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ABSTRACT: The influence of chemical modifications,
such as dewaxing with hexane and carbon tetrachloride,
and alkaline treatment, on the mechanical, thermal, and
sorption properties of carnauba straw was investigated for
the first time. Scanning electron microscopy showed that
the solvent treatments removed the wax layer, exposing
the straw fibrils. The straw water sorption capacity was
very high, and the treatments turned it from Fickian to
non-Fickian. The results show that the solvents used were
very effective in removing the surface wax layer, whereas
alkali, on the other hand, promoted a more marked
change in the chemical structure of the straw. The chemi-
cal treatments demonstrated that the wax surface layer

was very important in determining the final properties of
this material and that its removal reduced the thermal
stability and Young’s modulus from 143 to 48 MPa and
increased its hydrophilicity, changing the contact angle
from 90 to 60�. As a result, carnauba straw is a potentially
promising material to be used, for example, as a natural
fiber with polymer matrices for the manufacture of low-
cost, ecofriendly composite materials. VC 2011 Wiley Periodi-
cals, Inc. J Appl Polym Sci 122: 1614–1621, 2011
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INTRODUCTION

Cellulose-based natural fibers, such as sisal, jute,
coconut, and pineapple, have a great potential for
replacing more traditional materials, such as glass
fibers, in composites.1–4 These fibers are character-
ized by their hardness, impact resistance, flexibility,
and high modulus. They are abundant, biodegrad-
able, and renewable. Furthermore, these inexpensive,
low-density fibers cause less skin and lung irritation.

In recent years, the concern with CO2 emissions
and other environmental factors has stimulated in-
terest in natural materials. Efforts have been made
to use natural-fiber composites instead of glass-fiber
ones, especially in nonstructural applications. Sev-
eral fields have started to use reinforced composites
with natural fibers, such as the automotive industry,
which uses them in the interior door and roof
panels, seat backs, knobs, and internal parts of the
luggage compartment. Compared with glass fibers,
natural fibers are very efficient in sound absorption,
have low cost, are lightweight, and do not split into

fragments during an accident.5–8 Researchers in this
field are in agreement that such renewable and plen-
tifully available materials still present a number of
disadvantages, such as wettability, incompatibility
with some polymeric matrices, and a high water
absorption capacity. The fiber–matrix surface adhe-
sion issue is the most widely investigated point. The
hydrophilic characteristics of natural fibers are in
contrast with the usual hydrophobic characteristics
of polymeric materials; this results in composites
with poor mechanical properties. In an attempt to
overcome this restriction, several physical surface
(cold plasma and corona discharge) and chemical
[with maleic anhydride, organosilanes, isocyanates,
sodium hydroxide (NaOH), permanganate, and per-
oxide] treatments have been suggested.9–13

In Brazil, several natural fibers are produced by
local communities, especially in the north and north-
east. The country has extensive plantation areas, and
there are a large number of projects that take into
account environmental and economical sustainabil-
ity. Therefore, a further advantage to the use of
these fibers, beyond all those previously cited, is the
fact that they represent a new source of income for
the rural population and add a social function to
their cultivation.14 One of these projects, which moti-
vated this study, is supported by Petrobras S. A
with the objective of testing the use carnauba straw
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in place of aluminum foil for the protection of the
thermal insulation of steam pipes.

Although very extensive, no natural fiber literature
reports the use of carnauba straw or fiber in poly-
meric compounds or any other application. Most car-
nauba studies are related to the use of carnauba
wax15,16 in areas such as pharmaceutical products,
cosmetics, plastics, photographic films, coatings,
impermealizers, lubricants, varnish, and in the food
industry. Therefore, the potentiality and industrial
applications of this material should be investigated.
The carnauba tree (Copernicia prunifera) is a typical
Brazilian plant. There are other Copernicias in South
America, Copernicia in Venezuela and Copernicia alba
in Bolivia and Paraguay; however, only the prunifera
leaves produce wax. In general, plants produce wax
to prevent moisture loss through their leaves. The
wax powder on the surface prevents the excessive
transpiration that occurs in environments with
extended dry seasons and low relative humidities.
Like other vegetable fibers, carnauba straw is com-
posed mainly of cellulose and lignin, in addition to
smaller amounts of other substances.17

The aim of this study was to characterize the main
properties of this new material (thermal stability,
hydrophilicity, and mechanical resistance) in
untreated form and after three different chemical
treatments for possible future commercial applica-
tions as a biocomposite filler.

