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Abstract

The aim of this work was to investigate the effects of mercerization on the structure of castor oil cake (CC) and on the
tensile properties of LDPE/PHB/CC composites. To achieve this goal, the fibers were treated with NaOH solutions
(5 and 10 wt%). Characterization techniques such as: scanning electron microscopy (SEM), X-ray diffraction (XRD)
and Fourier transform infrared spectroscopy (FTIR) were used to investigate the structure of modified fibers. The
composites were processed in a Haake mixer. Tensile tests of the composites were performed according to ASTM
D638 standard. The analyzes revealed that mercerization promoted a partial conversion of cellulose I into cellulose II.
Mercerization performed with 5% NaOH solution improved the tensile properties of the LDPE/PHB/CC composites,
which were superior to those obtained with the 10% NaOH solution. This result suggests that the higher concentration
of NaOH compromises the integrity of the fibers, deteriorating the mechanical properties.
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1. Introduction

Nowadays, the scientific community has boosted intense
research and development efforts in order to exploit the
potential of agricultural wastes and lignocellulosic materials
as an alternative source of fibers in the polymer industry!-!.
The reasons for this include growing interest in reducing the
environment impact associated with discard of polymer-based
materials; depletion of fossil fuel nonrenewable resources
and better understanding of correlation between the structure
and properties of natural materials('-®.

Natural fibers are very attractive for composites due to
their low-cost, biodegradable nature, low density, desirable
fiber aspect ratio, minimum health hazards and excellent
mechanical properties®>*7.. Besides, the agricultural wastes
are renewable sources of natural fibers!'"*). However, the
use of lignocellulosic fibers as reinforcing agent for the
hydrophobic matrices presents some drawbacks due to
the low interfacial adhesion properties between fiber and
matrix!"#). The obtained composite exhibits poor properties
such as high uptake of moisture that leads to obtaining
poor mechanical properties and low dimensional stability.
Chemical treatments on natural fiber are one of the alternative
solutions to circumvent these problems?®7.,

Mercerization is a process of subjecting a vegetable
fiber to an interaction with a concentrated aqueous solution
of strong base, to produce great swelling, with resulting
changes in the fine structure, dimension, morphology
and mechanical properties!”. The type of alkali and its
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concentration have influence on the degree of swelling,
and therefore, on the degree of lattice transformation from
the monoclinic crystalline lattice of cellulose I, presented
by native cellulose, to-cellulose 11, which is an allomorph
polymorph of cellulose. There is some indication that sodium
hydroxide (NaOH) treatment results in a higher degree of
swelling and leads to obtain the thermodynamically stable
crystalline structure, cellulose I17-5.

Besides cellulose, natural fibers consist of others
constituents like hemicelluloses, lignin, pectin and impurities
such as wax, ash and natural o0il”). The removal of these
substances promotes changes in the topography of the fiber
surface, increased roughness and the ratio between the length
and diameter of the fiber in addition to a better dispersion
of the filler particles in the polymer matrix resulting in
superior mechanical properties®™#12),

The degrees of phase conversion of cellulose depend on
the concentration of sodium hydroxide, time and temperature
of process!®!3l. According to some published studies, the
conversion from cellulose I to IT happens in NaOH solutions
of concentration higher than 10%®!. However, there are some
studies showing better mechanical behavior of composites
in concentrations lower than 10%.

The chemical composition of similar types of natural
fibers, as well as of different types of natural fibers will
vary for each fiber. Therefore, the optimal conditions of
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mercerization will be dependent on the type of lignocellulosic
material®!,

In general, there is a positive effect of mercerization
of natural fibers on the mechanical properties of the
composites!”1*1*17 'However, some authors reported better
mechanical properties for systems containing cellulose I'*.

Castor bean (Ricinuscommunis L) is of great economic
importance due to the oil extracted from its seeds!'®2!1. Castor
oil is a valuable raw material for biodiesel production.
Therefore, the valorization of the castor oil cake, co-product
of biodiesel process production, contributes to improve the
productive chain of biodiesel. Some few papers report the
use of castor cake as filler for composites?>?*.. The addition
of this filler seems to improve the mechanical behavior of
the composites. There is also a patent claim for obtaining
composite materials with enhanced biodegradability using
castor oil cake as filler requested by a Brazilian Oil Industry®®'.

