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Abstract

A growing global trend for maximum use of natural resources through new processes and products has enhanced studies
and exploration of renewable natural materials. In this study, cardanol, a component of the cashew nut shell liquid
(CNSL), was used as a building block for the development of a thermosetting matrix, which was reinforced by raw
and modified sponge gourd fibers (Luffa cylindrica). DSC and TG results showed that among biocomposites, the one
reinforced by sponge gourd fibers treated with NaOH 10 wt% (BF10) had the highest thermal stability, besides the best
performance in the Tensile testing, showing good incorporation, dispersion, and adhesion to polymer matrix, observed
by SEM. After 80 days of simulated soil experiments, it has been discovered that the presence of treated fiber allowed
better biodegradability behavior to biocomposites. The biobased thermoset plastic and biocomposites showed a good
potential to several applications, such as manufacturing of articles for furniture and automotive industries, especially BF10.

Keywords: biobased plastic, biodegradable, composites, lignocellulosic fibers.

1. Introduction

A growing global trend for maximum use of natural
resources through new processes and products has enhanced
researches and exploration of renewable natural materials!!.

Cashew nut shell liquid (CNSL) is a remarkable example
of a renewable resource often used in polymeric materials
syntheses. It is a viscous liquid in the soft honeycomb
of the cashew nut, which is the crop of the cashew tree,
Anacardium occidentale L, native to Brazil®.

Anacardic acid, cardanol, cardol, and 2-methylcardol
are phenolic compounds with long side chain substitution
at the meta position and the main components of CNSL.
These phenolic compounds can be used for producing a
number of polymeric substances of wide utility in several
industrial applications. The use of CNSL instead of phenol
is an excellent example of conservation of a synthetically
derived substance and the utilization of a byproduct®.

Commercial grade CNSL, also known as technical
CNSL, hardly contains any anacardic acid, because of
decarboxylation during the roasting process, which converts
anacardic acid into cardanol™!.

Cardanol is a mixture of compounds with a changeable
number of unsaturations in the fifteen carbon atom chains,
which is in the meta position to the hydroxyl grouptl.
Cardanol-based polymers and polymeric materials are
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both documented in the literaturel®, as well as the focus
of continuing researches. Among the CNSL constituents,
cardanol is a viable option to polymeric materials synthesis,
because of this compound it is a monosubstituted phenol,
which decreases the problem of steric hindrance during the
polymerization reaction.

There is a great interest in the use of composite materials
from polymer matrices reinforced by natural fibers!”.
Environment-friendly materials, their development and
cleaner production processes have been needed to preserve
the environment and guarantee improved living conditions
for future generations.

Lignocellulosic fibers are natural biopolymers constituted
primarily of cellulose, hemicelluloses, and lignin, which
contribute differently to the mechanical strength of the
composite®. The application of natural fibers as a
reinforcement provides composite materials with low density,
higher porosity, satisfactory values of tensile strength, and
impact resistance, besides greater control of fissuration and
ductile behavior at break!-12l,

Natural fibers present advantages such as low cost,
excellent resistance to solvents, and to temperature. In addition,
they are non-toxic, non-abrasive, and easily modified by
chemicals!"¥l. These characteristics make fibers feasible
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materials for many applications such as in carpets, vases,
cords, roof tiles, automotive upholsteries, mattresses, etc!!*.,
Lignocellulosic fibers have been widely investigated and
used as reinforcement in polymer matrices such as coconut
fibers!"), jute!'®), sisall'”), banana tree!'®).

Sponge gourd fiber (Luffa cylindrica) is an interesting
raw material and it has not yet had its potentialities fully
explored. It is a subtropical plant, abundant in China, Japan,
and other Asian countries as well as countries in Central
and South America. Sponge gourd has a netting-like fibrous
vascular system, which is thin, resistant, viscoelastic,
and soft, used mainly as a bath sponge!'®l. The chemical
composition of sponge gourd fibers depends on several
factors such as plant origin, weather conditions, soil nature,
etc. For instance, cellulose content varies from 55% to 90%,
lignin content from 10% to 23%, and hemicellulose content
from 8% to 22%2%21,

However, lignocellulosic fibers are hydrophilic and because
of it there is low compatibility with the polymer matrix,
which is mostly hydrophobic!”. This lack of affinity results
in a low surface of adhesion, which affects the transference
of effective tensions, compromising mechanical properties
of composites??). Therefore, a pretreatment is necessary
before using these fibers as a reinforcement in polymer
matrices. Alkaline treatment is a known method to surface
modification of fibers and can provide better adhesion.