EXPERIMENTAL

Carnauba straw, usually used to make hats, bags,
and baskets, was obtained from a small handcraft-
making community in the northeast of Brazil.
NaOH, carbon tetrachloride (CCl4), and hexane
(Reagen Ltd., São Paulo, Brazil) were analytical
grade and were used as received.

Carnauba straw chemical treatments

Treatment with NaOH

Straw samples (7.0 � 1.0 cm2) were placed in test
tubes containing a 0.1M NaOH aqueous solution at
40�C for 30 min. The samples were then exhaus-
tively washed with distilled water until they reached
neutral pH and were dried at room temperature.
The straw/alkali ratio (m/v) was 1.0 g of straw per
10 mL of alkaline solution.

Treatments with CCl4 and hexane (C6H12)

Straw samples (7.0 � 1.0 cm2) were placed in test
tubes containing 10 mL of CCl4 or hexane. The treat-
ments were carried out at 60 and 65�C for CCl4 and
hexane, respectively. The treatment times ranged

from 5 to 120 min. The straw/solvent ratio (m/v)
was 1.0 g of straw for 10 mL of solvent.

Characterization

Spectroscopic analysis [Fourier transform infrared
(FTIR)–attenuated total reflectance (ATR)]

Infrared analyses were carried out in a Thermo
Nicolet Nexus 470 spectrometer. The spectra were
obtained by the ATR technique with an SeZn crystal
and incidence angles of 30, 45, and 60�. A small
piece of straw was cut with dimensions similar to
the SeZn crystal (50 � 10 mm2), put in contact with
the crystal, and pressed.

Scanning electron microscopy (SEM)

Electron micrographs were obtained with a Philips
XL-30 scanning electron microscope with a tungsten
filament, a voltage of 25.0 kV, and a secondary elec-
tron detector. Before SEM evaluation, the samples,
consisting of small pieces of straw, were coated with
gold using a plasma sputtering apparatus.

Water sorption measurements

Straw samples (7.0 � 1.0 cm2) were weighed and
placed in test tubes with distilled water at room
temperature. Increases in the sample weight were
recorded at 5, 15, 30, and 60 min; 2, 3, 4, 5, 6, 7, 8,
and 9 h; and afterward, daily for the next 9 days, for
a total of 240 h. Each experiment was run in quintu-
plicate for each treatment, in addition to the
untreated sample. The molar percentage uptake (Q)
of water per 100 g of straw was calculated as

Qt ¼ Me wð Þ=Mr wð Þ
Mi sð Þ � 100 (1)

and was plotted against the square root of time.
Here, Me(w) is the mass of water at equilibrium;
Mr(w) is the relative molecular mass of water, that
is, 18.0 g/mol; and Mi(s) is the initial mass of the
sample. When equilibrium was reached, Qt was
defined as the molar percentage uptake at infinite
time, that is, Q1. The values of the kinetic parame-
ters n and k for water sorption by carnauba straw
were calculated with eq. (2):18

ln
Qt

Q1

� �
¼ ln kþ n ln t (2)

where Qt is the molar percentage water uptake at
time t, Q1 is the molar percentage water uptake at
equilibrium, k is a constant, and t is time. Linear
regression was used to calculate values of k and n.
The value of n classified the sorption mechanism,
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whereas k indicated the interactions between the
penetrant and the straw.

Contact angle measurements

Tilting-plate goniometry was performed with a com-
mercial automated DSA 100 Krüs, goniometer. The
tilting-plate goniometer employed a liquid-handing
robot to aspirate 0.5 mL of water and dispense 6-lL
drops onto the surface of the test substrate held
within the focal plane of a magnifying camera. These
and all other aspects of tilting-plate goniometry
were performed under computer control. Proprietary
algorithms were used to deduce the contact angles
from drop images captured at a programmed rate
by a frame grabber. The experiment time was 10
min. The measurements were done at four different
points of each sample (two points at each side). The
results presented are the average of these four
measurements.

