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Abstract The açaı́ fruit industrial processing produces a

large amount of waste, mainly seeds and fibers, which is a

serious environmental and public health problem. The

objective of this work was to use these fibers to obtain

composites with natural rubber from different clones. The

effect of the addition of açaı́ fibers and the type of clone were

investigated using thermogravimetric analysis (TGA) under

inert and oxidative atmospheres, differential scanning calo-

rimetry (DSC), water sorption, and mechanical properties.

The açaı́ fibers exhibited a thermal behavior comparable to

other natural fibers industrially used in polymeric compos-

ites. The addition of the fibers did not influence the thermal

stability of the composites. There was no significant effect of

the type of clone and the addition of the fiber on the glass

transition temperature, which was approximately -59 �C

for all samples. Water sorption behavior of the compounds

and of the composites was similar to that of the other mate-

rials with natural rubber that are reported in the literature.

The promising performance of the composites with açaı́

fibers opens a new area of use for such fibers.

Introduction

The potential of natural fiber-based composites as rein-

forcement in polymers and rubber matrices has received

considerable attention for their economical and ecological

aspects, and their excellent specific properties [1–5]. Elas-

tomeric composites reinforced with natural fibers are an

important class of materials because of their improved

physical and mechanical properties, processability, and

economic advantages. These materials combine the stiffness

of the fibers with the elasticity of the rubber. In developing

countries, natural fiber crops are also important to generate

jobs that improve social and economic conditions [6–10].

Açaı́ (Euterpe oleracea Mart.) is a palm plant widely

diffused and cultivated in Amazon regions especially in

Pará, a state of Brazil, where the pulp of the fruit has a large

consumption as beverages and in food preparations (about

180 tons/year). A wide variety of marketable products is

produced from this palm, but the spherical fruits, which are

mainly harvested from July to December, are its most

important edible product. The juice is typically prepared by

macerating the small edible pulp of the fruit, and it is used to

produce energetic snack beverages, ice cream, jam, and

liqueur [11–13]. Açaı́ fruit has recently caught international

interest, not only due to its novelty, taste, and exotic flavor
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but also due to potential health benefits associated with its

phytochemical composition [14–16].

The fruit is rounded, purple-black at complete maturity

with a diameter of 10–20 mm. It contains one light brown

seed, which is about 80% of the fruit size, and is covered

with a layer of rough fibers. The açaı́ industrial processing

produces a large amount of waste, mainly seeds and fibers

[11, 17]. It is estimated that only in the capital of Pará state,

Belém, approximately from 100,000 to 120,000 tons of

fruits are worked up commercially per year, yielding

around 100,000 tons of residues [18, 19]. The growing

amount of waste has resulted in a serious environmental

and public health problem.

The aim of this work was to use the açaı́ fibers, the waste of

industrial process, to obtain composites with a natural rubber

matrix from different clones. The effect of the addition of açaı́

fibers and the type of clone have been investigated using

thermogravimetric analysis (TGA), differential scanning

calorimetry (DSC), water sorption, and mechanical properties.

Experimental

Materials

Açaı́ fibers were supplied by Embrapa Western Amazonia

National Research Center in Belém/Brazil. They were

manually removed from the fruit, and manually chopped,

so that 10 mm long fibers were obtained.

Natural rubber latices from Hevea brasiliensis (Willd. ex

Adr. de Juss.) Muell.-Arg. of three clones: GT 1 (Gondang

Tapen), IAN 873 (Instituto Agronômico do Norte), and RRIM

600 (Rubber Research Institute of Malaysia), an old popular

clone (used as a control), were obtained from Northwest

Regional Pole in Votuporanga city, an experimental planta-

tion. The natural rubber clones were grown in the plateau

region of São Paulo state, Brazil, whose coordinates and

ecological conditions are [20]: 20�250 S, 49�500 W, altitude

450 m; mean temperature during growing season 32 �C; mean

annual rainfall 1,480 mm, with a hot wet summer and a dry

winter with low temperature and rainfall; Paleudalf soil, with

average nutrient status and poor physical structure.

Natural rubber latices were collected, and the stabil-

ization of the samples in the field was done using 4.7 mL of

NH4OH for 100 mL of latex. The samples were coagulated

with 3 mol�L-1 acetic acid solution and dried.

Methods

Composites containing 5% and 10% of raw açaı́ fibers were

prepared in a two-roll open mixing mill according to

Table 1. The mixing time and the number of passes were

maintained for all mixtures. Randomly oriented composite

sheets (150 9 160 9 3 mm) were vulcanized by hot-press

molding at 4 MPa, at 145 �C for 5 min.