In a previous work, blends of low-density polyethylene
(LDPE) and poly(3-hydroxybutyrate) (PHB) filled with
castor oil pressed cake (CC) were developed. The results
showed that the addition of a certain amount of PHB or CC
to LDPE makes possible obtaining LDPE based materials
with increased susceptibility to biodegradation. However,
the poor interfacial adhesion became visible in all samples®®!

This study aims to evaluate the effect of mercerization
on the structure of castor oil cake. This investigation also
seeks to assess the influence of this chemical treatment
on the mechanical properties of LDPE/PHB blends filled
with castor cake.

2. Materials and Methods

2.1 Materials

Low density polyethylene (LDPE, TS 0728),
MFI = 2.20 g/10 min - ASTM D 1238, at 190 °C, was
donated by Petroquimica Triunfo S.A./BRASKEM (Brazil)
and used as received. Poly(3-hydroxybutyrate) (PHB), MFI
=16 g/10 min - ASTM D 1238, at 190 °C was obtained
from PHB Industrial S.A. (Brazil) and used as received.
Bom-Brasil Oleo de Mamona Ltda. (Brazil) provided the
castor oil pressed cake (CC). This material was detoxified
by autoclaving at 120 °C for 30 minutes. After a drying
process, the filler was ground in a ball mill and passed
through a set of sieves with a decreasing mesh size. Only
the powdered material with a size less or equal to 0.25 mm
was used in this work. Sodium hydroxide (NaOH) used for
alkali treatment of castor oil cake was furnished by Vetec
Quimica Fina Ltda (Brazil).

2.2 Methods

The methods used in this work are described below

2.2.1 Alkali treatment of castor oil cakes

The alkali treatment of castor oil cake was carried out
by immersing the fibers in 5% and 10% NaOH solution
respectively, for 1 hour. Subsequently, the fibers were
thoroughly washed with water to remove the NaOH in
excess, and kept in distilled water for 24 hours. After this
time, the fibers were washed with water again to remove the
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residual NaOH, and kept in distilled water for another 24
hours. This procedure was repeated until pH values of the
solution equal to 7 were obtained. The fibers were then oven
dried at 80 °C for 24 hours to remove the water in excess.

2.2.2 Castor oil cake characterization

Fourier transform spectroscopy (FTIR), X-ray diffraction
(XRD) and Scanning electron microscopy (SEM) techniques
were used to investigate the structure and morphology of
the alkali treated castor oil cake.

Fourier Transform Spectroscopy (FTIR): FTIR
spectra for KBr pellets containing untreated castor oil cake
and alkali treated samples were recorded in the region of
600 - 4000 cm™ with 120 scans and a 4 cm™! resolution,
using the Varian infrared spectrometer, Excalibur Series
3100, equipped with a diamond crystal attenuated total
reflectance (ATR) accessory.

X-Ray Diffraction (XRD): X-Ray diffraction data of
untreated castor oil cake and NaOH treated samples, in powder
form, were obtained using a Rigaku, Miniflex instrument.
Ni-filtered CuKa radiation (A = 1.542 A) generated at a
voltage of 30 kV and current of 15 mA, and a scan rate of
1°/min in the 20 range from 2° to 40° was used.

Scanning Electron Microscopy (SEM): The morphology
of treated and untreated samples of castor oil cake was
examined by using a scanning electron microscope, Hitachi
Benchtop model TM 3000

2.2.3 Mixtures Processing

LDPE/PHB/CC, LDPE/PHB/CCM5 and LDPE/PHB/
CCMI10 mixtures at 80/10/10 wt% were melt processed
during 10 minutes in a Haake Rheomix OS, equipped with
roller blades, at 150 °C and 50 rpm. CCMS5 means castor
cake treated with 5% of NaOH and CCM 10 means castor
cake treated with 10% of NaOH.

2.2.4 Determination of the Composites Tensile Properties

Tensile properties were measured using an EMIC
Universal Test Machine, Model DL300 with a 10kN load cell.
Tests were conducted in accordance with ASTM D 6385,
Type V test specimens were prepared using a Carver press
at 69 x 10 N/m? and 190 °C for 15 minutes. A crosshead
speed of 1 mm/min was employed. Seven (7) specimens
were used to analyze each sample.

3. Results and Discussions
3.1 Characterization of the Fibers

The effects of the alkali treatments on the surface of
the castor oil cake were investigated by SEM (Figure 1).