Thermal analysis [thermogravimetry (TG)/
differential thermogravimetry (DTG)]

TG curves were obtained with a Shimadzu DTG-60H
thermoanalyzer balance at temperatures between 25
and 800�C with a heating rate of 10�C/min in a
nitrogen atmosphere.

Mechanical properties

The mechanical tests were performed with a
Shimadzu Autograph AG-I universal test machine
with a load cell of 100 kN and a speed of 5 mm/
min. The test samples measured 9.0 cm in length
and 1.0 cm in width. However, only 60% of this
length (5.4 cm) was available to be loaded. The

remaining 40% was covered with several layers of
paper and a cyanoacrylate-based adhesive to protect
the straw edges and also to prevent the sample from
flowing out of the grips. The results represent the
average of three analyzed samples.

RESULTS AND DISCUSSION

Carnauba straw chemical treatments

The alkaline treatment was chosen because it is a
conventional treatment for natural fibers defined as
mercerization.19,20 Hexane (bp ¼ 69�C) and CCl4 (bp
¼ 76.6�C) treatments were performed to remove any
amount of carnauba wax present on the straw sur-
face because the solvents used were compatible with
carnauba wax.
Initially, the FTIR–ATR spectra of the untreated

carnauba straw were obtained with incidence angles
of 30, 45, and 60�. The purpose of using different
angles and consequently different penetration depths
was to obtain a more representative surface (60�) or
bulk (30�) spectra. However, the results did not
show significant differences among the spectra
obtained at different penetration depths. However, it
was possible to observe that the spectrum obtained
at an incident angle of 30� exhibited much better
quality, certainly because as the incidence angle
decreased, the number of reflections increased and
so did the peak intensities. Therefore, it was decided
that such an incidence angle should be chosen to
obtain all spectra. Figure 1 shows the carnauba
straw spectra after treatments with hexane, CCl4,
and NaOH and the spectrum for untreated straw for
comparison purposes. The results show a typical cel-
lulosic fiber spectrum11,19,21–25 with OH stretching of
water, alcohols, and phenols at about 3400 cm�1

(from hemicellulose and lignin); CH2 stretching at
2920 cm�1 (from cellulose); C¼¼O stretching at 1720
cm�1; adsorbed water at 1635 cm�1; a shoulder at
1600 cm�1, attributed to the C¼¼C stretching vibra-
tion of the aromatic groups present in the lignin
structure;19,26 HAOAC bending at 1452 cm�1; OAH
in-plane deformation at 1350 cm�1, referred to by
some authors as the lignin band;21 OAH in-plane de-
formation at C(6) at 1240 cm�1; CAOAC asymmetric
stretching from the b-glycosidic link at 1155 cm�1;
and CAO vibration at 1020 cm�1. A comparison of
spectra showed that the OH stretching band became
more intense for all of the treated samples and even
more so for the sample treated with CCl4. One possi-
ble explanation is that the solvents used removed the
wax surface layer, exposing the OH groups and
causing the fiber to become more hydrophilic.
According to the results, CCl4 seemed to be the most
effective solvent. It was also possible to observe a
reduction in the shoulder located at 1600 cm�1

Figure 1 FTIR–ATR spectra for untreated carnauba straw
and straw chemically treated with hexane, CCl4, and
NaOH.
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(in detail) and in the absorption band at 1350 cm�1,
especially with alkaline treatment. Because both
bands were lignin-related, the results suggest that
lignin concentration decreased with this treatment.

After treatment, the solvent used was concentrated
by evaporation, and the spectra of this residue were
obtained. The results are shown in Figure 2. As
shown, only hexane and CCl4 residues were shown
because, in the case of NaOH, the solution was clear
at the end of treatment. The main absorption bands
present in Figure 2 were compared with those
reported in the literature27 for carnauba wax. From
that, it was possible to identify the symmetric and
asymmetric CH2 stretching at 2915 and 2850 cm�1,
respectively; the C¼¼O vibration at 1730 cm�1;
ACH2Ascissoring vibrations at 1460 cm�1; angular
deformation of the CAH bond of alkane (umbrella
motion) at 1376 cm�1; CAO stretching vibration at
1160 cm�1; and CH2 rocking vibration at 720 cm�1.
The results confirm that the residue was composed
basically of carnauba wax, which was removed from
the straw surface.