Thermogravimetric analysis was obtained in a TA

Instruments model Q500, in the temperature range from

25 �C to 800 �C, at a heating rate of 10 degree/min. in inert

(nitrogen) and oxidative (synthetic air) atmospheres, with a

flow rate of 60 mL�min-1. Approximately 10 mg were used

for each sample preparation.

The glass-transition temperature (Tg) of the samples (ca. 6

mg) was measured using a DSC from a TA Instruments

model Q100 with a scan rate of 10 �C/min within the tem-

perature range from -80 �C to 80 �C, under a nitrogen

atmosphere. A second scan was used to evaluate the glass

transition temperature of the samples, which was determined

from the mid-point of an endothermic shift of the baseline.

Mechanical tests followed ASTM D 412-92, and they were

carried out using an Instron Machine at a crosshead speed of

500 mm/min. Samples were conditioned at 20 ± 2 �C and 50

± 5% relative humidity for at least 48 h before testing.

SEM analyses were performed with a Zeiss DSM 960

instrument, operating at 20 kV on samples containing a

thin layer (ca. 15 nm) of sputter-coated gold.

Water sorption was determined according to the follow-

ing procedure: samples were weighed (Minitial) and fully

immersed in water at 25 �C for up to 7 days. They were taken

out of the water at regular intervals, wiped free of surface

moisture with a dry cloth, weighed immediately (Mfinal), and

then repositioned in the water. Percentage increase in mass

during immersion was calculated according to the equation:

Mass % ¼ Mfinal �Minitialð Þ=Minitial½ � � 100

where mass % is the total of increase in mass, Minitial is the

initial sample mass, and Mfinal is the mass of the sample

after immersion in water.

Results and discussion

Figure 1 shows typical TG and DTG curves obtained for

the compounds and composites with açaı́ fibers in inert

Table 1 Formulations of the mixes

Components (phr)

Natural rubber 100

Stearic acid 3

Zinc oxide 5

Antioxidanta 1

Carbon black 10

Processing oila 5

Acceleratorsa 2

Sulfur 2.5

a Oil: Dutrex 718NC (Shell); accelerators: TMTD and MBTS; anti-

oxidant: Vulcanox BHT (Bayer)
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atmosphere. TG and DTG curves of all clones evaluated

have shown the same general shape, suggesting that the

decomposition mechanism is the same. It can be seen that

the TG curves have only one large plateau and that the

DTG curve has one degradation peak, indicating that

thermal degradation is a one-stage reaction, ranging from

approximately 300 �C to 450 �C. The mass loss is of about

85%, and it can be assigned to the thermal decomposition

of the natural rubber and of the açaı́ fibers. The temperature

of the maximum mass loss rate of the samples, corre-

sponding to the peak temperature of the DTG curves is

around 375 �C for the compound and composites with GT

1 clone and approximately 385 �C for the other samples.

No significant differences in the thermal stability among

samples up to around 300 �C could be observed.

The temperature at which 50% decomposition occurs is

generally considered as an index of thermal stability [21].

This temperature is about 375 �C for the compound and

composites with GT 1 clone and approximately 390 �C for

the other samples, indicating that only the natural rubber

from IAN 873 clone has thermal stability comparable to

the well-established Malaysian clone, RRIM 600. From

450 �C, the remained content of residues was about 15%

for all samples.

Figure 2a shows typical TG/DTG curves for the açaı́

fibers and the composites with GT 1 clone, for instance.

The fibers have shown good stability up to around 230 �C

and have a three-degradation-step process in inert atmo-

sphere. The DTG curve shows an initial peak between 50

and 100 �C, which corresponds to water loss. After this

peak, the first decomposition peak at about 270 �C is

attributed to thermal depolymerization of hemicellulose

and the glycosidic linkages of cellulose, and the second

decomposition peak at about 340 �C is attributed to cel-

lulose and lignin decomposition. The açaı́ fibers exhibited a

thermal behavior comparable to other natural fibers

industrially utilized in polymeric composites [22–26].