All micrographs show the fibrous nature of castor oil cake.
However, the removal of hemicelluloses, lignin and wax by
the alkali treatment gave rise to thinner cellulose fibers and
increased roughness (Figure 1d), which may promote greater
contact area between these fibers with polymer matrices. The
micropores were also more visible in the samples submitted
to mercerization procedure. These results are in agreement
with those obtained by others researchers>3$1L1617] which
noted that the processes of mercerization determine the
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character of the filler fibrillation, promoting better adhesion
between fibers and polymer matrix.

Figure 2 presents the FTIR characteristic features of
untreated castor oil cake (CC) and alkali treated castor
cake samples: MCCS5 — 5% NaOH solution; MCC10—10%
NaOH solution.

The infrared indices (IR indices), (ratio of IR absorption
band intensity at a given wavenumber to that at the reference
wavenumber)?!, used in this work were based on the
absorbance peaks at 1059 cm™ (>CO/C-C/COH stretching
vibration). These IR indices were chosen to analyse the
possible changes of cellulose conformation, as well as the
intensity changes of OH streching vibration and hydrogen-
bonds due to the alkali treatment of the castor cake. However,
curve-fitting deconvolution methods must be used in order
to avoiding erroneous results®?.

15kV X400

200 um

15 kV X500

It is well known that absorbance and/or wavenumber
of most of the FTIR characteristic bands of cellulose
changes with the alkali treatment!*3l. The FTIR spectra of
the samples under study provide some evidence that the
fibers mercerization process has promoted the removal of
lignin and hemicellulose.

A band at 2858 cm™! observed in the spectrum of raw
castor cake and in the spectrum of the castor oil cake treated
with 5% of NaOH is attributed to the —OH stretching
vibration of inter and intramolecular H-bonding present in
the cellulose, hemicellulose and lignin molecules of castor
oil cake making the resulting structure as a network. This
strucure was gradually destroyed and disappered, when a 10%
alkali concentration was used in the mercerization process.
Similar finding was obtained by Das and Chakraborty™®! in
their study of the effect of alkali treatment on the strucure
and morphology of bamboo fibers.

15kV X400

200 um

Figure 1. SEM micrographs of (a) untreated castor oil cake; (b) castor oil cake treated with 5% NaOH solution; (c) castor oil cake treated
with 10% NaOH solution; and (d) thinner cellulose fibers in the castor oil cake treated with 5% NaOH solution.
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Figure 2. FTIR spectra of the materials under study: CC, MCC5 and MCC10.

The peak at 1639 cm™ may be ascribed to the absorbed
water 3!, This band may also be attributed to the carbon-
carbon streching vibrations in the aromatic ring and may be
superimposed with the absorption related to the carbonyl
group of ester linkage of lignin®'34. The intensity of this
peak decreased as the alkali concentration increased. Castor
oil cake is dark brown. As the fibers were submitted to
the mercerization processes, the color of the castor cake
became light brown due to the partially removal of lignin.
Therefore, the decrease of the intensity of 1639 cm™ may
be attributed to the predominant effect of the removal of
lignin due to the alkali treatment.

The IR index for the absorption band at 596 cm™ is
0.58 for the raw castor cake sample. The IR indices at 5
and 10% alkali treatment are respectively, 0.56 and 0.62.
The intensity of this absorption band is influenced by the
torsional vibration of pyranose ring. Das and Chakraborty!*,
in a study of treatment of bamboo fibers with alkali attributed
the increase in the IR index value with the increasing of
alkali concentration to the removal of cementing material
from bamboo fibers, which allows the pyranose ring to
undergo more torsional vibration.

Lignin and hemicellulose work on ligocellulosic fibers as
anatural barrier for the protection of cellulose. The removal
of these substances promotes greater accessibility to cellulose
enhancing mechanical anchorage with the polymer matrix.

There is no evidence of absorption bands due to the CO
stretching of carboxilic acids or ester in the samples under
study (1730-1734 cm™). This result suggests that there is
no hemicellulose in the castor oil cake or its concentration
is very low.

It is worth noting that an unexpected result was obtained.
The FTIR pattern of raw castor cake shows strong broad
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peak at 3399 cm!, which is characteristic of the OH
streching vibrations. The FTIR indices for this vibration
mode corresponding to the CC, MCC5 and MCC10 samples
were 1.2, 1.0, and 0.9, respectively. According to Das
and Chakraborty®*, the increase of NaOH concentration
should promote the removal of more and more alkali
sensitive material. Therefore, an increase in the number of
free OH groups with the increasing of alkali concentration
was expected?. This result may be attributed to the poor
resolution of the OH region. Deconvolution methods must
be used in order to obtain a more reliable result.