The main motivation of this research was due to the fact
that any study has not been reported in the literature on the
preparation and characterization of a thermoset plastic based
on cardanol and reinforced by raw and treated sponge gourd
fibers so far. The termoset plastic and the biocompostes were
investigated by techniques of Gas Chromatography—Mass
Spectrometry (GC-MS), Differential Scanning Calorimetry
(DSC), Thermogravimetry (TG), Tensile testing, Scanning
Electron Microscopy (SEM) and Biodegradation in simulated
soil. In addition, this paper has also included a study on
the crosslinking degree and cure conditions by a low-cost
gravimetric method.

2. Materials and Methods

2.1 Sponge gourd fibers, technical CNSL and chemical
reagents

Sponge gourd fibers were purchased commercially
(Sao Paulo - SP, Brazil) without any skin. Sodium hydroxide
(NaOH - 97% - Dynamic) and a commercial sodium
hypochlorite solution (NaClO - 2.0 wt% of active chlorine)
were used for alkaline treatment and bleaching of fibers.
The technical CNSL used in this study was kindly provided
by Améndoas do Brasil Ltda (Fortaleza, Brazil). Methanol
(CH,0H - 99.8% - Dynamic), ammonium hydroxide (NH,OH
- 28-30% - Dynamic), hexane (C,H , - 98.5% - Dynamic),
anhydrous sodium sulfate (Na,SO, - 99% - Dynamic),
hydrochloric acid (HCI - 37% - Dynamic), formaldehyde
(CH,0 - 36.5-38% - Dynamic), diethylenetriamine - DETA
(C,H,)N, - 99% - Sigma-Aldrich), toluene (C.H, - 99.5%
- Dynamic) were used without any prior treatment. Resin
epoxy DGEBA (Bisphenol A diglycidyl ether) was obtained
from Avipol (Sado Paulo, Brazil).
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2.2 Alkaline treatment

Simple procedures were conducted prior to the sponge
gourd fibers such as cutting, seeds removal, milling, and
drying. Previously dried fibers were ground in a Wiley mill
(FORTINOX-STAR FT 80) and fractions until 30 mesh
were collected.

Sponge gourd fibers were treated with sodium hydroxide
solutions 5 wt% and 10 wt% at 65 °C for 4 h. Fibers were
washed with distilled water to remove excess of NaOH
until neutral pH was achieved. Thereafter, fibers were
treated with sodium hypochlorite solution 1 wt% of active
chlorine at 65 °C for 1 h. Eventually they were washed with
distilled water to remove excess of NaClO and dried in an
air circulation oven at 65 °C.

2.3 Prepolymer resol synthesis

Prepolymer resol synthesis was carried out in a laboratory
glass reactor equipped with a stirrer, thermometer and reflux
condenser. Cardanol was previously isolated from technical
CNSL by the method proposed by Kumar et al?. Resol
was synthesized by mixing cardanol and formaldehyde
aqueous solution, and ammonium hydroxide as a catalyst.
The mixture was heated until 80 °C for 3 h 30 min under
magnetic stirring. Cardanol/Formaldehyde with a molar
ratio of 1:2 was prepared in this synthesis.

2.4 Termoset plastic and biocomposites preparation

The thermoset plastic (Figure 1b-d) was prepared by
mixing the prepolymer resol and epoxy resin as a modifier
agent, and diethylenetriamine as a catalyst in the proportion
0.93:1:0.11 (wt), respectively. The use of aliphatic amines
as catalysts enables materials to be produced under normal
conditions of temperature and pressure, which facilitates their
processing. The mixture was transferred to a metal mold with
180 mm high, 160 mm wide and, 5 mm thick (Figure 1a),
then cured at ambient temperature for 48 h in a dispensing
hood and post-cured in the oven at 100 °C for 4 h. Carnauba
wax was used as a mold release agent. The cardanol-based
resin was used as a polymer matrix and biocomposites
(Figure le-g) were prepared by using treated and untreated
sponge gourd fibers as dispersed phase (Matrix/Fiber with
weight ratio of 85:15). The biocomposites processing
conditions were the same used for the thermoset plastic.