Chand et al. [23] and Martins et al. [24] obtained similar

results for thermal studies of the sisal fibers. It was

observed that, after a small change in mass up to 100 �C

attributed to the elimination of water, the main initial mass

loss of sisal fibers begins at 200 �C to 310 �C [23]. Varma

et al. [25] and Silva et al. [26] investigated the thermal
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Fig. 1 TG and DTG curves of the compounds from different clones

of natural rubber (GT 1, IAN 873, and RRIM 600), and the

composites with 5% and 10% of açaı́ fibers, nitrogen atmosphere
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Fig. 2 TG/DTG curves of the açaı́ fiber, the GT 1 compound, and the

composites with natural rubber from GT 1 clone with 5% and 10% of

açaı́ fibers in nitrogen atmosphere (a), and DSC curve of açaı́ fiber (b)
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behavior of coir fibers. Coir fibers also exhibited an initial

small mass loss as seen for the sisal, and they show a good

thermal stability up to 215 �C [26]. Sisal and coir fibers

showed decomposition processes and thermal stability

comparable to that of the açaı́ fibers. DSC curve of the açaı́

fibers is shown in Fig. 2b. Açaı́ shows an endothermic peak

at around 100 �C, which is due to water loss, and exo-

thermic peaks at higher temperatures, which are attributed

to hemicellulose, cellulose, and lignin decomposition [22,

23].

The compounds and the composites show good stability

up to about 300 �C, and a degradation process in one step,

Fig. 2a. The temperature at which 50% decomposition

occurs is the same for the compounds and the composites,

about 375 �C, indicating that the addition of the fibers did

not influence the thermal stability of the materials.

Figure 3a and b shows the SEM micrographs of the açaı́

fruit and açaı́ fibers, respectively. Açaı́ fruits, Fig. 3a, are

almost round, with diameter varying between one and two

centimeters and a smooth external epidermis (peel). The

round-shaped fruits appear in green clusters when imma-

ture and ripen to a dark. The seed accounts for most of the

fruit size and is covered by thin fibrous fibers under which

is a small edible layer (pulp). Açaı́ beverage is typically

prepared by macerating with water the edible pulp that is

approximately 2.4% protein and 5.9% lipid.

Figure 3b shows the longitudinal morphology of the

fibers that cover the açaı́ seed. The morphology of the

fibers is rough and parenchyma cells can be seen on

the surface. Fibers in the fruits have been bound together

by lignin. The chemical composition shows that açaı́ fibers

have 33% of Klason lignin, 33% of cellulose, 37% of

hemicellulose, 7% of extractives in water, and 1% of

organic extractives. The chemical composition of açaı́ is

comparable to the most usual values for natural fibers.

Mwaikambo et al. [27] listed the chemical composition of

the main natural fibers of interest such as sisal, cotton, coir,

jute, flax. Among these fibers, cellulose content ranged

from 13% to 92%, hemicellulose ranged from \1 to 28%,

and lignin content was between 1% and 28%.

The thermal degradation of natural rubber in air is not a

simple random chain scission process, but it has some side

reactions that occur simultaneously [28]. During the early

degradation (up to 300 �C), oxidation, crosslinking, and

chain scission may occur at the same time, and the main

reactions being oxidation and crosslinking. However, in

this case, no significant mass loss was observed. During the

late degradation (after 300 �C), the main reaction was an

oxidative degradation, accompanied by the occurrence of

mass loss. Oxygen generally tends to act as an oxidizing

agent promoting, therefore, oxidative degradation, which is

more time dependent and intense as temperature increases

than that normally occurring for experiments carried out

under nitrogen atmosphere [28, 29]. The occurrence of two

or more peaks in the DTG curves in air atmosphere indi-

cates the formation of thermally stable intermediate

products, and the absence of these peaks in nitrogen

atmosphere may be due to the absence of intermediate

products formed in the presence of air [21, 30, 31].

For the oxidative atmosphere, TG and DTG curves for

the compounds and composites with GT 1 and RRIM 600

clones are shown in Fig. 4. Thermal degradation of the

samples in synthetic air occurs in three consecutive mass

losses. The first step of degradation starts at around 300 �C

Fig. 3 Scanning electron micrographs of the açaı́ fruit, 209 (a) and

of the açaı́ fibers, 1009 (b)
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and is completed at 400 �C, and the mass loss is about 73%,

which can be attributed to the thermal decomposition of the

natural rubber and the açaı́ fibers. The first mass loss peak is

dominating. The second mass loss peak ranges from

approximately 400 �C to 535 �C; the mass loss is about

12%. For the third mass loss peak, the mass loss is around

8%, and it ranges from approximately 535 �C to 635 �C.