The FTIR spectra also provide some evidence that the
fibers alkali treatment led to the conversion of celullose 1
into the cellulose I1.

Figure 2 shows the maximum absorbance of the
hydrogen-bonded OH streching band was shifted to a
higher wavenumber, from 3399 to 3408 cm™ at 10 wt%
of NaOH. The CH streching mode was shifted to a lower
wavenumber (from 2928 to 2924 cm). Similar results
were obtained by Oh et al.B'. These researchers noticed
the absorbance of the hydrogen-bonded OH streching band
shifted from 3352 to 3447 cm', when the cellulose was
treated with 20 wt% NaOH. This result was attributed to
the intramolecular bonding of O(2)H...O(6) of cellulose 11,
allomorph resulting from the mercerization process. According
to Lee et al.’), the characteristic peak of celullose I is at
3270 cm!. Cellulose IT presents two weak additional peaks
at 3450 cm™ and 3480 cm™ .However, it is difficult to identify
these weak absorption bands by FTIR as the OH region is
broad and poorly resolved.

The band at 901 cm™ observed in the spectrum of the
raw castor cake is attributed to the B-glucosidic linkage. This
absorption band shifts to a lower wavenumber, 897 cm’!, in
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the spectra of alkali treated fibers. The IR index for the 901
cm! with respect to the peak at 1059 cm™! increases slightly
as the alkali concentration increased. In the case of untreated
cake, where cellulose occurs as the cellulose I lattice, the IR
index is found to be 0.29. However, treating the castor cake
with 5% and 10% NaOH solution increased slightly the IR
values, from 0.29 to 0.33 and 0.45, respectively. These results
suggest that there was some change in the lattice structure,
when the castor oil cake is treated with 5% and 10% NaOH
solution. According to some published studies, conformational
changes occurring during decrystallization/conversion of
cellulose I to cellulose II may promote alterations in the
intensity and sharpness of the FTIR B-glucosidic linkage
absorption band®!*4,

Cellulose [ occurs in two allomorphic forms (/, and 7).
The cellulose 1 is the allomorph predominantly found in
higher plants®®. According to French®®”), the diffractogram
of cellulose 7, presents three main peaks related to the
crystallographic planes specified by Miller indices of (1 70),
(110) and (200). These peaks occurs at 26 = 15°, 17° and
23°, respectively. The diffractogram of cellulose II also
presents three main peaks, located at 20 around 12°, and
22°, corresponding to the crystallographic planes (170),
(110) and (020)79.

The X-ray diffraction (XRD) pattern of lignocellulosic
materials shows characteristic peaks around 16.0°, 22.5°
and 34.5°3%401 The first two peaks are typical of cellulose
1394 and the last is attributed to the (004) crystallographic
plane of cellulose Y. French®” describes this peak as a
composite of various peaks where the (004) crystallographic
plane is not the predominant contributor.

Literature data show, that when there is a large amount
of amorphous materials in the lignocellulosic fibers, the

Intensity (a. u.)

18
21, ¢

208
19.5

peaks corresponding to the planes (I 70) and (110) appear
as a single broad peak*>+,

Figure 3 shows X-ray diffraction (XRD) patterns of
untreated castor cake (CC) and alkali treated castor cake
samples: MCC 5 and MCC10.

The XRD pattern of the raw castor cake (CC) shows five
diffraction peaks: 15.5° 19.5°, 20.8° 21.4° and 29.5°. The
first peak is attributed to the crystallographic planes (1 70)
and (710)of cellulose I and the peak at 20 of 21.4° is assigned
to an ordered crystalline arrangement involving intra- or
intermolecular hydrogen bond of cellulose. Guimaraes et al.**
found a peak at 20 of 21° in the diffractogram of a castor oil
cake. This peak was attributed to an intramolecular bonding
of the amino proteins and, or cellulose, but it can be attributed
to the crystallographic plane (027) of cellulose I). Although,
the presence of the characteristic peaks of cellulose I was
detected, evidently, no peak corresponding to the (200)
plane of cellulose I was observed. The presence of silica
(quartz), which is often used as a fertilizer in agriculture,
is evidenced by the peaks at 26 of 20.8° and 26.6° 14¢,
According to Sanchez-Cantu et al.*”), the peak at 26 of
19.5° is a characteristic signal of crystalline hemicellulose
and the peak at 20 of 29.5° is a representative reflection of
magnesium calcium carbonates, compounds identified in
oil extraction residues.