SEM

Figure 3 shows the electron micrographs obtained
for the untreated straw surface [Fig. 3(a,b)]
and those treated with hexane [Fig. 3(c,d)], CCl4
[Fig. 3(e,f)], and NaOH [Fig. 3(g,h)]. The presence of
fibrils and globular marks became more evident for
the treatments with hexane and CCl4 and indicated
that the thin carnauba wax layer was removed from
the surface of the straw; this exposed its fibrils. As a
result, these treatments seemed to roughen the straw
surface. On the other hand, the micrographs of the
samples treated with NaOH were not drastically
changed, compared with the untreated fiber. This

result is in good agreement with the previous one,
where no residue was found in the alkaline solution
after the treatment. On the other hand, it differs
from the results found for many other natural fibers,
where it was shown that alkaline treatment always
leaves the surface cleaner and removes certain
amounts of lignin, wax, and oils.9,10,28 It is also dif-
ferent from the FTIR–ATR results, which showed a
more significant change in the spectrum of the
alkali-treated straw. It is important to point out that
this vegetable material has not been studied before
and that alkaline treatment results are very depend-
ent on the experimental conditions, such as alkali
concentration, time, and temperature. Besides, SEM
is a surface technique, whereas FTIR is a bulk
technique.

Water sorption

The results of the water sorption experiments for the
untreated sample for a period of 240 h (data not
shown) indicate that the sorption process occurred
very rapidly, and after about 50 h, the amount of
absorbed water tended toward an equilibrium value
of about 10 mol %. On the basis of this result, the
experimental time was reduced to 48 h to optimize
the subsequent experiments. Figure 4 shows the
results for the straws treated with hexane, CCl4, and
NaOH. With treatments based on hexane and CCl4,
the water sorption process became faster at short
times, although the equilibrium values remained
practically unchanged (with the experimental errors
considered). This result is in good agreement with
previous findings obtained by SEM and FTIR. Con-
sidering that solvent treatments were the most effec-
tive in removing the surface wax layer (nonpolar), it
would be expected that (1) the surface became more
polar and, therefore, more hydrophilic and (2) the
surface morphology was modified, exposing the
fibrils and globular marks, increasing the surface
roughness, and creating voids that accelerated water
sorption. Comparing the equilibrium water sorption
values for carnauba straw (� 180%) with other natu-
ral materials, such as linseed, sisal, and coir, which
range from 20 to 40%,6,20 we observed that the for-
mer were much higher. This characteristic, which ini-
tially could be considered a disadvantage over other
materials, could easily be overcome with water-based
waterproofing agents, such as acrylic resins (this sub-
ject is under investigation, and the results will be
published soon). Table I shows the values of n and k
for carnauba straw in water obtained from the angu-
lar and linear coefficients of curves shown in Figure
4, respectively. The value of n for untreated straw
was close to 0.5, characterizing a Fickian diffusion
process, whereas the value of k was very low,
indicating low interaction between the straw and

Figure 2 FTIR spectra of the residues from treatments
with hexane and CCl4.
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water. After the treatments, the n values decreased to
around 0.3, indicating a non-Fickian diffusion pro-
cess, whereas the k values increased, indicating a
stronger straw–water interaction. These results are

supported by those previously obtained by SEM. In
summary, the solvent treatments changed the surface
morphology and led to a larger initial water uptake.
Surface wax layer removal made the surface more

Figure 3 SEM micrographs for (a,b) untreated straw, (c,d) straw treated with hexane, (e,f) straw treated with CCl4, and
(g,h) straw treated with NaOH.
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hydrophilic, increasing the k values. This is also an
important result from the application point of view
because it shows that the treatments used accelerated
water uptake. Because this high water affinity usu-
ally is not desirable, we concluded that for many
applications the straw could be used without any
previous treatment, reducing its production cost and
preventing the use of organic solvents.