The residue remaining after the thermooxidative degrada-

tion is about 4%. Temperature at which 50% decomposition

occurs is about 380 �C for the samples with GT 1 clones and

for those with the control, RRIM 600 clone, indicating that,

in oxidative atmosphere, the thermal stability of natural

rubber from GT 1 clones is comparable to that of the RRIM

600 clone. The decomposition process changes from one

step to three steps depending on the atmosphere used.

DSC provides information concerning the enthalpy

change accompanying a physical or chemical event within

a material. The glass transition is a second order event,

which manifests itself in a DSC curve as a step change

corresponding to the change in the heat capacity of the

system [31]. The glass transition temperature (Tg) is an

important parameter in polymeric applications, because it

elucidates how the polymer behaves under ambient con-

ditions. Many of the important technical properties of

elastomers such as resilience and abrasion resilience can be

correlated to Tg. This phenomenon is characterized by a

temperature in which the material changes from the glassy

to the rubbery state. Elastomers have glass transition

temperatures below room temperature. Thus, elastomeric

materials are rubber-like polymers at room temperatures,

but below their glass transition temperature they become

rigid and lose their rubbery characteristics [31, 32].

DSC curves and glass transition temperature for the

samples are shown in Fig. 5 and Table 2, respectively. It

can be observed that there is no significant effect of the

type of clone and the addition of fiber on the results. The

DSC curves show the same behavior, and the curves

exhibited changes in baseline in the temperature of
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Fig. 4 TG/DTG curves of GT 1 and RRIM 600 compounds, and their

composites with 5% and 10% of açaı́ fibers in air atmosphere

Table 2 Effect of the natural rubber clone on the glass transition

temperature (Tg) of the composites with açaı́ fibers

Samples Tg (�C)

GT 1 -59.5

GT 1—5% fiber -59.3

GT 1—10% fiber -59.2

IAN 873 -59.2

IAN 873—5% fiber -59.4

IAN 873—10% fiber -59.3

RRIM 600 -58.8

RRIM 600—5% fiber -58.9

RRIM 600—10% fiber -59.0
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Fig. 5 DSC curves of the compounds from different clones of natural

rubber (GT 1, IAN 873, and RRIM 600), and the composites with 5%

and 10% of açaı́ fibers
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approximately -59 �C for all samples, which is attributed

to the glass transition temperature. These results indicate

that there is no significant difference in the flexibility chain

among compounds and composites, even after the addition

of açaı́ fibers. The results of the Tg values are summarized

in Table 2. There are no significant differences among the

Tg values of the different GT 1 and IAN 873 clones in

relation to the Malaysian clone RRIM 600. The Tg values

are way below the room temperature, and that is important

for several technological applications.

Table 3 shows the results of mechanical properties of

the natural rubber compounds and the composites with 5%

and 10% of açaı́ fibers. It can be observed that the com-

pounds show lower modulus and higher tensile strength

than the composites. It is also observed that the composites

with 5% of fibers show the best balance values for

mechanical properties indicating that is the best fiber load.

Composites with 5% of açaı́ fiber in RRIM 600 natural

rubber matrix have shown the highest modulus results. The

decrease in tensile strength at high fiber loading could be a

reflection of poor adhesion between the fiber and the

matrix, which promoted micro crack formation at the

interface as well as non-uniform stress transfer due to the

fiber agglomeration in the matrix [3].

It can also be observed that, for the tensile strength, there

is no significant variation among the samples for the GT 1

and IAN 873 clones. On the other hand, for the RRIM 600,

the compounds showed about 20% higher tensile strength

than the composites with 5% of fibers. For the elongation, no

important effects of the type of clone and the addition of the

fibers could be noted, indicating that the increase in fiber

loading did not lead to a stiffness and brittleness of the

composites, which is in agreement with the Tg results.

Addition of 5% of fibers leads to an increase of about 100%

in modulus in all cases. Açaı́ fiber/NR composites show

mechanical properties comparable to the composites with

other natural fibers [7, 8]. Varghese et al. [7] investigated the

effect of a two-component dry bonding system and the fiber

treatment on the mechanical and viscoelastic properties of

short sisal fiber reinforced natural rubber composites. It was

observed that the addition of 10% of sisal fibers decreased

both elongation and tensile strength, independent of the fiber

treatment, fiber orientation, and the bonding system used.

Tensile strength ranged from 17.3 MPa for the compound to

12.2 MPa for the composite with 10% of untreated fibers,

and elongation changed from 1072% to 792%. It was also

observed that composites with 35% of fiber load showed

higher modulus and tensile strength than the compound.