The mercerization of the castor oil cake caused visible
changes in the X-ray pattern The MCCS5 besides the peaks
attributed to silica and magnesium calcium carbonates
shows the characteristic peaks of cellulose I at 26 of 16.5°
and 22.5° corresponding to the (1/0) and (200) planes,
respectively®®. The peak at 26 of 21.8° is attributed to the
(020) plane of cellulose II*%. The presence of one doublet
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Figure 3. XRD patterns of untreated castor cake (CC) and MCC5 and MCC10 samples.
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at 20 around 20° and 22° indicates the partial conversion
of cellulose I to IT*'#8], The peak at 26 of 12° is not always
found due to the noise of the experiment*). The evidence
of changing from cellulose I to cellulose II due to the
mercerization process is also corroborated by the FTIR
spectrum. Sample MCC10 presents a peak at 20 of 22.4° that
can be attributed to the (020) plane of cellulose I and to the
(200) plane of cellulose I3, In our view, the mercerization
process of castor cake in the experimental conditions used
in this work promoted the partial conversion of cellulose I
to cellulose II.

The apparent XRD crystallinity index, CrI(%), of CC,
MCCS5 and MCC10 was calculated using the following
Equation 1:

A4
Crl (%) =—""Cx 100 )]

total

where 4,,,,, is the sum of crystalline band areas and 4,,,,
is the total area under the diffractogram. The areas were

obtained by using the Origin Lab 8.5 software.

The values obtained were 34.5%, 34.9% and 48.2% for
CC, MCCS5 and MCC10 samples, respectively.

Cellulose II is more reactive and more accessible to
reagents than cellulose I due to its lower crystallinity, since
there is an increased number of inter- and intra-planar
hydrogen bonds compared to cellulose 1. However, the
removal of lignin promotes the increase of crystallinity of
the samples.

3.2 Processing and Characterization of the Composites

The torque rheometer is commonly used in polymer
processing laboratories as it can simulate mixing and shaping
processes in nearly real processing conditions®”. For a pure

46 ) T ' T

polymer if the torque values were corrected to minimize the
effect of the viscous dissipation, the steady-state torque can
be related to the viscosity data obtained from capillary and
parallel plate rheometers®!. Here, as mentioned before, the
torque rheometer was used to produce the LDPE/PHB/CC,
LDPE/PHB/CCMS5 and LDPE/PHB/CCM10 composites
at 80/10/10 wt%. Figure 4 shows the torque versus time
curves of the LDPE and those of the composite materiais.
Figure 4 also shows the torque versus time curve of LDPE/
PHB (90/10) blend. All curves have a similar profile. High
torque values are initially observed, as the initial minutes of
mixing involve the shearing of solid materials in addition
to the effect of temperature. This continuos shearing action
promotes the melting of the polymers. A lower resistance
to rotor’s shearing action is observed, leading to lower
torque values, which decrease with the stabilization of the
the melting process.Then, a stable torque is obtained 5.

A slight increase in stable torque is observed when
10 wt% of PHB is added to LDPE. Some published studies
on blends of LDPE/PHB and LLDPE/PHB show that the
incorporation of 10 wt% of PHB into the polymer matrices
does not cause significant changes in the values of melt flow
index (MFT) of polyolefins!***4, Karami et al. 5! found that
the complex viscosity of the LDPE samples with less than
50 wt% of PHB content were greater than that of the neat
LDPE. However, this work does not give any indication as
to whether the Cox-Merz rule is valid for the LDPE/PHB
samples. This finding requires further investigation. Some
interaction between these two polymers may be taking place
under these experimental conditions.