2.5 Crosslinking degree determination

A gravimetric technique based on ASTM D27652 was
used to crosslinking degree investigation. Samples of the
thermoset plastic were weighed (Wi) and then immersed in
toluene for 24 h to extract the soluble content and determine
the crosslinking degree (CD). At the end of this period,
samples were dried at ambient temperature to constant
weight and again weighed (Wf). The experiments were
performed in triplicate for the thermoset plastic cured at
ambient temperature for 48 h, as well as post-cured at 60,
80, and 100 °C for 2 h. After that, another experiment was
conducted, in which the temperature was fixed and the CD
was measured to post-cure ranges of 30, 60, 120, 180, 240,
300, and 360 min. The CD was calculated by the Equation 1
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Figure 1. (a) Metal mold; (b) thermoset plastic after demolding; (c) thermoset plastic cross section; (d) thermoset plastic after cutting,
and biocomposite after cutting reinforced by (e) untreated sponge gourd fiber, and fiber treated with NaOH; (f) 5 wt% and (g) 10 wt%.

below. The toluene used as solvent was chosen based on
prior solubility tests with the thermoset plastic.

CD(%):%XIOO M
1

2.6 Gas chromatography-Mass spectrometry (GS-MS)

GC-MS analysis of cardanol was conducted in a QP
2010 chromatographer (Shimadzu), equipped with a DB-5
column (phenyl methylpolysiloxane 5%). The injected volume
of each sample was about 1 pl and helium was used as a
carrier gas. The total pressure, total flow and the split ratio
were 58 KPa, 87.4 ml/min, and 100, respectively. The ion
source temperature was 230 °C, the interface temperature
was 300 °C, and the mass ratio of detection was 18-800.

2.7 Thermogravimetry (TG)

TG curves were obtained in a TG STA 6000 equipment
(Perkin Elmer) under N, atmosphere (flow rate of 50 ml/min),
heating rate of 10 °C/min in a temperature range between
30 and 600 °C to evaluate thermal stability of the thermoset
plastic and biocomposites. Platinum pan was used and the
weight of each sample was about 3 mg.
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2.8 Differential scanning calorimetry (DSC)

DSC curves were obtained ina DSC Q-20 equipment (TA
Instruments) under N, atmosphere (flow rate of 50 ml/min),
heating rate of 10 °C/min in a temperature range between
30 °C and 400 °C to study cure degree and look at how
heat capacity of the thermoset plastic and biocomposites
is changed by temperature. Hermetic aluminum pan was
used and the weight of each sample was about 2.5 mg.

2.9 Tensile testing

Tensile testing was performed on the thermoset plastic
and biocomposites in a DL 10000/700 tensile machine (Emic)
with 100 kN of load cell. The test speed was 5 mm/min
and specimens were prepared with 175.0 mm high, 25 mm
wide, and 5 mm thick. A minimum of five samples were
tested to each material and the average value was calculated.
This test was conducted according to ASTM D6382¢ and
ASTM D3039P7,

2.10 Scanning eletron microscopy (SEM)

The thermoset plastic and biocomposites were previously
coated with a thin layer of metallic gold in a sputter coater
Q150R ES (Quorum). An electron microscope SSX-550
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(Shimadzu) was used to get micrographs from fractured
surface of specimens after Tensile testing at an accelerating
voltage of 15 kV.

2.11 Biodegradation in simulated soil

The biodegradation was investigated by submitting the
samples to simulated soil. They were weighed and buried
at 25+ 3 °C. The simulated soil was prepared with 23% of
loamy silt, 23% of organic matter (cow manure), 23% of
sand, and 31% of distilled water (all wt/wt). Biodegradation
was monitored for 80 days by measuring the mass variation.
The buried specimens were recovered, washed with distilled
water, and dried at ambient temperature until there was no
further weight variation, and then weighed. After weighing,
the specimens were buried again. The experiments were
performed in quadruplicate.

3. Results and Discussion

The isolated cardanol was verified by GC-MS and its
purity was confirmed (66.25% of monounsaturated, 29.04%
di-unsaturated, and 4.71% saturated). Modifications in
sponge gourd fibers after chemical treatment have been
already discussed in earlier studies??!.