Composites of natural rubber and short jute fibers were

studied by Murty et al. [8]. As observed for sisal fibers, the

addition of 5% and 10% of jute reduced the elongation and

tensile strength of the materials. In this study, for instance,

tensile strength changed from 12.8 MPa to 7.7 MPa for the

composites with longitudinally oriented fibers. It was also

noted that processing properties like green strength and mill

shrinkage are improved by the addition of fiber.

Stress–strain curves for the compound and the com-

posites of the RRIM 600 clone are shown in Fig. 6. It can

be seen that the compound has higher elongation and ten-

sile strength than the composites. All curves have similar

shape and show a brittle-type failure for both unfilled and

reinforced specimens. The addition of the fibers decreases

not only tensile strength but also elongation of the mate-

rials. In all cases, a similar behavior was observed.

The water penetration and diffusion in composites occur

mainly through two possible mechanisms: water molecules

either diffuse directly into the matrix and reach the fibers or

enter the composites through capillary mechanism along

the fiber-matrix interface, followed by diffusion from the

interface into the matrix and fibers. The rate of water dif-

fusion depends on external environments such as

temperature and applied stress, as well as internal material

Table 3 Effect of the addition of açaı́ fibers and the type of natural

rubber clone on the mechanical properties

Samples Modulus

(MPa)

Tensile

strength (MPa)

Elongation

(%)

GT 1 2.2 ± 0.4 14 ± 6 389 ± 15

GT 1/5% fibers 4.5 ± 0.7 13 ± 3 307 ± 32

GT 1/10% fibers 3.4 ± 0.4 10 ± 2 295 ± 7

IAN 873 2.4 ± 0.1 16 ± 2 347 ± 15

IAN 873/5% fibers 5.2 ± 0.1 15 ± 1 332 ± 4

IAN 873/10% fibers 4.3 ± 0.1 13 ± 1 329 ± 10

RRIM 600 2.6 ± 0.4 19 ± 1 378 ± 21

RRIM 600/5% fibers 5.7 ± 0.4 16 ± 2 345 ± 13

RRIM 600/10% fibers 3.9 ± 0.6 12 ± 2 313 ± 20
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Fig. 6 Stress–strain curves of the compounds and composites with

5% and 10% of açaı́ fibers with natural rubber from RRIM 600 clone

6536 J Mater Sci (2008) 43:6531–6538

123



states such as debonding at the fiber-matrix interface,

matrix crack, and inherent sorption properties of the con-

stituent materials. The extent of fiber-matrix adhesion is

also an important factor in determining the sorption

behavior of the composite [3, 33].

Figure 7 shows the water sorption data for the com-

pounds and the composites with 5% and 10% of açaı́ fiber

load. As expected, the addition of açaı́ fibers to the natural

rubber increases the water sorption since the fibers are

hydrophilic and porous. It can be observed that the value of

the water sorption is lower for the compound than those of

the composites. Also, the amount of water sorbed increases

with the fiber load. Comparing the sorption of water in the

compound and the composites, it is observed that on the

seventh day the percentage of sorption is about three times

as much as that of the first day for all samples.

The samples did not attain equilibrium water content

even after seven days of water immersion. This may be due

to the slow relaxation processes that occur after the initial

fast diffusion process whose rates are lower than that of the

diffusion [34]. For the same fiber content, there is no sig-

nificant difference in the microstructure among the clones

studied and the effect of addition of the fibers on the water

sorption is the same for the different clones. Similar results

have been obtained by Geethamma et al. [34] for the

composites with coir fiber reinforced natural rubber, indi-

cating that the açaı́ fiber performance is comparable with

the commercial natural fibers utilized, and it can be used to

develop new composites materials. As it was observed to

composites with açaı́, the composites with untreated coir

fiber did not attain equilibrium water content after 200 hr of

water immersion either, and the increase in fiber load led to

an increase in water sorption.

Conclusions

The composites with açaı́ fibers exhibited thermal behavior

and mechanical properties comparable to those with other

natural fibers industrially used in polymeric composites.

The addition of the fibers did not influence the thermal

stability of the composites. The decomposition process

changes from one to three steps according to the atmo-

sphere used. In inert atmosphere, only the natural rubber

from IAN 873 clone has thermal stability comparable to the

Malaysian clone, RRIM 600. However, in oxidative

atmosphere, no significant difference was observed among

the clones studied. There is no significant effect of the type

of clone and the addition of fiber on the results of glass

transition temperature, which is approximately -59 �C for

all samples. Water sorption behavior of the compounds and

of the composites is similar to that of the other materials

reported in the literature.
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