural strength and modulus close
to that of PHB polymer without fibers, when tested at room
temperature. However, considering the set of mechanical
test results of flexural and tensile strength of composites
containing coconut fiber mats were observed decrease in
the mechanical properties of composites.

The insertion of natural fibers in mat form is an alternative
to reuse these agricultural residues reducing disposal.
Moreover, the decline in relation to the flexural properties
after conditioning at elevated temperature and humidity of
composites containing PHB is interesting when it is necessary
to use materials that have biodegradable characteristics. The
incorporation of natural fibers in composites permits the use
of smaller amount of PHB polymer matrix, which is more
expensive than natural fiber.

Potential applications for the biocomposites could be little
tubes and plastic bags for planting seedlings of vegetables
and fruits in agriculture. These biocomposites also can be
applied in the manufacture of disposable type packaging
trays substituting for example expanded polystyrene.
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