In all chemical treatments of this study the same
concentration of NaClO (1 wt%) was used, that is why in
following discussions only the concentrations of NaOH,
which varied (5 and 10 wt%), will be mentioned.

It is important to study the degree of crosslinking of
thermoset materials, because it is linked directly to the
properties of the final material. Figure 2 shows the results
of crosslinking degree obtained by the gravimetric technique
based on the swelling experiments to the thermoset plastic.

0 °C represents the thermoset plastic which was cured
at ambient temperature for 48 h and it did not undergo any
post-cure process. After this period, the material presented
a crosslinking degree of 88.53% =+ 0.34. Besides being
cured at ambient temperature for 48 h, thermoset plastic
samples were also post-cured for 2 h in temperature ranges
of 60, 80, and 100 °C in which crosslinking degree was of
93.54+0.84,93.57+0.36, and 95.67% + 0.40, respectively.
Temperatures over 100 °C were tested as well, but they
deformed the materials.

Subsequently, the temperature of post-cure was fixed
at 100 °C, which showed the highest crosslinking degree
to the studied time interval, and the crosslinking degree
was investigated to different time ranges, as shown in
Figure 3 below.

The crosslinking degree to post-cure time ranges of 30,
60, 120, 180, 240, 300, and 360 min was 92.45 +0.45, 94.04
+0.95,94.48 £0.80,95.53+£0.26,96.66 +0.14,96.68 +0.22,
and 96.88% = 1.03, respectively. The crosslinking degree
increased with increasing temperature and it did not show
any significant variation from 240 minutes.

Considering the results of the experiments, the cure and
post-cure conditions to the thermoset plastic were defined
to be 48 h at ambient temperature in dispensing hood and
4hat 100 °C in oven, respectively. These conditions were
also tested to biocomposites and the cure time of 48 h in
dispensing hood was to guarantee total liberation of the
used catalyst (DETA).
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The results of the crosslinking degree experiments were
verified by DSC. It is one of the most used techniques to
study the cure of thermoset materials. Figure 4 shows the
DSC curve obtained by monitoring the cure reaction of
the thermoset plastic.

The cure reaction showed a large exothermic process at
87.76 °C and total heat 0f 92.95 J/g. The endothermic event
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Figure 2. Crosslinking degree to different ranges of post-cure
temperature.
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Figure 3. Crosslinking degree to different ranges of post-cure time.
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Figure 4. DSC curve to the cure reaction of thermoset plastic.
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at 136 °C is because of dehydration. After investigations on
the thermoset plastic, from this point forward biocomposites
will also be discussed. For convenience, thermoset plastic,
biocomposite reinforced by untreated sponge gourd fibers,
and those reinforced by sponge gourd fibers treated with
NaOH 5 and 10 wt% were labeled as TP, BFB, BF5, and
BF10, respectively.

The conversion degree of the TP and biocomposites
were studied by DSC, which curves are shown in Figure 5.

All materials presented a variation in baseline around
60 °C. This variation was attributed to glass transition
temperature (Tg), which was calculated by the method based
on ASTM D34188%, Maffezzoli et al. studied biocomposites
with matrix based on cardanol and reinforced by natural
fibers. They found a Tg of 56 °C to their materials®!.

There was not any exothermic event related to residual
heat for the TP or any biocomposites. It indicated that
cure conditions applied to the TP were also appropriate to
the biocomposites, providing complete conversion, and
consequently complete cure of all materials. These DSC
results on materials cure validated those observed in the
crosslinking degree experiments.

® ;
= :
E !
= 34 ---BFB i
¥ §
T BF5 &
44 —-—-BF10 ?,:
i
i
54 !
-6

o] T ® T b T . T . 1
200 250 300 350 400
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Figure 5. DSC curves to TP, BFB, BF5, and BF10.
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A short endothermic event was observed at 169, 172,
and 187 °C to BFB, BF5, and BF10, respectively. It was
assigned to dehydration and not observed to TP due to its
hydrophobicity. The deep endothermic event at 336, 286,
294, and 315 °C refers to degradation of TP, BFB, BF5, and
BF10, respectively. The TP is a little more thermally stable
than biocomposites. However, chemical treatment increased
the thermal stability of the biocomposites, especially BF10.
It happened because the treatment partially removes lignin
and hemicellulose, which start to degradate at low temperature
ranges. Chemical treatment also removes surface waxes,
promoting better adhesion between biocomposite phases.
The better the interaction between fiber and matrix, the
higher is the initial temperature of thermal degradation.