In general, the mercerization of natural fibers promotes
the obtaining of better mechanical properties due to the

Torque (Nm)

——LDPE - - - LDPE/PHB —— LDPE/PHB/CC
—— LDPE/PHBMCC5 —— LDPE/PHB/MCC10

0 I I 1 v I ¥
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~ ——LDPE --~- LDPE/PHB —— LDPE/PHBICC
% 104 —— LDPE/PHBMCCS —— LDPE/PHBIMCC10
s 81 e ———————
g 6
e 4 ,
6 8 10
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Figure 4. Torque versus time curves of LDPE, LDPE/PHB blend, and LDPE/PHB/CC and LDPE/PHB/MCC composites.
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Table 1. Elastic modulus and Tensile strenght of the LDPE/PHB/CC and LDPE/PHB/MCC composites.

Composites Elastic modulus (MPa) Tensile strenght(MPa)
LDPE/PHB/CC 81.8+£53 421+038
LDPE/PHB/MCC5 199.1£22.4 6.55+0.24
LDPE/PHB/MCC10 100.5+ 14.9 4.50+£0.7

modification of surface topography and diameter of the fibers
resulting in improved interfacial adhesion properties!-!%4.

Table 1 shows elastic modulus and tensile strength of
the LDPE/PHB composites filled with the untreated castor
oil cake (CC) and with the alkali treated fibers (MCC5 and
MCC10).

The mercerization process promotes an increase of the
surface area of the fiber contact with the polymeric matrix
due to the increase in the aspect ratio and the roughness
of the fiber. As a result, in general, the incorporation of
mercerized fibers into the polymeric matrices increases the
elastic modulust®!?. Table 1 shows that the mercerization
process of the castor oil cake leads to the increasing of the
tensile elastic modulus of the composites. However, this
effect is more evident, when the fiber was treated with 5%
NaOH solution. According to Kabir et al.*’), if the alkali
concentration is higher than the optimum condition, an excess
of delignification may occur, which weakens or damages the
fibers. In the present work, as the concentration of NaOH
increased from 5% to 10%, the fibers became whiter due
to the more efficient removal of lignin.

The tensile strength is a function of the surface area of
the fiber's contact with the polymer matrix and the interfacial
adhesion. In general, the hydrophilic nature of the fibers
hinders its effective interaction with hydrophobic polymeric
matrices. The mercerization process removes lignin and
hemicelluloses from the surface of the fiber improving the
interactions between the fiber and the polymer matrices!®.
In the treatment of the fibers with NaOH, there is a reaction
between the hydroxyl groups (OH) of the fiber with the
alkaline solution (Equation 2)P, which reduces the water
absorption of the fibers and improves the compatibility
between them and the polymeric matrices!'”. As a result,
there is an increase in the tensile strength.

Fiber —O—H + NaOH — Fiber—O*Na~ + H,0 (2)

Table 1 shows that fiber mercerization with 5%
NaOH solution generates higher tensile strength values
of composites. However, the alkali treatment of the fibers
with 10% NaOH solution does not promote a significant
increase in the tensile strength.

There is some controversy about the effect of the
mercerization of the fibers on the mechanical behavior
of the composites obtained™®. Some authors attributed the
decrease in the tensile strength of the composites developed
with alkali treated fibers to the changes from crystalline
cellulose I into cellulose II, which is less crystalline than
cellulose IF7, In the present work, the mercerization process
with both concentrations of NaOH solution results in the
partial formation of cellulose II as evidenced by FTIR data.
However, the treatment of the fibers with 10% NaOH solution
increases significantly the apparent XRD crystallinity index of
the castor oil cake. This increase is due to the more efficient
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removal of lignin, waxes, and other impurities. Therefore,
the partial breakdown of the fibers caused by the higher
concentration of NaOH may be responsible by the lower
tensile strength values of the composite filled with MCC10.

4. Conclusions

In this work, the effects of mercerization on castor oil
cake structure and tensile properties of LDPE/PHB/castor
oil cake composites were investigated. FTIR and XRD data
indicated that there was a partial formation of cellulose II,
as well as the removal of lignin and other impurities. The
morphological analysis of the mercerized fibers by SEM
showed that the extraction of hemicelluloses, lignin and
waxes gave rise to thinner cellulose fibers and increased
roughness that in turn may promote greater contact area
between these fibers with the polymeric matrix. The
mercerization process performed with 5% NaOH solution
improved the tensile properties of the LDPE/PHB/castor
cake composites. The elastic modulus and tensile strength
values of composites filled with the fibers treated with 5%
NaOH solution were superior to those obtained with 10%
NaOH solution. This result suggests that the higher NaOH
concentration compromises the integrity of the fibers,
deteriorating the mechanical properties.
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