Contact angle measurements

One of the main potential applications of carnauba
straw is its use as a natural filler in composites. In
this case, properties such as wettability, adhesion,
and compatibility must be determined. All these
physicochemical properties are related to contact
angle measurements. Therefore, the technique has
been widely used to monitor the surface properties.
The behavior of a drop placed over the surface indi-
cates different wettability situations: contact angle
(y) ¼ 0 shows that the surface presents a high wett-
ability or that it is a hydrophilic surface; when 0� <
y < 90�, the surface is predominantly hydrophilic;
and when 90� < y < 180�, the surface is predomi-
nantly hydrophobic. Figure 5 shows the results. The
untreated straw had an initial contact angle of 98�,
and even at longer times, the value remained above
90�; this characterized the surface as predominantly
hydrophobic. Such a characteristic was probably due

to the presence of a wax layer on the straw surface.
It was also possible to observe that alkaline treat-
ment caused only a slight change in the hydrophobic
character. On the other hand, the treatments with
solvents, especially hexane, caused a dramatic
decrease in the contact angle and made the surface
predominantly hydrophilic. It could, therefore, be
concluded that with removal of the surface wax
layer, the solvents made the straw surface more
hydrophilic. It was also possible to observe that for
the solvent-treated samples, the time-dependent con-
tact angle variations were more evident, which was
probably due to the increase in rugosity caused by
wax removal. These results corroborate those previ-
ously obtained by SEM and water sorption tests.

Thermal analysis

The thermal stability of carnauba straw was meas-
ured with TG/DTG. Figure 6 shows DTG curves for
untreated and chemically treated carnauba straw,
whereas Table II lists the main results. The weight
loss at low temperatures, between ambient and
150�C, with a maximum at 60�C, could have been
related to the presence of absorbed or combined
water released during the dehydration process
because carnauba straw is quite hydrophilic. A
weight loss of 7–9% was found for all of the samples
analyzed; with the highest value occurring for the
alkali-treated sample. The amount of water present
in carnauba straw is comparable to other lignocellu-
losic materials, such as cotton, jute, and sisal
fibers.29,30 However, the release temperature (60�C)
found for carnauba was higher than those obtained
for other materials, which are usually around 40�C.
This result indicates that in the case of carnauba
straw, water is more strongly bound to the material;

Figure 4 Sorption curves for (n) untreated carnauba
straw and samples treated with (~) hexane, (!) CCl4,
and (*) NaOH.

TABLE I
Values of n and k for Carnauba Straw in Distilled Water

Treatment n k

Untreated 0.49 6 0.03 0.05
Hexane 0.38 6 0.02 0.,16
CCl4 0.26 6 0.04 0.29
NaOH 0.28 6 0.01 0.10

Figure 5 Contact angle as a function of ln t for (n)
untreated carnauba straw and samples treated with (~)
hexane, (!) CCl4, and (*) NaOH.
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therefore, higher temperatures are required to elimi-
nate it. For the untreated sample, after dehydration,
one doublet peak was observed, starting at 200�C,
with maxima at 314 and 370�C, representing the
decomposition process of the carnauba straw constit-
uents. As already stated, to the best of our knowl-
edge, there are no studies on the characterization of
carnauba straw. However, the literature about other
lignocellulosic materials also describes the presence
of two peaks. Tomaczak et al.31 and Hourston
et al.22 reported the first peak at 259�C and the sec-
ond at 313�C for coir fibers. For sisal fiber, the
reported values are about 270�C for the first peak.20

The results for carnauba straw show a higher ther-
mal stability than those shown for other vegetable
materials. According to the literature, the first peak
is due to the decomposition of hemicellulose compo-
nents, whereas the second corresponds to cellulose
degradation between 330 and 420�C. The final
residue of about 20% was possibly related to the
condensation of lignin components and straw ash.
Thermograms of untreated and treated straw dem-
onstrate that the most significant change was caused
by the alkaline treatment. In this case, the two peaks
were now condensed into one. The first, related to
hemicellulose, became more intense and showed a
higher decomposition temperature (from 314 to
325�C), whereas the second, related to cellulose, was

present only as a small shoulder on the right side of
the main peak. The alkaline treatment is an indus-
trial process, known as mercerization. It is the most
widely used method for improving wettability and
adhesion.32 Parameters such as NaOH concentration,
time, and temperature have been exhaustively stud-
ied and have yielded very different results. How-
ever, it is generally accepted that such treatment
increases the fiber–matrix adhesion by removing
impurities, such as fatty acids, from the surface;
increases the rugosity; and modifies the crystalline
structure of cellulose. This results indicate that the
treatment could have destroyed part of the crystaline
structure of cellulose.