The weight variation of the materials as a function of
temperature was studied by Thermogravimetry. TG and DTG
(Difterential Thermogravimetry) curves to the thermoset
plastic and biocomposites are shown in Figure 6.

TG curves (Figure 6a) showed a small weight loss from
room temperature to 160 °C of2.12, 2.84, and 3.84% to BFB,
BFS5, and BF10, respectively. This process corresponds to
loss of water and it was not observed to TP because of its
hydrophobicity, as also seen in DSC curves. The water content
in the biocomposites increased with increased concentration
of NaOH. It occurred because alkaline treatment exposed the
hydroxyl groups of the fiber, which increased the interaction
with water. Modibbo et al. reported alkaline treatment of
fibers increases the moisture uptake!>?).

DTG curves (Figure 6b) showed two stages of weight
loss. In the first one, TP, BFB, BF5, and BF10 maintained
thermal stability and maximum temperature peak up to about
338 and 379, 316 and 365, 324 and 366, 326 and 367 °C,
respectively. This event is related to the decomposition of
lignin, hemicellulose, and cellulose**-3% and degradation of
soft segments of the polymer matrix. The second stage is
attributed to degradation of carbonaceous residues. At the
end of these two stages, TP, BFB, BF5, and BF10 showed
14.77, 18.17, 15.48, and 14.55% of residues, respectively.
TG and DTG data agree with DSC results.

Biocomposites mechanical behavior depends on synergy
between the reinforcing agent and the matrix. Table 1

dm/dt (%/°C)

Q)

T I T
300 400 500

Temperature (°C)

Figure 6. (a) TG and (b) DTG curves to TP, BFB, BF5, and BF10.

T
100 200
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shows mechanical properties to the thermoset plastic and
biocomposites.

All materials were examined to study the influence of
the sponge gourd fibers acting as reinforcement as well as
the effects of chemical treatment on mechanical properties
of biocomposites. Remarkable changes were observed.
There was an increase of 97.67, 89.86, and 144.38% in
tensile strength of BFB, BF5, and BF10, respectively, when
compared to TP. Young modulus and breaking load values
to BFB, BF5, and BF10 showed an increase of 126.58
and 118.14, 124.27 and 102.93, 138.15 and 144.12%,
respectively, when compared to TP. All biocomposites
presented superior mechanical properties compared to
TP, especially BF10. As known, lignocellulosic fibers can
be an efficient reinforcement as long as adequate is their
interaction with the polymer matrix. These results indicated
that sponge gourd fibers treated with NaOH 10 wt% had
better interaction with polymer matrix, allowing a greater

Table 1. Mechanical properties to the TP and biocomposites.

:re::;lteh l:‘::;iss Breaking load Deforomation
MPa) (GPa) ® oo
TP 730+£0.55 1.73+£0.23 232.74+38.82 0.86
BFB  1443+192 392+0.25 507.70+38.04 0.77
BF5 13.86+1.82 3.88+0.41 472.32+7520 0.75
BF10 17.84+4.08 4.12+028 568.17+136.30 1.05

T
LABTAM - UFRN

————— 500um
LABTAM - UFRN

stiffness, better distribution of tension and therefore, better
Tensile testing results. DSC and TG data corroborated
these results.

After Tensile testing, micrographs were recorded from
fractured surface of specimens to investigate morphology
and interaction between polymer matrix and sponge gourd
fibers. Figure 7 shows the micrographs to the TP and
biocomposites.

Micrographs showed voids on the fractured surface of
TP (Figure 7a), probably because of cure reaction, which is
exothermic, air incorporation or water presence. The surface
of BFB (Figure 7b) and BF5 (Figure 7c) showed adhesive
fracture, characterized by interface debonding between
fiber and matrix due to low interaction and poor adhesion.
On the other hand, BF10 surface (Figure 7d) did not present
any voids or debonding, suggesting good compatibility
between sponge gourd fibers and polymer matrix, which
led to a better distribution of tension.