Mechanical properties

The test results are shown in Table III. Compared
with other lignocellulosic-based materials, carnauba
straw is in the same range as cotton and sisal in
terms of modulus and as cotton, sisal, and flax in
terms of tensile strength.8,31 It was also observed that
all treatments caused a decrease in the modulus and
tensile strength. Once again, alterations were more
marked with alkaline treatment. The literature shows
that mercerization may or may not improve the pa-
rameters analyzed, depending on experimental condi-
tions. Improvement usually occurs when the process
causes structural changes, such as fiber shrinkage
and/or increases in cellulose crystallinity.24,33 In our
case, alkaline treatment seemed to destroy the cellu-
lose crystaline structure and, therefore, reduced the
mechanical resistance of the material.

CONCLUSIONS

Untreated carnauba straw and straw submitted to
chemical treatments with hexane, CCl4, and NaOH
were, to the best of our knowledge, physicochemi-
cally characterized for the first time. SEM results
show that the solvent treatments (hexane and CCl4)
produced the most significant changes on the straw
surface because of the removal of the carnauba wax
layer, whereas changes resulting from the alkaline
treatment were less marked. Although water

Figure 6 DTG curves for untreated carnauba straw and
samples treated with hexane, CCl4, and NaOH.

TABLE II
DTG Results for Untreated Carnauba Straw and Straw Chemically Treated with CCl4, Hexane, and NaOH

Treatment

First stage Second stage Third stage

T (�C) Weight loss (%) T (�C) Weight loss (%) T (�C) Weight loss (%)

Untreated 59.4 7.23 314.6 30.43 370.8 22.24
Hexane 59.9 7.22 317.8 28.39 370.1 22.20
CCl4 61.9 7.40 316.4 28.17 365.4 23.03
NaOH 63.3 8.34 325.0 49.5 — —

T ¼ temperature.

1620 FERNANDES ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



sorption experiments showed that the chemical treat-
ment did not change the final amount of sorbed
water, they did accelerate the process; this indicated
a higher water–straw affinity. Contact angle meas-
urements also corroborated our analysis, indicating
that the treatments made the predominantly hydro-
phobic surface of the untreated straw become pre-
dominantly hydrophilic. Thermograms showed
event characteristics of water elimination, followed
by hemicellulose and cellulose degradation. Thermal
analysis demonstrated that alkaline treatment
induced a number of changes in the chemical struc-
ture of straw, probably related to cellulose crysta-
line structure modification. By contrast, the solvent
treatments only removed the surface layer wax. We
concluded from the mechanical test that both solvent
and alkaline treatments decreased the tensile
strength and modulus values. Furthermore, it was
found that the chemical treatments did not improve
any property that could be important in industrial
application or in polymeric composites. This may be
an advantage, given that the use of untreated straw
prevents the use of organic solvents and, therefore,
drastically reduces the production costs.

One of the authors (J.E.F.) thanks the Brazilian agency
Conselho Nacional de Desenvolvimento Cientı́fico e Tecno-
lógico for her master fellowship.
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TABLE III
Mechanical Properties of the Untreated Carnauba Straw
and Straw Chemically Treated with CCl4, Hexane, and

NaOH

Treatment
Young’s

modulus (GPa)
Tensile

strength (MPa)
Elongation at
break (%)

Untreated 4.91 6 0.24 84.5 6 20.7 2.93 6 0.38
NaOH 2.00 6 0.35 48.1 6 4.9 2.50 6 0.50
CCl4 3.10 6 0.27 73.6 6 14.3 2.38 6 0.43
Hexane 3.02 6 0.85 67.6 6 22.2 2.22 6 0.17
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