Figure 8 shows the fractured region and lays emphasis
on debonding in BFB as well as better adhesion and flatter
fracture in BF10 at macroscopic level.

It is known that pretreatment can enable better adhesion
between matrix and fiber®*3"., Micrographs and the photograph
showed that the alkaline treatment provided better interface
between sponge gourd fibers and cardanol-based resin,
especially that one with NaOH 10 wt%. These results
agree with those obtained to DSC, TG, and Tensile testing.

1 500um

LABTAM - UFRN

Pobe  Mag WD Det
30 x50 16 SE

——— 200um
LABTAM - UFRN

Figure 7. Micrographs of fractured surface to (a) TP (50x%, 200 pm); (b) BFB (50, 500 um); (¢) BF5 (50%, 500 pm) and (d) BF10

(50, 200 pm).
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n
Figure 8. Fractured region after Tensile testing to (a) BFB and (b) BF10.

There is a growing search for more durable materials
during use and less damage to environment when disposed.
The results of the behavior of the TP and biocomposites in
simulated soil after 80 days are in Figure 9.

The weight increase in TP, BFB, and BFS5 in the first
days occurred due to absorption or adsorption of water by
these materials, which were more resistant to hydrolysis®*!
when compared to BF10. TP showed the greatest water
incorporation because of the voids in this material, as seen
by SEM. The weight increase of the materials can also be
attributed to growth of microorganisms involved in polymer
degradation.

During the investigated period of time (80 days), a
weight loss of 10 +36.52, 41 +49.15, 65 +24.39 and 66%
+ 13.28% to TP, BFB, BF5, and BF10, respectively, was
observed. Polymers are degraded in biological systems
by oxidation and hydrolysis. The first stage of aging in
simulated soil corresponds to the abiotic phase, in which
macromolecules hydrolyze and smaller molecules such as
monomers and oligomers are formed®.

According to Sun and Tomkinson*’, lignin protects
the fiber from microorganisms action. Given this, it is
possible to say that alkaline treatment was the responsible
for the greatest weight decreases in BF5 and BF10 due
to the removal of lignin content, which made the treated

Polimeros, 26(1), 21-29, 2016
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Figure 9. Biodegradation of TP and biocomposites.

fibers and their respective biocomposites more susceptible
to biodegradation.
4. Conclusions

The effective use of cardanol as a building block for
the development of a thermosetting matrix reinforced by
sponge gourd fibers was investigated. A combination of cure
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at ambient temperature and post-cure were conducted to a
higher handling time and better polymer matrix wettability
as well as maximum crosslinking degree and complete cure.
Although it does not replace classical instrumental techniques,
the gravimetric method used to determine the crosslinking
degree to the thermoset plastic showed that DETA can
provide a satisfactory cure degree at room temperature and
It was found to be an interesting alternative, and an indexing
of tool for this polymer system, especially due to its low
cost and easy performance. While that method supplied
information on crosslinking degree, DSC results confirmed
total conversion of groups involved in crosslinking and
endorsed that cure and post-cure conditions applied to the
thermoset plastic were appropriate to the biocomposites as
well. DSC curves showed a Tg around 60 °C to the thermoset
plastic and biocomposites, which means sponge gourd fibers
did not affect the Tg. Although the thermoset plastic has had
a little higher thermal stability than biocomposites, sponge
gourd fibers seemed to be a viable reinforcement, especially
due to extraordinary improvement in mechanical properties
of the biocomposites. DSC and TG results showed that
among biocomposites, that one reinforced by sponge gourd
fibers treated with NaOH 10 wt% (BF10) had the highest
thermal stability. BF10 also presented the best performance
in Tensile testing and good incorporation, dispersion, and
adhesion with polymer matrix, observed by SEM. After
80 days of simulated soil experiments was found that the
presence of treated fiber allowed better biodegradability
behavior to biocomposites.

This paper provided useful information and introduced the
experimental set of results on the synthesis and characterization
of a thermoset plastic and biocomposites prepared from a
combination between a cardanol-based resin and sponge
gourd fibers by a low-cost processing, which showed a
good potential to several applications, from manufacturing
of articles to furniture and automotive industries.
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